Volume 2
Facilities




Telecommunications
Transmission
Engineering






Telecommunications
Transmission

Engineering
Volume 2—Facilities

First Edition

Technical Personnel
American Telephone and Telegraph Company,
Bell Telephone Companies,
and
Bell Telephone Laboratories

Bell System Center for Technical Education



Copyright © 1977
American Telephone and Telegraph Co.

Prepared for Publication by
Western Electric Compeny, Inc.
Technical Publications
Winston-Salem, North Carolina

FIrsT EDITION 1977

Printed in the United States of America



Telecommunications
Transmission
Engineering

Introduction

Communication Engineering is concerned with the planning, design,
implementation, and operation of the network of channels, switching
machines, and user terminals required to provide communication
between distant points. Transmission Engineering is the part of
Communication Engineering which deals with the channels, the trans-
mission systems which carry the channels, and the combinations of
the many types of channels and systems which form the network of
facilities. It is a discipline which combines many skills from science
and technology with an understanding of economics, human factors,
and system operations.

This three-volume book is written for the practicing Transmission
Engineer and for the student of transmission engineering in an under-
graduate curriculum. The material was planned and organized to
make it useful to anyone concerned with the many facets of Communi-
cation Engineering. Of necessity, it represents a view of the status
of communications technology at a specific time. The reader should be
constantly aware of the dynamic nature of the subject.

Volume 1, Principles, covers the transmission engineering prin-
ciples that apply to communication systems. It defines the charac-
teristics of various types of signals, describes signal impairments
arising in practical channels, provides the basis for understanding the
relationships between a communication network and its components,
and provides an appreciation of how transmission objectives and
achievable performance are interrelated.

Volume 2, Facilities, emphasizes the application of the principles
of Volume 1 to the design, implementation, and operation of trans-
mission systems and facilities which form the telecommunications
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iv Introduction

network. The descriptions are illustrated by examples taken from
modern types of facilities most of which represent equipment of
Bell Laboratories design and Western Electric manufacture; these
examples are used because they are familiar to the authors.

Volume 8, Networks and Services, shows how the principles of
Volume 1 are applied to the facilities described in Volume 2 to pro-
vide a variety of public and private telecommunication services. This
volume reflects a strong Bell System operations viewpoint in its con-
sideration of the problems of providing suitable facilities to meet
customer needs and expectations at reasonable cost.

The material has been prepared and reviewed by a large number
of technical personnel of the American Telephone and Telegraph
Company, Bell Telephone Companies, and Bell Telephone Labora-
tories. Editorial support has been provided by the Technical Publica-
tions Organization of the Western Electric Company. Thus, the book
represents the cooperative efforts of many people in every major
organization of the Bell System and it is difficult to recognize indi-
vidual contributions. One exception must be made, however. The
material in Volume 1 and most of Volume 2 has been prepared by
Mr. Robert H. Klie of the Bell Telephone Laboratories, who was
associated in this endeavor with the Bell System Center for Technical
Education. Mr. Klie also coordinated the preparation of Volume 3.

C. H. Elmendorf, I1I

Assistant Vice President —

Transmission Division.

American Telephone and Telegraph Company



Volume 2 — Facilities

Preface

The Bell System transmission facilities network is made up of a
large number of transmission systems, media, terminal equipment
units, and items of apparatus that have been designed and constructed
to operate efficiently and economically as an integrated communica-
tions system. The network has grown rapidly in recent years and has
changed remarkably with the increasingly sophisticated technological
designs and processes that have emerged over the same period.

The network has evolved as one capable of providing high-quality
telecommunications services economically. In addition, it is composed
of facilities and equipment that give it flexibility and adaptability in
the face of a wide range of environmental factors that include rural
and metropolitan areas, hot and cold climates, residential and business
communities, and many more. Furthermore, the entire network has
proven to be adaptable to transmitting signals of a constantly chang-
ing character that have resulted from the provision of new and
expanded services.

Volume 2 is devoted to descriptions of the major facilities, systems,
circuits, equipment, and apparatus designed and used by the Bell
System to provide the required wide range of communications serv-
ices. The text is organized in seven sections devoted to descriptions
and discussions of (1) the network and the principal transmission
media, (2) local plant facilities, (3) the major analog carrier systems
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vi Preface

that utilize metallic media, (4) analog microwave radio systems, (5) a
wide range of digital systems, (6) transmission maintenance systems
and equipment, and (7) how all these elements are brought together
into an integrated communications system that serves this nation and
interconnects with the facilities network of the entire world.

Section 1 provides a general description of the facility network and
discusses briefly the manner in which it has evolved. A summary is
also given of the characteristics of transmission media. Section 2 pre-
sents descriptions of loops and station sets, voice-frequency network
trunk and data facilities, and wideband facilities. The section also
includes discussions of the transmission aspects of central office and
customer premises switching equipment generically called Business
Communications Systems.

In the third section, descriptions of analog carrier systems utilizing
metallic media are presented. The section begins with a chapter in
which the frequency division multiplex equipment is described. Basic
design features of analog transmission systems are then discussed
after which descriptions of systems based on wire-pair cable and
coaxial cable utilization are given. Section 4 covers analog microwave
radio systems. Basic design features, systems engineering, and pro-
tection switching systems are first described. These general discus-
sions are followed by descriptions of the features of short-haul and
long-haul radio systems. Domestic satellite transmission and mis-
cellaneous radio systems and services, principally mobile communi-
cations services and radio paging services, are also described.

Section 5 contains descriptions of digital transmission systems. The
general design features of such systems are discussed and it is shown
how they differ from analog carrier systems. Digital system terminal
and multiplex equipment, digital transmission lines, and digital micro-
wave radio systems are treated in succeeding chapters.

Section 6 is devoted to a discussion of transmission maintenance.
New maintenance systems, which are currently playing such a prom-
inent role in the field of transmission maintenance, are computer-
controlled and are being utilized to fufill significant functions in
record keeping, operations control, and force management. Descrip-
tions of more conventional types of test equipment and the important
functions still fulfilled by such equipment in transmission maintenance
are also presented.



Preface vii

An overall view of the facilities network and how the parts fit to-
gether is presented in Section 7. Some of the limitations imposed
upon system use because of interferences introduced into one system
by another are first described. Finally, the methods of interconnecting
the parts and ensuring compatibility are covered. In addition to
system interconnection, the design and operation of some common-
equipment designs are also discussed.
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Section 1
The Facility Network

The public and private switched message networks and the many
special services circuits share a nationwide network of telecommuni-
cations facilities. These facilities include transmission media, voice-
frequency and carrier systems and equipment, a wide variety of
terminating circuits, channelizing equipment, signalling and switching
equipment, power supplies, and outside plant items of many descrip-
tions. In short, the facility network comprises the telecommunications
plant.

High-quality transmission is provided over this network by careful
design of all of these facilities and by paying particular attention to
the interactions at the interfaces. Each of the categories of facilities
mentioned above has some effect on transmission. However, those
having the largest and most direct effects are transmission systems
and the transmission media.

Chapter 1 briefly reviews the evolution of transmission systems
from the single-wire, ground-return circuits that were initially leased
from telegraph service suppliers through the alphabetically desig-
nated analog cable carrier and microwave radio systems to the modern
digital transmission systems. Video signal transmission is also
covered. The rapidly changing fields of maintenance and reliability
are discussed and all of these factors are related to the importance
of controlling the dynamic network changes by adequate planning and
by the application of engineering principles.

Every connection established for electrical communications between
two points requires some form of transmission medium. Chapter 2
describes the media most commonly used. These include open-wire
lines, loaded and nonloaded multipair cables, coaxial cables, and the
atmosphere, which provides the medium for a large number of
different types of radio transmission systems. Transmission over
waveguide is also briefly discussed.

1



The Facility Network

Chapter 1

The Evolution of the Facility Network

Transmission facilities include transmission media, assemblies
of equipment required to make up transmission systems, and the
channels derived from these systems. A network of such facilities
exists to provide a wide variety of telecommunications services. In-
cluded are many types of transmission systems and subsystems which
have evolved with advancing technology and with increasing demands
for more and different types of services.

As it becomes necessary to expand facilities and to replace portions
that become obsolete, various criteria must be used in order to ac-
complish the expansion in an orderly and economic manner. Selection
of new facilities and the manner in which they are applied are de-
pendent on many factors. The rate of growth and development of a
geographic area, shifts of population and business activities, and the
interaction of such factors in their influence on community of in-
terests must all be taken into account. Separate consideration of these
factors must be given to urban, suburban, and rural environments
and accurate forecasts of loop and trunk facility needs must also be
separately made.

In all these aspects of the facility network evolution, engineering
control has been and must be exercised so that new plant is com-
patible with the existing plant. Engineering economy studies must be
made to assure that growth is efficient and that short and long range
objectives are satisfied wherever possible. New technology and in-
novations must be carefully evaluated and applied to assure the
satisfaction of customer demands for improved performance and new
services.



Chap. 1 The Evolution of the Facility Network 3

1-1  VOICE-FREQUENCY TRANSMISSION FACILITIES

The transmission media used during the years following the inven-
tion of the telephone were single, iron-wire conductors rented from
suppliers of telegraph service. These circuits operated on the principle
of ground return circuit completion and, as a result, were subject to
many types of impairments. The advantages of paired copper con-
ductors, primarily lower transmission loss and lower susceptibility to
noise, were recognized very early and by 1900, virtually all existing
telephone communication was over paired copper conductors. The
transition from iron to copper conductors was accelerated by the
development during the late nineteenth century of the hard drawing
process for copper wire. Also by 1900, some cables had been manu-
factured and the technique of inductive loading had been invented
and was being used. These advances permitted telephone communica-
tions over longer and longer distances.

With the introduction of electron tube amplifiers, transmission of
telephone signals from coast to coast was accomplished in 1915.
Nearly all transcontinental circuits during those early years were
open-wire lines. These were used for long distance telephony because
large gauge conductors were necessary to obtain the required low
line loss. ’

As the toll plant grew in size and complexity, problems were
recognized and solved one by one. In terms of transmission per-
formance, these problems included the need to reduce circuit loss and
noise and, as transmission paths increased in length, to control or
suppress echoes. Losses were first reduced by increasing the size of
conductors. Later, inductive loading was applied and, with the in-
vention of the electron tube, amplification was provided. Noise perfor-
mance was improved by using balanced pairs, transposition (or
frogging) of pairs, staggered twisting of cable conductors, and
quadded cable. Four-wire transmission, impedance matching, con-
trolled losses, and echo suppressors were used to improve echo per-
formance of the network. In addition, economics and operational
considerations led to the adoption of common battery operation, the
development of multichannel carrier systems, and the introduction of
machine switching of local and toll traffic.

In the local plant, the transition from open-wire lines to cable and
the application of inductive loading techniques permitted the develop-
ment of economical subscriber loops and local trunks. Central office
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equipment expanded from simple manual switchboards to large cord-
type switchboards with A-board and B-board arrangements, the
A-board for outgoing calls and the B-board for incoming calls. This
was followed by the first switching machines such as step-by-step
and panel. In the manual and early machine switching systems, the
status of telephone set development and signalling requirements placed
limitations on wire gauge selection in the loop and trunk plant.

The use of smaller wire gauges in the local plant was initially
made possible by the application of inductive loading. Later, the in-
vention of electron tubes and solid-state devices and improvements in
circuit components of all types provided further important advances
in voice-frequency transmission performance. These new devices and
improved components have made possible the development of a wide
range of amplifiers, repeaters, bridge lifters, hybrid coil transformers,
impedance matching devices, noise balancing circuits, and filters. They
have also led to improvements in frequency response, antisidetone
features, and loop current equalization of telephone station sets. These
improvements together with the development of circuits to increase
loop signalling ranges have made possible the use of smaller wire
gauges in the loop plant. :

1-2 CARRIER TRANSMISSION FACILITIES

~ The history of carrier systems really begins in the early years of
the 20th century and progress in all areas has been rapid. Carrier
modes of transmission increase the efficiency of utilization of trans-
mission media by combining (multiplexing) a large number of mes-
sage signals into a single composite signal. Nearly all types of carrier
modulation have been used but three are now predominant. Single-
and double-sideband amplitude modulation with frequency division
multiplexing of signals are commonly used to form a broadband signal
for transmission over analog cable carrier systems. Frequency modu-
lation of a microwave carrier is used to transmit this broadband
signal over microwave radio systems. Various forms of pulse modula-
tion, notably pulse code modulation, are used with time division
multiplex techniques for transmitting signals over digital (regenera-
tive repeater) facilities. Many other combinations of these techniques
are possible and some are being developed.

Analog Cable Carrier Systems

The application of electron tubes and solid-state devices and con-
tinuing improvements in passive components have made it possible
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to develop carrier systems providing ever wider bandwidths, thus
substantially reducing the per-unit line cost of circuits. However, the
distance between terminals, among other factors, does affect the point
at which the use of electronics becomes more attractive than voice-
frequency cable circuits.

In addition to the economic advantages of carrier systems, a number
of performance improvements are realized. The velocity of propaga-
tion at carrier frequencies in any cable circuit is substantially higher
than at voice frequencies. This is especially true when carrier circuits
are compared with loaded cable pairs. The higher velocity offers ad-
vantages in respect to control of echoes and favors some types of
signal transmission where absolute delay is important. Some form of
four-wire transmission is necessary in broadband carrier systems;
as a result, impedances are better controlled thus permitting the
operation of circuits at lower losses yet with satisfactory stability
and echo performance. '

The development of the A-type system in 1917 was followed by a
succession of carrier systems identified by alphabetical designations.
These systems were at first developed for use on open-wire trans-
mission lines. Most of these early systems, designated A through J,
provided four-wire or equivalent four-wire transmission in a fre-
quency band above a voice-frequency channel which could simultane-
ously be provided on the open-wire pair. Two exceptions should be
noted. The E-type system provided transmission for one single-
sideband channel on power lines. The same band was used for both
directions of transmission, a mode that was made possible by voice-
frequency switching so that only one direction of transmission oc-
curred at any one time. Only three such systems were placed in
service, those during the middle 1920s. The other exception was the
G1 system, placed in service in 1935. It provided a single channel
above a voice-frequency channel on a single pair of wires in a
double-sideband transmitted carrier mode and was the only carrier
system which employed true two-wire transmission.

The J-type system provided transmission for twelve single-
sideband suppressed carrier channels on an open-wire pair in the
equivalent four-wire mode. A voice-frequency channel and a C-type
carrier system, which had a frequency allocation between the voice-
band and the J-carrier band, could be operated simultaneously on the
same pair. A number of different frequency allocations were used for J
carrier but all involved a first step of modulation into a group band
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covering the spectrum from 60 to 108 kHz. Thus, the basic group
was formed to become the foundation of the entire modern frequency
division multiplex (FDM) system, during the 1930s. The K-carrier
systems, developed at about the same time as the J-type, provided
twelve single-sideband message channels for four-wire transmission
on cable pairs rather than on open-wire lines. This was the first
system in which the transmission medium was not shared with a
voice-frequency channel or with another type carrier system. Due to
crosstalk effects, separate cables were normally used for the two
directions of transmission. However, a single cable could be used
when pairs were carefully shielded from one another.

Terminal equipment for both J- and K-carrier systems used the
same basic group frequencies. Both J- and K-type systems were
manufactured and installed in quantity before, during, and after
World War II. Manufacture of these systems has now been discon-
tinued although a number of both types are still in service.

While the J- and K-type systems filled long-haul needs, short-haul
analog systems were also developed. In 1950, the first N-type system
was placed in service to provide twelve double-sideband transmitted
carrier channels over nonloaded cable pairs for distances up to about
200 miles. The initial designs utilized electron tubes throughout.
However, the system was redesigned during the 1960s to exploit solid-
state technology. The terminal equipment was again redesigned to
permit the transmission of 24 single-sideband channels.

The N-type systems were originally designed for four-wire trans-
mission in two frequency bands which were alternated in succeeding
repeater sections by a modulation process at each repeater (frequency
frogging). This technique partially equalizes the attenuation/
frequency characteristic and minimizes the crosstalk coupling between
the two directions of transmission. Another version of line design
also uses the alternation of frequency positions at each repeater but
utilizes the equivalent four-wire mode of transmission.

The O-type systems, made available during the same era and similar
in many respects to the N-type systems, provide short-haul carrier
transmission on open-wire facilities. These systems, many of which
are still in service, utilize electron tubes. The equivalent four-wire
mode of transmission is used and frequency frogging is employed at
each repeater. In addition, the open-wire pairs must be transposed in
accordance with a plan developed for carrier frequencies.
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The O-type system can provide a maximum of 16 4-kHz single-
sideband channels which are multiplexed in groups of four channels.
Each of the two pairs of channels in a four-channel group is trans-
mitted on a common carrier frequency, one channel as an upper side-
band and the other as a lower sideband. This arrangement is called
twin-channel operation.

Certain O-type terminal arrangements have been adapted for use
with N-type lines. This combination of O-type terminals and N-type
lines is called an ON system. Up to 24 channels can be provided by
this method. An ON junction is available to permit convenient inter-
connection of cable and open-wire facilities. In addition, ON-type
system signals can be multiplexed by standard arrangements to pro-
vide for the transmission of 96 channels on microwave radio systems.

In 1929, the initial patent for a coaxial cable transmission system
was granted. Cable and system development work continued from
that time until 1941 when the L1 coaxial system was placed in service.
Initially, the L1 system provided transmission for 480 (later ex-
panded to 600) 4-kHz message channels using separate coaxial units
for each direction of transmission. The continuing development of
coaxial systems has produced the 1860-channel L3 system (1953), the
3600-channel L4 system (1967), and the 10,800-channel L5 system
(1974). The L5 system is currently being expanded to a capacity of
22 600-channel mastergroups (13,200 channels).

Design improvements in active devices, components, and systems
have been paralleled by improvements in the performance and capa-
bilities of the transmission media. From open wire, progress has been
made in conductor, insulation, and sheath designs of cables and
numerous advances have been made in all aspects of coaxial cable
design.

Radio Transmission Systems

Early theoretical studies pointed to the possibility of using the
earth’s atmosphere as a transmission medium. The invention and
development of the electron tube opened the way not only to cable
carrier system development but also to the exploitation of the atmos-
phere for radio transmission methods.
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In 1915, significant experimentation in communication by radio
was started. One of the principal objectives, at first, was to provide
a means for communications between the United States and Europe.
By 1923, the basic feasibility had been established and intensive work
was underway [1]. The first transatlantic commercial telephone
service was established in 1927 when a long-wave (57-kHz) system
was put into service between the United States and Great Britain.
This system employed single sideband transmission with suppressed
carrier [2]. In 1928, short-wave systems were installed to operate in
the 3- to 80-MHz range and service was expanded to all parts of the
world. In the 1950s, overseas service was largely taken over by sub-
marine cable transmission systems [3, 4].

During this period, radio transmission capability was also developed
for a number of mobile services. These included high-seas ship-to-
shore communication, coastal-harbor service (ship-to-ship and ship-
to-shore), and mobile radio telephony to moving vehicles including
automobiles, trains, and aircraft. Most important, from the point of
view of modern communications, was the development of microwave
radio systems.

Microwave system development was stimulated significantly by
World War II developments of radar and microwave components.
There was some microwave transmission system work done for
military applications and in preparation for the tremendous growth
in communications services anticipated for the early post-war years.
This growth quickly materialized; it was stimulated by the pent-up
demand for services that could not be satisfied during the war and
by the introduction and rapid growth of television. The first experi-
mental microwave radio system, called TDX, was installed between
New York and Boston and service was begun in May, 1948. This
system was manufactured commercially as the TD-2 System [5]. It
is now the most widely used long-haul transmission system in the
United States.

Many microwave systems have been developed to fill service needs
in long-haul and short-haul applications. These have been designed to
operate in a number of frequency bands specified for common carrier
use. Since the medium must be shared by many users of communica-
tion services, the allocation of frequency bands and the design and
use of radio tranSmission equipment in the United States are subject
to licensing and control by the Federal Communications Commission.
The frequency bands allocated for various types of services must con-
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form to agreements made by member nations of the International
Telecommunication Union through its World Administrative Radio
Conferences. Figure 1-1 shows the principal bands and some of the
services allocated to various portions of the bands [6, 7].

Microwave radio systems have successfully filled a growing need
for telecommunications circuits. They presently carry all of the inter-
urban broadcast network television signals and a majority of the
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Figure 1-1. Some radio-frequency spectrum allocations.
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telephone, data, and other signals in the long-haul toll plant. Long
repeater spacing, typically 25 miles, and ease of growth have given
such systems substantial economic advantages over other types. Some
limitations on this form of communication may be brought about by
crowding of the radio frequency spectrum and the increased concen-
tration of circuits but, as will be seen in subsequent chapters, con-
siderable further growth of microwave radio may still be expected
through improved techniques and more efficient use of the medium.

Pulse Transmission Systems

Some of the earliest attempts to transmit speech and music signals
electrically involved efforts to code the signals into a pulse format
and then to transmit the signal by telegraph [8]. These attempts were
thwarted by the primitive technology of the times. Furthermore, de-
vices were not available to facilitate advanced experimentation with
coding techniques. Digital modes of transmission and digital process-
ing of analog signals were delayed until more recent times although
digital data signals were often transmitted over analog systems.

While the evolving electron tube technology permitted some ad-
vances in digital techniques [9], the most significant event leading to
the application of pulse code modulation (PCM) techniques was the
invention of the transistor in 1948. The operating speed, size, low
power dissipation, and low cost of transistors and other solid-state
devices facilitated the design of practical and economical circuits for
the digital mode of transmission.

In the Bell System, progress in pulse code modulation and regener-
ative repeatered transmission line operation has advanced steadily
since the transistor became a practical reality. During the late 1950s,
an experimental 1.544-megabit-per-second system was designed [10].
This system, later designated the T1 Carrier System, was capable of
transmitting simultaneously 24 voice signals which had been processed
by pulse coding and time division multiplexing [11]. It was put in
service in 1961 and now provides much of the circuit growth in typical
metropolitan areas. As system costs have been reduced, T1 has proven
to be economical at shorter and shorter trunk lengths relative to other
types of facilities.

Work on digital modes of transmission has expanded to higher
capacity systems capable of transmitting over longer distances. In
1972, the T2 Carrier System was introduced and provided 96 channels
of toll quality on a 6.3 megabit-per-second pulse stream [12]. In 1975,
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the T4M system was installed as the first high-speed system to operate
on coaxial cable. The T4M, designed for use in metropolitan areas,
can carry 168 T1 system line signals, thus providing 4032 voice-grade
channels. Systems that operate at even higher rates appear to be
feasible and are under study [13].

The development of coding and multiplexing equipment for use with
multimegabit transmission systems has kept pace with development
of the line equipment. One example is that of the D2 channel bank
which processes 96 individual voiceband signals into four 1.544 Mb/s
bit streams [14]. These signals, designated DS-1 in the digital hier-
archy, may be transmitted separately over four T1-type systems. In
addition, any combination of four DS-1 signals may be combined
by an M12 multiplexer into a single 6.3 Mb/s bit stream to form a
DS-2 signal.

Digital transmission systems have proven to be effective for the
transmission of analog signals that have been converted to a digital
format. Although PCM systems are not as efficient as analog FDM
systems for a given bandwidth, they tend to be more economical than
the analog FDM systems on paired cable facilities due to lower
terminal and line costs and substantially lower cost of providing
signalling. Furthermore, regenerative repeatered line noise is low and
virtually independent of line length; hence, PCM idle circuit noise is
usually lower than that of analog FDM circuits. This has been especi-
ally beneficial in the noisy local plant environment. Regenerative
repeatered lines are also more efficient for transmitting most forms
of digital data signals.

Digital signals are being adapted for transmission over analog
facilities and to provide rural service. The introduction of the time
division No. 4 ESS has given added impetus to the need for economical
analog-digital interface arrangements.

1-3 VIDEO TRANSMISSION

Transmission of pictorial matter by electrical means was the
subject of research for many years before practical systems evolved.
Proposed methods of converting picture information to electrical
signals and electrical signals to pictures included a large number of
electromechanical and electrochemical processes. Much research was
spent on light sensitive materials that could be used in these processes
and in the use of ink and photographic processes for use in the re-
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ceiving equipment. Synchronization and scanning were recognized as
important ingredients of the overall problem and solutions were
sought in the applications of tuning forks and pendulums to these
processes [15].

Many of the transmission means that were proposed in the early
investigations were made to work, some of them quite well. How-
ever, development of the first economically feasible system for general
commercial application had to await the invention and development
of electron tubes. Telephotograph transmission of commercially ac-
ceptable still pictures was begun in the United States in 1925. Demon-
strations of the new system were given by transmitting pictures of
the 1924 Democratic and Republican National Conventions and large-
scale demonstrations were given in early 1925 when pictures of Presi-
dent Coolidge’s inauguration were transmitted successfully from
Washington to New York, Chicago, and San Francisco [16].

As work progressed toward the successful transmission of still
pictures, research was going forward to achieve true television trans-
mission, that is, the direct conversion of a live action scene to an
electrical signal format and its reproduction at a remote location.
Success in these efforts came with the invention of the cathode ray
tube. The first public demonstration of television signal transmission
took place in 1927 [17] but commercial possibilities did not emerge
until the early 1940s.

Continued development of these possibilities was essentially halted
during the years of World War II but in the immediate post-war era,
television came into its own. With improved camera and viewing
equipment, the quality of received pictures became quite acceptable
and new emphasis had to be placed on methods of signal transmission
over long distances. Concurrently, picture standards had to be estab-
lished and, particularly with the anticipated introduction of color
signal transmission, an industry-wide National Television System
Commttee (NTSC) was formed to control the evolving signal
format {18].

Systems have been developed for the transmission of baseband
monochrome and color television signals over intracity wire facilities.
These systems were initially designed to use electron tubes but have
since been redesigned to use solid-state components. Shielded con-
ductor pairs are used in lieu of the more expensive coaxial cable
conductors. Portable microwave radio systems are also used in some
instances.
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The local distribution by the Bell System of television program
signals has assumed high importance to the television industry. The
availability of baseband transmission systems and facilities for
switching, monitoring, and operating local! television networks has
made operations much more economical than would be possible if
the industry had to furnish these facilities.

Experimental long distance service over microwave radio began in
November 1947 on the New York-to-Boston TDX system. This service
is now provided over a nationwide network of microwave systems.
Baseband signals are delivered by a baseband system from the broad-
caster directly to the microwave radio transmitter and are returned
to the broadcaster at the receiving end by a baseband system con-
nected at the output of the radio receiver. Sometimes the baseband
signals are switched at a television operating center (TOC) where
network configurations may be changed to satisfy broadcaster needs
or to make more efficient use of transmission facilities.

The L1 and L3 coaxial transmission systems were initially designed
to permit television signal transmission but, with one exception, are
no longer used for this purpose. Transmission performance is superior
on microwave radio systems and costs are lower.

Telephotograph and a variety of facsimile services are provided
over voiceband circuits. Except for special equalization of some cir-
cuits, the Bell System provides little equipment that is especially
devoted to these services.

PICTUREPHONES® signal transmission is in its infancy. A trans-
mission plan for this new service has been proposed and many ele-
ments of a network have been developed [19]. However, it is difficult
to predict when final characteristics that satisfy the needs of the
public will be determined.

1-4  MAINTENANCE AND RELIABILITY

By modern standards, early transmission facilities were simple in
concept and simple to operate. The problems of providing adequate
maintenance and reliability were correspondingly simple and straight-
forward. As the plant has become more complex, it has been necessary
to think of maintenance and reliability in terms of their being inte-
grated into the overall plant and into the design, operation, and
installation of specific systems. The impact of growth alone has had
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serious repercussions on maintenance and reliability. Disastrous
troubles can affect great numbers of circuits and because of complex
system interrelationships, the effects of such troubles may become
very widespread. The introduction of machine switching and direct
distance dialing have to a large extent removed the operator, an im-
portant monitor of transmission performance, from the network.
As a result, when performance is below par on a connection, it is
difficult to determine the source of trouble since the connection is
lost when the call is terminated. Thus, there is a need for routine
trunk testing that is most efficiently filled by various forms of auto-
mated testing. Some automated loop testing has also been introduced
in order to reduce manpower requirements for maintenance opera-
tions.

As analog and digital carrier systems have increased in capacity,
complexity, and design sophistication, the need for improved and
simplified facility maintenance and reliability has also increased. For
example, a fully equipped (18 mastergroups) L5 coaxial system carries
180 supergroup pilots, 900 group pilots, 18 mastergroup pilots, 3
multimastergroup pilots, and several line pilots to control the gain
regulation of the line and associated multiplex equipment. In addi-
tion, other single-frequency signals are used for L5 line mainte-
nance features. These multiple maintenance and control features may
interact in ways that would make manual methods of measurement
and analysis very difficult. Therefore, most modern systems contain
automatic equipment which aids maintenance personnel in identifying,
isolating, and repairing troubles. Most new transmission system
equipment is designed in the form of plug-in units and test proce-
dures and equipment are designed to identify defective units. Thus,
new pretested units may be quickly and easily substituted in order
to restore circuits to service most expeditiously.

Many special bays and special designs of equipment have been de-
veloped to provide test access to switched network and special services
circuits through plugs and jacks or by switching arrangements.
Among these special arrangements are emergency broadband restora-
tion centers which permit the interconnection of broadband carrier
facilities in such a way that service from failed systems can be re-
stored by patching or switching to protection line facilities.

The entire field of maintenance operations and reliability proce-
dures is supplemented by maintenance support systems and equip-
ment. These include special systems for communications (speech or
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data) among maintenance personnel. Alarm functions are provided
in all operating systems and provision is made to transmit alarms
from remote unattended stations to central maintenance locations for
analysis and action. Trunk processing circuits are provided so that,
in the event of failure, the failed trunks are taken out of service,
made busy so they cannot be seized, processed so that unwarranted
charges are not made for calls affected by the failure, and then
restored to service when the trouble condition is eliminated.

1-5 FACILITY SELECTION AND APPLICATION

In planning for the introduction or installation of new fransmis-
sion facilities, a choice must be made from among a number of
alternatives. As a general rule, the available choices have been de-
signed for use in a particular field of application such as the loop plant
or the trunk plant. These fields of application tend to overlap and the
choice must usually be based on an analysis of many criteria.

One feature that often influences the choice of facilities is the
steady growth and expansion of the plant. Inevitably, when new
installations are under consideration, plant growth and expansion
and the resulting interactions between the new plant and the old
must be considered. The growth may be due to an increase in traffic
caused by expansion of population centers or industrial park areas.
Growth may also be strongly influenced by changes in technology, by
increased service offerings, by a lower rate structure, or by shifts in
the economic status of an area. These factors all interact and it is
virtually impossible to consider any one without considering the
impact of the others.

Growth Factors

Population density and distribution and related community-of-
interest factors have a major effect on the way in which the telephone
plant is organized and, therefore, on the selection of transmission
facilities that must be provided. In addition to these geographical
factors which influence the organjzation and growth, other factors
that affect the facility network relate to the scope and diversity of
services.

Population Effects. Figure 1-2 shows a medium size city, C., with a
number of surrounding suburban towns, S; to Ss, all located within
a radius of about 25 miles. Each suburb is assumed to be large enough
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to be served by a separate switching machine. Examination shows
that any of the suburban communities may be interconnected by no
more than two tandem trunks through the hub at C.. In addition,
some of these suburbs have a community of interest great enough to
justify direct trunks as shown between S; and S,, S; and Se, Ss and
Ss, S5 and Se, and Sy and Ss.

Intertoll
trunks

Figure 1-2. lllustrative city-suburban population distribution and telephone trunking.

In a highly developed area such as that depicted in Figure 1-2,
distances are short. Most of the trunks shown would be between five
and ten miles long with a few, like those between S; and C. and Ss
and C,, 25 to 30 miles long. It is possible that service in this area



Chap. 1 The Evolution of the Facility Network 17

is provided by voice-frequency trunks. As the area continues to grow,
the problem might be that of deciding whether to install more cable
facilities or to start using N- or T-type short-haul carrier systems.
However, there may already be a substantial number of N-type
carrier systems between Ss and C.. If there appears to be a high
probability that the anticipated growth of an industrial park area at
S5 will create a demand for wideband data service, the question of
converting one or more cables in the route from N-type to T-type
carrier must be considered. Any such set of problems may be further
complicated by the increasingly congested conditions in cable ducts,
a major highway construction program, or public opinion pressure
to convert pole-line cable to out-of-sight facilities.

The area depicted in Figure 1-3 and the problems encountered are
quite different from those of Figure 1-2. In Figure 1-8, C» is a small
city in a predominantly rural area. It is easy to imagine the rural
towns and villages, r; through rs, spread out over a considerable
distance, perhaps along a navigable river. Between r. and r; there
may be some natural barrier which prevents the development of a
strong community of interest and which makes direct trunking be-
tween the two communities uneconomical. Thus, calls between r. and
rs; are routed through C, in spite of the longer distance involved.

n

Intertoll
trunks

Figure 1-3. lllustrative population distribution and telephone trunking for small
city and rural environs.
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In the remote rural areas, service requirements might be met by
open-wire installations. However, facilities used in areas typified by
Figure 1-3 would most likely be loaded voice-frequency cables or
N-type or T-type carrier systems. The trunks may be direct, tandem,
toll connecting, or intertoll depending on the specific conditions in
the area and their relation to the DDD network hierarchy.

The simple examples discussed are multiplied in many dimensions
when facility planning is undertaken on a larger scale. The congested
area of Figure 1-2 may be expanded, for example, to represent the
crowded northeast corner of the country, the Boston-Washington-
Chicago triangle and the geography of Figure 1-3 could be expanded
to represent the sparsely-populated plains states and the mountainous
areas of the west. Urban, suburban, and rural areas all present dif-
ferent problems in the planning and implementation of facility net-
works. Different compromises must be made in providing trunks
between switching machines, the types of transmission facilities, and
the plant and outside plant to be used. Equally affected are the facility
choices that must be made for feeder and distribution cables in the
loop plant. As new cables are installed, the cable size and design plan
must be selected to provide the most economical solution. Where long
loops are involved, consideration must also be given to the use of
electronic devices and systems that may provide acceptable service.

Service Effects. In addition to creating demand for more service and
more facilities, population growth brings other related effects. The
nature of the growth may bring significant changes in community
relationships that require different trunking patterns between central
offices. For example, the trunking pattern must be changed when a
new switching machine is added to the network.

Another effect related to facility growth is an increase in the
amount and kind of services provided in an area. With an increase
in overall standard of living, many people desire to upgrade their
service from multiple party to two-party or individual line service.
Such upgrades require additional loop facilities and the accompanying
increase in calling rate makes trunk facilities necessary. Growth of
extended area service, the area over which unlimited calls may be
placed or within which local message units are counted, also stimulates
calling rates and leads to the need for more facilities.

As areas grow and business becomes more diverse, the demand
for a greater variety of services increases. Some of these services
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have stringent transmission requirements particularly in the field of
data communications. This diversity demands the provision of more
sophisticated switching machines and improved transmission facilities
that can meet modern requirements for both the message network
and for a wide variety of special services.

Facility Forecasts

The process of providing new and expanded transmission facilities
is based on spare facilities in place, availability of new types of
facilities, and forecasts of needs. While the plant is administratively
divided into two parts, loop and trunk, there are many special services
circuits that share both parts. Thus, forecasts must include special
services needs in addition to loop and trunk needs.

The loop plant must be under constant scrutiny to determine when
it is necessary and timely to install new facilities in response to
growth or other changes. Regular forecasts are made of new demands
for station sets and other customer premises equipment. These fore-
casts are based on information obtained from many sources such as
building permits issued by local communities, plans announced by
builders and developers, and the types of new building construction
anticipated. In newly developed areas, the latter information affects
the types of anticipated services such as residence, business, PBX,
coin, etc. The forecasts and proposed facility construction must be
related to the type of central office and related limitations on trans-
mission and signalling ranges. The condition of existing facilities and
related underground and overhead structures and the extent to which
these facilities are in use must also be taken into account.

The statistics of trunk and trunk facility growth are under con-
tinuous study. As the switched network expands, traffic engineering
studies are made to determine how and when new switching facilities
are to be installed. Special services circuit forecasts, which take into
consideration the possible effects of new service offerings and changes
in applicable tariffs, must also be included in the facility studies.
From combinations of such studies of traffic network and special
services circuit growth, forecasts are made of trunk and trunk facility
needs.

Newly installed trunk facilities must be compatible with existing
central offices and with planned central office installations. The
capacity of existing plant and the expected date of exhaustion of
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spare capacity must be taken into account. Transmission and signal-
ling objectives and the related performance of proposed facilities must
also be considered.

1-6 ENGINEERING CONSIDERATIONS

The selection of facilities to replace or to augment existing facilities
must be based on the results of thorough studies and on sound engi-
neering judgment. The decisions are influenced by economic and
technological factors.

Economics

Before new facilities are provided, studies must be made to deter-
mine which of several alternatives is most economical. Economics
must also be considered when new systems are to be developed. The
question then is whether the development costs can be recovered
within a reasonable time.

When new loop or trunk facilities are under consideration, the
question of introducing carrier systems along a route previously
served only by voice-frequency cable facilities must be examined. In
general, the carrier systems make more efficient use of transmission
media because a number of channels can be provided simultaneously
by multiplexing techniques. The cost relationships involve the sub-
stitution of electronics for copper, i.e., line repeaters and terminal
equipment for additional cable pairs. Efficiency in using the trans-
mission media can only be achieved at the expense of the increased
terminal costs incurred by the necessary use of multiplexing equip-
ment. Improved maintenance techniques, increased craft training, and
increased service protection and emergency restoration must also be
introduced.

Cost relationships in such cases are sometimes quite complex but,
in general, the results of cost analyses tend to favor carrier systems
when distances are great and cross sections are large. Under these
conditions, line costs are greater than terminal costs and emphasis
is placed on maximizing the efficiency of utilization of the medium.
- When distances are short and cross sections are small, terminal costs
are dominant and the economic balance often favors cable facilities.
Each case is affected differently by local conditions and must be
studied on its own merits.
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The design, operation, application, and maintenance of all types of
systems and their interactions with environmental conditions also
carry economic implications. For example, there is growing pressure
to change some of the basic criteria of telephone building construc-
tion in an effort to improve the efficiency of plant design. Most equip-
ment designs in the past were based on a ceiling height of about
14 feet and the standard equipment bay height was 11 feet, 6 inches.
Recent technological advances have resulted in increased density of
components on these equipment bays. Growth of plant has, in addi-
tion, created difficult problems of congestion of cabling and wiring
between equipment units. These factors combine to make a 7-foot
bay height appear much more attractive. Floor loading, cable and
wire distribution, and maintenance requirements (narrower aisles
and lack of need for ladders) have all been made more manageable
by the lower bay height.

In addition, efforts to improve the efficiency of plant design have
led to new equipment arrangements that have provided for mounting
functionally related equipment units on bays specifically designed for
this purpose. The arrangements result in less office cabling and
therefore less cable congestion, space savings, improved maintenance
capabilities, and lower overall costs [20].

Although economic analyses play an important role in decision-
making when new facilities are required, some decisions are made
in response to other forces. Plant integrity and survivability may
lead to the selection of multiple routes and facility types that provide
diversity and increase overall reliability. Uniformity of plant might
be sacrificed and a higher price might be paid in order to satisfy
particular service reliability requirements. The pressure of public
opinion might lead to the use of out-of-sight plant in preference to
new or added pole-line construction. In this instance, economic ad-
vantages might be marginal at best; the use of out-of-sight plant is
generally more costly than the use of more conventional installations.

The economic solutions to loop facility problems involve the selec-
tion of optimium wire gauges for both feeder and distribution cables.
Depending on the nature of the geographical area, the design plan
must be selected from among those available, i.e., resistance, uni-
gauge, or long route design. Consideration must be given to the use
of carrier systems, range extension equipment, repeaters, etc., to
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offset the cost of additional cable, large wire gauge, or loading. The
choice must be made in a manner consistent with long range planning
studies.

For trunk facilities, many of the same factors must be considered.
In addition, the reuse or rearrangement of facilities often offers an
attractive solution.

Technology

The continuing shift from analog to digital technology is an ex-
ample of how new technology interacts with the facility provision
process. Pressures for the development and application of new sys-
tems, new concepts of operation, and new services occur with evolving
technology to create demands for new ways of organizing systems
and facilities.

Much of the growth of communications technology in this century
can be traced to research in physics and chemistry. From this research
have come the new devices and new materials which have formed the
basis for most of the dramatic advances in telecommunications. These
advances have made possible much wider bandwidths for analog
transmission and have enabled much higher rates of digital signal
transmission.

Recent developments in digital transmission and time division
switching have made possible the long-predicted combination of these
two techniques. Research studies in this area culminated in the con-
struction of a laboratory model of an experimental system described
in the late 1950s [21]. While this experiment was deemed to be a
successful demonstration of the feasibility of combining the time
division switching and transmission functions, practical implementa-
tion in the field had to await the accumulation of additional experi-
ence in developing, designing, and applying the concepts to each of
the two fields separately. Some of the techniques which have helped
to achieve these goals have been incorporated into a digital toll
switching system [22].

With these advances, new modes of operation of the network must
be considered. Time division switching is four wire; thus, as inte-
grated systems come into use, intertoll transmission circuits will be-
come more and more heavily oriented toward four-wire transmission
from end to end. Concepts of network operation will also have to
change in order to adapt to these new systems. It is highly probable
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that the via net loss design of the network will be changed with most
trunks operating as fixed loss digital trunks in an integrated system.

Another interplay among technological and other forces may be
called mutual stimulation. Significant improvement in performance
stimulates more frequent use of a service which in turn stimulates
the installation of new systems and facilities. The improved perfor-
mance in transoceanic telephony with the installation of the first
repeatered submarine cable system and the accompanying increase in
traffic is a case in point. Additional systems of advanced design have
now been installed in all oceans, new technology has permitted the
initiation of transmission by satellite, costs per unit circuit have come
down, and international traffic is still rapidly increasing. Similarly,
the mutual stimulation of digital services and digital systems has
fostered rapid growth which has been supported by advances in the
technology. )

The facilities used in the Bell System are in a constant state of
flux. Old systems wear out or become obsolete and must be continually
repaired and ultimately replaced. New technology brings into being
new systems and techniques such as digital transmission systems and
the use of waveguide as a transmission medium. The expanding
demands for more facilities at lower cost and the introduction of
new services insistently leads to a demand for new systems, new
procedures, and new ways of organizing the network.

Certain services have been provided for many years but are con-
tinually expanding. Examples are the growth of extended area service
in the local plant and the extension of customer dialing of long dis-
tance calls to international services. The demand for digital data
services has led to the introduction of the Digital Data System, a
network of data transmission facilities which is being integrated
with existing facilities used for message network and special services.

All these forces of growth, change, and replacement require the
application of a high level of expertise in building, operating, and
managing the plant. A snapshot view of the systems and facilities
available at any given time is certain to become out-dated within a
relatively short time. The evolutionary nature of the plant requires
much planning for the future since all new systems must be integrated
into the existing plant and must be compatible with what is already
in service [23]. Adequate responses to the pressures of change can
only come about by careful planning.
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The Facility Network

Chapter 2

Transmission Media

The transmission of communications signals between two points
must involve the use of some interconnecting medium. This medium
may constrain and guide the signals in some manner or may permit
the signals to be transmitted in an unguided or semi-guided manner.
Examples of guided wave media are shielded and nonshielded pairs
of wires that may be installed individually or combined in cables with
other pairs, coaxial conductors, and wave guides. The atmosphere and
the void of space provide unguided media for the transmission of
radio signals. These media may be used for the broadcast of signals
in all directions or, with directional antennas, for the transmission
of signals within a controlled narrow beam between the transmitting
and receiving devices.

Individual pairs of conductors in the form of open-wire lines have
been giving way to other forms of media for many years. Thus, the
treatment here of open-wire lines is brief and superficial to allow more
thorough discussion of shielded and nonshielded cable pairs and of
coaxial conductors. The designs of cables in which such conductors
are combined vary significantly according to the field of application.
Requirements depend on whether these cables are to be used in local
or toll portions of the network.

Radio communication may be implemented in any portion of a
very wide spectrum of frequencies. Allocations of the spectrum to
various uses are controlled in the United States by the Federal Com-
munications Commission. Discussion here is confined to the charac-
terization of the medium and its exploitation in those bands allocated
to common carrier services. The discussion of waveguide transmission
is confined to its applications in microwave radio systems.

26
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2-1 OPEN WIRE

Open-wire lines have been largely supplanted as loop and trunk
facilities in most locations by various forms of paired cable or multiple
line wire which may be carried on poles or buried in the ground. For
this reason, only a summary of open-wire characteristics is pre-
sented [1]. A typical open-wire line, usually consisting of bare copper
wires 0.165, 0.128, 0.104, or 0.080 inch in diameter, is supported on
utility poles spaced about 40 to the mile.

All open-wire pairs are transposed (frogged) in predetermined
patterns to minimize their susceptibility to crosstalk from other pairs
and to noise from nearby power lines. The transposition pattern pro-
vides, ideally, for each pair to have equal positive and negative ex-
posures to power lines and to all other pairs. In practice, regularity
in pole spacing, wire sag, and alignment of crossarms is important in
achieving sufficiently close balance of the two polarities of exposure.

Variations from the standard open-wire line are numerous: (1)
long-span construction (saves poles and pole placement but requires
stronger wire or copper-clad steel in some situations), (2) use of
galvanized steel wire, (8) closer spacing of the wires of a pair, (4)
greater separation of pairs on crossarms, (5) greater spacing of
crossarms, and (6) the use of more transpositions. All except (1) and
(2) are used in order to control crosstalk, which became of increasing
importance as carrier systems, such as types C, J, and O, were applied
to open-wire lines.

Open-wire lines have always been vulnerable to the effects of water,
sleet, frost, and ice on transmission as well as on the physical struec-
ture. A considerable amount of reserve amplification is required to
compensate for the effects on transmission, especially where carrier
systems are used. In certain localities, corrosive components in the
atmosphere have reacted with the wire, particularly at splices, to
reduce conductivity and strength and to increase attenuation.

The development of cables carrying many pairs of insulated wires
resolved many of the problems encountered in the use of open-wire
lines as trunk facilities. Most open-wire lines have been supplanted by
paired cables, coaxial cables, and microwave radio systems.

2-2 LOOP AND LOCAL TRUNK CABLES

Cables used for the provision of loops from central offices to sub-
scriber locations are called loop cables. Cables used for trunks between
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local central offices or between local offices and toll offices are called
trunk cables. The several types of trunks and their uses in the general
switching plan are discussed in Chapter 6 of Volume 3. Some cables
have been used for both loops and trunks, usually as temporary ex-
pedients. The present trend is to avoid the dual use of cables although
trunk cables may contain carrier as well as voice-frequency trunks.
In addition, some local cables are produced with mixtures of shielded
pairs or coaxial units and local loop or trunk pairs.

Physical Characteristics

Most cable pairs in the local telephone plant are made up of copper
wires twisted together, each wire insulated with strip or pulp paper
or some type of plastic. Groups of such pairs, twisted (stranded)
into a rope-like form are called units. The degree of pair twist in a
unit is varied or staggered. The variation in twist tends to reduce
crosstalk coupling in much the same manner as do transpositions in
open-wire circuits. Several units are twisted together (cabled) to
form a cable core. Although aluminum has a lower electrical con-
ductivity than copper, it is sometimes used when copper is too
expensive or in short supply.

Figure 2-1 shows the gauges of copper wire generally used and the
corresponding gauges of aluminum wire that have the same resistance
per unit length as the copper. Since aluminum pairs are more bulky
than corresponding copper pairs, aluminum cables make less efficient
use of duct space.

WIRE GAUGE
APPLICATIONS
COPPER ALUMINUM
Special services circuits and carrier systems 19 17
Special services circuits, trunks, long loops, and
carrier systems 22 20

Figure 2-1. Comparison of copper and aluminum wire usage.

Loop and local trunk cables are made in a number of standard
sizes, which are designated by the number of pairs they contain.
Figure 2-2 shows the range and number of cable sizes of the several
available gauges for polyethylene-insulated conductors (PIC) and
pulp-insulated conductors.
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Each standard cable is made up of an array of cable units formed
into a cable core by being twisted together around a common axis
prior to being sheathed. The number of pairs per unit varies from
12 to 100 depending upon wire gauge and cable size. Although unit
construction is the common type now used, cables of layered construc-
tion may still be found. In the layer design, pairs are configured in
concentric layers each of which is given a different direction or degree
of twist from that of the preceding layer.

Figure 2-3 shows the relative positions of the several units of a
600-pair 22-gauge cable in the cable cross section. Wire-insulating
material and the binding strings around individual units are used in
different colors for identification purposes. In cables using poly-
ethylene insulation, every pair is color coded and can be identified
visually at any splice without recourse to electrical testing. Earlier
forms of color coding, used in paper and pulp-insulated local cables,
did not provide for visual identification of specific pairs.

Insulation resistance between
each conductor in a cable and all

other conductors interconnected

and grounded is required to be at

least 500 megohm-miles (the prod-

uct of the measured leakage re-

sistance in megohms and the cable
h ’ length in miles).

The basic requirements in di-
electric strength of pulp- and
polyethylene-insulated conductors
are given in Figure 2-4. Insulation
between cable core and sheath may
be paper, polyethylene, rubber-
Figure 2-3. Llocation and form of 50- my]ar’. or combl.natlons of thes.e

pair units in a 600-pair Materials. Requirements for di-

cable. electric strength of core-to-sheath

A insulation range from 1.2 to 1.4

peak ac kV for paper core wrap to 20 kV dc for cables with an inner
polyethylene jacket.
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VOLTAGE, kV
TYPE OF INSULATION
19 GA 22 GA 24 GA 26 GA
Pulp (peak ac) 0.7 0.5 0.5 0.5
PIC (dc) 5 4 3 24

Figure 2-4. Conductor-to-conductor dielectric strength requirements.

Other materials are utilized for physical and electrical protection
of cables. The lead sheaths of the older cables provide both water-
proofing and electrical protection against noise induction. However,
they are also subject to electrolytic corrosion at points of stray earth
current leakage. Electrical drainage systems, installed to provide
noncorrosive paths for such currents, have prevented damage at many
points but it has seldom been economical to make such systems com-
plex enough to be 100 percent effective. Many lead sheaths of under-
ground cables, especially those in urban areas, ultimately admit
moisture and the affected lengths of cable must be replaced.

Materials used outside the core insulation in newer cables include
various combinations of (1) tacky waterproof coatings, (2) corru-
gated aluminum and steel shields, and (3) polyethylene jackets. The
combination used depends on the cable application and on environ-
mental conditions. The aluminum shields provide electrical protection
against noise induction and the steel provides physical protection.
Both shields are necessarily cut back at splice points but electrical
continuity of the shields across splices is provided. Most loop and
local trunk cables have outer jackets of polyethylene and are not
subject to electrolytic corrosion.

Transmission Characteristics

The properties of a cable pair that must be known in order to
calculate circuit performance are characteristic impedance and
propagation constant. These secondary constants are derived from the
four primary constants, series resistance and inductance and shunt
conductance and capacitance. The primary constants are expressed
in values per unit length of the pair. To permit accurate transmission
engineering on the basis of secondary constants, cable length, and
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other derived parameters, the primary constants must be rigidly
controlled during manufacture.

Primary and Secondary Constants. The relationships between the pri-
mary and secondary constants of a transmission line were developed
in Chapter 5 of Volume 1. The constants are temperature and fre-
quency dependent in some degree. It should be emphasized also that
the primary and secondary constants at any frequency depend on the
medium alone and are not affected by sending- or receiving-end im-
pedance. On the other hand, the actual transmission from a source
to a termination depends on the source and termination impedances
as well as on the properties of the medium.

Figure 2-5 shows the relation between attenuation and frequency,
Figure 2-6 shows the relation between delay and frequency, and
Figure 2-7 shows the relation between characteristic impedance and
frequency for 22-gauge cable pairs. The trends are similar for all
gauges.

v
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—

T |
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Attenuation (dB/mile)

H88 loaded
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/
H88 nominal
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cutoff frequency

o F Ly |
0 1 2 3 4 20 40 60
Frequency (kHz)

Figure 2-5. Attenuation /frequency characteristic of 22-gauge local cable pair.
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A special low-capacitance

120 (LOCAP) cable has been made
/ available to provide reduced atten-
' uation in cable pairs used for the
_\/ T2 Digital System. These pairs
80 \ have a nominal capacitance of 39
2 22H88 nF per mile (46 nF in waterproof
g loaded cable) instead of the 83 nF per
) Nonloaded mile found in earlier designs. The
S w0 LOCAP cables are made up of
{ 22-gauge copper conductors insu-
lated with dual expanded plastie.
They are available with 26, 52, or

0 104 pairs.

0 1 2 3 4

Frequency (kHz) Another low capacitance cable,

introduced for use in metropolitan
Figure 2-6. Delay/frequency charac- areas, is designed to optimize trans-
teristic of 22-gauge local  mjssion performance for T1 carrier
cable pair. system applications and overall
costs for all types of metropolitan
area trunks (MAT). The MAT cable is designed for major metro-
politan routes that may economically utilize 1400 or 1800 pair com-
plements. Cable pairs are 25-gauge copper with expanded plastic
insulation. Their transmission characteristics make them approxi-
mately equivalent to 22-gauge pulp-insulated cable pairs for T1 sys-
tems. When loaded, the 25-gauge pairs are equivalent to 24H88 loaded
pairs for voice-frequency circuits. The lighter gauge conductors result
in a slight penalty in respect to dec signalling performance on some
circuits. The 25-gauge wire size was selected as a compromise for
maximum compatibility with existing equipment that would, at the
same time, yield a significant cost saving in respect to the use of
copper. The new design produces characteristic impedances different
from those of earlier designs; as a result, somewhat different termi-
nating impedances must be used in the affected equipment. These
impedances may be obtained by different adjustments in some existing
equipment and design modifications in other equipment types.

Crosstalk. Coupling between pairs in the same cable is unavoidable
and results in the transfer of a small amount of signal power from
each energized pair to other pairs [2]. Although design and manu-
facture are effective in limiting the coupling to acceptable values,
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Figure 2-7. Characteristic impedances for 22-gauge cable pair.

crosstalk influences circuit design and system layout. For example,
differences between signal amplitudes transmitted into a cable at a
repeater point and the amplitudes received from the same cable at
that point must be limited in order to control near-end crosstalk. This,
in turn, limits the difference in amplitudes from a repeater output to
the next repeater input and thereby establishes a repeater section
loss limit. In some systems, such as the T-type, crosstalk limits
performance.

Pulp-insulated loop and local trunk cables are designed with nine
different lengths of pair-twist, or pitch, in order to guard against
adjacent pairs having the same twist lengths. Each unit in a cable
may be thought of as made up of several layers of pairs twisted
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around a common axis with a common length of layer twist. A dif-
ferent twist length is used for every pair, up to 25 pairs, in a
PIC-insulated cable.

If approved circuit designs are followed, annoying crosstalk usually
occurs only when cables are damaged or when significant unbalance
exists between pair conductors or between the conductors and ground.
Crosstalk also occurs when two adjacent pairs are inadvertently split
during splicing operations along the cable route, as shown at point A
in Figure 2-8. If the error is detected and corrected at a subsequent
splice, point B, in an attempt to compensate for the split at A, high
coupling remains in the length A-B. Moreover, the usual dc tests
made between the ends of the cable after splicing has been completed
do not reveal the split. It is important, therefore, to avoid splitting
pairs and, whenever split pairs are detected, to take immediate steps
to correct the error at the splice where the error was made.

Pair J

Pair K

| I
I [
I a |X a
I I
I |
A B

Figure 2-8. Split pairs.

Crosstalk couplings at voice frequencies in local cables are generally
controlled by design and manufacture to the extent that no special
splicing procedures are required. For T-type carrier systems, how-
ever, it is sometimes necessary to use different cables for the two
directions of transmission; with same-cable operation, it is necessary
to select pairs for opposite directions of transmission according to
carefully specified rules unless screened cable is used. Such cables
have a shield between equal sets of binder groups which provides.
isolation between the two sets of binder groups.
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Inductive Loading. Inductive loading of cable pairs is effective not
only in reducing attenuation but also in making attenuation, imped-
ance, and delay more uniform throughout the passband of the loading
system [8]. These transmission improvements are obtained at the
sacrifice of all frequencies outside the passband. Figures 2-5, 2-6, and
2-7 show the attenuation, delay, and characteristic impedance of
22-gauge H88-loaded pairs in comparison with the same character-
istics of 22-gauge nonloaded pairs.

Load coils are made by winding two coils simultaneously on a core
of high-permeability metal, one coil for each conductor of a pair.
This bifilar method of winding ensures equal effects of the load coil
inductances in the two wires of a pair and minimizes the likelihood
of longitudinal unbalance. It also, by cancellation effects, reduces the
danger of damage to the coils that might result from unwanted surge
currents due to lightning or power system faults. The inductance of
each winding alone is about one-fourth of the required total; the two
windings are connected “series-aiding” in the circuit so that the total
inductance is the sum of that of the two windings alone plus twice
the mutual inductance. Since the total inductance is not independent
of direct current flowing in the windings, allowance is made in design
for the resulting decrease in inductance.

The bifilar method of winding load coils is illustrated in
Figure 2-9(a). The complete coil with terminals has a volume of
one to two cubic inches. Various quantities of coils, from 6 to 900,
are housed in watertight cases to serve different needs. Coil connec-
tions are provided to a stub cable which can be spliced into the cable
to be loaded. The cases may be mounted aerially or underground. A
typical aerial installation is shown in Figure 2-9(b).

Structural regularity of a loaded cable pair is essential; irregu-
larities such as misplaced or omitted load coils can make the pair
useless for a repeatered two-wire trunk by seriously reducing echo
return loss. Regularity of a loaded pair, however, can be no better
than the uniformity of the capacitance, C, along the pair or the vari-
ations in load-coil values. For that reason, the cost of attaining more
accurate load-coil spacing than afforded by following specified rules
would not be justified [8]. Good factory control of capacitance
and of load-coil inductance and good field control of load-coil
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(a) Bifilar wound loading coil

Loading
coil case

Splice case

coil case

Loading / k

(b) Typical load coil case arrangements for aerial cable

Figure 2-9. Typical loading coil and application.

spacing should provide adequate structural regularity for local area
transmission.

When it is necessary to locate a load point out of limits, the affected
load section is made shorter than normal and then built out to the
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required length with a build-out capacitor (BOC) or a build-out
lattice (BOL). The BOC is simply a capacitor shunted across the pair.
Although it lacks series resistance, it is adequate for a short build-out
and the resultant return loss is generally adequate for loop applica-
tions. For a trunk, a BOC may not provide adequate return loss and
a BOL may be needed. The BOL is a network of two balanced resistors
and two balanced capacitors configured as in Figure 2-10. Close
matching of the two resistors and the two capacitors in the lattice is
essential for maintaining longitudinal balance. The characteristic
impedance is exactly the same as if the total capacitance of the criss-
crossed branches were evenly distributed along the resistors. It is
therefore an excellent approximation to real cable throughout the
passband and may be used for simulating any length of cable up to

a full load section with little or no

degradation in return loss. The

AN lattice is not used on loops since
\/ \/o the resistors are subject to burn-
out during loop breakdown tests.

—A\VV Return Loss. Structural return loss
is a convenient and sensitive
Figure 2-10. Build-out lattice. measure of the structural quality

of a loaded cable pair, that is, of
the resemblance of the real pair to the ideal model in which load
spacing, pair capacitance, and load-coil inductance all match the ob-
jectives perfectly in all load sections. Structural return loss is the ratio
of the power of a signal sent into one end of a pair to the composite
power reflected back to that end by all the small structural irregu-
larities in the pair. The receiving end of the pair must be properly
terminated in order to avoid mixing a reflection from that end with
the structural reflections from within the pair. Since each reflection
traverses a different distance, the components from the several re-
flections do not arrive in phase. Moreover, the relative phases and
the relative magnitudes change continuously with frequency. Thus,
a measurement at a single frequency is not a reliable indication of
structural regularity. To overcome this difficulty, a mixture of many
frequencies in the voiceband is used as a source and the structural
return loss is measured directly with a return-loss measuring set.

Results of such measurements on all newly loaded cable pairs are
essential in judging the suitability of the pairs for service. If there
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are no irregularities, the return losses for a complement, should
cluster around a figure not more than 2 dB under the expected median
value and none should fall more than 3 dB below the actual median.
Return losses below the general distribution usually should be located
and corrected. Return losses higher than the general distribution do
not signify irregularities.

The effect of load-spacing deviations on the structural return loss
of normal 22-gauge H88-loaded pairs is illustrated in Figure 2-11.
The return losses of polyethylene-insulated pairs are higher than
those of paper-insulated pairs because it is practicable to control the
capacitance constant of the former more closely as insulation is ap-
plied to the wires. The structural return losses expected for various
loading systems, wire gauges, load-spacing deviations, average splicing
lengths, and pair insulations are tabulated for engineering use.

40 T
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Figure 2-11. Expected median structural return losses in complements of 22-gauge
H88 loaded pairs.

The cable between a central office and the first load coil is called an
end section. In order to provide flexibility for connecting one loaded
cable to another by way of cross-connection in a central office, end
sections are usually made slightly less than half a load section in
length so that the section including the path through the central
office is a full load section.

Velocity of Propagation. The velocity of propagation over wire facili-
ties is w/B, where o is the radian frequency and B is the phase con-
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stant [3]. This velocity increases monotonically with frequency in
nonloaded pairs. In loaded pairs, it reaches a maximum within the
passband and then decreases as shown in Figure 2-12. Since echo
tolerance decreases as echo delay increases, velocity of propagation
is an important factor in long-haul transmission system design.
Lengths for which loaded facilities can be used for such transmission
without echo-suppressors are sharply limited.

2-3 TOLL TRUNK CABLES

Intertoll trunks carry traffic between class 4 or higher toll offices.
Among other media, these trunks may use cable pairs equipped with
T- or N-type carrier systems or coaxial cable units equipped with
T- or L-type carrier systems. The trunks may also use cable pairs
equipped as voice-frequency circuits.

Cable Pairs

Cable pairs formerly shared toll telephone traffic with open-wire
lines. However, open-wire lines are now largely obsolete and cable
pairs are used for trunks no longer than about 200 miles. Toll cable
is still manufactured, mainly for replacing damaged sections of exist-
ing cables or for rerouting.

Physical Characteristics. Toll cable pairs are insulated with paper
tape helically applied. Most of the pairs are twisted together, two
pairs at a time, to form quads from which a phantom circuit (now
rarely used) could be derived. In general, there are ten different quad
types, as defined by the lengths, or pitches, of the pair twists and
quad twists. Each type is keyed to a different combination of pair
insulation colors.

A toll cable is formed of cylindrical layers of quads and pairs
twisted helically around the cable axis. In order to keep the layers
intact and the quads and pairs in order around the layers, adjacent
layers are given opposite directions of rotation around the axis. This
also prevents long adjacencies of pairs in different layers. All these
design features are essential for control of crosstalk within and be-
tween quads and reduce coupling to noise sources both within and
outside the cable. '
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Figure 2-12. Velocity of propagation, 22-gauge cable pairs.

Copper wire gauges now being used in the manufacture of toll
cables include 16 and 19 gauges for voice-frequency trunks and carrier
systems. Nonquadded 16-gauge cable pairs are also provided for voice-
frequency trunks and special services circuits. Cables with selected
complements of numbers and gauges of pairs are available. Some of
these have been retained in the wire-armored type so that replace-
ments of existing sections do not require two cables in a submarine
section.

A number of standard sheaths, provided to protect the cores, are
specified according to the physical and electrical environments in
which the cables are to be placed and the hazards to which they may be
. subjected. Electrical insulation may be provided by paper wrap or
an inner polyethylene jacket on the core. Polyethylene is also used
as an outer jacket for insulation and for physical protection. Physical
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protection is also provided by corrugated steel sheaths or lead
sheaths and by steel armor wires for submarine cables. Lead or one
or two sheaths of aluminum are used to provide shielding against
electrical induction. Thermoplastic compounds are used to prevent
the penetration of moisture. Problems of electrolytic corrosion of lead
sheaths are similar to those encountered in local cables.

Insulation between conductors of various designs of quadded toll
cable pairs must withstand for two seconds a 60-Hz test voltage
having approximately a sine-wave form and a peak value of 700 to
1100 volts. For cables that contain pairs for local applications, lower
values apply; however, for wire armored cables, the requirements
are somewhat higher especially where double strip-paper insulation
is used.

Paper insulation is wrapped around the cores of quadded cables so
that at least two thicknesses of paper lie between the core and the
sheath. Cables with additional core insulation are available for use
where extreme lightning conditions and high earth resistivity are
prevalent. The required dielectric strength between core and sheath
ranges from 1000 volts rms for normal dielectric strength lead-
sheathed cable to 20,000 volts dc for lepeth or tolpeth-K sheathed
cable. The lepeth sheath consists of several protective layers over the
core, the most important of which is a polyethylene jacket, and an
outside layer of extruded lead. The tolpeth-K sheath includes an inner
polyethylene jacket, corrugated aluminum and steel shields, and an
outer polyethylene jacket.

The minimum requirement for insulation resistance between each
conductor and all other conductors plus sheath is 1000 megohm miles
for a 60-second test. The average actually attained is about 20,000
megohm miles.

Transmission Characteristics. The principal difference between the
electrical characteristics of toll and local cable pairs is the lower
capacitance of toll cable pairs. As a result of the lower capacitance,
toll pairs have a higher cutoff frequency when both are identically
loaded. For example, 22-gauge local cable with 83 nF per mile cuts
off at about 3500 Hz'when H88-loaded ; 19-gauge toll cable with 62 nF
per mile cuts off at about 4000 Hz. Present production of standard
toll cables is limited to 16 and 19 gauges.
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The use of ten quad types with different pair-twists and quad-
twists serves to control interquad crosstalk couplings in the same
way that different pair twists control couplings in local cable. Con-
tinuous quad-adjacencies are limited to one splicing length by means
of random and test splices in the field. Since quads must stay intact
for entire repeater sections, test splices are made to reduce couplings
within quads. This is done by measuring capacitance imbalances of
all the quads in the lengths to be spliced and then by selecting and
splicing the quads in such a way that the imbalances in one length
tend to neutralize those in the other.

The loading of nonquadded toll pairs is quite similar to that of
pairs in local cables. No allowance is made in manufacture for the
effect of direct current on the load-coil inductance since such currents
are not generally present on toll pairs. Load coils for toll cables have
lower resistance than those used on local cables and generally have
greater insulation resistance.

Structural uniformity is especially important in toll cables since
toll trunks are longer than local trunks and require more amplifica-
tion. The capacitance constant is well controlled in the factory and
when load-coil spacing in the field is as well controlled, structural
return losses are a few dB higher than those in local cables. Build-
out of quadded cables is accomplished by using finer gauge quads in
a calculated length of the main cable in order to increase the resis-
tance and then adding the required capacitance by connecting a
calculated length of stub cable in parallel with the main cable. The
capacitance imbalance in the stub cable must be taken into account.

The relationship between velocity of propagation and frequency
for toll pairs is the same as that shown for local cable pairs. Because
of the lower capacitance, the velocity at 1 kHz is somewhat greater
for 19-gauge toll cable pairs than that for local cable pairs (46,900
versus 29,300 miles per second for nonloaded pairs and 14,300 versus
12,000 miles per second for H88-loaded pairs).

Shielded Conductors. Some signals and systems are so sensitive to
noise and crosstalk that the facilities used must be individually
shielded. Video pairs, used for transmission of television signals in
local areas, are a prime example.
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The standard 16-gauge video pair consists of two copper con-
ductors insulated with expanded polyethylene and twisted together
with two expanded plastic fillers. The pair and fillers are helically
wrapped with polyethylene tape followed by a longitudinal copper
shield and a helically wrapped copper shield. An outer longitudinal
crepe-paper wrapping is bound with continuous strings of rayon or
cotton, colored for identification purposes. As with nonshielded con-
ductors and to minimize crosstalk, pair twists ranging from 5.3 to
7.5 inches are used so that adjacent pairs in the same or adjacent
layers can always be given different twists.

These video pairs have a dc resistance of 42 ohms per loop mile
at 68 degrees Fahrenheit and an attenuation of 17 dB per mile at
4.0 MHz. The characteristic impedance is 125.5 = 3.5 ohms at 1.0
MHz. Manufacturing and splicing techniques are designed to pro-
duce reflections of 38 dB or more below the amplitude of pulses used
in measurement. Insulation resistance exceeds 1000 megohm-miles and
the dielectric strength of the insulation between pair conductors and
between the conductors and the copper shields must be in excess of
3000 volts de.

Coaxial Cables

Coaxial cables are now used to carry a substantial portion of long-
haul special services circuits and switched network trunks in the
Bell System. In addition, this medium is finding increasing use for
digital and analog trunks in metropolitan networks. Although the
cost of coaxial cable is high relative to paired cable, the adaptability
of coaxial cable to very broadband systems makes it a contender for
providing service where heavy cross sections of traffic flow exist. The
per-channel-mile cost of these systems is relatively low.

Physical Characteristics. A coaxial cable is made up of 4 to 22 coaxial
units with interstitial wire pairs and single wires all wound helically
around the cable axis. Various sheath components perform the same
functions as similar layers used in quadded toll cables. Because of
the helical winding, or stranding, the coaxial units and some of the
wire conductors are appreciably longer than the cable. This extra
length ranges from about 0.5 percent in 4-unit cables to about 2.4
percent in one of the larger sizes.



Chap. 2 Transmission Media 45

The interstitial pairs and wires are used for maintenance support
and operational functions such as order wires and alarms. The char-
acteristics of the pairs are similar to those in toll cables. The single
wires are used only for dc alarm and control circuits. Pairs assigned
to order-wire circuits in the L5 system are loaded at coaxial repeater
points which are spaced about a mile apart but not nearly as uni-
formly as loading points usually are. This loading system, Q44, is
satisfactory for these four-wire circuits because reflections from
structural irregularities are prevented from becoming echoes by
one-way amplifiers; the slight unevenness in transmission caused by
the reflections is acceptable in an order-wire circuit.

The serrated-seam coaxial unit, the present standard, consists of a
0.1003-inch axial copper conductor centered within a 0.369-inch (in-
side diameter) copper tube by polyethylene insulating disks spaced
about 1 inch apart. The tube is a strip of copper 0.012 inch thick
formed into a cylinder around the disks. It is held closed by the inter-
locking of its serrated edges in a longitudinal seam and by two strips
of steel tape wound helically around the copper tube with the outer
tape overlapping the gap between turns of the inner one.

Transmission Characteristics. For coaxial cable units, primary and
secondary constants are expressed in the same manner as for local or
toll cable pairs. The derived transmission characteristics are shown
in Figure 2-13. Note that « is approximately proportional to the
square root of frequency. This is primarily because of skin effect in
the inner and outer conductors; as frequency increases, current flow
is progressively restricted to the portions of the conductors near the
surface. The constant B is nearly proportional to frequency, while
delay and Z, are comparatively insensitive to frequency.

FREQUENCY, a, B, DELAY, z,,
MHz dB/mi rad/mi ps/mi ohms

- 0.1 1.217 3.66 5.83 77.5

1.0 3.845 35.7 5.69 75.5

10.0 12.15 354 5.64 74.9
100.0 38.68 . 3533 5.62 74.7

Figure 2-13. Transmission characteristics of serrated seam coaxials per mile of
coaxial unit.
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Because of the shielding effect of the outer coaxial conductors, the
equal-level coupling loss between coaxial units increases with fre-
quency, despite the lack of insulation between the outer conductors
of the coaxial units.

As in loaded cable pairs, it is important to minimize reflections in
coaxial conductors. Although transmission on each coaxial unit is in
only one direction, reflections can cause interference among signal
components traveling in that direction. Reflections result from in-
ternal impedance variations caused by splices, sharp bends, dents, gas
plugs, and terminations at equipment units. Factory measurements
are made on each coaxial unit by means of a pulse technique to verify
that internal reflections are sufficiently small. Random splicing lengths
are used in the field to avoid in-phase buildup of reflections from
regularly-spaced splices; the latest coaxial splicing techniques are
designed to minimize the reflections at splices.

2-4 MICROWAVE RADIO TRANSMISSION

Microwave radio transmission media include propagation paths,
antennas, and the waveguides used to couple the transmitters and re-
ceivers to the antennas [4]. Comprehension of radio propagation and
the path losses encountered, antenna patterns and efficiencies, and
waveguide transmission characteristics are essential to an under-
standing of these media. For microwave transmission, portions of
the 2 to 40 GHz spectrum are made available by the Federal Com-
munications Commission for fixed, common-carrier service. This
range corresponds to wavelengths of 150 to 7.5 mm respectively where
it is practicable to direct the radiated energy in a narrow beam.

Propagation Paths

The principal propagation paths in the microwave range are the
direct (free-space) wave and the ground reflected wave as illustrated
in Figure 2-14. If the antennas are located to provide a line-of-sight

-path with adequate clearance, the path loss for a large percentage
of the time approximates the free-space loss. This loss obeys the
inverse square law.
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Figure 2-14. Microwave propagation paths between antennas.

Line-of-Sight Transmission. Imagine a radiated wave expanding as a
spherical surface from a point source. The power density, in terms
of power per square unit of that surface at distance d from the source
radiating power pr watts, is the radiated power divided by the

spherical surface at that distance, or ——,. If that radiated power is

4 ol2
now concentrated in a narrow beam by means of a suitable antenna
and accurately aimed at a receiving antenna, the latter receives
many times the energy it received before the beam was concentrated.
The actual power it receives before concentration is

A
pe=200 (2-1)

where Ay is the effective area of the receiving antenna and pr is the
power transmitted at the transmitting antenna. It can be shown that
the on-axis power gain of the transmitting antenna having its radi-

d7A~r
ation concentrated in a narrow beam is —5—, where A\ is the wave-

A2
length and Ar is the effective area of the transmitting antenna.*
When Equation (2-1) is modified to account for the transmitting

antenna gain, the received power is

*Antenna gain is defined as the ratio, in dB, of the signal amplitude received
or transmitted by an antenna to the amplitude that would be received or trans-
mitted by an isotropic antenna at the same location and fed with the same power.
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pR—pT( v ) ( ypD ) (2-2)

These factors may be regrouped so that the transmitting and re-
ceiving antenna gains are in the same form; thus,

— 47TAT 4'7'TA R )\ )2 2_3
pr pT( e )( A2 )(4vrd . (23)
Trmtg Revg  Free-space
ant. ant, path loss
gain gain

Note that the antenna gains are frequency-dependent and that the
free-space path loss is both distance and frequency dependent as
shown in Figure 2-15. In dB, the loss from the transmitter to the
receiver is:

pr dwAr A7Ar 4dmd
10 log e 10 log el 10 log e -4 20 log > (2-4)

where the units of length in Ar, Ag, A, and d are all the same. The
effective areas, Ar and Agr, are smaller than the physical areas
because of power dissipation and reflections in the antennas.

Reflections. It is not enough that the line-of-sight path be unob-
structed. It is also necessary to have adequate clearance all around
that path in order to reduce the likelihood of reflections that may
set up secondary paths longer than the direct path. Waves taking a
longer path can arrive at the receiving antenna in any phase rela-
tionship with the direct wave. The phase relationship depends upon
the wavelength, the difference in length between the two paths, and
whether or not the grazing angle at the projection is small enough
to cause a phase reversal at the reflection. The strength of the re-
flected wave determines the limits of reduction or reinforcement of
the direct wave and the phase relative to the direct wave determines
where, within those limits, the effeet will lie.



Chap. 2 Transmission Media 49

150

145 7

N
NN

140 pd

@
z
g /
=
g 135 /,
2
§ 25 miles 7//
: //
o
= 30 //
//>(20miles
125/ L
\15mi;es
120
1 2 3 4 [ 8 mon 15

Frequency (GHz)

Figure 2-15. Free-space path loss versus frequency and path length.

Figure 2-16 illustrates a direct path, d, from A to B and an indirect
path, di, from A to C to B. Clearance above intervening terrain is
usually described in terms of Fresnel zones which are ellipses of
revolution around the line-of-sight path, as shown in vertical cross
section in Figure 2-16. The first Fresnel zone is the surface from
which a reflection reaching the receiving antenna will have traveled
one-half wavelength farther than the direct wave. The nth Fresnel
zone defines paths n/2 wavelengths longer than that of the direct
wave. The locations of the zones depend on the wavelength and the
length of the direct path. Experience indicates that clearance should
be at least 0.6 times the distance to the first Fresnel zone all along
the direct path in order to achieve transmission loss that approxi-
mates the free-space loss. Somewhat greater clearance than that is
usually provided, however, in order to reduce deep fading under ad-
verse atmospheric conditions. Effective path clearance is not constant



50 The Facility Network Vol. 2
but varies with atmospheric conditions which can bend the direct

wave away from a straight line as a result of variations in dielectric
permittivity.

1200 —

Altitude (feet)

‘\C

LI}

Dist bet (miles)

Figure 2-16. Typical profile plot showing first Fresnel zones for 100 MHz (3 meters)
and 10 GHz (3 centimeters).

For determining suitable antenna heights, the obstacle having the
least Fresnel clearance for prevalent atmospheric conditions is located
and then used as a fulcrum to allocate height to the antennas to pro-
vide suitable clearance. Path tests with portable antennas are often
made to verify the height of the principle obstructions, path reflec-
tivity conditions, and optimum antenna heights.

Fading. Heavy ground fog or very cold air over warm earth can
cause enough atmospheric refraction to obstruct the line-of-sight path
and increase its loss substantially throughout a wide frequency band.
This type of fading takes place slowly and clears up slowly; its only
remedy is the use of higher antennas.

Another, faster type of fading is caused by interference between
two or more rays in the atmosphere. These separate rays between
transmitter and receiver are the result of irregularities in the way
dielectric permittivity varies with height. Fading of both types in-
fluences the margins that must be built into the transmission system.
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Figure 2-17 shows the median
duration of fast fading on a 4-GHz
system. It indicates an inverse re-
lationship, that is, the deeper the
fade, the less its duration. For ex-

50

2 A

Duration (sec)
>
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or more as long as the median and Depth of fade (dB)

about 1 percent may last only one- Figure 2-17. Median duration of fast
tenth as long or less. On line-of- fading at 4 GHz.

sight paths, much of the multipath

fading occurs at night when there is little or no wind or convection
to break up atmospheric layers that cause irregularities in refraction
and result in multipath transmission.

Both the number and severity of fades increase with repeater
spacing and with frequency. Although multiple paths are usually
overhead, ground reflections are sometimes involved. Effects of multi-
path fading can be reduced by the use of alternate frequencies, alter-
nate routes, or alternate antennas at different heights.

Absorption. Rain and water vapor increase path losses markedly at
the higher microwave frequencies. Figure 2-18 shows the estimated
atmospheric absorption versus frequency for several concentrations
of rain in the atmosphere. The increase of loss with frequency is
caused by the greater absorption and scattering of energy as the
wavelength approaches the size of the rain drops. Systems operating
in the upper part of the superhigh-frequency ranges (3 to 30 GHz)
are vulnerable to rain attenuation and cannot rely on inband frequency
diversity for protection of service.

Antennas

A number of different types of antennas have been used for Bell
System microwave radio systems. Today, most long-haul and many
short-haul systems utilize a horn-reflector design that has proved to
be economical, versatile in its broadband capability, and rugged in
the face of exposure to the elements. Other short-haul systems are
equipped with parabolic antennas.
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Figure 2-18. Estimated atmospheric absorption.

Characteristics. The gain of an antenna is closely associated with the
width of the beam it radiates; the narrower the beam, the greater
the gain. Although a narrow beam minimizes interference from out-
side sources and adjacent antennas, too narrow a beam may be de-
flected from its target by unusual stresses on the antenna tower.
Therefore, there must be a balance between antenna gain and re-
sistance of the tower to such stresses. Most of the antennas in modern
microwave systems have half-power beam widths of about one to two
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degrees. Figure 2-19 shows relationships among antenna area, gain,
and beam width.

Not all the energy from an antenna is radiated in the main beam.
Some is radiated in minor beams, called sidelobes, which are potential
sources of interference. The energy radiated in the backward direc-
tion must be well controlled in repeater systems that transmit the
same frequency in both directions. (In most systems, the frequencies
are different in the two directions.) Side-to-side and back-to-back
coupling losses between various-combinations of transmitting and re-
ceiving antennas, all at the same station, must be high to avoid inter-
ference especially when fading is being experienced. Transmitter
outputs are some 60 dB higher than receiver inputs.

Polarization. Adjacent channels in the frequency spectrum have
opposite polarizations of the transmitted signals. This improves
discrimination between adjacent channels and facilitates the design
of networks for combining and dropping channels. Cross-polarization
discrimination, the ratio of the power received in the desired polariza-
tion to that in the undesired, is usually in the range of 25 to 30 dB
for an entire repeater section.

Typical Designs. Beaming microwave energy is quite similar to
beaming light energy with reflectors and lenses. In both cases, the
function of the equipment is to transform a spreading spherical wave-
front into a plane wavefront that travels toward its objective in a
narrow beam. Antenna gains of 30 to 50 dB are usual in microwave
transmission.

The parabolic (or dish) antenna is fed from waveguides having
outlets at the paraboloid focus. As many as four waveguides may be
used to feed the antenna at the same time. Such antennas of 5- to
10-foot diameter are used mostly on short-haul systems but sometimes
on lightly loaded long-haul routes.

The horn-reflector antenna, shown in Figure 2-20, combines a
vertical horn and a small section of a large paraboloid surface. The
energy is fed from a waveguide orifice placed at the focus of the
paraboloid and flows upward, spreading out in the horn. The para-
boloidal surface changes the direction of the energy to horizontal and
also changes the wave front from spherical to plane, thus confining
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Figure 2-19. Approximate antenna area, gain, and beam width.

the energy to a beam spread of about 2 degrees. This type of antenna
is capable of about 40-dB gain at 4 GHz and of successively higher
gains in the 6- and 11-GHz regions. Good impedance match of the
waveguide feed to the antenna results in high return loss. The horn-
reflector is a broadband antenna that can be used with both vertical
and horizontal polarization in the 4-, 6-, and 11-GHz bands. It has
only small gidelobes and a front-to-back ratio (the ratio of the power
measured at the front of a directional antenna to the power measured
at the back of the antenna) of about 70 dB.
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Another type, the delay-lens antenna is somewhat less versatile
than the horn-reflector and is seldom used. Within its limitations, it
provides gains up to 45 dB. The limitations are imposed by the lens
structure which embodies a large number of parallel aluminum strips
shaped in plano-convex form and set in slabs of foamed polystyrene.

K

Figure 2-20. Horn-reflector antenna.

This structure is effective over only a limited frequency range de-
termined by the separation of the aluminum strips and can transmit
only waves that are polarized in the direction in which the strips are
aligned.

Since path losses between two microwave antennas are the same
no matter which transmits and which receives, separate consideration
of receiving antennas is unnecessary except when considering space
diversity arrangements. The reversibility of the two roles, however,
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makes it clear that each antenna must be precisely aimed at the other
in order to achieve maximum gain.

Waveguides

Waveguides prevent radio waves from spreading as they emanate
from a source, usually a precisely placed loop or coaxial probe, and
force them to propagate within a restricted path. At present, the
major use of waveguides is to conduct energy in microwave radio
systems between receiver and transmitter components, from trans-
mitters to transmitting antennas, and from receiving antennas to
receivers. New systems utilizing waveguide as the transmission
medium are under development.

In order effectively to propagate radio energy, a rectangular wave-
guide must have a cross-sectional dimension of about one-half wave-
length. This restriction limits the practical use of waveguides to high
frequencies at which wavelengths are at most a few inches. Within
this limit, there are a number of possible configurations of the electro-
magnetic field within the guide. These configurations are known as
modes of propagation. The major modes are the transverse electric
(TE) modes and the transverse magnetic (TM) modes. In the TE
mode, the electric field is transverse to the axis of the guides and the
magnetic field is parallel to the axis. In the TM modes, the reverse
is true.

Propagation of a specific mode is possible only when the wave-
length of the applied energy is less than the “cutoff wavelength” of
the waveguide. Longer wavelengths, or lower frequencies, are not
transmitted. The same guide, however, may transmit longer wave-
lengths in some other mode. The mode that has the longest cutoff
wavelength is called the dominant mode. It is the preferred mode
because, for a given frequency, the waveguide can be smaller than it
could be for any other mode.

Many waveguides in current use are rectangular in cross section
with a two-to-one ratio of the two dimensions. The cutoff wavelength
of the dominant mode of such a design is twice the dimension of the
longer side of the cross section. The other modes have cutoff wave-
lengths no more than half that of the dominant one. Therefore, the
band of frequencies propagated in the dominant mode alone ranges
from the frequency corresponding to the cutoff wavelength of that
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mode to twice that frequency; all other modes are suppressed within
that range. Circular waveguide is also used, particularly from tower
base to antenna; 4-, 6-, and 11-GHz may be transmitted in this
waveguide in two polarizations.

Losses in waveguides are minimized by using the dominant mode
but attenuation is still considerable because of power losses in the
walls of the guide where the traveling waves induce currents. At
4 GHz, the loss in a 1.25 x 2.50-inch bronze guide is about 1.5 dB
per 100 feet. This is high in comparison with losses in wire lines at
much lower carrier frequencies but substantially lower than the
losses that would be experienced in wire lines or coaxial cable at
microwave frequencies. The velocity of propagation in a waveguide
is close to, but always less than, that of light.

Uniformity of structure is just as important in waveguides as in
other linear transmission media. Changes in size or shape of cross
section, holes or projections in the walls, and lack of homogeneity in
the metal distort the electromagnetic field and generate unwanted
modes that result in transmission losses. Reflection losses can be
caused by bends or twists that are not gradual enough or by improper
terminations at the sending or receiving end. Where irregularities are
unavoidable, they are minimized by means of impedance matching
techniques.

Waveguides can be made effectively to limit transmission to only
one direction by means of accurately placed magnetic ferrites and
magnets. The magnets are placed outside the waveguides to produce
magnetic fields in the ferrites which are placed inside. These devices,
called isolators, prevent energy reflected from transmitting antennas
or discontinuities in the waveguides from interfering with the opera-
tion of components such as klystron oscillators or traveling-wave tube
amplifiers.

2-5 MOBILE RADIO TRANSMISSION

Since mobile radio transmission requirements are different from
those of microwave transmission, the medium is used in a different
way and lower frequences are better suited to the service. First,
transmission between the base and mobile antenna is in the nature
of a broadcast. Second, since unobstructed paths are the exception,
the frequencies employed must be capable of delivering a useful
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amount of energy to and from areas that are not in line-of-sight paths
from fixed transmitters. Fortunately, the frequencies available for
mobile service are able to accomplish that result. They lie mainly in
the VHF (80 to 300 MHz) and UHF (800 to 3000 MHz) ranges [5,
6, 7].

In mobile services, where transmitting and receiving antennas are
comparatively close to reflecting surfaces of the earth, path losses in
the VHF and UHF ranges increase at about 12 dB per octave
(doubling) of distance rather than 6 dB per octave as in free-space
transmission. A simplified explanation of this rate of increase is that
the total field strength at any point in the covered area is the sum of
the direct wave and the ground-reflected wave. The latter undergoes
a 180-degree phase change in being reflected and only because of its
slightly longer path length arrives a little out of phase opposition to
the former. The net field, therefore, is the relatively small vector
sum of the two nearly opposing main components. As the receiver
recedes from the transmitter, the strength of each main component
decreases by 6 dB per octave of distance, the departure from phase
opposition decreases, and the degree of cancellation increases. The
net result is a loss change of approximately 12 dB per octave of
distance.

The influence of antenna heights is also closely related to path loss.
Within practical ranges of transmitting and receiving antenna
heights, there is a gain of 6 dB when the height of either antenna
is doubled. The variation of path loss with frequency is very slight
because of two opposing effects. Power received at a half-wave dipole
decreases with increasing frequency if field intensity is kept constant
but the lower wavelength reduces the degree of cancellation of the
direct wave by the ground-reflected wave. The result of these two
opposing effects is to keep the loss substantially constant.

For the conditions commonly encountered in land mobile service,
the following idealized relationships provide a good starting point
from which the effects of earth curvature, topography, and obstruc-
tions can be added to give a realistic picture in specific situations.
Path loss is substantially independent of frequency, increases at
about 12 dB per octave of distance, and decreases at about 6 dB for
doubled antenna height at either terminal.

Earth curvature does not cut transmission off sharply; atmospherie
refraction tends to bend waves so that they follow the curvature to
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some extent and diffraction tends to dilute the radio shadows cast by
hills, buildings, and other obstructions. As an example, transmission
losses between a base-station antenna at an elevation of 200 feet and
a car 35 miles away (several miles beyond the geometrical horizon)
might typically be increased over flat-earth-path losses by about 5 dB
at 40 MHz, 8 or 9 dB at 160 MHz, and 12 dB at 460 MHz.

Since both fixed and mobile antennas in mobile services must
generally radiate in all compass directions, the half-wave dipole
antenna and variations of that design are natural choices. When
mounted vertically, a dipole radiates mainly near the horizontal plane
where the associated receiving antennas are located; there is very
little vertical radiation. For the lower frequency ranges, for which
half-wave dipoles are impracticable in size for vehicles, simple ver-
tical antennas are suitable. Such a radiator is tuned to resonance at
the carrier frequency by making its length a convenient fraction of
the carrier wavelength and by adding lumped reactance at the top
or bottom. In any case, the effect of tuning to resonance is to produce
a standing wave of current along the antenna.

The considerations that apply to the choice of transmitting antennas
at fixed stations also apply to mobile antennas, which serve for both
transmitting and receiving. It is often sufficient to consider transmis-
sion only from fixed to mobile stations because path loss is usually
the same in both directions of transmission at the same frequency.
However, shadow losses may be significant and transmission from
the vehicle to the base location may be controlling. Furthermore, the
base location often uses higher power in transmission; even though
path loss is reciprocal, satellite fixed receivers are often necessary.
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Section 2

Local Plant Facilities

The quality of transmission is influenced in many ways by local
plant facilities among which are loop or access line facilities and
station sets. These are signficant in determining transmission quality
because two of each are used on every connection. Many trunks are
also included in local plant facilities and they too have an effect on
transmission quality.

The variety of transmission equipment located in central office
buildings and the switching equipment itself, which provides a multi-
tude of transmission paths, must all be carefully controlled to assure
satisfactory service. In addition, there are a number of switching
facilities located on customer premises that provide transmission
paths that must be equally well controlled.

Chapter 3 is devoted to discussions of loop facilities and station
equipment, The loop facility portion briefly discusses the resistance,
unigauge, and long route design plans and describes a number of
supplementary electronic equipment types that are used to improve
transmission and to extend loop ranges. Analog and digital loop
carrier facilities are also described. Finally, the 500-type telephone
station set is discussed with special attention given to ringing
considerations.

In Chapter 4, voice-frequency trunk transmission facilities are dis-
cussed. After a brief review of the via net loss trunk design plan,
consideration is given to the use of negative impedance and gain-type
voice-frequency repeating equipment. The performance and applica-
bility of various types of equipment are compared. The application of
echo suppressors to network trunks is discussed.

Chapter 5 discusses voice-frequency data transmission in the loop
plant and the adaptation of loop facilities to the needs of data trans-
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mission. The types of equipment found at typical data stations are
described and the features of the 208-type DATA-PHONE® data set
are discussed as representative of a large class of data sets.

Chapter 6 covers wideband facilities found in the local plant. In-
cluded are descriptions of wideband data access facilities and station
equipment with discussions of the relationship of these facilities to
wideband carrier terminals. The access facilities and customer
premises equipment used in the digital data system and the local plant
facilities used for television signal transmission are described.

The switching machines are unquestionably the largest items of
central office equipment but there are also many items of trans-
mission equipment mounted in central offices. Chapter 7 describes the
transmission paths through the switching machines together with
transmission circuit terminating and auxiliary equipment and some
switching system functions that affect transmission performance. The
sources and control of central office transmission impairments are
also discussed. With the introduction of digital switching in the toll
plant (No. 4 ESS), new transmission-switching interface equipment
“is found in central offices and the principal equipment items are de-
scribed. Central offices contain equipment relating to the transmission
of television signals. This equipment is also described.

Chapter 8, the final chapter in this section, is a parallel to the
previous chapter but covers switching equipment used at customer
premises, Included are private branch exchanges and key telephone
equipment. Emphasis is placed on transmission characteristics of
this equipment that differ significantly from those of central office
equipment.
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Local Plant Facilities

Chapter 3

Loops and Station Sets

A loop and the associated station set are uniquely related to the
communication service received by an individual customer. Since the
same loop and station set are common to every connection to that
station set, their performance has a direct effect on service to that
customer and the cost of these items has a direct effect on the cost of
furnishing service. Thus, the problem of providing satisfactory
service at a reasonable cost is brought into focus in the design, in-
stallation, and operation of loops and station sets.

Several plans, called resistance, unigauge, and long route designs,
are used in the loop plant. Application of these plans leads to the
specification of cable pair wire gauges and to the economic application
of electronic equipment to extend the length and/or improve the per-
formance of loops. In general, loops are designed in bulk rather than
on an individual basis. When design rules are followed, overall per-
formance in the loop plant is satisfactory on a statistical basis. Oc-
casionally, individual loops must be treated to improve performance
because they represent extremes in the statistical distributions.

Carrier system techniques are being increasingly applied to loops
to improve performance, to extend ranges, and to make more efficient
use of cable facilities. Single-channel and multichannel analog systems
and multichannel digital systems all have been found to be economical
in various situations.

Telephone station set designs, which have been substantially im-
proved over the years, have focused recently on the 500-type station
set. Although there are now many types of station sets available, the
500-type design is sufficiently representative that it may be used to
illustrate the transmission performance of telephone station equip-
ment generally.
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3-1 LOOP BASEBAND FACILITIES

A loop is defined as the connection between a station set and the
switching machine in the serving central office. It includes a cable
pair connection from the termination at the switching machine line
circuit to the main distributing frame (MDF'), a cross connection at
the MDF, the loop facilities, a “drop wire” pair to extend the con-
nection into the customer premises, a protector unit, and inside wiring
or cabling at the customer premises to complete the connection from
the protector unit to the station set. The loop facilities that comprise
the connection from the MDF to the drop wire are the only parts of
these connections that materially affect transmission.

Loop conductors are usually contained in a multipair cable which
may be located overhead (aerial cable), below ground by direct burial
(buried cable), or in conduit (underground cable). They may consist
in part of one of several designs of paired multiple line wire or of
paired open wire. In some cases, the loop facility may include an
analog or digital carrier system.

Loops play a large role in transmission because two are used in
every network connection. Loop facilities often share supporting
structures with power lines and are thus highly susceptible to power
line influence. They may be exposed to the weather and various con-
struction activities and are thus subject to damage and abrasive
effects that can result in loss of service or deterioration of perfor-
mance from excessive noise, crosstalk, or other interference. Switched
and nonswitched special services circuits also use these facilities and
may be subject to the same impairments.

Transmission performance in the loop plant is controlled by loop
cable layouts that are designed and engineered to take advantage of
the statistical distribution of resistance and loss values. If the design
rules are not applied, the number of limiting (high loss) loops may
be significantly increased and grade of service for built-up connec-
tions may deteriorate substantially because the number of connections
between high-loss loops would increase.

Where loop lengths are limited by signalling considerations, it may
be possible to extend the ranges by application of signalling range
extenders. However, if this is done without regard to transmission
considerations, performance may suffer noticeably unless voice com-
pensation (gain and/or equalization) is applied. The more modern
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electronic equipment which provides for improvements in both
signalling range and in transmission performance should be used.

Loop Design Plans

The design procedures used to control the installation and use of
these media are previewed here to the extent necessary to relate loop
losses to the electronic equipment that can be provided to increase
loop ranges and to improve performance under normal conditions [1].
Loop design plans determine the gauge of cable conductors and where
and how supplementary electronic equipment may be used to increase
signalling ranges or to improve transmission performance, These
plans are called resistance design, unigauge design, and long route
design.

The design plans have evolved as a result of efforts to satisfy eco-
nomically the needs of ordinary telephone service to residential and
business main station loops. The resulting network of facilities is
also used to satisfy many special services circuit needs. In some cases,
these needs are fulfilled without special treatment of the facilities; in
other cases, treatment is required and in many of these situations,
must be tailored to the specific service.

Resistance Design. When new distribution and feeder cables are to
be installed, the choices of cable gauges and sizes are based on an
economic analysis of the existing distribution of customer locations
and the anticipated growth of the area. The design and layout of
such new routes are based on a loop resistance which is known to
satisfy transmission requirements. If loops in the area under study
can be served by no more than two wire gauge sizes in such a way
that the loop resistance design limit (1300 ohms in most cases) is
not exceeded, the entire area can be served under the resistance
design plan.

With resistance design, cable pairs serving the more distant cus-
tomers are often loaded inductively. Design rules call for H88 loading
for loops longer than 18 kilofeet; i.e., 88 mH coils are located along
the line every 6000 feet. The rules specify within close tolerances the
lengths of all loading sections including the end sections. In addition,
the maximum allowable lengths and characteristics of bridged taps
are also specified.
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When loop facilities provide service to areas that have few special
services needs, ancillary equipment for gain, equalization, or signal-
ling is seldom required when resistance design rules are otherwise
satisfied. However, where there is substantial demand for special
services, additional loading is often installed and a variety of elec-
tronic equipment may be used to reduce loss or otherwise to improve
transmission performance.

Unigauge Design. It can be shown that, in certain situations, it is
more economical to provide loop plant of the same fine-gauge cable
pairs (26-gauge) and to compensate for transmission and signalling
limitations by the use of electronic equipment at the central office. In
this unigauge design plan, the greatest economies are realized where
the electronic equipment is switched into a connection as needed
rather than being permanently connected in each loop requiring
compensation [2].

At present, the unigauge plan can be applied only in areas served
by No. 2 ESS or No. 5 crossbar switching machines. In No. 2 ESS,
unigauge capability has been provided as a part of the basic design
with generic programs available to cause the appropriate gain to
be switched into a connection as required [3]. To achieve similar
operation in No. 5 crossbar, logic wiring changes must be made, test
arrangements must be modified, and additional equipment must be
installed. Thus, the theoretical economic advantage of unigauge design
may be negated by the additional equipment and switching system
modification costs.

The unigauge plan is primarily applicable as permanently con-
nected plant for new growth areas since interconnection points permit
economical flexibility in loop extension using coarse gauge cable pairs.
Additionally, the number of line and station transfers that would
require central office rearrangements are limited. There are four
ranges associated with the unigauge plan as shown in Figure 3-1. The
shortest range, which includes loops less than 15 kilofeet long, con-
sists entirely of 26-gauge nonloaded cable pairs. The longer ranges
are shown in the figure as utilizing a combination of electronic equip-
ment such as range extenders, inductive loading of the cable pairs,
and larger gauge cable pairs (a departure from the theoretical uni-
gauge concept). Loops from 30 to approximately 52 kilofeet long may
be equipped as extended unigauge loops by using heavier (22 gauge)
wire and H88 loading with the first load coil at the 15-kilofoot point
rather than at 3.0 kilofeet as in resistance design.
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Figure 3-1. Unigauge loop plant layout.

Plant installed according to the unigauge design plan is often
troublesome in respect to special services circuit design. Beyond 15
kilofeet, the unigauge loops have higher losses than loops provided
under resistance design rules. These losses must often be compensated

for by electronic equipment.



68 Local Plant Facilities Vol. 2

Long Route Design. Most rural routes are served by voice-frequency
(baseband) loop arrangements. The design procedure for such long
routes involves the establishment of several resistance range zones
in excess of the normal 1300-ohm resistance design limit. The pro-
cedure provides for a specific combination of electronic range exten-
sion and/or fixed gain devices to be applied to all loops falling within
each of the several ranges. The devices and resistance ranges are
selected so that the maximum insertion loss of each loop is limited to
8 dB. The distribution of the resulting losses provides a grade of
service not significantly poorer than normal [4]. The long route
design plan provides for loop lengths up to about 210 kilofeet.

The general features of long route design are illustrated in
Figure 3-2. The design of No. 2 ESS permits operation through
zone 16 without the use of auxiliary equipment. However, in some
offices (step-by-step, for example), a 2A range extender must be used
to extend dial pulsing, ring tripping, and call origination ranges. For
zone 18 (the upper boundary of which has been moved to 2000 ohms),
the use of a range extender with gain (REG) is recommended. How-
ever, many installations are still operating with the older dial long
line (DLL) unit and a central office-located E6 repeater. Operation
in zone 28 is similar to that in zone 18 but 6-dB gain is required.

Operation in zone 36 formerly required the use of a DLL in the
central office; an E6 repeater with 9-dB gain was remotely located
along the route as indicated in the figure. A recently designed version
of the REG is now used to extend signalling and supervision to loops
up to 3600 ohms with no remote repeater. However, the REG is con-
strained to a maximum gain of 6 dB which is insufficient to com-
pensate for the added loop loss; a new design of handset (type G-36)
must be used. This handset provides 3 dB of transmitting and 3 dB
of receiving gain relative to a 500-type station set.

Voice-Frequency Electronic Equipment

A wide variety of electronic equipment is used in the loop plant to
provide message signal gain, equalization, direct current resupply, ad-
dress signal repeating and/or regeneration, ringing range extension,
and bridge lifting. Since these functions are combined in various ways
in different equipment items, logical categorizing of the equipment is
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rather difficult. For present purposes, two some what arbitrarily
chosen major categories are discussed. The first category includes
items whose primary function is to supply message signal gain. The
second category includes items whose primary function is to provide
address signal repeating or regeneration.
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Figure 3-2. Long route design.
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Message Signal Gain. The application of dedicated voice-frequency
gain equipment to individual loops tends to be uneconomical. However,
where service must be furnished over routes longer than about 45
kilofeet, long route design with E-type repeaters, V-type repeaters,
or metallic facility terminal arrangements is sometimes economical.
In most cases, the equipment for these applications is mounted at the
central office end of a loop. However, customer premises mounting of
facility terminal equipment is used, especially to improve the per-
formance of PBX-related circuits such as PBX-CO, foreign exchange,
and wide area telecommunications service trunks, long distance and
off-premises station lines, and similar connections in the loop plant.
In addition to voice-frequency gain, this type equipment can provide
impedance compensation, equalization, and signalling range extension.
Since E- and V-type repeaters and facility terminals have their
greatest field of application in the interoffice trunk plant, they are dis-
cussed in Chapter 4 as trunk facilities rather than as loop facilities.

The application of message signal gain is much more economical
where a fixed value of gain can be provided and switched into a con-
nection only when needed. As previously mentioned, this is the basis
of operation in the unigauge design concept applied in areas served
by No. 2 ESS or No. 5 crossbar switching machines.

In No. 2 ESS, range extension capability is provided as a basic
design feature of the system. Repeaters are installed in sufficient
quantities to meet service requirements with an approximate ratio of
one repeater for each three range extended lines to be served. They
are placed (electrically) within the switching network at a location
such that they may be switched into a connection when required;
when not used, they present no obstacle to ordinary switching opera-
tions. In addition to voice-frequency gain, they provide a 72-volt
battery supply circuit (instead of the normal 48-volt battery supply)
in order to deliver adequate current to the station set and supervisory
circuits on loops of up to 2500 ohms.

The repeater, shown schematically in Figure 3-3(a), is designed to
serve all unigauge loops for which gain is required. The gain char-
acteristic is determined primarily by the unbalanced amplifiers, one
of which is shown in Figure 3-3 (b) ; the gain increases with frequency
to compensate for nominal loop loss. The gain at 1000 Hz is 5.1 dB
and at 3000 Hz, 8.5 dB. The 24-volt converter supplements the normal
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48-volt battery. Thus, the dc path is carried through the repeater for
signalling and supervision. The circuits are designed to be stable
under all conditions including an open circuit on the central office
side of the repeater and to operate satisfactorily in the presence of a
wide range of foreign potentials on the loop. Since the 26-gauge loops
present a reasonably constant impedance, a fixed balancing network
design is used. The tip and ring conductors can be bypassed around
the repeater so that connections not requiring gain can be made; the
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Figure 3-3. No. 2 ESS unigauge repeater.
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bypass is accomplished by the contacts of relay B controlled by the
ESS call processor.

In No. 5 crossbar systems, the range extender units are added and
the required voice-frequency gain is furnished by a plug-in 306A re-
peater. The repeater, as illustrated in Figure 3-4, is a balanced, hybrid
type that provides 4.6 dB gain at 1000 Hz and 8.8 dB gain at 3000 Hz
when measured between 900 ohms and a unigauge loop. The office
balancing network (OBN) and the line balancing network (LBN)
must provide a good match to the office and line transmission circuits
respectively for satisfactory operation. The unigauge plan general]y
provides the match required, especially on the line side.

The unigauge design plan applies primarily to main station loops.
The plan may be applied in some cases to PBX-CO trunks and other
special services circuits. However, the additional treatment that is
often necessary with special services circuits must be applied to a
larger number of such circuits under unigauge than under resistance
design principles.

For residence and business main stations, the REG is a useful de-
vice that operates on H88 loaded loops having a resistance range of
1300 to 3600 ohms [5]. This need had been previously met by various
combinations of 96-volt dial long line units and E6-type repeaters.
In addition to voice-frequency gain, the REG unit, illustrated in
Figure 3-5, provides range extension of supervision, dial pulsing, and
ringing trip and increases the voltage applied to the loop to bring
loop current into the station set operating range. It also provides a
through path for testing and ringing and, when a talking path is
established by the operation of a transfer relay (HRO), it connects
a negative impedance repeater as shown in Figure 3-5(a) to provide
up to 6 dB of gain. In addition, the dc path in the REG unit permits
automatic number identification for 2-party lines.

The operating sequences required for the REG are implemented by
the dual-mode current detector shown in Figure 3-5(b). A threshold
sensor is connected to the loop pair by a linear resistance bridge with
negligible insertion effects. The output at nodes A and B is propor-
tional to loop current and is independent of longitudinal current and
voltage to ground.

Signal Repeating Equipment. A wide variety of loop facilities without
voice-frequency gain features are available. These are known as range
extenders, dial long line units, or dial long trunk circuits. The func-



Chap. 3 ‘ Loops and Station Sets 73

>~
L

To To
switching ————J HYB .—9 OBN  LBN }—/ HYB unigauge

machine

loop

i
d

(a) Block diagram, 306A repeater

MV MV — VWN——

1
—agv ‘—’\/V\f““' R

T )

(b) Amplifier schematic
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tions fulfilled by these units include the repeating of ringing signals,
the repeating and/or regenerating of dial pulses, and the boosting
of de line current for improved performance of supervisory circuits,
station set microphones, and TOUCH-TONE® oscillators. Some de-
signs provide for the disabling of E-type repeaters and, in some cases,
can apply idle circuit terminations. Designs are made more complex
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when party line or coin line service is involved and when automatic
number identification is needed in connection with automatic message
accounting procedures.

Miniature Dial Long Line Units. A number of designs of dial long
line and dial long trunk facilities are used on long central office loops,
PBX station lines, and various special services circuits. Since the
REG has become available, many of these units are no longer recom-
mended but there are still a large number in operation. Among these
units is a design known as the miniature dial long line circuit. Eleven
plug-in units, each a complete circuit except for ballast lamps, may
be mounted in a single tray. Two tray designs are used to accommo-
date the various design options that are available. These units in-
corporate terminating impedances that provide high return losses in
the circuit applications where they are used. They also offer such
features as idle circuit terminations and E6 repeater disabling. Ex-
tended transmission and supervisory ranges are achieved by the use
of 72-volt battery.

Three different designs are provided to operate with all types of
local switching systems. Individual lines, some PBX lines, 2-party full-
selective loops (without party identification), 4-party full- or semi-
selective loops, 10-party coded ringing loops, and 8-party semiselective
loops can be extended. These units are not generally applicable to
special services circuits. These circuits operate with either TOUCH-
TONE or rotary dial stations. Pulsing, supervisory and ring-trip
ranges depend on the battery supply. The maximum external resis-
tance is 2500 ohms with 48-volt operation. With 72-volt operation, the
individual and party-line units provide extended ranges which are
limited by restrictions imposed by requirements to trip during either
the ringing or silent interval.

Signalling Range Extender. Central office coin line loop resistance
limits may be extended to a maximum of 2400 ohms by using a
signalling range extender (SRE). The SRE equipment provides range
extension on up to ten coin lines in a single shop-wired shelf assembly.
In addition to the range extender plug-in units, the shelf accommo-
dates an inverter unit which converts 48 volts dc to a 10-kHz square-
wave output voltage. An alarm and transfer unit distributes the
inverter output to the range extenders, provides alarm indications in
the event of failure, and optionally provides transfer to an alternate
inverter.
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Each range extender rectifies the squarewave signal received from
the inverter. The 24-volt rectified signal is filtered and applied to
the line as illustrated in Figure 3-6. When the station set is on hook,
no current flows and the range extender is idle. When the station is
off hook, current flow is sensed and 24-volt battery of appropriate
polarity is connected in series with the line. This battery augments
the current flow, assists in the operation of the ring tripping circuits
in the central office, and improves supervision, dialing, and transmis-
sion performance. The SRE provides no gain; however, it may be used
with an E6 repeater when gain is required.
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Figure 3-6. Application of signalling range extender to coin station line.

Type 2A Range Extender. This unit is used in step-by-step and
No. 5 crossbar offices to extend loop ranges from 1300 ohms to about
1600 ohms. It cannot generally be used with special services circuits.
The circuit assemblies are of miniature size so that they may be
mounted in groups of 10 or 20 units on the horizontal side of the
main distributing frame. Jumpers are then used to interconnect the
range extender with the switching equipment and the loop pair.



Chap. 3 Loops and Station Sets 77

The range extender circuit, shown in Figure 3-7, consists of two
identical but oppositely poled transistor circuits connected in and
across the tip and ring conductors. The oppositely poled circuits are
required because battery and ground may be reversed in a number of
frequently-used call sequences.

The principal function of the extender circuits is to increase line
current flow to assist the operation of supervisory, dial pulse, and

Rs

To
switching
machine

To
loops

Figure 3-7. Type 2A range extender.
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ring-tripping relays. The circuit responds to a flow of line current
in excess of 6 mA in resistors R; and R: or R; and Rs. Such a current
flow causes transistor Q: or Qs to change to the operate condition and
thus to increase the line current. (Line current is not increased in
the talking condition.) Other components in the circuit provide surge
current protection and a low impedance signal path for voice signals.

Bridge Lifters

The transmission degradations caused by a parallel or bridged con-
nection (bridged tap) may be substantially eliminated by the use of
a bridge lifter. This device produces low-series impedance in the
current-carrying pair and produces simultaneously high impedance in
the unused shunting or bridged pair (s) ; thus, the impedances of the
unused pairs are isolated from the through connection.

Relays and semiconductors may be used but saturable inductors
are more commonly used as bridge lifters because they are relatively
inexpensive and require little maintenance. A typical application is
shown in Figure 3-8(a). When no current flows in loop 1 or loop 2,
the inductance of the toroidal core coils is high and the bridging loss
of either loop is low. When current flows, as in the off-hook condition,
the toroid is magnetically saturated so that the insertion loss of the
affected windings is low. Thus, transmission in the circuit that carries
current is not materially affected by the coil insertion loss nor by
the bridging loss of the parallel connection. The losses are shown
qualitatively in Figure 3-8(b). Actual losses are functions of fre-
quency and of the impedances of the connected circuits.

The most commonly used inductor is the type 1574. Early designs
(1574A and 1574B) have been replaced by the 1574C and 1574D
which utilize bifilar-wound coils. This method of winding results in
less circuit noise than that observed with conventional windings where
each coil was wound independently. Each of the two windings of a
1574-type bridge lifter has 12 ohms resistance so that each bridge
lifter adds 24 ohms to the loop resistance. In the 1574B and 1574D
types, a 5600-ohm resistor is connected in parallel with each winding
to make the device less susceptible to low-frequency noise components.

Although bridge lifters may be installed at remote locations, they
are usually used in the central office to improve transmission perfor-
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Figure 3-8. Saturable inductors used as bridge lifters.

mance on party lines. Under the permanently connected plant design
concept, each party line is provided a separate cable pair from
the central office and the pairs are bridged at the main distributing
frame by an arrangement that incorporates the bridge lifters. Bridge

lifters are similarly used on secretarial service lines and off-premises
extensions.



80 Local Plant Facilities Vol. 2

Concentrators

The cost of providing service to remote stations on long routes can
theoretically be materially reduced by using line concentrators.
Located remotely from the central office, these are switching arrange-
ments that permit a number of loops to be served by a smaller number
of trunks. Loops terminate at the concentrator and the trunks connect
the concentrator to the central office.

A number of concentrators are in use, some of Bell System design
and some of outside design. A ratio of loops to trunks as high as 50 to
10 has been used but, with the traffic generated in many areas, block-
ing has been found to be excessive and concentrator costs have been
higher than desirable where service and reliability needs have been
met. These problems are under active study.

Most designs cause little transmission impairment. A full-access
switching matrix and relatively simple line and trunk terminating
circuits make the concentrator essentially transparent to transmis-
sion. Loss through a concentrator is typically held to 0.5 dB or less
and other transmission impairments tend to be negligible.

Program Facilities

A number of wideband services furnished by the Bell System re-
quire loop facilities that can provide gain and/or equalization. The
facilities discussed here are those provided for special program
services such as “wired musie,” local and network radio, and the audio
portion of television. Excepting the cable pairs, essentially all the
facilities used for these purposes are manufactured to Bell System
specifications by outside suppliers.

For “wired music” service, a cable pair is used to connect the pro-
gram source to the local central office. Here, distribution amplifiers
are used to connect the serving loop to many receivers and/or trunk
facilities which may be used with distribution amplifiers to serve re-
ceivers through other offices. Many hundreds of receiving stations
may be served simultaneously by this type of arrangement. Equalizers
are built into the distribution amplifiers to satisfy transmission re-
quirements on various types and gauges of nonloaded cable. Repeating
coils are usually located at the customer premises to isolate customer-
provided equipment from Bell System facilities and to provide a
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150-ohm termination. The bandwidth provided for this type of service
may be either 5 or 8 kHz.

High-quality service may be provided for radio or television pro-
gram signals transmitted over circuits such as studio-to-transmitter
links. Rugged amplifiers may be mounted in central offices, at cus-
tomer premises, or remotely in manholes or on telephone poles. When
mounted remotely, these amplifiers are powered over a separate wire
pair. Bandwidths of 5, 8, or 15 kHz may be provided and built-in
equalizers are used to adapt the amplifiers to these bandwidths and
to a variety of nonloaded cable types and gauges. In some cases, pro-
gram circuits may be furnished on specially loaded cable pairs. The
loading may include arrangements such as B22 or Bl1, i.e., 22 mH
or 11 mH coils at 3000-foot spacing.

3-2 LOOP CARRIER FACILITIES

Continued growth of demand for telecommunication services has
led to use in the loop plant of electronic techniques and, in many cases,
to the application of carrier systems. Both analog and digital carrier
systems are used to achieve acceptable transmission performance and
to increase the efficiency of use of cable conductors where long route
designs are necessary. However, carrier systems are not yet generally
used for special services circuits.

Analog Systems

Both single channel and multichannel analog carrier systems are
available for loop applications. Single channel systems utilize carrier
techniques to place a voice signal in a frequency spectrum above the
voice-frequency band. When added to an existing VF loop, this tech-
nique provides an additional channel, called an add-on channel. The
arrangement may be used to defer the installation of additional cables
or, in congested areas, to increase the utilization of cable pairs. Multi-
channel systems, which may provide up to eight voice channels on a
single wire pair, are used primarily on long low-growth routes to
provide increased cable utilization and to defer new cable installations.
Equivalent four-wire transmission is used in both single channel and
multichannel systems.

Technical requirements for these systems are specified by the Rural
Electrification Administration (REA) of the United States Depart-
ment of Agriculture [6]. These specifications are applicable to station
carrier equipment purchased by telephone companies that borrow
from the REA and cover equipment intended for use on cables meet-
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ing REA specifications. Thus, systems of outside manufacture are
generally designed to meet these specifications and many are used by
the Bell System. However, the REA specifications are not applied to
Bell System designs.

Single Channel Systems. A number of single channel carrier systems
are currently used. The SLC*-1 system, recently introduced in the Bell
System, is generally represented by Figure 3-9 [7]. It may be used to
provide service over a carrier-frequency channel on a nonloaded cable
pair in which the loss does not exceed 53 dB at 76 kHz. This loss
corresponds to the maximum value for a resistance designed loop less
than 18 kilofeet long. Allowance must be made for bridged taps.

A single channel system consists of two terminals, a central office
terminal unit and a subscriber terminal unit. As shown on Figure 3-9,
the voice-frequency channel and the carrier channel are combined at
the line side of each unit. The two paths are isolated electrically by
low-pass filters (LPF) for the voice-frequency channel and bandpass
filters (BPF) for the carrier channel. The operation of the carrier
channel may be explained by first considering an incoming call to
station set 2 and then an outgoing call from station set 2.

Incoming Call. When a ringing signal is applied at the central office
to the carrier channel, the ringing detector activates and modulates
the 76-kHz oscillator by way of the transmit switch. The 76-kHz
oscillator provides a modulated carrier signal via the modulator to
transmit the ringing indication to the distant end. After detection at
the subscriber terminal unit, the modulated 76-kHz carrier activates
the ringing generator which then applies the ringing signal to the
station set. When this signal is answered (station set off-hook), the
loop detector turns off the ringing generator and turns on the 28-kHz
oscillator. The oscillator output is transmitted to the central office to
signal the off-hook condition through the loop relay. With both oscilla-
tors energized and with the ringing signal turned off, the circuit is
set up for voice communication. Transmission away from the central
office is by double sideband amplitude modulation of the 76-kHz
carrier and toward the central office by double sideband amplitude
modulation of the 28-kHz carrier.

Outgoing Call. The initiation of a service request from the station
set follows a sequence somewhat similar to the incoming call se-
quence. When an off-hook condition is recognized by the loop detector

*Trademark of the Western Electric Company
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at the subscriber terminal, the 28-kHz signal is transmitted to the
central office to indicate the service request. It operates the loop relay
which turns on the 76-kHz oscillator and extends the off-hook signal
indication to the central office line equipment. Normal loop signalling
can now take place by interruption of the 28-kHz oscillator in response
to dial pulses or by the transmission of TOUCH-TONE signals from
the station set.

The SLC-1 System. The operating sequences described apply gen-
erally to single channel systems of outside suppliers or of Bell System
design. One significant difference between the SLC-1 System and
others is that the SLC-1 uses a compandor (not shown in Figure 3-9)
on the carrier channel for transmission from the central office to the
station set. This transmission path, at 76 kHz, has relatively high loss
and is therefore susceptible to noise impairments which are reduced
by the compandor.

Multichannel Systems. In applying carrier techniques to multichannel
loop transmission systems, double sideband amplitude modulation is
generally used to supply four to eight channels on a single cable pair
by the equivalent four-wire transmission mode. In these systems, no
voice-frequency channel is provided. Systems generally are designed
to meet REA Specification PE-62 [6]. These systems may have
lumped customer terminal arrangements, in which there is only one
remote terminal with all customer connections made from that ter-
minal, or they can accommodate distributed remote terminals which
provide one or more customer connections at each of several locations.

In systems that meet the REA specifications, the design must per-
mit the use of up to three remote repeaters powered from the central
office. Longer systems may be accommodated by providing remote
power feed arrangements and additional repeaters. Each repeater
must provide gain to compensate for 35 dB of cable loss at 112 kHz.
The system objective for total line loss is thus to accommodate up to
140 dB at 112 kHz using central office powered repeaters.

Transmission level points are specified so that crosstalk is tolerable
in the presence of T- and N-type carrier systems or wideband data or
video channels in the same cable. Transmission toward the central
office is usually in the band from 8 to 56 kHz. Transmission toward
the station sets is at higher frequencies, usually in the band from
64 to 112 kHz. Higher frequencies, up to 136 kHz, may also be used.
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Digital Systems

Two digital transmission systems, a Subscriber Loop Carrier 40
(SLC-40) System and the Subseriber Loop Multiplexer (SLM¥*)
System, have been designed to serve long route needs. Of the two, the
SLC-40 System has proven to serve telephone company needs more
economically and is more commonly found in service. However, a
number of SLM Systems are also in use. Both utilize T1-Carrier
System line equipment, discussed in Chapter 22, but the terminal
arrangements and system configurations are quite different.

The SLC-40 System. When fully equipped, the SLC-40 System can
provide up to 40 speech channels between a central office and a remote
terminal as much as 50 miles away [8]. Channel units provide service
to individual (single party) lines, two-party lines with automatic
number identification, and a variety of multiparty lines (up to eight
party) with combinations of semi-selective, fully-selective, or coded
ringing and automatic or operator number identification. Other
applications are being developed to expand further the field of use of
this system.

System Layout. Figure 3-10 shows a typical layout of an SLC-40
system. The system is composed of a central office terminal and a
single remote terminal interconnected by a T1-type repeatered line.
The system provides 40 full-time voice-grade channels as loops be-
tween the central office and the remote terminal. Standard voice-
frequency distribution facilities are used to extend the loops from the
remote terminal to customer premises.

The length of the repeatered line depends on the type and gauge
of cable. For 22-gauge cable, the maximum length is 10 miles for
systems powered only from the central office. The length may be in-
creased to 20 miles for systems powered from both the central office
and the remote terminal and to 50 miles for systems powered from
both ends and from an intermediate power feed point.

Two remote terminal arrangements are available. In one, a weather-
proof cabinet that may be pole- or pedestal-mounted is used to house
channel units, common circuit units, batteries, battery charger, and
a ringing generator. In the other arrangement, the equipment for two
SLC-40 systems may be mounted on a seven-foot frame in an equip-

*Trademark of the Western Electrie C(;mpany.
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Figure 3-10. SLC-40 system layout.

ment hut, in a community dial office building, or at a customer
premises.

Central office and remote terminal equipment must be synchronized.
A 41st channel is assigned to carry timing and maintenance informa-
tion between terminals. The system can detect loss of synchronization
within one millisecond and can correct such a condition within three
milliseconds.

As shown in Figure 8-10, the first repeater is placed about 3000 feet
from the central office. Other repeaters are spaced about 6000 feet
apart, the exact spacing depending on type of cable, gauge, number
of systems on the route, and practical problems of land and right of
way acquisition. The short spacing at the central office is provided to
minimize impulse noise impairments that might result from switching
transients.

The SLC-40 system is provided with a protection line and automatic
protection switching. One protection line may serve to protect two
working lines where the remote terminal equipment is rack mounted.
An alternative arrangement is available for rack mounting in which
one protection line may protect 5 or 11 lines. In some cases, patching
is provided and a single protection line may serve more than two
regular lines.

Terminal Equipment. The 40 voice-frequency circuits of an SLC-40
system are each connected at central office and remote terminals
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through a channel unit. The channel signals are sampled, coded, and
multiplexed by the multiplexer-demultiplexer common circuits to form
a single 1.544 Mb/s pulse stream. The coding process is adaptive delta
modulation, a differential pulse code modulation (DPCM) process
which is a modified form of the PCM process used in the T-type
carrier systems. The 1.544 Mb/s signal is processed in the line inter-
face unit to form a bipolar 50-percent duty cycle signal suitable for
transmission over a T1-type transmission line,

The SLM System. This system combines carrier and switching tech-
niques to serve up to 80 station lines by the use of 24 multiplexed
digital channels (the T1 line capability) on two nonloaded cable
pairs [9]. The configuration and typical layout of an SLM system is
shown in Figure 3-11. A control terminal, located in the central office,
contains most of the logic circuits that control switching and multi-
plexing functions. At the control terminal, up to 80 switching machine
line appearances may be connected to the SLM through a concentrator
made up of 8 miniature crossbar switches. Each of the 24 channel
connections is then applied to a channel modem which processes the
signals for transmission. A channel signal is sampled at a rate of
57.2 kb/s by a process called delta modulation; each signal is time
division multiplexed with various control and framing bits and with
the signals from 28 other channels to form the 1.544 Mb/s line signal.
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Figure 3-11. SLM system layout.

A maximum of 6 remote terminals may be placed as required along
the cable up to 50 miles from the central office to interconnect with
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individual station lines. Each remote terminal may serve up to a
maximum of 40 lines. The total served at all remote terminals may
not exceed the system capacity of 80 station lines. Switching at remote
terminals is accomplished in channel pack modems by time division
techniques. At any remote terminal, a given channel may be connected
to any station line in accordance with control information carried by
specified bits transmitted from the control terminal at the central
office. When a connection is to be established, the next successive free
channel is assigned to that connection. The assignment, as in any time
division multiplex system, is accomplished by inserting the coded
signal in preassigned time slots in the line bit stream.

Service for one SLM system is provided over a single digital carrier
line equipped in a manner similar to that of a T1 carrier line. How-
ever, the format of the transmitted signal differs from that used in
the T1 Carrier System. The line is looped at the remote terminal
farthest from the central office so that both ends of the line are termi-
nated at the control terminal in the central office. Thus, two cable
pairs are used for one complete working SLM system. In addition, it
is common practice to equip another complete line (two additional
pairs) to be used with an automatic switching arrangement as
protection against equipment failure.

Normally, pulse code modulation is used with time division multi-
plexing of signals for transmission on T1 carrier lines. However, this
mode of operation requires a substantial amount of common equip-
ment which cannot be conveniently dispersed among the remote
terminals of an SLM system. The delta modulation technique is used
in SLM because it requires much less common equipment.

Alerting, addressing, and supervisory signals of the SLM are coded
into the line bit stream and are translated at the terminals to satisfy
station set and switching machine signalling needs. Ringing signals
from the central office are coded and transmitted to the remote termi-
nals, each of which is equipped with a 20-Hz ringing signal generator.
On-hook, off-hook, and dial pulse signals are recognized at the remote
terminals and transmitted to the control terminal in the form of
coded signalling bits. The system is capable of serving individual or
2-party lines with operator or automatic number identification. It can

also serve 4-party selective or semiselective lines and prepay coin
lines.
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3-3 TELEPHONE STATION EQUIPMENT

The telephone station set accepts an acoustical signal from a talker
and converts it to an electrical form suitable for transmission to a
receiver which reverses the process at a distant point. The set is
composed of a transmitter, a receiver, electrical networks to provide
equalization and to control sidetone, a ringer, a rotary dial or
TOUCH-TONE pad, and switch contacts having several functions.

There are a large number of different designs of station sets in
use. However, the majority are either 500-type sets or have equivalent
circuits and transmission performance [10]. Although the discussion
here concerns principally the characteristics and performance of the
500-type station set, some special purpose sets are discussed briefly.
In addition, some design details relating to party line operation are
also considered.

The 500-Type Telephone Station Set

In a modern telephone transmitter, such as the 500-type, granules
~ of carbon are held between two electrodes; one is a cup which holds
the granules and the other, a diaphragm. Varying sound pressure on
the diaphragm changes the contact resistance between granules to
modulate the direct current flowing between the electrodes, thereby
translating the acoustic message into an electrical signal. Thus, the
electrical signal magnitude is a function of acoustic pressure and the
direct current flowing through the transmitter. In the telephone re-
ceiver, the varying component of this current passes through a wind-
ing positioned in the field of a permanent magnet. The resulting
variations of the magnetic field cause the diaphragm to vibrate and
generate sound waves corresponding to those delivered to the
transmitter by the talker.

The transmission circuit of the telephone set must separate the
transmitter and receiver circuits so that the direct current in the
transmitter is blocked from the receiver and the amount of speech
signal in the receiver (sidetone) is controlled. Subjective tests have
shown that some sidetone coupling between the transmitter and re-
ceiver must be allowed. Too much sidetone causes the talker to lower
his or her voice, thereby reducing the received volume at the distant
end; too little sidetone makes telephone conversation seem unnatural
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and tends to cause people to talk too loudly. The circuit used in the
500D-type station set is shown in Figure 3-12. The three-winding
transformer and the sidetone balancing network form an improved
hybrid circuit which interconnects the transmitter and the receiver
so that the interaction between them is controlled. Capacitors in the
balancing network prevent the direct current flowing in the trans-
mitter from appearing in the receiver. Improvements in sidetone con-
trol were made necessary by increases in the efficiencies of the
transmitter and receiver relative to sets of earlier design [11].
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Figure 3-12. Schematic of 500D station set.

When the handset is removed from its mounting, switchhook con-
tacts S1 and S2 are closed to connect the transmission elements of
the set to the loop. Contact S3 closes when the station set is in the
on-hook condition; it short circuits the receiver to protect the listener
from sharp transients that would be heard when contacts S1 and S2
are operated. Removal of the handset allows direct current from the
central office to pass through the transmitter and removes the short
circuit from across the receiver. On the answering of an incoming
call, the direct current actuates a circuit that disconnects the ringing
signal at the central office (ring tripping). Dial contact S5 interrupts
the battery current to form the dial pulses required to control the
central office equipment. Contact S6 short circuits the receiver during
dialing to prevent dial pulses from being heard by the user. Other
features of the circuit are a filter to suppress high-frequency inter-
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ference into radio sets caused by dial pulsing and a varistor, Vs, to
suppress clicks in the telephone receiver.

To prevent excessive volumes on very short loops that would result
from the improved overall performance of the 500-type station set,
an equalizer that employs two varistors, shown in Figure 3-12 as
V. and Vs, has been provided. This equalizer helps to solve the trans-
mission problem resulting from the interdependence of the trans-
mitting and receiving efficiencies and the wide range of operating
current caused by the large variation in loop resistances. On long
loops, the direct current from the central office battery supply is low
and the resulting varistor impedances are high; on short loops, the
direct current is high and the varistor impedances are low. The result-
ing changes in efficiency with loop current are conveniently expressed
in terms of the change in conversion loss, i.e., the change in loss of
converting acoustic to electric and electric to acoustic energy. Without
an equalizer, the change in transmitting conversion loss is an inverse
function of the loop current. Typically, the increase in loss is about
6 dB for a decrease in line current from 80 to 20 milliamperes. This
variation is reduced by the equalizer to about 4 dB. For the range of
currents considered, the receiving loss is nearly constant when no
equalizer is used. With the equalizer, the conversion loss increases
with loop current. These conversion loss variations are illustrated in
Figure 3-13. As the loop current increases, more current is shunted

Transmitting

Relative conversion loss (dB)

Receiving
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Figure 3-13. Relative conversion losses of a 500-type station set with equalizer.
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through varistors V; and V; and a lower speech amplitude is delivered
to the receiver. Thus, variations of transmitted and received speech
volumes due to variations in loop loss are reduced. These volumes
are highly variable in any case because of differences in customer
talking habits and the manner in which the transmitter is held to
the mouth.

Varistors Vi and V: serve an additional purpose. By a mechanism
similar to the one described for the equalizing function, they com-
pensate for differences in customer loop impedances which would
otherwise tend to produce imbalance in the sidetone circuit. Imbalance
can produce sidetone that is objectionably high or low,

The asymmetry of transmitting and receiving efficiencies is cause
for concern when large concentrations of customers are located near
the resistance design limit. Although proliferation of such clusters
throughout the DDD network and the attendant higher loop losses can
cause substantially lower transmission quality, a small percentage of
customers can be served satisfactorily under these conditions due
to the equalizing nature of the receiver characteristic shown in
Figure 3-13. However, low transmitted volume resulting from a long
loop (high loss and low current) could result in poor received trans-
mission quality. Thus, the probability of occurrence of this condition
must be kept small. This probability has been controlled by the nature
of the distribution of loop lengths and the conventional resistance,
unigauge, and long route design plans. The impact of station set effi-
ciency asymmetry on network transmission performance must be
considered as the use of concentrators is expanded, central offices are
consolidated, and the use of finer gauge cable pairs is increased.

If the telephone station set is equipped for TOUCH-TONE signal-
ling, additional circuits, not shown in Figure 3-12, are provided in
the form of voice-frequency oscillators and pushbutton switches which
connect the oscillators to the loop. By switch selection, two single-
frequency signals are simultaneously transmitted for each digit. The
oscillators generate the appropriate signals in accordance with
resistance-capacitance or inductance-capacitance combinations con-
nected by the switches. The oscillators are powered from a common
battery supply in the central office; thus, they too are sensitive to
variations in loop current. These switches and oscillators replace that

part of the circuitry of Figure 3-12 associated with the conventional
rotary dial.
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Other Station Set Types

Many other telephone station sets and associated circuits are
available with transmission performance corresponding closely to
that of the 500-type set [12]. These include the PRINCESS® and
TRIMLINE® telephones, many coin station sets, and the telephone
circuits of key sets and DATA-PHONE data sets. In addition,
a number of decorative models called DESIGN LINE® telephones
are also available and have similar transmission performance
characteristics.

Some types of telephones are designed to meet special needs, such
as operation in a potentially explosive atmosphere or in an area of
high ambient noise. Wherever possible, these are also designed to
have transmission characteristics similar to those of the 500-type
station sets. Several sets, designed to aid the handicapped, depart
from the 500-type characteristics significantly. Such sets may have
amplifiers in the receiver circuits for the hard of hearing or amplifiers
in the transmitter circuits for users with weak speech. :

Modern operator headsets and a new handset, primarily for use in
zone 36 of the long route design plan, depart in a number of ways
from the 500-type [18, 14]. They employ microphones based on elec-
tromagnetic principles rather than the carbon granule resistance
modulation principle. In fact, the design principles of the microphone
and receiver are similar and differ only in detail. Amplifiers are used
in both transmitting and receiving circuits to provide approximately
3-dB gain in each direction relative to 500-type set performance.

In many cases, operator headset circuits must be designed to suit
the characteristics of the trunks with which they are associated. These
circuits must take into account the transmitting and receiving gains
in each particular application so that grade-of-service objectives are
met. Special. consideration must also be given to the sidetone perfor-
mance of the circuit and headset [15].

Ringing Considerations

An incoming call is usually indicated by an alterting signal in the
form of a ringing bell. The ringing is accomplished by transmitting
an ac signal at a nominal frequency of 20-Hz over the loop from the
central office to the telephone station. The ringing cycle of two seconds
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on and four seconds off is initiated by switching machine circuits
which connect a source of ringing signals to the called loop.* When
the called station is answered, the signal source is disconnected. This
action, called ring tripping, is performed in modern systems whether
a call is answered during a ringing or silent interval. This is accom-
plished by superimposing the ac ringing current on a dc current
component used for ring tripping.

The ringing function is made complex by the many variations in
loop lengths and electrical characteristics and by the need to satisfy
a wide range of service requirements, such as multiple ringers and
party lines. The imbalance of loop impedances to ground that may be
caused by party line ringer connections can produce excessive noise
due to induced longitudinal currents. In addition, coupling of ringers
to the loop can have adverse effects on dial pulse signals. These effects
must both be controlled.

Party line ringing may be full selective, coded semiselective, or
coded. Two-party lines are always full selective in that the bell is
rung only at the intended station set. Four-party service may also
be full selective but is often semiselective; where semiselective, two
station sets are rung with the distinction between the two indicated
by some form of ringing code. Eight-party service is usually semi-
selective and 10-party to 20-party services are always furnished by
coded ringing only.

The design of station set ringing circuits must avoid such ringing
impairments as bell tap, an intermittent ringing of the bell that can
occur during dialing, and cross ring, a brief ringing of the bell on an
uncalled party line that can occur when a called party on the same
line answers an incoming call. Some circuits designed to avoid these
impairments can introduce another problem called pretripping, the
unwanted tripping of the ringing signal before the call is actually
answered. This can be avoided by providing adequate design margin.

Circuit Design Features. Each ringer is connected in series with a
coupling device either between the loop conductors or between one
conductor and ground as shown in Figure 3-14. The coupling device
may be a capacitor, a relay, or an electronic circuit utilizing electron
tubes, diodes, or transistors. The coupling device provides a trans-

*QOther ringing cycles, such as one second on, three seconds off, are also used.
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mission path to the ringer for the 20-Hz ringing current and, simul-
taneously, prevents de¢ from passing through the ringer coils which
would interfere with the supervisory signalling function.

Capacitors are most commonly used to couple ringers to the loops.
Capacitors in the range of 0.4 to 0.52 uF are used with ringers that
have a total coil resistance of 2500 ohms or more. For ringers of
lower resistance, no longer manufactured though many are still in
service, capacitors of 0.1 or 0.2 uF are used. The series circuit made
up of the coupling capacitance and the ringer coil inductance forms
a 20-Hz series resonant circuit that allows the ringer to operate
efficiently at 20 Hz but to present a high impedance at 60 Hz.

As previously mentioned, the 20-Hz ac ringing signal is superim-
posed on a dc voltage which may be of either polarity. The com-
posite ac-de signal may be applied between the two loop conductors
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Figure 3-14, Typical station ringer connections.
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or between one loop conductor and ground. The four combinations of
de polarity and conductor selection provide the flexibility required
for 4-party full selective ringing and for 8-party semiselective ringing.
The dc component of the ringing signal is also used to operate central
office relays required for ring tripping.

In the 500-type station set, the usual ringer consists of two bells
with a striker between them. The striker is attached to a nonmag-
netized steel armature which is pivoted at one end. The other end is
free to oscillate between the two poles of an electromagnet that is
energized when ac is passed through the coil. The oscillation of the
armature causes the striker to hit the bells. The armature is normally
held against one pole of the electromagnet by a permanent biasing
magnet. This arrangement provides for ringer operation on the posi-
tive half-cycles of the 20-Hz ringing signals and prevents bell tap
due to line transients. An adjustable spring provides for further
biasing of the armature. Weak or stiff spring tension, provided by
inserting the spring in appropriate notches, may be used to control
the sensitivity of the ringer. For 2-party service, the spring is placed
in the stiff tension position to prevent cross ring. The ringer circuits
are designed to permit up to five ringers to be bridged across a loop
or to be connected between each side of the loop and ground.

The ringer coil may consist of two windings or a tapped single
winding. These arrangements are combined with switch-hook contacts
so that in the off-hook condition the ac connection to the ringer is
broken and a connection is established from ground through a part
of the ringer winding (which has a high impedance at speech signal
frequencies) to the loop conductors. This arrangement is used to
provide the central office with a means for automatic identification
of the station connected to the tip side of a 2-party loop.

In special cases, the alerting signal is other than a ringing bell.
For these cases, ring-up circuits are available to respond to the ac
signal and to produce the necessary alerting signal.

Coupling Devices. A ringer is normally connected in series with a
coupling device across the loop conductors as shown in the left-hand
sketch of Figure 38-14(a). Occasionally, the connection is made
from one loop conductor to ground as in the right-hand sketch of
Figure 3-14 (a). This arrangement can be used to extend the ringing
range since the resistance of only one loop conductor is in the circuit;
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it also allows the bell to be rung when the station set is inadvertantly
left in the off-hook condition. Figures 3-14(b) and 3-14(c) are illu-
strative of 2- and 4-party line connections. The 4-party configuration
of Figure 3-14(c) may be semiselective or, where the dec component
of the ringing current is reversible, it may be full selective. Many
other arrangements are used, e.g., for 8-party semiselective ringing
and for 10- or 20-party coded ringing.

Two-party line coupling devices commonly use capacitors as for
individual line ringing. The ringing circuit for one station, called
the ring station or ring party, is connected between the ring side of
the line and ground. The tip party ringing circuit is connected be-
tween the tip side of the line and ground. Since neither station re-
sponds to ringing signals intended for the other, the arrangement is
full selective.

Ringing Range Extension. There are many factors that affect the dis-
tance over which telephone ringers can be successfully operated.
These include the ringing voltage, the sensitivity, number, and loca-
tions of ringers connected on a loop, the impedances and other design
characteristics of ringers and coupling circuits, and the electrical
characteristics of the loop.

One method of extending the ringing range is to use a coupling
circuit which avoids unbalanced impedances from loop conductors to
ground. This imbalance results in induced noise on party-line arrange-
ments. This type of limit, not truly a ringing range limit, is closely
related to ringer coupling circuit design; it may be overcome by the
use of a coupling circuit that effectively isolates the ringer (s) from the
line except when ringing current is applied. This is accomplished by
using electron tubes or solid-state devices. Figure 8-15 illustrates the
application of an isolator circuit that contains silicon controlled recti-
fiers (SCR 1 and 2) which break down upon application of ringing
current (to the ring side conductor in this illustration). The ringing
current is thus passed to the ringer circuit.

Another form of coupling device is the range extender shown in
Figure 3-16 which illustrates 4-party full selective or 8-party semi-
selective operation. This circuit, which performs functions similar to
those of Figure 3-15, acts as a voltage controlled switch that connects
a ringer to the loop when the proper amplitude and polarity of a
composite ac-de ringing signal is applied. The circuit utilizes a silicon
controlled rectifier and two solid-state diodes. The field of application
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Figure 3-15. Typical connection of ringer isolator (ring party).

is somewhat more restricted than that for the circuit of Figure 3-15
since the dc current component can cause pretripping. One range
extender must be used at each station set involved.

Figure 8-17 shows a third circuit that uses diodes, silicon controlled
rectifiers, and a transistor to provide range extension and ringer iso-
lation. The circuit is connected to respond to a negative dc voltage
on the ring conductor. Other connections can be made for positive
voltage on the ring side and negative or positive voltage on the tip
side of the line. This circuit is somewhat more complex than the pre-
vious two but is designed so that only one extender is required for
each party instead of one for each station. It is the most flexible of
the three circuits since it may be used on long or short loops for ringer
isolation and on long loops for range extension. It can provide 4-party
full selective ringing and it can be used with ringers adjusted for
weak spring tension. There is no pretripping because no direct current
is transmitted.
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Local Plant Facilities

Chapter 4

Voice-Frequency Trunk Facilities

Network trunks, the uses they fulfill, and the transmission require-
ments they must meet in order to operate properly in telecommunica-
tions networks may be considered separately from the physical
facilities that must be provided [1]. These facilities include trans-
mission media (open-wire lines, cable pairs, or carrier system chan-
nels) and central office or remotely mounted transmission equipment.
Voice-frequency trunks use various types of loaded and nonloaded
cable pairs almost exclusively.

Voice-frequenecy trunk transmission equipment provides amplifica-
tion, impedance matching, equalization, suppression of echoes, and
interface circuitry between voice-frequency and carrier-frequency
channels. A number of types of hybrid metallic facility terminal
(MFT) or negative impedance (E-type) repeaters are used for gain,
impedance matching, and equalization of two-wire trunks. The most
common of these is the solid-state E6 repeater which has found many
applications throughout the voice-frequency plant.

For four-wire circuits and for interface applications between two-
wire and four-wire ecircuits, V-type or MFT repeaters are most com-
monly used. These repeaters can provide amplification, impedance
matching, and equalization in voice-frequency ecircuits including
trunks and many special services circuits.

The MFTs are the latest equipment designs available for these ap-
plications. A wide variety of circuit needs can be fulfilled by this type
of equipment in a very efficient manner. They are used for all-voice-
frequency applications to provide two- and four-wire repeater and
interface capabilities.

102
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Analog facility terminals and digital facility terminals are used to
provide interfaces between voice-frequency and carrier-frequency
channels. Facility terminal equipment is available for two-wire or
four-wire circuits and for interfaces between two- and four-wire
circuits.

Trunks are designed to perform satisfactorily in many different
switched network positions some of which require the use of echo
suppressors. Several types of echo suppressors, equipped with en-
abling and disabling features that must be used to permit the trans-
mission of certain types of data signals, are available.

4-1 TRANSMISSION CONSIDERATIONS

A switched network must satisfy simultaneously a number of
transmission objectives in order to assure generally satisfactory com-
munication. The objectives include those relating to impairments such
as noise and crosstalk and those relating to loss and echo. Keeping
noise at acceptable values requires longitudinal balance of inside and
outside plant, good cable shielding, and signal amplitudes that ensure
adequate signal-to-noise ratios. Controlling crosstalk requires strict
control of level point differences that oceur in groups of cable pairs.
Meeting the echo objectives requires a good impedance match between
lines and repeaters and low enough loss for good received volume but
not so low that echo or near-singing becomes annoying.

Although nearly all connections that involve voice-frequency trans-
mission exclusively are short enough so that echo is no problem, most
long connections include voice-frequency end links. Since echoes pro-
duced in these end links cannot be eliminated, they must be controlled
by maximizing the structural return loss in cable pairs. It is also
important that all other voice-frequency facilities and equipment be
kept as free as possible of echo-producing reflections. It is clear that
an echo from a distant terminal may be attenuated by an increase in
net loss. However, this is not practicable in individual connections
since net loss cannot be adjusted for each built-up connection as a
function of echo; each link must have an assigned loss, dependent
upon delay, that limits echoes in that link to allocated values. Loss
and echo are controlled by the via net loss (VNL) design of the
network [2].

Initially, loading was the only economical means for reducing at-
tenuation in cable pairs and, by modern standards, load-coil spacing
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was kept reasonably long and inductance quite high. A number of
loading systems evolved but the H88 system ultimately became the
most commonly used. It combines a reasonably long spacing with ac-
ceptably low attenuation and its passband in local cable (where
capacitance is 0.083 uF/mile) is only slightly narrower than that
achieved in channels of widely used carrier systems.

Loading makes attenuation of a cable pair more uniform through-
out the passband but still introduces attenuation/frequency distortion
sufficient to require equalization in trunks or lines long enough to
need gain. The equalization serves two purposes: (1) it provides
naturalness in the transmitted speech and (2) it prevents instability
of the facility at frequencies where echoes would otherwise cause
singing or near-singing. The apparatus needed for equalization is in-
corporated in modern voice-frequency repeaters. A repeater is com-
monly understood to mean a two-way amplifier and the ancillary
equipment needed to support its operation.

Modern repeaters are the result of continued efforts to reduce cost,
size, and power requirements and to group in one assembly as much
as possible of the equipment needed at any given location. Early de-
signs of repeaters depended on electron tube amplifiers requiring two
sources of power, one for the filament or heater (usually 24 or 48
volts) and the other for the plate (usually 130 volts). The invention
and development of the transistor reduced the power requirements to
the type of supply common in most local central offices for switching
and signalling. The use of transistors and advances in the designs
of capacitors, inductors, and transformers have contributed materially
to the reduction of repeater size and cost.

The development of economical repeaters has resulted in significant
improvement in transmission on local trunks and special services
circuits and has saved materially on cable costs by permitting the use
of finer-gauge wires. These efforts led to the design of the negative
impedance E6 repeater for two-wire circuits, the V4 repeater for
four-wire circuits, and the subsequent integrated circuit designs in
the various types of MFT equipment.

4-2 NEGATIVE IMPEDANCE REPEATERS

The provision of gain for both directions of transmission in a
two-wire transmission circuit is a complex problem accentuated in
typical telephone circuits by variabilities in circuit losses and im-
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pedances and the necessity for providing margin against singing and
near-singing. A common solution is the 2-way repeater that operates
on the basis of introducing negative impedance in the two-wire
line [3, 4]. These repeaters are generically designated as exchange or
E-type repeaters. Some older versions which utilize electron tube
circuits are still in use but the most common type is the solid-state
E6 repeater [5]. Negative impedance repeaters are currently being
superseded by the more flexible MFTs.

Repeater Design

The gain unit of the E6 repeater uses two solid-state active ele-
ments (series and shunt) that work in combination as negative im-
pedances to provide gain in both directions of transmission. They are
oriented somewhat like the elements of an attenuation pad with re-
spect to the transmission path to facilitate the image impedance
design of the repeater. To promote stability of the circuit under the
widely varying impedance conditions encountered in normal service,
the series element is designed to be open-circuit-stable and the shunt
element is designed to be short-circuit-stable. In order to achieve
longitudinal balance and to provide a low-resistance dc path for
signalling and supervisory currents (not provided in early repeater
types), the two elements are transformer-coupled to the cable pair
and the shunt path contains a blocking capacitor, as shown in
Figure 4-1.

The line build-out (LBO) networks shown in the figure serve to
match the line impedance to the image impedance of the repeater.
When the E6 is used as an intermediate repeater, two LBO networks
are needed; when it is used as a terminal repeater, the LBO position
on the terminal side is equipped with a small dummy network which
is electrically transparent and serves only to make metallic connection
between the gain unit and other equipment in the central office. In
some special services applications, the dummy network may be re-
placed by a range extension unit.

A completely assembled E6 repeater is approximately 3-1/2 inches
wide, 3-1/2 inches high, and 10 inches deep. Shelf mountings are
arranged to accommodate six repeaters. The gain unit and networks
are assembled in the repeater by sliding them from the front and back
ends of the extruded aluminum case along internal rails that guide
the units to appropriate connector points; screw-down connectors are
used to complete the interunit electrical connections. The overall as-
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Figure 4-1. Block diagram of an E6 repeater.

sembly makes electrical connections to the mounting shelf wiring by
plug-in connector arrangements. Each repeater dissipates about 1.5
watts supplied by the standard 48-volt office battery.

Gain

The circuit of the E6 gain unit is shown in Figure 4-2. The gain-
control networks, N, shown at the right-hand side of the circuit are
adjustable in a series of binary-scaled steps by means of screw-type
switches that are accessible only when the repeater is not plugged
into the shelf. The adjustments for the series and shunt units are
coordinated according to tables designed to keep the image impedance
constant as the gain is changed. Steps of 0.1 dB are specified and the
maximum possible gain is 13.83 dB. The gain must compensate for
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equalizing and impedance matching network (LBO) losses as well as
for cable pair loss. Since E6 repeaters are used on short-haul circuits,
the changes in that loss with temperature are normally small and no
gain regulation is provided. The loss changes that may occur must be
considered in the overall design of circuits that utilize the E6 repeater.

™
< S,
] Series
Series ;‘: new':ork
converter
unit
LBO @— —48 volts
network Ground
r—A AAnT4 r—A
| by [y o, L
vl by vl v
L—d | —
J network
)
[ | é
1 -
Shunt ™ > >
converter
unit

Shunt
network

5 HE

&

Figure 4-2. Schematic of an E6 repeater.
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impedance Relationships

Satisfactory echo and stability performance of negative impedance
repeaters is largely dependent on meeting stringent requirements on
impedance relationships. The required impedance match is achieved
by the use of LBO networks and impedance compensators.

A family of networks, coded as the 830-type, has been designed to
match the impedance of loaded and nonloaded cable pairs to the gain
unit of the E6 repeater, nominally 900 ohms resistive. It was not
practicable to incorporate in a single LBO network enough com-
ponents and switches to permit adjusting it to match a variety of
loading systems with different cutoff frequencies and impedances. It
was also not practicable to manufacture a different network for each
of three gauges of loaded cable pairs. A compromise was reached by
designing a network for each loading system and to provide adjust-
ments for cable gauge in each one. A similar plan was followed for
the nonloaded-cable LBO networks. In addition to impedance match-
ing, all the networks provide some attenuation/frequency equalization
generally required for nonloaded cable.

Most of these networks have conventionally adjusted elements, such
as potentiometers and screw-type switches which are used to connect
and disconnect resistors, capacitors, inductors, or lattice networks.
The element interconnections, which determine the impedance charac-
teristics of the network, are selected according to printed instructions
to meet the requirements of cable pair gauge and location and the
location of the repeater at an intermediate or terminal point in the
trunk. The 830D network, used for high-impedance (6800 ohms)
bridging on TSPS trunks, has no adjustments. The 830F network,
also nonadjustable, is used on the terminal side of a terminal repeater
for delay equalization where required. The 830C network, used for
matching an E6 repeater impedance to that of a 22-, 24-, or 26-gauge
nonloaded cable pair, supplies partial equalization but requires the
use of an impedance compensator (837D-type network) at the non-
repeatered end of the pair for complementary equalization. The 830E
network performs an equalization function similar to that of the
830C and the 837D networks combined; it is used only when terminal
balance requirements do not apply at the distant end. Other 837-type
impedance compensators are available to match cable pair to office
impedances where good terminal balance is required at the non-
repeatered end.
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The previously mentioned networks for loaded cable include series
build-out resistance (BOR) and shunt build-out capacitance (BOC)
adjustments for building out adjacent sections to the optimum equiva-
lent length for impedance matching. They also contain high-frequency
correction (HFC) and low-frequency correction (LFC) networks.
Figure 4-3 shows the LBO circuit for H88 loaded cable facilities.

Disablers

Repeater gains must be limited to provide margin against singing
at all times whether facilities are in use or idle. In some cases, a
repeater disabler may be used to remove the power supply ground of
an E6 repeater when a repeatered trunk is idle and to reconnect it
whenever the trunk is seized. While disablers are usually not required
on switched network trunks that are designed to 3-dB loss or more,
they may be required for E6 repeaters on special services lines or
trunks that include intermediate dial long line equipment since such
equipment reduces return loss during dialing and can cause singing
during dial pulse break intervals. Disablers can be adjusted to operate
and release in response to various values of direct current. Where re-
quired, an older relay-type disabler is plugged into a separate shelf
immediately below the E6 it serves. Built-in electronic disablers are
also in common use.

Applications

In most applications, E6 repeaters are mounted in the central
office where standard 48-volt de power supplies may be used. The
design has also been adapted for mounting in the outside plant where
power must be supplied from a central office over separate pairs
dedicated to that purpose.

Repeater gain must be carefully limited so that overload, crosstalk,
and stability requirements are not exceeded. Generally, the gain of re-
peaters located at the terminal end of a trunk is limited to about 6.5
dB gain while at intermediate points, the gain is limited to about
12 dB. In all cases, computations should be made of the achievable
return loss at the terminals of the gain unit to be sure that stability
margins are adequate.

4-3 FOUR-WIRE V-TYPE REPEATERS

Where voice-frequency trunks or special services circuits have
too much loss for two-wire repeaters or where structural return
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losses of cable pairs are too low to support two-wire circuits, four-

wire operation may be employed. In addition, all trunks designed to

meet via net loss requirements must also be four-wire. In a four-wire

section, amplifier-type repeaters pass signals in the desired direction

but prevent echoes that arise between amplifiers from reaching the

talker or listener and from creating circuit instability. Amplification

for four-wire circuits is provided by units of the V4 repeater family
and of the MFT repeaters of similar design.

Equipment Arrangements

A V4 repeater consists of a mounting shelf and a number of plug-in
units designed to provide most of the transmission equipment needed
for one circuit at a given office. The repeater may be mounted in a
central office or at customer premises. Cross-connections, needed
between units of older equipment grouped according to function in
different parts of a central office, are not needed for the V4 repeaters.
All connections are made permanently at the factory between sockets
on the mounting shelf and the required units are plugged into the
sockets.

There are two major types of V4 repeater shelves. The 24V4 re-
peater provides gain for each direction of transmission in the four-
wire branches at a four-wire to two-wire interface. It is typically
used at a trunk terminal or customer premises where two-wire switch-
ing is used but four-wire cable facilities are required. The amplifiers
are always in the four-wire part of the repeater. The 44V4 repeater
is a four-wire repeater that provides gain separately in each direction
of a four-wire circuit. Block diagrams of these two repeaters are
shown in Figures 4-4 and 4-5. Shelf configurations for various re-
peater types are given in Figure 4-6. This type of equipment may also
be used for mounting a number of miscellaneous items such as four-
wire terminating sets, 227-type amplifiers, pads, and various net-
works. A test jack field is usually included in each shelf.

There are many possible combinations of equipment units that may
be plugged into V4 shelves. The proper combinations are usually de-
termined by the type of service required and the type of cable facilities
used. Since it is not practicable to provide schematics showing all
workable combinations, special drawings are provided which consist
of a large schematic for each V4 shelf and a smaller one for each
plug-in unit. Several areas on the shelf schematics are left blank for
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Figure 4-5. Block diagram of 44V4 repeater.

the appropriate plug-in unit schematics. Shelf wiring to the plug-in
sockets is shown terminating at the edges of the blank areas. When
the proper plug-in unit schematics are placed in those areas, the unit
wiring meets that of the shelves to complete the desired transmission
path.

Another variety of repeater, called the 424V4, is available for use
on four-wire operator trunks associated with the Traffic Service
Position System (TSPS) No. 1. This repeater utilizes the same design
principle as do the 24V4 and 44V4 in that a single shelf design is
coordinated with a combination of plug-in units required with the
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TYPE OF REPEATER SHELF
CONFIGURATION
24V4A, B 24V4C 24V4D 44VA4A, B
Repeaters per shelf 1 1 1 2
UNITS PER REPEATER
1-type terminating
set or 4182-type 1 1 1 —
network
227-type amplifier
or 849-type network 2 2 2 2
359-type equalizer 1 1 1 2
434A plug — Oorl Oor1l —
4066-type network — 0,1,0or2 0,1, 0or2 —
648A. filter —_ Oorl Oorl —_
Relay for bypassing
repeater lacking —_ — 1 —
emergency power

Figure 4-6. Shelf configurations for V4 repeaters.

TSPS. Most frequently used are four-wire terminating sets, amplifiers
(or connect-through dummy networks or pads where amplification is
not required), and relay units which provide suitable interconnection
with signalling equipment. This repeater is being replaced by a newly
designed bridging arrangement; there are significant numbers of
424V 4 repeaters now operating in TSPS systems.

Amplifiers

The 227-type amplifiers used in V4 repeaters are solid-state, two-
stage circuits with negative feedback. The maximum gain of these
amplifiers is about 36 dB. Selection of one of three slightly overlapping
gain ranges is made as a coarse adjustment by means of screwtype
switches; a fine adjustment within each range is made by means of a
potentiometer with calibration marks of about 1 dB. Precise gains
can be achieved with the aid of measuring sets. Each amplifier re-
quires approximately 1/2 watt from a noise filtered, regulated, 24-volt
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power supply. A regulated 48-volt supply may be used with the current
fed through a 1400-ohm resistor to reduce the supply to 24 volts.

Automatic gain regulation to compensate for temperature-induced
variations in cable loss is not provided. Since V4 repeaters can be
equipped with adjustable equalizers, they can be used on longer trunks
than can E6 repeaters; however, some repeatered facilities may have
enough loss and annual temperature range to require seasonal ad-
justment of gains in order to avoid instability at low temperatures.
The alternative to making such adjustments would be to operate the
repeatered facilities at higher average losses than permitted by the
objectives.

The input and output circuits of 227-type amplifiers contain
coupling transformers that have multiple windings with several con-
nection options. Center taps provide simplex leads for dc signalling
over the cable conductors. Other optional connections may be made
so that the impedance presented at the input or output is nominally
600 or 1200 ohms to match central office or H88 loaded line impedances
respectively. For special applications, input and output impedances
of 150 or 300 ohms can also be obtained.

Figure 4-7 provides a summary of 227-type amplifier characteristics
and features. The 227A and 227B amplifiers are identical except that
the 227B design was provided with diodes for protection from damage
by voltages induced by lightning or power-line faults. For data serv-
ices, it is degirable to provide amplifiers with less low-frequency delay
distortion than that of the 227A and the 227B. The 227C and 227D
amplifiers provide less delay distortion and have been recommended
for use on data circuits. As a side effect of the improved delay char-
acteristic, the flat-gain range is extended from 0.3 kHz to about
0.1 kHz. Many types of data signals are subject to errors produced
by impulse noise and the susceptibility to this impairment has been
reduced in the 227D, E, and F amplifiers. The 227A, B, and C
amplifiers are no longer manufactured but many are still in use where
their characteristics are adequate.

The jacks and plugs of the V4 shelves and plug-in units are wired
in such a way that a four-wire terminating set is always connected
to the 600-ohm ports of the amplifiers. An equalizer for nonloaded
facilities is also connected to the 600-ohm amplifier ports. An equalizer
for loaded facilities is always connected to the 1200-ohm input of the
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i | Momvounce | 1ceo oeny Tuow suscern | et or
LOW FREQUENCY PULSE NOISE kHz
227A No No No 0.3-10
227B Yes No No 0.3-10
227C Yes Yes No 0.1-10
227D Yes Yes Yes 0.1-10
227H No No Yes 0.3-10
227F Yes No Yes 0.3-10

Figure 4-7. Characteristics and features of 227-type amplifiers.

amplifier on the receiving side of the line and to the 1200-ohm output
of the amplifier transmitting in the opposite direction. The 1200-ohm
impedances are a compromise between the minimum impedance of
H88-loaded facilities in midband and the impedance at the lower and
upper edges of the transmitted band.

Where no gain is needed, an 849-type network may be used eco-
nomically in place of an amplifier to provide continuity for the voice-
frequency and signalling circuits. Each network is provided with a
socket for an 89-type resistor (plug-in pad modifier) which is required
for control of loss through the amplifier position,

Equalizers

Equalizers promote stability and compensate for attenuation/
frequency distortion in transmission circuits. A wide variety of equal-
izers is used with V4 repeaters to equalize loaded and nonloaded cable
pairs. These equalizers, the 8359 type, include several codes which are
dummy units provided for strap-through connections where equaliza-
tion is not required. The 859A, the most commonly used unit, equalizes
H88 loaded cable. Its features illustrate overall design principles of
the 359-type equalizers.

The frequency-sensitive part of the 359A equalizer for loaded cable
is applied at the input to the 227-type amplifier to compensate for
attenuation/frequency distortion in the preceding line section. The
equalizer has low-frequency and high-frequency sections, as shown in
Figure 4-8. The low-frequency section, in series with the line, has
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a loss characteristic that increases inversely with frequency to com-
pensate for the opposite trend in the line. It consists of a variable
capacitor (Cvr) and a variable resistor (Rir) connected in parallel;
both are adjustable in steps for length and gauge of cable pairs. The
high-frequency section is an antiresonant circuit precisely tuned
slightly above 3000 Hz and connected in shunt with the line. The
bridging loss is minimal at the tuned frequency and increases above
and below that frequency. Adjustment for length and gauge of facility
is accomplished by means of a step-adjustable resistor (Rur) in series
with the antiresonant circuit. Figure 4-9 shows loss/frequency charac-
teristics for several adjustments of the equalizer elements, The use of
this equalizer is recommended to increase circuit stability as well as
to provide equalization.

Rur

6.2.dB pad
v
Crr \
—T \ / T
(] Low-frequency i v
0 « High- AMPL
ine section frequency input
v section
Rar -

Transmission a———p»

Figure 4-8. Schematic of 359A equadlizer.

The 359-type equalizers for nonloaded cable applications are
made up primarily of repeating coils, For short repeater sections,
600:600-ohm coils are placed at both ends; for intermediate length,
600 :600-ohm coils are placed at one end and 600 :150-ohm coils at the
other; and for longer lengths, 600:150-ohm coils are placed at both
ends. The equalizing action results from a combination of the natural
low-frequency roll-off of repeating coils and the impedance mismatch
between the line and coil. Both effects become more pronounced as
frequency decreases and thus they tend to compensate for decreasing
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Figure 4-9. Typical loss curves of 359A equalizer.

attenuation in the cable pairs. The effects are greater in the
600 :150-ohm coils. It has not been practicable to design equalizers for
loaded and nonloaded facilities in the same repeater section. Where
both types of facility must be used, a repeater should be placed
between the two.

Dummy units are used when the amplifiers are connected to 600-ohm
equipment in the same central office and also for short repeater sec-
tions. They provide electrical continuity and have no other function.
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Four-Wire Terminating Sets

Several designs of terminating sets have evolved to satisfy various
24V4-type repeater requirements. Each terminating set includes the
hybrid transformers necessary for achieving the transition from two-
wire to four-wire operation, a compromise network for balancing the
impedance facing the two-wire port, a network building-out capacitor
(NBOC) adjustable in fine steps, impedance-correcting networks for
the four-wire ports, and reversing switches for aligning the polarities
of simplex leads. Some sets have inductors in the dc signalling leads
to prevent the circuit from noticeably affecting the impedance at the
two-wire port, to block noise picked up in the simplex path formed
by the two pairs in the four-wire section from reaching the two-wire
ports, and to prevent voice transmission via the simplex path. Such
undesired transmission could combine, in various phase relations, with
the desired transmission via the voice-signal path to result in unde-
sirably irregular attenuation/frequency characteristics. The signalling
path inductors must not have enough inductance to impair signalling
appreciably but must have enough to block voice transmission.
Figure 4-10 illustrates some of the features of 1-type terminating sets.

COMP

= %
NET.
2-wire \
line HYB NBOC 4-wire
line
PRECN
= %

NET.
Figure 4-10. Schematic of 1-type terminating set.

Balancing Networks. Precision balancing networks (4066-type) are
available for loaded and nonloaded cable pairs. The networks for
loaded and one for nonloaded pairs simulate an infinite length of line
and have only one port. Two of the networks for nonloaded pairs are
adjustable for simulating different line lengths and have two ports.
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The two-port networks are generally used for balancing subscriber
loops. A build-out capacitor for a 4066-type network is available in
each 1-type terminating set and is automatically connected to the
network when both are plugged into a 24V4C shelf.

Resistance Pads. Transmission level points may be adjusted at each
of the four-wire ports of many terminating sets. The adjustment is
made by inserting appropriate values of 89-type resistors in 1C pad
sockets provided in the four-wire legs. The resistors are assembled
as plug-in devices each containing three resistors and six prongs for
connections in the socket. In combination with resistors that are
factory-wired to the 1C sockets, the plug-in resistors form 600-ohm
H-pads. Loss values are provided in steps of 0.25 dB from zero loss
upward over a wide range.

Four-Wire Extension Networks

A 4182-type network may be used instead of a 1-type terminating
set and mounted in the same position in a V4 shelf. The main function
of the network is to permit extending a line or trunk from a carrier
terminal or four-wire facility to customer premises or a central-office
switching machine on four-wire rather than two-wire cabie facilities.
All 4182-type networks provide transmission level point control
through suitable choice of 89-type plug-in resistors., Other provisions,
found in specific designs, include the derivation of simplex leads for
signalling purposes, transformers with adjustable impedance ratio for
matching purposes or for equalization of nonloaded cable pairs, and
adjustable H88 loaded cable pair equalizers.

When a 4182-type network is used in place of a 1-type terminating
set in a 24V4A repeater shelf, the repeater becomes the equivalent of
a 44V4A repeater if the leads that normally connect a precision
balancing network to the 24V4A repeater have been provided. These
leads are used to provide a second path to the four-wire extension.
Where these leads are not available, the 4182-type network cannot be
used. Although the 4182-type networks permit use of a 24V4 repeater
as a 44V4 repeater, it should be recognized that such use is wasteful
of shelf space, since one shelf accommodates two 44V4 repeaters but
only one 24V4.

Where no level point control, equalization, or signalling provisions
are required, a dummy unit, the 437A, can be plugged into the termi-
nating set socket of a 24V4-type repeater shelf to establish simple



120 Local Plant Facilities Vol. 2

four-wire electrical continuity through the terminating set position.
The plug contains no equipment; it is used to connect the amplifiers
to two four-wire pairs on what is normally the two-wire side of the
repeater.

Low-Pass Filter

In order to prevent singing and near-singing, a low-pass filter may
be necessary in a four-wire section operated at a net gain between
two two-wire circuits and extended in a two-wire section on at least
one end. The 648A is a low-pass filter with 600-ohms nominal imped-
ance and a 3-dB cutoff frequency of 3150 Hz. It is placed electrically
at the input of the amplifier transmitting into the four-wire section;
singing is prevented by the loss inserted in the circulating path around
the four-wire section through the terminating sets for frequencies
at which a balancing network cannot provide adequate balance for
two-wire lines.

A 434A plug is provided solely for electrical continuity through the
24V4C shelf when the 648A filter is not used and when certain plug-in
unit combinations are used. When the 434A plug is not used, external
equipment (such as SF signalling units) may be connected into the
circuit configuration.

4-4 METALLIC FACILITY TERMINALS

All transmission and signalling functions required at the terminals
of message network trunks and many types of special services circuits
can now be provided in one standard equipment assembly called a
metallic facility terminal (MFT). The required functions are pro-
vided by selected plug-in units which are appropriately and automa-
tically interconnected when inserted into the equipment shelf of a
facility terminal. The connectors on the shelf are permanently wired
in a manner to produce the desired interconnections. By this design
approach, facility terminals eliminate many of the wiring congestion
problems associated with earlier designs. This concept was used in
the design of V4-type repeaters but it has been extended considerably
and made more flexible in the facility terminal designs [6].

There are several other facility terminal arrangements used in the
trunk plant: analog facility terminals (AFT), digital facility termi-
nals (DFT), and customer premises facility terminals (CPFT).
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Voice-frequency terminations are provided at analog and digital
carrier system terminals for message network trunks and special
services circuits and at customer premises for special services circuits
such as PBX-central office trunks and PBX tie trunks. The types and
capabilities of AFT, DFT, and CPFT equipment are generally similar
to those provided in MFTs.

Metallic facility terminal equipment is compatible with existing
E-type and V-type repeater equipment which may be in use in other
parts of a trunk or circuit. The terminals provide interface circuits
for most central office switching machines and a number of PBXs.
The MFTs may be used on circuits employing loaded or nonloaded
19-, 22-, 24-, or 26-gauge cable pairs and for many special cases in-
volving bridged taps, mixed gauges, and a variety of end-section
lengths.

Equipment Features

Metallic facility terminal configurations may be selected to provide
a repeater for any one of three transmission modes. The first, called
the 22-type, utilizes hybrid transformers and two amplifiers in two-
wire circuits rather than the negative impedance principles of the
E6 repeaters. It is functionally similar to an E6 repeater. A second
type, the 44-type repeater, is used when four-wire circuits are con-
nected at both terminals; it is arranged to function like a 44V4 re-
peater. Two versions of this repeater are available, one for use at an
intermediate point and one for use at a terminal of a four-wire circuit.
The third type provides an interface between a two-wire circuit and
a four-wire circuit. It is similar to the 24V4 repeater in its functions
and is also available in two versions, the 24-type and the 42-type. The
two versions provide the necessary flexibility for circuit interfaces of
two-wire to four-wire or four-wire to two-wire in progressing from
the designated repeater input port to the designated output port. The
three basic configurations are illustrated in Figure 4-11.

Two facility terminal shelf arrangements are provided, each with
spaces for twelve plug-in units. Where treatment is required only for
transmission, plug-in equipment for twelve circuits may be used.
If both signalling and transmission treatment is needed, adjoining
pairs of plug-in transmission and signalling units are used. Each
shelf is arranged to provide treatment for six circuits. The interface
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Figure 4-11. Metallic facility terminal transmission configurations.

is provided by standard signalling leads normally designated as the
A and B, E and M, and SX and SX1. Test access for modern mainte-
nance systems, such as the Switched Maintenance Access System
(SMAS), may be provided.

Transmission Features

A number of different transmission features are available and may
be selected for appropriate use in various applications of facility
terminal equipment. For example, terminating impedances of 600,
900, or 1200 ohms may be provided to satisfy specific circuit needs.
Gain adjustment of the amplifiers is continuous over the range from
—20 to 4-24 dB. Transmission plug-in units containing various types
of impedance compensators, balancing networks, and equalizers are
available to satisfy network trunk or special services circuit needs.

Equalizers compatible with the 359-type are used in the receiving
portions of the repeaters. These equalizers are active circuits. In many
cases, equalizer and amplifier gain settings are made in accordance
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with tabulated data that pertain to the various applications in which
these repeaters can be used. Adjustment and alignment is also possible
on the basis of measurements made after installation.

There are several coded equalized gain units to satisfy various
MFT transmission needs. The 309A unit provides flat gain in the
transmitting path only of the four-wire portion of 24-, 42-, and 44-type
repeaters. The 309B unit provides flat gain and equalization in the
receiving path of the four-wire portion of 24-, 42-, and 44-type ter-
minal repeaters and in both directions in 44-type intermediate re-
peaters. Designs are available for loaded and nonloaded cable pairs.
In the four-wire portion of one 24-type repeater application, equaliza-
tion is also provided in the transmitting path.

The 309C unit provides flat gain for loaded cable applications of
22-type repeaters. The 309D unit provides gain and equalization in
22-type repeaters used with nonloaded cable pairs and in repeaters
used with mixed loaded and nonloaded cable pairs.

4-5 VOICE-FREQUENCY EQUIPMENT COMPARISONS

Each of the three types of voice-frequency equipment has had ad-
vantages in its application and has fulfilled major needs at the time
it was made available. Facility terminal equipment is now used in
preference to E-type or V-type repeaters though there are still some
of the older types of equipment in operation throughout the network.

Bandwidth and Stability

The attenuation/frequency characteristic of the E6 repeater is not
adjustable. It provides the required amplification in midrange and
rolls off in the high and low ranges in order to promote stability. This
characteristic counteracts the low-frequency decrease in cable attenu-
ation and, in the high-frequency range, counteracts decreased return
loss near the cutoff frequency of loaded cable pairs. Since these char-
acteristics are fixed and cannot be adjusted to match specific cable
layouts, the use of more than two E6 repeaters in a specific trunk or
special services facility generally precludes meeting bandwidth
requirements. '

In the two-wire facility terminal design shown in Figure 4-11(a),
the impedance matching and equalization functions are separate and
independent. Impedance match to the transmission lines is provided
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by the balancing networks of the two hybrid transformers while
equalization is provided by a portion of the amplifier circuitry. There-
fore, both functions can be fulfilled with greater accuracy and
flexibility than in E6 repeaters.

Circuits consisting of several four-wire sections equipped with V4
and/or MFT repeaters and associated adjustable equalizers can meet
bandwidth and stability requirements. Where return losses of cable
pairs are inherently too low for two-wire operation with negative
impedance repeaters, four-wire operation with V4 or MFT repeaters
is usually practicable. As previously mentioned, reflections in the four-
wire section are confined to the repeater sections in which they
originate by the blocking effect of the one-way amplifiers. The length
limits of four-wire voice-frequency trunks in specific situations are
imposed by lack of temperature regulation or by costs exceeding those
for providing carrier facilities.

Return Loss and Echo

The substantial blocking of reflections that originate within the
transmission medium and at medium and repeater junctions makes
the echo performance of four-wire facilities practically independent .
of such reflections. In V4 and four-wire MFT repeatered facilities,
the reflections are attenuated by approximately 70 dB of loss at each
amplifier. In contrast, an E6 or a 22-type MFT repeater amplifies
reflections as well as the speech signal. As a consequence, it is usually
difficult, if not impossible, to attain and sustain acceptable return loss
performance and control of echoes on a switched facility employing
more than two of these repeaters.

Losses and Transmission Level Points

The E6, V4, and MFT repeaters can transmit into loaded or non-
loaded cables at a maximum transmission level point (TLP) of +6 dB
with only a small chance of creating crosstalk problems or of being
overloaded by the loudest talkers. Crosstalk-coupling magnitudes be-
tween loaded cable pairs in the same cable dictate that level point
differences between repeater outputs and inputs be limited to 15 dB.
That figure, therefore, is the limiting repeater section length for re-
peatered loaded trunks and —9 dB TLP is the lower limit for inputs
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from cable pairs to repeaters. Because crosstalk coupling between
nonloaded pairs is less than that between loaded pairs, transmission
level point differences for nonloaded cable pairs could be allowed to
reach 21 dB but equalization capabilities are not generally sufficient
for repeater sections with that much loss.

Loss objectives for direct and toll-connecting trunks can usually be
met by two- or four-wire voice-frequency facilities. Where the loss
and annual temperature range of the metallic facilities are very large,
it may be impractical to avoid instability at the lowest temperatures
or an unacceptable loss at the highest temperatures. Experience has
shown that seasonal manual adjustment of the repeater gains is not
practical. However, carrier facilities are usually more economical than
metallic facilities where temperature-induced loss variations are
excessive.

Signalling

Voice-frequency repeaters must be capable of passing address and
supervisory signals. In some cases, it is necessary that these signals
also be amplified. The various types of repeaters that have been dis-
cussed differ in the manner in which such signals are processed.

All types of ac signals in the voiceband, such as 2600-Hz single-
frequency, multifrequency, TOUCH-TONE, and inband coin-control
signals, are amplified and transmitted by E6 and MFT repeaters.
Expensive arrangements for bypassing low-frequency and dc signals
around the amplifying elements of the E-type repeaters were elimi-
nated by the method of coupling those elements to the transmission
path. The transmission takes a split path through the repeater and
supervisory and signalling components below the voice range are not
amplified but are somewhat attenuated by the resistances of LBO net-
works and transformer line windings. These become part of the total
loop resistance and thus reduce the maximum permissible facility
length for a specified minimum supervisory current. In addition, the
capacitor in the shunt element of the gain unit causes delay distortion
of dial pulses, thus adversely affecting the operation of certain types
of switching systems. Although these effects of E-type repeaters on
supervision and signalling must be taken into account, they have not
been limiting in enough cases to prevent the wide application of the
repeaters.
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All ac signals in the voiceband are also amplified and transmitted
satisfactorily by V4 and MFT repeaters. Supervisory dec, dial pulse,
and 20-Hz ringing signals are bypassed around amplifiers and other
units on separate paths included in the shelf wiring and the plug-in
units. Penalties must be accounted for in computing signalling ranges.

4-6 ECHO SUPPRESSORS

Under the VNL network plan, every connection with an echo-path
delay of more than 45 milliseconds should contain an echo suppressor.
The echo suppressor is located in a four-wire intertoll trunk that is
part of the built-up connection. It inserts a loss of 35 dB or more in
the echo return path when speech energy is present in the direct path.
Echo suppressors are always applied at points where speech or other
signals are transmitted at voice frequencies.

Operation

Two configurations of echo suppressors are currently in use. In
one configuration, called split, suppression is applied at both ends of
a trunk and in the other, called full, suppression occurs at only one
end of the trunk for both directions of transmission. A block diagram
of the split echo suppressor is shown in Figure 4-12. It consists of
two parts, one at each end of the four-wire portion of a trunk. When
speech energy is transmitted from A, the part at the B end is operated
by the speech signal and inserts a loss, Lg, in the B-to-A path. When
speech is transmitted from B, the part at the A end similarly inserts
loss, La, in the A-to-B path. Threshold circuits determine the sensi-
tivity of the suppressor detection circuitry. The sensitivity is adjusted
so that the suppressor does not operate in response to normal circuit
noise but does operate on speech or other signal energy. The nominal
operate sensitivity for all echo suppressors is —81 dBmO0; that is, a
1-kHz tone of —31 dBmO just operates the suppressor. Thus, the
zero-level sensitivity of the suppressor is said to be 31 dBm. The
actual sensitivity, called local sensitivity, is the sum of the zero-level
sensitivity and the loss between 0 TLP and the level point at which
the suppressor is applied. At the —16 dB TLP, local sensitivity must
be 31 4 16, or 47 dBm; at the 47 dB TLP, it must be 81 — 7, or
24 dBm.

The time interval between the passage of voice energy past the
point ¢ and the arrival of the echo at point » in Figure 4-12 depends
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Figure 4-12. Split echo suppressor.

on the length and makeup of the circuit between the suppressor and
the B station set and may be quite short. Thus, the suppressor must
operate quickly to switch in the loss, Lz, so that the beginning of the
echo signal does not return to the A end unsuppressed. On the other
hand, the g¢-to-r delay interval may be as long as about 20 ms and
the suppressor must not release as quickly as it operates but must
keep Lg in the path long enough to suppress all of a delayed echo
signal. The time it takes to switch in Lg is called suppression pickup
or suppression operate time. The time the loss Lz stays in the path
after the speech signal has passed ¢ is called suppression hangover
time,

As in face-to-face conversations, there are times when the speaker
at B may try to interrupt the speaker at A. If the suppressor had
only the features previously described, the speaker at B could not
interrupt the speaker at A because the loss Lg would be kept in the
B-to-A path until the speaker at A paused. Since experience has
shown that such situations lead to confusion, hence to inefficiency of
circuit use, another feature is included to permit interruptions. A
differential circuit, illustrated in Figure 4-13, compares the signal
powers at points ¢ and . Whenever the power at r is high enough
to indicate that it is probably speech from B and not an echo of the
signal from A, the suppressor removes Ly from the B-to-A path and
holds it out for a short time after B has finished speaking. The time
between detection of double talking and removal of suppression is
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called break-in pickup or break-in operate time. The time that sup-
pression stays removed after double talking ceases is called break-in
hangover time; it avoids, as much as practicable, the continued muti-
lation of speech from B as heard at the A end. Without break-in
hangover, not only the first break-in syllable from B but also subse-
quent syllables would be clipped by suppression restored to the B-to-A
path between syllables. Of course, the echoes of speech from A return
to A during break-in but they are overriden by speech from B which
must be the stronger in order to achieve break-in.

Where the intertoll circuit is provided via a synchronous satellite
and the speaker at B breaks in with a single word, the echo of a
signal from A can be delayed long enough (about one-half second)
to ride through the break-in hangover “window” after the word from
B passes through; it is, therefore, entirely exposed as it returns to A.
The disturbing effects of such echoes are mitigated in practice by an
additional feature that permits the differential circuit to add attenu-
ation in each direct speech path during break-in, shown as Ra and Rs
in Figure 4-13. The additional loss in the speech path is generally
preferable to unattenuated exposed echoes.

The full echo suppressor, shown in Figure 4-14, provides suppres-
sion for both directions of transmission by means of equipment located
at one terminal. The part at the left for suppressing echoes from B
is the same as in Figure 4-13 but the part at the right for suppressing
echoes from A is now closer to A than in Figure 4-13. The suppression
hangover and differential circuitry, therefore, must be adjusted to
take into account the echo delay in the intertoll trunk as well as that
in the toll-connecting trunk and the loop. The break-in characteristics
of this type of suppressor are inferior to those of the split type and
its use is limited to certain types of terrestrial intertoll trunks.

Types

The echo suppressors in current use in the Bell System are known
as the 1A, 2A, 3A, 3B, and 4A. Their characteristics and other per-
tinent data are shown in Figure 4-15.

The amplifiers of the 1A echo suppressor employ electron tubes
and require both 130- and 24-Vdc power supplies. The 1A can be used
either as a full or as a split suppressor but full suppressor use is
limited. Since the 1A does not have a differential circuit, suppression
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Figure 4-13. Split echo suppressor with differential circuits.

hangover must expire before break-in can occur; break-in cannot be
forced. It can take place only when some pause in the opposing speech
train is longer than the hangover time. Even then, the break-in speech
train may be clipped until the hangover interval expires. For this
reason, the 1A cannot be used as a full echo suppressor on terrestrial
circuits more than 2500 miles long; since it has no receiving loss, it
cannot be used as a split echo suppressor on satellite circuits.
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Figure 4-14. Full echo suppressor.

TYPE OF ECHO SUPPRESSOR

1A 2A 3A 3B 4A
Full Yes No No No Yes
Split Yes Yes Yes Yes Yes
Break-in capability No Yes Yes Yes Yes
Receiving loss during break-in No Yes Yes Yes Yes
Compressor No Yes Yes No No
For trunks Yes Yes Yes No Yes
For access lines No No No Yes Yes
Superseded by 4A 3A — —_ —

Figure 4-15. Echo suppressor types and features.
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The 3A echo suppressor is solid-state, operates from the 24-Vdc
battery supply, and is designed for split use only. It has a modular
shelf design with plug-in units. Break-in is facilitated by the opera-
tion of a differential circuit; an optional plug-in unit provides for
insertion of receiving loss during double talking. The receiving loss
consists of a speech compressor in early models and a 6-dB pad in
later models. The 8A echo suppressor is suitable for all split applica-
tions. The receiving-loss unit is generally not needed for terrestrial
circuits.

The 3B echo suppressor is the same as the 3A except for sensitivity,
which is adjustable to compensate for various transmission level
points and for the omission of the speech compressor option. The
3B suppressor is used in private switched network access lines rather
than trunks.

The 2A echo suppressor was produced in limited quantities and is
functionally and physically similar to the 83A. The 2A is used only on
about 200 overseas circuits. In addition to the bridging amplifier,
logic unit, and tone-operated disabler, similar to comparable circuits
in the 3A echo suppressor, the 2A includes a speech compressor.
Whenever the transmitting power exceeds the receiving power, the
compression mode is initiated and loss is inserted in the receiving
path. The inserted loss varies from 0 dB at a receiving power of
—40 dBm to about 16 dB at 0 dBm.

The 4A echo suppressor may be used for either full or split opera-
tion as selected by means of a switch, When used as a split suppressor,
it is functionally the same as the 3B echo suppressor with a 6-dB
receiving-loss pad. Since break-in occurs through operation of a differ-
ential circuit, the 4A echo suppressor can be used in the full mode on
longer circuits than the 1A in the full mode. When the 4A is used in
the full mode, a switch option permits a choice of zero or a 6-dB
receiving loss.

Enablers and Disablers

In some applications to private switched networks, it is necessary
that echo suppressors normally be nonoperative and function only as
required. In these applications, the suppressors are enabled by a con-
trol lead of a switching machine. Disabling is needed for echo sup-
pressors on network trunks since such trunks at times carry data
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signals. In these applications, suppressors are normally operative but
are deactivated by a single-frequency signal which operates a tone-
activated disabler.

When data signals are to be transmitted in both directions simul-
taneously, the echo suppressor must be disabled. The break-in feature
cannot be relied on to remove suppression because of the wide range
of amplitudes of the two oppositely-directed data signals at the
suppressor on various built-up connections. The tone-operated dis-
abler is bridged across the transmission path in the echo suppressor.
When the called data set goes off-hook, a 2000- to 2200-Hz disabling
signal is transmitted for at least 400 ms. The disabler recognizes such
a signal and actuates a relay that disables all echo-suppressor opera-
tion. The suppressor then remains disabled until the data signal stops
for at least 0.1 second, at which time it returns to normal operation.
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Chapter 5

Voice-Frequency Data Facilities

The transmission of various types of analog and digital data signals
is an inecreasingly important part of providing telecommunications
services. Many signal formats are used and the required bandwidths
vary from the extremely narrow bands used for telegraph signals,
which are multiplexed in the voiceband, to the full voice-bandwidth
transmission of one data signal.

Voiceband data service may be provided by point-to-point or
switched private line operation or over the switched public network.
Although the facilities used for these modes of service provision may
be similar or identical, the nature of the service is such that the
manner of treating the facilities may be quite different. In private or
public switched network operation, the variety of transmission paths
and the variable number of trunks that may be encountered in suc-
cessive connections make precise equalization difficult. For point-to-
point line operation, the transmission facilities are usually dedicated
to a particular service and may be engineered to optimize perfor-
mance. As a result, satisfactory service can often be provided at a
higher transmission rate than is possible over switched facilities.

Performance parameters that affect the quality of data signal trans-
mission include random and impulse noise amplitudes, channel band-
width and distortion, and such digital signal impairments as phase
jitter, frequency shift, and gain and phase hits. These impairments
must be related to appropriate transmission objectives and must be
evaluated in respect to the available types of facilities.

The large range of facilities used for data signal transmission in-
cludes various transmission media and related equipment as well as

133
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station interface equipment and data sets. While some of these facili-
ties can be described in general terms, specific examples are used for
illustrative purposes.

5-1 TRANSMISSION CHANNELS

Data signals are usually transmitted between two customer-owned
business machines. Data station equipment provides the interfaces
between the business machines and the transmission channel or
channels. These channels have a number of components that can be
classified according to the facilities that provide them and the way
in which those facilities are related to the message network.

Each data station is connected to a central office by a facility that
may be compared functionally to a customer loop. For data service,
these connections are more commonly called access facilities because
connections must often be made to a distant central office. The normal
serving office may not be equipped to satisfy certain data operating
needs or may have transmission characteristics that cannot satisfy
data transmission objectives. Where access facilities connect data
stations to distant central offices, problems due to added length and
added exposure to certain types of impairment are introduced.

Access facilities are usually dedicated to or at least known to be
needed for data signal transmission. For switched services, the inter-
office facilities are shared with message telephone services and special
treatment or engineering cannot be justified economically as is pos-
sible with access facilities, However, for point-to-point private line
services, interoffice channels are usually dedicated to data signal
transmission and special engineering can often be justified.

Access Facilities

In addition to loops, access facilities include remote exchange (RX),
foreign exchange (FX), and wide area telecommunications service
(WATS) lines and trunks. Most voice-frequency circuits utilize loaded
or nonloaded cable pairs but RX, FX, and WATS circuits may be
routed over a dedicated channel of a carrier system. For data trans-
mission, access facilities are often provided with gain or equalization
equipment beyond that normally provided for telephone service.

Access facilities are usually provided on local plant cable pairs that
have been installed according to resistance design, unigauge design,
or long route design rules. Where data transmission requirements for
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loss, attenuation distortion (slope), or envelope delay distortion can-
not be met, alternative engineering design must be used. For example,
bridged taps might be removed to improve transmission character-
istics or, where economically justified, the available facilities might
be improved by the application of loading or the use of electronic
equipment such as repeaters or dial long line units. Dial long line
units, used to increase signalling range, and repeaters sometimes in-
crease delay distortion and delay equalizers may be needed. In other
cases, circuits might be routed over facilities with coarser gauge cable
pairs and thus less loss and slope or loading might be applied to
improve loss and slope characteristics.

Figures 5-1 and 5-2 illustrate improvements in transmission char-
acteristics that may be realized by the use of E6 repeaters and the
line build-out networks that are available for use with the repeaters.
In Figure 5-1, the indicated cable loss is the insertion loss between
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Figure 5-1. EG6 repeater effects on loss.
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900-ohm terminations of 12 kilofeet of a nonloaded 26-gauge cable
pair having a 6-kilofoot bridged tap near the station end. The re-
peatered cable loss characteristic represents the same circuit equipped
with an E6 repeater at the central office. The maximum gain is 12.5 dB
but since the repeater is equipped with an 830E build-out network
which has substantial loss, the overall repeater gain is about 4 dB at
1000 Hz. Figure 5-2 shows the delay distortion of the same circuit.
The characteristic shown without delay equalization includes the effect
of the 830E network; the equalized characteristic shows the effect of
adding an 830F delay equalizer to the repeater.
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Figure 5-2. E6 repeater effects on delay distortion.

Another E-type repeater, the E7, is available to improve transmis-
sion on nonloaded access facilities devoted to the transmission of data
signals. These facilities should be no more than 18 kilofeet long and
must not exceed 1200 ohms resistance. There are also restrictions on
gauges (22-, 24-, or 26-gauge cable pairs may be utilized singly or in
combination) and on the length and makeup of bridged taps (maxi-
mum of 6 kft). The repeater is installed at the central office end of
the facility. The E7, which consists of a negative impedance converter
transformer-coupled to the line, acts as a series repeater at low fre-
quencies and as a shunt repeater at high frequencies. The principal
functions are to improve amplitude equalization and return loss at
the central office end. It also provides a small amount of gain (less
than 1 dB) above 1 kHz.
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Plug-in equalizers, available for V4 and E6 repeaters, improve the
transmission characteristics of specific gauges of loaded and non-
loaded cable pairs. In some V4 applications, repeating coils (assembled
as equalizer networks) having impedance ratios greater than 2 to 1
may be used to improve the slope characteristics of cable pairs. The
insertion loss between lower impedance terminations thus provided
increases more at 1000 Hz than at 2800 Hz. As a result, circuit loss
is increased at all frequencies but the slope is reduced. This method is
particularly effective for nonloaded cable pairs 9 to 12 kilofeet long.
Improved equalization can be achieved with metallic facility repeaters
which are superseding E6, E7, and V4 types for data service.

Although most electronic PBXs provide performance equal to that
of direct access facilities, data transmission performance on connec-
tions through an electromechanical PBX is sometimes poorer than on
direct facilities largely due to impulse noise. Therefore, it is often
desirable to use the direct facility, especially for signal transmission
at rates above 300 bits per second (bps). If a separate facility is not
provided, any treatment necessary to meet data transmission require-
ments must be applied to all PBX-CO trunks over which service may
be routed and the signal amplitude at the station must be adjusted
accordingly. Where data signals must be transmitted through an
electromechanical PBX, performance can not be assured.

Interoffice Facilities

Between end offices, there is a wide variety of transmission facilities
that may provide channels for data signal transmission. These include
analog cable carrier systems, analog microwave radio systems, digital
carrier systems, and voice-frequency cable facilities. Where service
is provided over the switched message network, the trunks used are
designed for speech signal transmission; for data signal transmission,
echo suppressors are disabled. Message network trunk designs are
adequate on most connections provided the number of toll trunks in
tandem is not excessive. The number of trunks is a function of net-
work routing under a given traffic load ; speech and data transmission
quality are both affected.

Where data signal transmission is provided as a point-to-point
private line service, the channels used for interoffice connections are
furnished over the same types of facilities as those used for message
network trunks. However, the channels are dedicated to data trans-
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mission and can be economically treated for optimum signal trans-
mission. Gain units, equalizers, and impedance compensators may be
installed as required to obtain the desired performance. Furthermore,
facilities may be selected for optimum transmission; for example, if
the normal routing takes a circuit through a central office with ex-
cessive impulse noise, consideration can be given to bypassing that
office by using other facilities. If the signals to be transmitted are
particularly susceptible to delay distortion and the normal routing
includes an analog carrier system with excessive delay distortion in
the multiplex equipment, special equalization may be provided or the
circuit may be rerouted over facilities with less delay distortion.

5-2 TRANSMISSION PERFORMANCE

As in any type of signal transmission, satisfactory performance in
providing data service involves the generation of a suitable signal
format, the control of channel transmission characteristics, and the
control of impairments. The relationships among these important
parameters differ somewhat in switched network and point-to-point
services [1, 2].

The differences are due mainly (1) to the variable length and
makeup of connections in switched services versus the fixed channel
composition in point-to-point services and (2) to the fact that a
wider range of facilities is available for optimizing performance in
point-to-point services. Many impairments are uniquely identifiable
with specific types of facilities.

Obijectives

Transmission objectives for digital signals are specified to satisfy
the transmission of signals defined for three ranges of transmission
rates [3]. Type I signals are low-speed signals transmitted at rates
less than 300 bps. Type II are medium-type signals transmitted at
rates of 300 to 2400 bps. Type III are high-speed signals transmitted
at rates in excess of 2400 bps. Objectives for type I signals are less
stringent than for type II or type III signals. The objectives and the
design rules for type II and type III signals and circuits are generally
the same but additional transmission tests are specified if carrier
channels are used in circuits provided for type III signals. For low-
speed, type I, asynchronous service, transmission quality is measured
as telegraph distortion for start-stop operation. Error rate is not used.
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The basic criterion for judging the quality of synchronous data
signal transmission is error rate. In many cases, the objectives and
performance values are expressed in terms of bit error rate, i.e., the
number of errors in a given number of transmitted bits. However,
methods of administering business machine operations that involve
type II and type III signals result in the transmission of bulk data
in large blocks. Where errors are detected, the entire block is retrans-
mitted. Thus, for these services, error performance is more appro-
priately expressed as a block error rate. The error performance
objective is stated in terms of blocks containing 1000 data bits, a repre-
sentative number for business machine operation. Typical block error
objectives for Bell System services state that an average of no more
than 1 block out of 100 should contain errors (expressed as a block
error rate of 1072). One advantage of this error performance criterion
is that it better reflects data transmission throughput (a term used to
express data transmission efficiency) with data sets that use data
scrambler and deserambler circuits. These circuits, used in type III
data sets, tend to deliver several bit errors for each isolated bit error
in the received signal; as a result, the bit error rate may be signifi-
cantly increased but the block error rate is affected only slightly since
the added errors tend to follow the initial error closely in time and
thus fall within the same data block.

Most data channel transmission impairments can be expressed in
terms of an equivalent noise impairment. An impairment, such as
envelope delay distortion, can be rated by determining the improve-
ment in signal-to-noise ratio needed to maintain the error rate ob-
tained in the channel when impaired only by Gaussian noise. This
method of rating quantifies the extent to which transmission is de-
graded by the added impairment and can be used to estimate the error
rate due to other interferences. The equivalent noise impairment also
provides a method of evaluating the accumulation of impairments
from several tandem links of a connection.

To avoid excessive crosstalk or intermodulation and to prevent
overloading of transmission amplifiers and carrier systems, the ampli-
tudes of voiceband data signals are limited to a maximum power at
the main distributing frame of —12 dBm (—18 dBm0) averaged over
a 3-second interval [4]. Private line circuits are designed to have a
nominal 1-kHz loss of 16 dB from transmitter to receiver. The toler-
ance on this value is 44 dB to provide margin for loss variations.
Switched network losses are controlled by the via net loss design.
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Impairments

Many of the impairments to which data signals are particularly
sensitive are more commonly encountered in certain types of facilities.
One notable exception is random noise. Since this impairment appears
in all eircuits, it ecan be controlled only by proper transmission facility
and equipment design.

Impulse noise is commonly related to particular systems or environ-
ments and is often the dominant cause of data transmission impair-
ment. A common source of impulse noise is the pulse transients
associated with switching machine operations. Some types of switch-
ing machines, notably panel and step-by-step, produce excessive im-
pulse noise and it is often necessary to route data circuits around
offices that use such switching machines.

Delay distortion is another type of impairment that can be re-
lated to certain facilities. A common source of delay distortion is
that due to the sharp cutoff characteristics of analog multiplex equip-
ment, especially the characteristics associated with channel banks.
For private line service over dedicated facilities, these characteristics
can be equalized; in switched network applications, the number of
multiplex terminals encountered varies from connection to connection
and only an estimated average amount of distortion can be equalized.
Departures from the average values must be tolerated (by providing
adequate margin in data set design and operation) or must be
equalized by adaptive equalizers which are included in some types of
data sets.

Similarly, frequency shift, nonlinear distortion, and phase or gain
jitter and hits may be identified with particular facility assignments
or specific systems. When these impairments are excessive in point-to-
point data circuits, the selection of alternate facilities is often the
most economical solution to the problem. When troubles of certain
types occur persistently in switched message network service, the
trouble is likely to be in the data station or access facilities (which
are not switched). The trouble then must be cleared or alternative
facilities can be used if available,

The evaluation of data transmission performance and the identifi-
cation and correction of specific trouble conditions are often of such
a nature that data technical (DATEC) support effort must be given
to assist craft personnel in installation and maintenance procedures.
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The DATEC program provides for assistance where normal methods
do not suffice. The assistance may be in the form of consultative or
on-gite participation by technical, engineering, or design personnel as
required. The program is applied to intercompany as well as intra-
company problems. Test procedures to determine the most likely
source of impairment have been devised; they are used to identify a
trouble, to help in isolating the trouble to a specific part of a circuit,
and to provide insight as to how adjustments can be made to favor
one solution or another as seems appropriate.

For switched network services, tests are made and results compared
with objectives to determine the minimum acceptable performance
(MAP). In these procedures, tests and measurements are made of
attenuation/frequency distortion (slope between 1000 and 2800 Hz),
envelope delay distortion, C-notched noise (C-message noise measured
while a holding tone is transmitted), phase jitter, second- and third-
order nonlinear distortion, frequency shift, and impulse noise. The
procedures involve taking a statistical sample of data from several
independently established connections.

5-3 VOICEBAND DATA STATIONS

Standard voiceband data service is supplied by a variety of DATA-
PHONE data sets which may be connected to transmission facilities
directly or through appropriate data auxiliary sets to provide the
necessary interface (called the analog interface) between the data set
and the line. A data set or customer-provided equipment designed for
private line use is connected to the line through a data auxiliary set
(DAS) such as the 828A and 829 type. A data set designed to transmit
over and receive from the switched message network is connected
directly to the access line. Where customer-provided equipment is
operated on the switched message network, the analog interface is
provided by a data coupler, referred to as a data access arrangement
(DAA). The DAAs provide the following features: (1) protection of
the network from hazardous ac and dc voltages, (2) protection agianst
the transmission of signals of excessive amplitude or bandwidth,
(3) call charge protection to allow automatic message accounting
(AMA) of toll calls, (4) dial pulse signal control, and (5) longitudinal
balance control to protect the network from excessive noise.

In some older equipment, the DATA-PHONE data set and the tele-
phone instrument used for network signalling and speech transmission
were designed as separate units. In these cases, the telephone instru-
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ment was coded as an 804-type data auxiliary set. In newer data sets
for the switched network, a standard 6-button key telephone set is
used but is not called a data auxiliary set as in the earlier designs.

A second interface (called the digital interface) is provided by
data station equipment between the DATA-PHONE data set and the
customer operated terminal equipment, such as a computer, that pro-
vides the data message signal. This interface must satisfy a standard
interface specification, either one issued by the Electronic Industries
Association [5] or one covered by a series of Technical References
issued by the American Telephone and Telegraph Company [6].

Data Sets

Each type of DATA-PHONE data set uses the voiceband spectrum
to transmit a signal format appropriate to a given application. The
wide variety of signal spectra and formats and the transmission
characteristics of the switched message network lead to variations in
transmission performance from data set to data set and from con-
nection to connection. Standard service offerings for private line and
switched network use are provided by four series of data equipment
identified as the 100, 200, 400, and 600 series data sets.

The 100 series equipment provides low-speed (up to 300 bps) trans-
mission of data signals in a serial format to provide type I services.
Signals are typically asynchronous and operate in a start-stop manner
to transmit each character of a teletypewriter signal. Each trans-
mitted character is represented by a 5- to 8-bit code.* The initiation
of each character is recognized by a start bit; the receiver recognizes
the end of the character by counting the information bits, a parity
bit, and a stop bit. Intercharacter timing is not controlled, thus
making the overall bit stream asynchronous.

Some 200 series data sets operate at medium and high speeds (800
to 2400 bps) to provide type II synchronous or asynchronous serial
data transmission over private line or network facilities. Others of
the 200 series sets provide type III data transmission at rates up to
4800 bps over switched network facilities and up to 9600 bps over
dedicated private line facilities.

*The American Standard Code for Information Interchange (ASCII) 7-bit code
is most commonly used in the Bell System.
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The 400 series data sets operate asynchronously at low speeds to
transmit data characters in a parallel mode. Multifrequency signals
are used to represent data characters in 2-out-of-8 or 3-out-of-14 codes.
These multifrequency signals are transmitted at rates of 10 to 75
characters per second.

The 600 series data sets provide primarily for the analog trans-
mission of facsimile, analog telemetry, or medical electrocardiographic
signals.

Analog Interface

The tip and ring appearance of a cable pair at the customer premises
is the interface point for voice-frequency data stations with the
facilities network. Certain electrical and transmission characteristics
may be described at this analog interface.

Since the impedances of access facilities vary widely, the input
impedance of data stations must be a compromise value. A resistive
value of 600 ohms has been selected for compatibility with the im-
pedances of V4 and carrier system equipment. This standard data
station termination is now being used in preference to the former
value of 900 ohms for all applications since recent studies show that
return loss performance is not very sensitive to the station set
impedance.

In Bell System equipment, surge and hazardous voltage protection
is provided at the analog interface by a line coupling transformer in
most data sets, data auxiliary sets, and/or data access arrangements.
These transformers are designed for at least 1500 volts rms isolation
between primary and secondary windings to protect data set circuitry
against any large longitudinal voltage that might result from contact
of the cable pair with power lines or from lightning surges. They are
also designed to provide good longitudinal balance in order to mini-
mize induced power line interference and crosstalk between the cable
pair used for data signal transmission and other pairs in the same
cable. The station equipment is protected from high transient voltage
by carbon protector blocks or gas discharge devices which automa-
tically ground the line conductors when voltages exceed 250 to 600
volts, depending on the type of protector.

When a data circuit is installed, the data set or DAA equipment is
adjusted to meet the previously mentioned signal power limit of
—12 dBm at the main distributing frame. This adjustment must
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simultaneously meet a limit of 0 dBm at the data station. Thus, the
station equipment compensates for up to 12 dB of loop loss. Where
these limits cannot be met, supplementary amplification must be used.
The DAA coupler is designed to limit the transmitted signal amplitude
to the appropriate value; it automatically introduces attenuation to
maintain a satisfactory signal amplitude and eliminates extraneous
out-of-band signal components.

Other features may be furnished at the analog interface. These
include automatic calling and answering, access and other arrange-
ments for maintenance and testing, and loop-back facilities to permit
testing from the central office.

5-4 THE 208-TYPE DATA-PHONE DATA SET

Among the data sets most commonly used are the 200-series which
provide type II and type III data transmission. The 201-type data sets
provide for the transmission of serial binary data at rates of 2000 bps
and 2400 bps over the switched message network and on conditioned
and unconditioned private line channels [7]. The modulation method
used is phase shift keying. There are large numbers of these sets in
use.

Another, more recently designed data set has also been introduced
for service over private lines designed to meet D1 conditioning re-
quirements for message circuit noise and nonlinear distortion. This
set, the 209-type, operates at 9600 bps [8]. It offers options of ac-
cepting and delivering several signals at lower bit rates (by time
division multiplexing) with the sum not exceeding 9600 bps. It has a
number of other unique operating features.

A new service offering which utilizes the 208-type has been intro-
duced. This set operates at 4800 bps and is expected to replace the
201-type set in many applications. The 208-type data set, shown in
block diagram form in Figure 5-3, is discussed as representative of
DATA-PHONE facilities used for voiceband data services [9].

Description

The 208A data set transmits and receives 4800 bps synchronous
serial binary data on unconditioned 8002-type four-wire private line
channels [10]. These private lines provide a transmission band from
300 to 3000 Hz. The 208A is capable of duplex, half-duplex, or simplex
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Figure 5-3. Block diagram, 208-type data set.

operation on four-wire facilities in point-to-point or multipoint private
line applications. Another 208-type set, coded 208B, is capable of
simplex or half-duplex operation over the two-wire facilities of the
switched message network [11].

Physical Characteristics. Both data sets use solid-state integrated
circuit technology. The circuit boards are mounted in a housing 16
inches wide, 4-1/4 inches high, and 11-1/2 inches deep. The sets may
be placed on a convenient table, desk, or stand or they may be equipped
with brackets for rack mounting in standard 19- or 23-inch wide
equipment racks.

On the front of both data sets are a number of switches and indi-
cator lamps used to control data set operations and to indicate the
operating mode. At the rear there are receptables for plug-in con-
nections to commercial power, to the customer terminal equipment
(digital interface), and to the transmission facility (analog inter-
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face). Connections to the transmission facility are made directly
from a 208B data set to a connecting block with a transfer control to
a standard 6-button key telephone station set. For the 208A data set,
connection is made through an 828A or an 829-type data auxiliary
set. The choice is dependent on the application and the required
features.

Operating Features and Procedures. A 208A data set may be operated
in a number of optional modes which depend on the particular appli-
cation. Among these options are internal and external timing, con-
tinuous or switched carrier, a one-second holdover, and new sync
operation. The 208A may also operate on the switched message net-
work for dial backup of the private line but only by using an 828C or
48B1 data unit; two two-wire loops must also be provided. The use
of alternate voice operation depends on the need for coordination be-
tween attendants. Where a 208B data set is used for switched network
applications, automatic calling and answering may be provided for
network signalling; speech transmission is provided by a standard
6-button key telephone set.

The 208-type data set receiver incorporates an adaptive equalizer
that self-adjusts according to certain signal characteristics and per-
mits operation in the presence of a wide variety of channel charac-
teristics. At the start of transmission, the 208-type data set requires
a 50-ms training interval. During this interval, the transmitter
generates a special signal sequence, called the training sequence, that
permits the self-adapting equalizer at the distant receiver to be
properly adjusted. While data is being transmitted, the equalizer is
automatically readjusted according to the incoming signal charac-
teristics whenever the error rate approaches 1 error in 100 bits. In
nonswitched private line applications, an option is provided to permit
the transmission of a continuous carrier signal when data is not being
transmitted. This signal, received continuously at receiving data
stations, obviates the need for transmitting a training sequence.

On connections exceeding 2000 miles in length, echoes may have
more than 50 ms round-trip delay and, as a result, they may interfere
with proper data set operation. In the 208B data set, an option switch
is provided to allow the training interval, sometimes called the
request-to-send-clear-to-send (RS-CS) interval, to be increased to
150 ms. Round-trip echo delays on channels provided over satellites
exceed 150 ms; thus, the 150 ms interval may be insufficient on such
channels.
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The one second holdover option is applied to the timing recovery
portion of the data set receiver. It permits the receiver to maintain
synchronization with the transmitter to which it is connected for up
to one second in the absence of a received signal. This option also
provides for a quicker receiver recovery time in the event of a short-
interval line interruption or dropout.

The new sync option is most advantageously applied to the receiver
of the master station in a multipoint private line arrangement. In this
arrangement, the master station receives messages in rapid sequence
from a number of remote transmitters whose clock signals are not
mutually synchronized. Upon receipt of an end-of-message code, the
receiver timing circuit at the master station may take a longer time
to decay than the interval between messages. The new sync option
permits the customer data terminal to squelch the timing circuit
rapidly upon receipt of the end-of-message signal. The timing circuit
is thus readied for the next message and the synchronizing or timing
signal associated with it.

In nonswitched private line applications, the 208A data sets are
capable of operating in direct point-to-point applications and in a
number of multipoint applications. The initiation of a message signal
from the transmitter of one set triggers a fast start-up (50 ms train-
ing intexrval) of the timing circuits in the receiver of the addressed
set. The use of the continuous carrier guarantees that the receiver
timing circuits are already operating at the correct rate when a
message is initiated. The adaptive equalizer in the receiver is also
arranged for fast start-up adjustment or continuous carrier operation.

With alternate voice operation, the telephone key set controls must
be used to switch between voice and data modes of operation. With
the 208B data set, the voice mode may be used to establish a connec-
tion. Both ends of the connection are then switched to the data mode.
However, an 801-type automatic calling unit (ACU) can also be used
to set up dial connections; optionally, the receiving data set answers
such calls automatically.

Operating procedures for the 208B data set are implemented by a
built-in line control circuit. This circuit provides the analog interface
between the data set and the access line. Circuit functions include the
detection of ringing signals, line impedance matching, and lightning
protection. When the automatic answering option is used, the control
circuit responds to an incoming call by an answering sequence that
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starts with a 2-second quiet interval during which no signal is trans-
mitted from the data set. This interval is followed by a 2-second
period during which a 2021-Hz signal is transmitted for the purpose
of disabling any echo suppressors on the connection. The echo sup-
pressors are kept disabled by either a 600-Hz signal from the data set
or the normal data signal. The 600-Hz signal is transmitted when a
data signal is not being sent or received. The circuit also contains
data-voice transfer and call termination capabilities. The 801-type
ACU responds to the 2021-Hz answer signal from the called data set.
The ACU generates a 32-ms interrupt interval and then puts the
data set directly into the data mode. It bypasses the 2-second quiet and
answer-signal intervals of the answer sequence.

Electrical Characteristics

The 208-type data set, as previously mentioned, is designed to pro-
vide the highest practical transmission rate commensurate with the
transmission performance capabilities of unconditioned, 3002-type,
four-wire channels. It uses phase shift keyed (PSK) modulation and
compensates for amplitude and envelope delay distortions with an
automatic adaptive equalizer. Each set incorporates a scrambler to
randomize the data signal. By this technique, long strings of 0s or Is
in the transmitted signal are avoided thus precluding the necessity
for placing restrictions on input data sequences.

Signal Format. Serial binary data signals are accepted by the data
set at a synchronous rate of 4800 bps. The input bits are encoded as
discrete phase shifts of an 1800-Hz reference carrier signal. The
signalling rate is limited to 1600 bauds in order to minimize the effects
of channel impairments. To transmit 4800 bps, three bits of input
information (called tribits) form a symbol that is encoded in each
baud. Thus, eight (22=8) possible phase shifts of the reference carrier
must be recognized and decoded at the receiver.

The phase shifts differ by 45 degrees and correspond to odd mul-
tiples of 22.5 degrees. The encoding of tribit input data to carrier
phase shifts is illustrated in Figure 5-4 where it can be seen, for
example, that the tribit 010 causes a carrier shift or symbol of 112.5
degrees and the tribit 000 causes a carrier shift or symbol of 67.5
degrees from reference. During data transmission, these phase shifts
occur as multiples of =45 degrees from the previous state of the
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carrier. The receiver circuits detect the differential phase shifts in
the received carrier signal by measuring the time interval between
Zero crossings.

The PSK signal format was
selected because of its ruggedness
in the face of impairments nor-
mally encountered. In addition, the 11259 o 5,
signal is transmitted at essentially on ’
constant power which can be con- 157.5°) Se25%)
trolled at the transmitter to con-
form, to channel requirements in
the switched message network.

mm* 101
Timing. The transmitter portion 20259 (337.5°)
of each 208-type data set contains 110 10
e . (247.5°) (292.5°)
circuits that generate clock signals
required to control the rate at
which output signals are trans-
mitted (1600 bauds) to Wlthu} V?ry Figure 5-4. Signa! coding in 208-type
close tolerance. However, a timing data set.
signal may be furnished optionally
from the customer terminal equipment. In this case, the clock in the
data set transmitter is phase locked to the customer-provided clock
signal.

At the distant receiver, the line signal is modulated to an inter-
mediate frequency (IF) as shown in Figure 5-3. The IF signal is
then filtered, full-wave rectified, and applied to a narrow bandpass
filter with a center frequency at the symbol rate of the data set. The
output signal from this filter is amplified and sliced to produce a
square-wave signal at the received symbol rate which is used as the
reference frequency input to a digital phase locked loop in order to
provide additional phase stability for the receiver timing. The output
of the phase locked loop is thus an extremely stable signal locked to
the line signal in phase and frequency. The final processes in the re-
ceiver, carried out in the digital demodulator and descrambler circuits,
involve the decoding of the tribit symbols to binary signals and oper-
ations that are the inverse of the scrambler unit of the transmitter.

Equalization. A compromise equalizer is located with the transmitter
circuits in the data set. This equalizer is adjusted at the time of in-
stallation to one of four possible settings to provide nominal equaliza-
tion of the transmission facilities. '
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In the receiving portion of the data set, a tapped delay line equalizer
is used to compensate adaptively for amplitude and delay distortion
introduced by the channel, Six delay sections, as shown in Figure 5-5,
are used; each has a delay of one symbol interval. At each of six tap
points on the delay line, two attenuators are connected, one to mini-
mize the in-phase component and the other to minimize the quadrature
component of intersymbol interference. Such interference results
from the distortion of pulses causing the pulse intended for trans-
mission in one time interval to spread into time intervals assigned
to other information pulses. Each set of delay line outputs is summed,
the output of the quadrature summing amplifier is shifted 90 degrees
relative to the output of the in-phase summing amplifier, and the two
outputs are again summed to form the equalized output signal. The
attenuators are adjusted automatically by an algorithm that minimizes
the error rate in the output signal.

Equalizer
j : out

ﬁ Tap attenuator

Figure 5-5. Block schematic of adaptive equalizer.

Signal Scrambling. To prevent the transmission of a long series of
identical phase shifts and to preclude the necessity for placing re-
strictions on input data sequences from customer terminal equipment,
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the data is scrambled at the input to the data set transmitter. The
scrambler circuit, especially effective in avoiding the transmission of
long sequences of 0s or I8, maintains a random-appearing sequence
of phase shifts in the line signal. This feature is required to prevent
the adaptive equalizer from diverging and to allow the receiver to be
properly synchronized to the incoming signal. It also results in a
signal power spectrum that meets requirements specified in the
applicable tariff.

As shown in Figure 5-3, a descrambling circuit, complementary to
the serambler in the transmitter, restores the signal to its original
form before delivering it to the customer terminal equipment. The
use of scrambling and descrambling involves a penalty in that the
descrambler produces an increase in bit errors; however, the block
error rate is not materially affected.

Ancillary Features. Primary power for the 208-type data set is fur-
nished from a commercial 60-Hz power source. Provision is made
within the data set for primary power shut-down in the event of an
excessive rise of temperature. If internal voltages increase excessively,
a circuit is brought into action automatically to reduce voltages to
safe values. The thermal protection feature automatically resets when
the internal temperature drops to a safe value. The overvoltage circuit
must be reset by removing and then reapplying the ac voltage to the
data set.

A number of test modes and maintenance features have been pro-
vided in these data sets. Test conditions are estabilshed by the opera-
tion of test option switches located on the front panel of the data set.
An analog loop-back test can be performed at the data set without
involving customer terminal equipment or telephone line facilities.
A simple test signal is generated in the transmitter and looped back
through the receiver. Errors in the received signal are indicated by
a flashing front-panel lamp.

Similarly, a digital loop-back test can be performed. With this
arrangement, the remote data set is looped at the digital interface
and acts as a regenerator. Test data is transmitted from and returned
to the local data set and checked for errors. This type of test can be
carried out only on four-wire private lines utilizing a 208A data set.

Type-208 data sets can be placed in a test mode so that tests
can also be performed by telephone company personnel operating
from a data set center. Circuits are arranged for one-man testing
throughout.
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Chapter 6

Wideband Facilities

Signals that occupy a bandwidth wider than voiceband often require
specially treated transmission facilities. Among these signals are
wideband data signals, some Digital Data System (DDS) signals, and
baseband television signals. The types of facilities involved are the
transmission media, the terminal equipment used at the customer
premises, and central-office-mounted equipment. Both customer-
premises and central-office equipment may provide gain, equalization,
impedance matching, and a number of operating and maintenance
features necessary to integrate wideband services with the telephone
plant.

In some cases, local plant facilities furnished for wideband services
are similar in design and operation to equipment required for inter-
exchange and long distance transmission. These equipment items are
discussed in later, more appropriate chapters but they are mentioned
here in order to show more clearly the nature of the design relation-
ships.

A number of wideband facilities are also provided for visual tele-
phone service, program services, and high-speed local baseband data
service furnished primarily by using customer-provided equipment.
A method of diplexing television video and audio signals by frequency
modulation of a carrier at about 6 MHz by the audio signal is under
consideration but design details are not now firm.

6-1 WIDEBAND DATA FACILITIES

A substantial number of equipment types have been designed and
produced for the transmission of specialized data signals required

153
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for business and government purposes. Attention is confined here to
a family of wideband data facilities originally designed for compati-
bility with half-group, group, and supergroup bandwidths available in
the L-multiplex equipment. Included are several arrangements for
high-speed data transmission on T-carrier systems [1]. The short-haul
N-carrier system has also been adapted to the transmission of these
signals where bandwidth is suitable. In some cases, provision has
been made for the alternate use of these bandwidths for data or voice
channels. Wideband data applications are confined to switched and
nonswitched private line services.

Wideband Data Station

Excluding the DDS, the 303-type data station is the principal equip-
ment design used for coupling customer-owned data terminal equip-
ment to Bell System transmission facilities [2, 8]. Serial signals
synchronized to clock rates of 19.2, 40.8, 50.0, 230.4, or 460.8 kilobits
per second (kb/s) may be transmitted. Asynchronous signals may
also be transmitted with minimum permissible signal element (pulse)
widths of 52.0, 24.5, 20.0, 4.3, or 2.2 microseconds respectively for the
available options. These options are provided by the appropriate
selection of coded data set within the 303-type family.

Optional Features. In most installations, the 303-type data station
equipment can be housed in a single cabinet 24 inches high, 24 inches
wide, and 12 inches deep. A somewhat smaller cabinet is also available
for use where equipment requirements are minimal; in a central
office environment, the equipment can be rack mounted without a
cabinet. Optional units that may be used to provide selected available
features include the 404-type voiceband data set and the 809-, the
804-, and the 806-type data auxiliary sets.

The 303-type data set processes the signal from the customer
terminal for transmission over various types of local and toll trans-
mission facilities. A selection of data auxiliary sets must be made in
order to satisfy requirements, such as operating speed and synchro-
nous or asynchronous operation, of the specific service to be furnished.
If synchronous operation is required, internal or external timing must
be selected and a signal scrambler and descrambler must be provided.
The options selected determine the code designation of the required
303-type data station equipment.
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The 404-type voiceband data set may be used to transmit parallel
data at low speed over the voiceband coordination channel associated
with each high-speed data channel. It is used primarily to control and
coordinate operations at the two ends of a circuit over which asynchro-
nous signals (such as 2-level black and white facsimile) are to be
transmitted.

The 809-type data auxiliary set is used when the 303 data station
is equipped to transmit 19.2 kb/s synchronous data or the equivalent
asynchronous data (52 us minimum permissible signal element dura-
tion). It translates the baseband signal from the data set to a vestigial
sideband signal in the band between 28 and 44 kHz for transmission
and then translates it back to baseband at the receiver. With the
carrier at 29.6 kHz, the signal spectrum is made up of a 1.6 kHz
vestigial lower sideband and a 14.4 kHz principal upper sideband.

The 804-type data auxiliary set provides a telephone instrument
and the circuitry needed for operational control of the voiceband
coordination channel and the wideband facilities. Voice communica-
tion may be carried on while the wideband channel is in use; if the
404-type data auxiliary set is used to provide low-speed data com-
munication, voice communication and low-speed control signal com-
munication cannot be carried on simultaneously.

The 806-type data auxiliary set provides line termination and test
capabilities. It contains test access jacks and circuits that may be
used for loop-around connections which can be established by signals
transmitted over the voiceband coordination channel from the central
office. This feature is useful in isolating trouble conditions without
visiting the station. ‘

Electrical Characteristics. Although data signals can be transmitted
by a 803 data station at a number of different rates, the most common
is 50 kb/s. In all applications, the wideband data channel is provided
as a four-wire channel and full duplex operation is possible. The
voiceband coordination channel may be either two- or four-wire.

Signal Format. Signals are transmitted between 303-type data
stations in a modified polar two-level form. A polar signal has low-
frequency and dc components which are blocked when the signal is
transmitted through circuits that contain transformers and/or series
capacitors. In addition, these signal components are difficult to cope
with in the vestigial sideband mode of transmission which is desirable
for band conservation. Therefore, the polar signal is modified by re-
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moval of the low-frequency and dc components. In the receiving data
set, these signal components are reinserted. A simplified schematic
showing how low-frequency and dc components are removed at the
transmitter and restored at the receiver is shown in Figure 6-1(a).
The resulting waveforms are shown in Figure 6-1(b). Note that the
variations of the feedback signal at C are opposite in phase to the
variations of the signal at B. At the output, the sum of the two is
a restored form of the polar signal at A. These processes have led
to the designation of the transmitted signal as a restored polar

signal [4].
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Figure 6-1. Restored polar signal processing.

The receiving portion of the 303-type data set contains a low-pass
filter which shapes the signal spectrum to provide the required 100
percent roll-off characteristic [5]. The filter must be selected accord-
ing to the data rate.

Data Signal Scrambler. Multichannel analog transmission systems
are susceptible to intelligible crosstalk impairment due to intermodu-
lation between speech signals and high-amplitude single-frequency
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data signal components. The strong single-frequency signal compo-
nents are produced when synchronous data signals contain a repeated
bit pattern. For example, alternate s and 0s would concentrate the
data signal power at one frequency. To prevent these objectionable
bit patterns, a scrambler is used in the transmitting portion of the
data set to spread the energy in the data signal more uniformly over
the wideband data channel. This technique reduces the probability of
crosstalk and permits operation of the data channel at higher signal
amplitudes resulting in an improved signal-to-noise ratio. At the
receiving data set, the signal is restored to its original form by a
descrambler before transmission to the business machine. Scramblers
and descramblers are not used for asynchronous data signals. Such
signals are expected to be sufficiently random so that single-frequency
components of troublesome amplitudes are not generated.

Access Facilities

Wideband data signals share the Bell System facility network with
many other types of signals. In most cases, access to the facility net-
work is provided over the same wire pair cables that are used for
telephone loops; the wire pairs that connect a wideband data station
to the serving central office are called a wideband data loop. In some
cases, an N- or T-carrier system may be used but baseband trans-
mission over the wire pairs usually provides good performance eco-
nomically; where necessary, wideband loop repeaters are also used.

Transmission Media. Certain engineering rules must be applied in the
design of wideband data loops because of the required bandwidth and
the susceptibility of data signals to random and impulse noise. These
loops may be provided over any of the types of 19-, 22-, 24-, or
26-gauge nonloaded cable pairs ordinarily used for telephone service.
However, all bridged taps must be removed and mixed gauges should
not be used in nonrepeatered loops nor in a repeater span. Where it
is possible to use a repeater at a junction point between gauges,
satisfactory performance can usually be achieved.

To minimize noise susceptibility, office and customer premises
wiring is double-shielded with special attention paid to the grounding
of the shields. Battery and ground leads are also shielded and central
office repeaters are mounted in an electrically quiet location, usually
in or adjacent to the wideband service bay.
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Loop Repeaters. A number of wideband loop repeaters are available
to provide the gain, gain regulation, and equalization needed for wide-
band data transmission. These repeaters are designed for bidirectional
four-wire transmission. They are used at customer locations, in central
offices, or at intermediate locations and are designated respectively as
customer repeaters, terminal repeaters, or intermediate repeaters.
There are two general categories to be considered, wideband loop
repeaters (WLR) and wideband regenerative repeaters (WRR).

Repeater Types. The WLR-1 repeater was designed to extend wide-
band loops for 40.8 kb/s data signals transmitted for the type 301B
data set [6]. This data set is used only in private line applications and
generates the transmitted signal by a four-phase phase-shift-keying
(PSK) method. This signal is of constant amplitude and is used to
regulate the gain of the WLR-1. The WLR-2 is similar to the WLR-1
except that it is remotely mounted and usually receives power over
the loop from a WLR-1.

The WLR-3 repeater provides amplification and equalization over
the band from 1 to 50 kHz. It may be used for half-group and group-
band data circuits but it is used infrequently because there is no
provision for automatic gain regulation.

The WLR-4 repeater provides amplification, equalization, and gain
regulation over the band from 1 to 250 kHz. It is used with data
loops engineered for the transmission of data at a rate of 230.4 kb/s;
such signals occupy the supergroup band of the L-multiplex. The
regulation of this repeater is controlled by a pilot signal transmitted
above the data signal at 280 kHz.

The WLR-5 was designed primarily to provide gain, gain regula-
tion, and equalization for the transmission of 50 kb/s restored polar
signals. It can also be used with loops on which 19.2 kb/s or synchro-
nous 40.8 kb/s four-phase PSK signals are transmitted.

The WRR-1 is a regenerative repeater designed to expand the flexi-
bility and scope of wideband data networks. It is capable of regener-
ating half-group, group, and supergroup synchronous and asynchro-
nous signals. The mode of operation is changed to accommodate
signals of either type. Asynchronous signals are reshaped before being
retransmitted so that any previously accumulated pulse distortion or
noise remains only as jitter in the data transitions; synchronous
signals are retimed before being retransmitted.
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Transmission Plan. The application of WLR-type repeaters is best
illustrated by the WLR-5, the most commonly used of these repeaters.
Figure 6-2 shows how terminal, intermediate, and customer WLR-5
repeaters might be used on a 50 kb/s loop. Only one direction of
transmission is shown. The typical system level points given show
that the gain is 0 dB between the wideband service bay in the central
office and the 806B data auxiliary set in the 308-type data station.
The maximum gain of a repeater at 25 kHz is 30 dB. This gain must
compensate for the loss of a cable section and any cabling in the
central office or at the customer premises. As shown in the figure,
regulators and adjustable amplifiers are used at intermediate and
customer repeaters. For the opposite direction of transmission, regu-
lators and adjustable amplifiers are used at intermediate and terminal
repeaters. Where there is a very short loop, one having 6-dB loss or
less at 25 kHz, only a nonregulating terminal repeater is necessary.

The WLR-5 repeaters maintain the proper system level points at
the wideband service bay and at the data station in order to facilitate
loop-back testing. The repeater output is at a system level point of
+-6 dB which limits the maximum total signal power on the loop
to -6 dBm.

The 50 kb/s loop is limited to a length which produces 90 dB of
cable loss at 25 kHz under nominal conditions. This maximum loop
contains three sections and requires the use of one terminal repeater,
one customer repeater, and two intermediate repeaters. Depending on
the type of cable used, the maximum loss criterion is equivalent to
approximately 22.5 miles for 19-gauge cable, 14 miles for 22-gauge
cable, 10 miles for 24-gauge cable, and 7.5 miles for 26-gauge cable.

While the frequency band of WLR-5 repeaters is usually referred
to as 1 to 50 kHz, flat gain and linear phase characteristics are pro-
vided to much lower frequencies than 1 kHz because performance at
higher frequencies is affected by the low-frequency cutoff charac-
teristics. The principal element that controls this characteristic is
the transformer that couples the repeater to the cable pair. Each
transformer has a natural cutoff with 3 dB of discrimination at about
15 Hz. A connection may include a number of these transformers in
tandem and discrimination must be limited to no more than 3 dB at
100 Hz in overall channel response. A critical factor is the envelope
delay distortion that arises at moderately low frequencies from sharp
low-frequency discrimination.
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Figure 6-2. Transmission plan for WLR-5 application to 50 kb/s loop.

Equalization. In Figure 6-2, an adjustable preamplifier is shown in
the intermediate and customer repeaters. A similar preamplifier (not
shown) is used in the terminal repeater for the opposite direction of
transmission. These preamplifiers are designed to compensate for
the loss/frequency characteristics of the preceding section of cable
pair. Adjustments are made at the time of installation. A 1-kHz signal
is first transmitted over the pair and the flat-gain adjustment of the
repeater is made to provide the required output signal amplitude.



Chap. 6 Wideband Facilities 161

The preamplifier contains six equalizer networks, each of which
may be adjusted to provide the required gain at a specified frequency
and to control the gain over a limited band near that frequency. Each
gain-adjusting potentiometer is labeled with the frequency at which
a measurement should be made for the adjustment of that network.
A signal is transmitted over the line at each adjustment frequency,
starting with the lowest. The gain of the preamplifier is thus set to
match the loss of the preceding section of cable to within 0.5 dB at
all frequencies. The best results are obtained with 22- and 24-gauge
cable where the loss can be matched to within about =0.12 dB.

Adequate delay equalization of the line is also accomplished as a
result of the loss equalization. A low-frequency-compensated regulator
is available for use in special situations to correct excessive phase
distortion at low frequencies. It replaces the flat-gain adjusting
circuit and, in some cases, permits a loop to be extended to four
repeatered sections.

Regulation. Pilot regulation of WLR-5 repeater gain is provided
where required. A 60-kHz pilot signal is transmitted from the cus-
tomer or terminal repeater to control the gain of the regulating re-
peater at the receiving end of each repeater section. The loss of a
regulating network is controlled to compensate for cable pair loss
characteristic changes that result from temperature variations. A
switch may be operated to alter the network characteristic at the time
of installation where the repeater is used with 19-gauge cable pairs in
which the dynamic loss characteristic differs significantly from those
associated with 22-, 24-, and 26-gauge pairs.

Central Office and Carrier System Equipment

For each of the carrier systems commonly used, terminal equipment
is available to permit the transmission of wideband data signals.
These terminal arrangements are described here briefly in order to
show how the local plant facilities are related to the carrier plant. As

previously mentioned, carrier systems equipped with data terminals
are also used in the loop plant.

All central office equipment associated with wideband data transmis-
sion is coordinated at wideband service bays. These bays are available
in small and large capacity arrangements. They provide distributing
frame capability, miscellaneous jack fields for cross-connections and
for test and maintenance access to voiceband coordination and wide-
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band circuits, and mounting space for terminal and intermediate loop
repeaters. Provision is also made for mounting a variety of test and
data station equipment useful in central-office controlled maintenance
activities. Bay arrangements permit orderly growth by the installation
of different combinations of service and test bays.

L-Multiplex Equipment. A number of modulator-demodulator units,
called modems, are available to permit wideband data signals to be
combined by frequency division multiplexing with many other signals.
Each of the wideband channels has been designed to occupy the basic
group and supergroup frequency spectra of the multiplex facilities,
60 to 108 kHz and 312 to 552 kHz, respectively. A dedicated voice-
band channel in each spectrum is normally used to coordinate the
operation of the wideband channel. The wideband equipment units are
designated as LWM-type modems [7].

The LWM-1 modem, now obsolete and rarely used, provides for the
transmission of 40.8 kb/s signals in the group band. These four-phase
PSK signals, generated in the 301B data set, occupy the spectrum
from 10.2 to 51 kHz. The LWM-1 shifts that spectrum to the band
from 60 to 104 kHz and provides a voiceband coordination channel be-
tween 104 and 108 kHz. The modem replaces a channel bank which
ordinarily accommodates twelve voice channels.

The LWM-2 modem provides a bandwidth such that any baseband
signal that occupies the band from 1 to as high as 190 kHz is modu-
lated in a vestigial sideband format that occupies most of the
L-multiplex basic supergroup band, 312 to 552 kHz. The LWM-2 is
used for 230.4 kb/s wideband signals generated by one version of
the 303-type data sets and provides a voiceband coordination channel
between 312 and 316 kHz. The LWM-2 replaces, electrically but not
physically, the L-multiplex group bank. The equipment must be
mounted in a miscellaneous bay and wired into the L-multiplex
equipment.

The LWM-3 and LWM-4 are companion units; each is designed to
place a 19.2 kb/s data signal (28 to 44 kHz) and a related voiceband
channel from a 303-type data station into a portion of the basic
groupband spectrum. Each modem requires the same bay space as an
A5 channel bank and is mounted in a miscellaneous bay. The LWM-3
places the data signal in the band from 86 to 102 kHz and the asso-
ciated voiceband signal between 104 and 108 kHz. The LWM-4 places
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the data signal in the band from 66 to 82 kHz and the voiceband signal
between 60 and 64 kHz. Two data signals may thus be transmitted
simultaneously in the group band.

The LWM-6 modem has replaced the LWM-5 modem which is no
longer manufactured. The LWM-6 provides a 63- to 104-kHz channel
in the L-multiplex group band for the transmission of 50 kb/s data
signals generated in type 303 data stations. A voiceband coordination
channel is also provided between 104 and 108 kHz. These modems are
mounted in miscellaneous bays. Electrically, the high-frequency
LWM-6 signal replaces that of an A-type channel bank.

In each of the group and half-group applications, signals may be
applied to the L-multiplex system through an LWA-1 alternate use
panel. This panel allows the group band to be used, under customer
control, alternatively for the transmission of twelve voice signals. In
the case of half-group transmission, the LWA-1 is used to combine
signals from an LWM-8 and an LWM-4 modem and, under customer
control, permits the alternate use of either half-group band for the
transmission of six voice signals or both bands for twelve voice
signals. Alternate use is not furnished with the LWM-2 supergroup
data service.

N-Carrier Equipment. The bandwidth of the N-carrier system is
sufficient to permit transmission of group band or lower speed data
signals. The system can be used to transmit 19.2 kb/s and 50 kb/s
signals from 303-type data stations and 40.8 kb/s data from the
301B data set. Three equipment units are involved, the N2WM-1
modem, the N2WM-2 modem, and the N2WT-1 terminal.

The N2WM-1 modem consists of plug-in units that can provide a
40.8 kHz band for transmission of a 301B data set signal or a
19.2 kb/s vestigial sideband signal from a 303-type data station. The
plug-in units may be used to replace six of the twelve channel units
in an N2 terminal. In this arrangement, the composite signal consists
of six voice signals and the wideband data signal.

The N2WM-1 modem units may also be plugged into an N2WT-1
terminal. In this arrangement, the transmitted signal consists of the
wideband data signal and four single-frequency signals used for
regulation of N-carrier line repeaters. Two voice channels are also
available, one for voice coordination and one for telephone company
administrative use. A customer-controlled alternate use feature pro-
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vided in the N2WT-1 permits the substitution of standard N2 voice
channels for the composite wideband signal. The administrative
channel is retained so the system is used for a total of thirteen voice
channels in this arrangement.

The N2WM-2 modem provides for the transmission of a 50 kb/s
signal or 19.2 kb/s baseband signal from a 303 data station. The
equipment is mounted in the N2WT-1 terminal which contains circuits
so that the N-carrier spectrum may carry a wideband signal and two
dedicated voice channels or may alternatively carry the two dedicated
voice channels and eleven standard voice channels. Only one single-
frequency signal is required for line regulation.

T-Carrier Equipment. Terminal units, called T1WB-type wideband
data banks and TIWM-type modems, are available to process wide-
band data signals for transmission over the T1 Carrier System. Some
of these units require that the entire T1 system be dedicated to data
signal transmission; others are designed to transmit time division
multiplexed combinations of data signals and pulse code modulated
speech signals. This terminal equipment can transmit either synchro-
nous or asynchronous signals from 303-type data stations.

The organization of the 1544 kb/s T1 line bit stream is intended
primarily for transmission of 24 speech signals that are pulse code
modulated and time division multiplexed. In this organization of the
line signal, 64 kb/s are used for each coded speech signal. Thus,
64 X 24 — 1536 kb/s of the 1544 kb/s line signal rate carry voice
signal information. The remaining 8 kb/s are used as framing pulses
to provide synchronization for the demultiplexing processes at the
receiving terminal.

The need to accommodate asynchronous signals led to the assign-
ment of 3 line signal bits to carry the information regarding each
input data signal transition thus eliminating the possibilty of trans-
mitting a 50 kb/s data signal in a voice channel of 64 kb/s. The first
of these three line bits identifies the time slot in which the transition
occurs, the second bit indicates whether the transition occurs in the
first or second half of the time slot, and the third bit indicates the
direction of the transition, i.e., positive-to-negative or negative-to-
positive [8]. This format, sometimes called sliding index or transition
coding, results in the design of a flexible and inexpensive terminal
with an output signal which displaces three pulse code modulated
speech signals. Since wideband data channels are relatively few in
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number and are provided on T1 carrier for only short distances, the
economic advantage of an inexpensive terminal generally outweighs
the inefficient use of the line facility.

With transition coding, the T1 line bit stream can theoretically
provide up to 8 channels to carry asynchronous signals at 64 kb/s,
4 channels for 128 kb/s signals, 2 channels for 256 kb/s signals, or
1 channel for a 512 kb/s signal. The maximum rate of each wideband
channel is ample for the signalling rates delivered by 303-type data
sets. Several terminal arrangements have been designed to accommo-
date such signals and are arranged to provide flexible combinations
of wideband data and pulse code modulated speech signals. The avail-
able combinations, which require T1WB-1, T1IWB-2, TIWM-1, or
T1IWM-4 wideband terminal units, are shown in Figure 6-3. The
T1WM-4 is similar to the TIWM-1 except that it is designed for
customer premises mounting and the digital interface is somewhat
different. These modems may be used to provide one 19.2, one 50, or
one 230.4 kb/s channel but, under these conditions, the T1 line is
used very inefficiently.

WIDEBAND NO. MAX. BIT RATE, kb/s
TERMINALS CHANS. SYNCHRONOUS NONSYNCHRONOUS
8 ; 50 50
TLWB-1 i 2504 250
2 230.4 250
T1WB-2 2 230.4 250
TIWM-1 1 160.8 500
TIWM-4 1 4608 500

Figure 63 Combinations of wideband data signals on T1-carrier.

The T1WB-3 bank permits the time division multiplexing of speech
and wideband data signals in various combinations. Figure 6-4 shows
the achievable combinations expressed in terms of supergroup, group,
or half-group signals.

The voiceband coordination channel normally furnished with the
wideband data channel in analog systems is administered separately
from the wideband channel in the T1 system. It is usually treated as
an ordinary voice-frequency channel in the same or in a paralleling
T1 Carrier System.



166 Local Plant Facilities Vol. 2

NUMBER OF CHANNELS
WIDEBAND DATA VOICEBAND
HALF-GROUP OR GROUP SUPERGROUP
1 — 21
2 — 18
3 — 12
4 — 12
—_ 1 12

Figure 6-4. Multiplexing combinations with one TIWB-3 and one D1 channel bank.

A number of other data terminals (T1DM, T1WB-4, and TIWB-5)
are available for use with the T1 Carrier System. These are used
primarily for interoffice connections in the Digital Data System
(DDS) [9].

6-2 LOCAL PLANT FACILITIES FOR DDS

DATA-PHONE digital service is provided over the Digital Data
System. Switched message network service and DATA-PHONE
digital service are independently provided but the systems that pro-
vide these services share the facility network. Synchronous digital
data transmission is provided at a number of signalling rates called
service speeds. Duplex service is presently provided on point-to-point
and multipoint private lines. The signals are routed exclusively over
digital transmission facilities. No provision is made in the DDS for
alternate speech signal transmission or for voice coordination; how-
ever, DDS signals may be combined with other signals for trans-
mission over shared facilities [10].

The four service speeds provided in the DDS are 56, 9.6, 4.8, and
2.4 kb/s. Synchronous signals are accepted at any one of these signal-
ling rates from customer terminal equipment. They are transmitted
over loop facilities to the central office and combined with other DDS
signals by time division multiplex techniques. Note that the available
service speeds include several voiceband applications and one wide-
band application.

The DDS facilities are also used to provide private line wideband
data service. Two service rates are possible. By adapting a 306-type
data set to this type of service, synchronous data may be transmitted
at 1.344 Mb/s. The facilities may also be used to transmit non-
synchronous data at the DS-1 rate, 1.544 Mb/s.
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Customer Premises Equipment

Two types of equipment are used at customer premises to link the
transmission facility with the data source (computer or business
machine). The first, called a channel service unit (CSU), terminates
the transmission facility and connects with customer-provided ter-
minal equipment. The second, called a data service unit (DSU), is
functionally equivalent to a data set in that it provides total data
service from one customer business machine to another.

Channel Service Unit. Where customer-provided terminal equipment
is used to transmit and receive signals that meet the DDS specifica-
tions, a CSU is used to terminate the four-wire loop at the customer
premises. The CSU provides equalization of the receiving loop cable
pair, loop-around testing capability, and network protection. A specific
CSU design must be selected to accommodate the service speed re-
quired for each installation [11, 12]. Signals furnished from the
customer terminal to the CSU must be synchronized at the specified
service speed and must conform to the interface requirement for a
bipolar, return-to-zero, 50-percent duty cycle format. In the trans-
mitting direction (toward the central office) the CSU amplifies, filters,
and couples the signals to the loop. In the receiving direction, the CSU
amplifies, equalizes, and slices the incoming signals before trans-
mitting them to the customer terminal equipment.

Data Service Unit. Where the customer chooses complete data service,
a DSU of the appropriate service speed is provided at the customer
premises. The DSU performs all of the functions previously described
for the CSU. In addition, the DSU provides signal coding and de-
coding, timing recovery, synchronous sampling, and the generation of
and response to control signals. All timing is derived from the bipolar
bit stream received from the loop. The DSU accepts synchronous
binary data signals from the customer terminal and converts them to
a properly shaped, bipolar, return-to-zero format for transmission on
the loop. In the opposite direction, this process is reversed.

The interface with the customer terminal must meet the standard
RS-232-C specifications for a Type D or Type E interface at the 2.4,
4.8, and 9.6 kb/s service speeds [13]. The interface for 56 kb/s is
based on CCITT standard V.35.

Signal Formats. The bipolar signal used for data transmission be-
tween the customer premises and the central office is illustrated in
Figure 6-5. The signal is transmitted at the rate corresponding to the
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service speed selected by the customer. The 2.4, 4.8, and 9.6 kb/s rates
are called subrate speeds.

Figure 6-5. Bipolar, return-to-zero, 50% duty cycle data signal.

While data is normally transmitted in the bipolar form, which re-
quires that successive Is in the signal be transmitted with alternate
plus and minus polarities, bipolar violations are used in the signal to
convey special information. Specially coded sequences are used when:
(1) the distant DSU is transmitting an idle code to indicate that there
is no data message being transmitted; (2) a trouble condition exists
in the receiving path; (8) the DSU is being tested from the serving
test center; (4) a series of 6 or more 0s (7 for 56 kb/s) appears in
the customer data signal. Such a series of 0s, not allowed in the trans-
mitted signal, is replaced by coded bipolar violations which are de-
tected at the receiving DSU. The bipolar violations are then removed
and the proper number of 0s replaced in the signal before it is passed
on to the customer receiving terminal equipment. Thus, there is no
restriction on customer data sequences.

Access Facilities

The CSU or DSU at the customer premises is connected to a DDS
office by a four-wire nonloaded loop. Where the local serving office is
not equipped for DDS service, the loop must be extended through that
office over interoffice cable facilities to a DDS office. The local serving
office is then called a baseband office and the interoffice connection is

regarded as a part of the loop. For 56 kb/s service, a repeater may
be used in the loop. »

Loop Facility Selection. The maximum allowable insertion loss for a
DDS loop is 31 dB at a frequency numerically equal to one-half the
bit rate. Thus, the selection of loop facilities is dependent on the
gauges of cable pairs available and on the specified service speed. The
relationships among service speeds, wire gauges, maximum loop
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lengths, and insertion losses are given in Figure 6-6. For mixed gauge
applications, the maximum loop length is specified approximately by
the 31-dB overall loss limitation and the insertion losses given in
the figure.

BIT RATE, kb/s

WIRE 2.4 48 9.6 56
GAUGE  [iENGTH,* | LOSS,T |LENGTH,*| LOSS,+ [LENGTH,* [LOSs,+ |LENGTH,* | LOSS,+
kit | dB/kft | kit | dB/kP | kit | dB/KRt | ket | dB/KR
19 114.8 0.27 86.1 0.36 67.4 0.46 40.8 0.76
22 73.8 0.42 56.4 0.55 43.1 0.72 24.2 1.28
24 56.4 0.55 42.5 0.73 32.3 0.96 17.2 1.80
26 41.9 0.74 32.3 0.96 24.8 1.25 12.9 2.40

*Lengths are maximum acceptable.

tLosses are insertion losses between 185-ohm terminations at the
frequency corresponding numerically to one-half the bit rate.

Figure 6-6. Loop lengths and losses for DDS.

In addition to these limits, the use of cable pairs in separate cable
units is recommended to minimize the risk of interference with other
services and transmission systems. Load coils are not permitted and
the length of allowable bridged taps is limited. Mixed cable pair
gauges are permissible; insertion loss for each gauge can be deter-
mined for any length by linear interpolation of the length and loss
values given in Figure 6-6.

Where customer locations are outside the established serving area
for the DDS, service may be provided by analog extensions based on
engineering criteria similar to those applied to conventional analog
private line data services. Data sets have been adapted to terminate
these links at both ends.

Central Office Terminations. All DDS access facilities are terminated
in the DDS central office by an office channel unit (OCU). This unit
must be selected to match the customer service speed. On the loop
side, the OCU functions in a manner similar to that described for the
CSU and DSU in respect to gain and equalization. In addition, a low
value of dec, called sealing current, is transmitted from the OCU to
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the loop and customer premises equipment. This current maintains a
low resistance at splices and other connection points by breaking down
small accumulations of dirt and oxides. A reversal of the sealing
current polarity, initiated in the OCU, is used at the CSU or DSU to
establish a loop-back condition. The dc current reversal is made in
response to a control signal from the serving test center or OCU
location.

On the central office side of the OCU, other functions are performed
to satisfy system operations requirements for the DDS. These include
flexible ecross-connection, submultiplexing, and digital hierarchy
multiplexing [9].

6-3 BASEBAND TELEVISION FACILITIES

The intercity network of television transmission facilities in the
United States is provided almost exclusively by microwave radio
transmission systems. However, intracity facilities must be provided
to interconnect broadcast studios, control sites, and broadcast trans-
mitters and to connect these points through a telephone company
television operating center (TOC) to the intercity facility network.
The intracity facilities may also be used to provide closed-circuit
service for drama or sports presentations. Most of the needs for
intracity transmission are met by A2-type video transmission systems.
The A4 system is used for very short (0.5 mile or less) applications.

The A2-Type Video Transmission Systems

Baseband A2 video transmission systems, first developed to meet
intracity transmission needs, were based on electron tube technology.
Improvements in design were introduced in the A2A system which
had greater flexibility and broader application than the A2 [14]. This
system was subsequently replaced by the solid-state A2AT system.

Media. Most baseband video signals are transmitted on 16-gauge
shielded cable pairs which are often assembled in cables with ordinary
trunk pairs used for telephone service. The 124-ohm characteristic
impedance of the pairs is carefully controlled in design and manu-
facture so that, when properly terminated at a repeater or terminal,
reflections are held to a minimum. The attenuation characteristic of
these cable pairs is illustrated in Figure 6-7. The low-frequency at-
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Figure 6-7. Typical attenuation /frequency characteristics for 16-gauge video pairs.

tenuation is very low and amplifier gains and equalizer designs are
determined primarily by the high-frequency loss of the cable pair.

Television signals are highly susceptible to interference from cross-
talk of other signals into the television channel. In addition, the con-
centration of energy at discrete frequencies in television signals
causes problems of crosstalk interference from the television channel
into other channels. These problems are minimized by the use of
shielded cable pairs. For intraoffice wiring, 75-ohm coaxial cable may
be used.

Equipment Arrangements. Although the A2A and A2AT systems are
compatible and there is some A2A equipment still in service, the dis-
cussion here is confined to the A2AT system. Each system can be
regarded as a one-direction transmission facility. Even where two
directions of transmission are provided, the system for each direction
can be considered as independent of the other.

A basic system consists of a transmitting terminal, a receiving
terminal, and the interconnecting shielded cable pair. Such a minimal
system can be used to compensate for 82.5 dB of video cable pair loss
at 4.5 MHz, the loss of about 4.5 miles of cable. Repeaters may be
used to extend the length of the system. Each added repeater increases
the permissible cable loss by 82.5 dB. Thus, one repeater added at the
midpoint of the cable span extends the length of a system to about
9 miles. Individual multirepeater systems up to 30 miles long are
currently in operation.
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Each terminal and repeater is arranged to permit flexible combina-
tions of the pads, equalizers, and amplifiers required for different
circuit lengths. With the exception of the 3831A variable equalizer,
used at a receiving terminal, these are all plug-in units. The 331A is
too large to be packaged conveniently as a plug-in unit. The terminals
and repeaters mount in standard 19-inch equipment bays. A trans-
mitting terminal requires 5-1/4 inches of vertical bay space, a re-
peater 10-1/2 inches, and a receiving terminal, (including the 331A
equalizer) 15-8/4 inches. Power units are not included and must be
provided separately.

In addition to these standard equipment arrangements, portable
terminal and repeater units are available to permit temporary in-
stallations. These are often required in order to broadcast sports
events or unusual news stories.

Electrical Characteristics. The A2AT system provides a well-equalized,
4.5-MHz video channel on shielded cable pairs. The equalization cor-
rects both attenuation/frequency and delay distortion.

Tandem operation of 12 systems is permitted; a total of three re-
peater sections in the 12 systems may be of the maximum 4.5-mile
length. Where the number of maximum-length sections exceeds three,

intermediate repeaters must be used in order to meet signal-to-noise
objectives.

Signal voltage levels are expressed in dBV (dB relative to 1 volt
peak-to-peak) and are sometimes written in a fractional form, e.g.,
0/0 dBV. The numerator of the fraction represents the level for low
video frequencies (near dc) and the denominator represents the level
for 4.5 MHz. The A2AT input signal is usually received from an
unbalanced source at a 0/0 dBV level. The output level delivered to a
balanced or unbalanced termination is also 0/0 dBV; thus, the A2AT
introduces zero insertion loss.

Transmission Layout. Figure 6-8 shows a typical two-section lay-
out of an A2AT system. All amplifiers used in the receiving and
transmitting terminals are designed with negative feedback and have
a flat gain/frequency characteristicc The compensation for the
loss/frequency characteristic of the cable is provided entirely in the
A2AT equalizers. Therefore, the amplifier gains must compensate for
the losses of these equalizers as well as for cable loss. The system is
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lined up in accordance with the voltage levels shown in Figure 6-8.
These levels have been established at values designed to prevent ex-
cessive noise penalty and to minimize the likelihood of amplifier
overload.

Input 1
% >— Equalizer Equalizer
(0/0 dBV) -

(—10/+4-22.5 dBV
Transmitting max.)
terminal

"

Equalizers —D— Equalizers F—-{ Z
g :L ‘¢||
(—10/—60 dBV Post-equalization (0/0 dBV) Pre-equalization (—10/+4-22.5 dBV
min.) max.)
Repeater
M\
Clamper
Equalizers Pad amplifier
(—10/—60 dBV A\ %
min.) Receiving
terminal T

Outpui

Figure 6-8. Typical A2AT system transmission layout.

The system is arranged for either 124-ohm balanced (two-wire) or
75-ohm unbalanced (coaxial) input and output. At the input to the
transmitter, connections may be established through a jack to balanced
or unbalanced circuits. The required connection is made by internal
jack and plug arrangements not shown in the figure. For an un-
balanced input, the connection is made directly to the equalizer when
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the incoming circuit shield is grounded. For a balanced input or for
‘an unbalanced input with ungrounded shield, the connection is made
through an amplifier with 0-dB gain. At the output, the selection is
made by inserting the clamper amplifier into the appropriate jack
receptacle. No wiring changes or other adjustments are required.

Equalization. Fixed 330-type plug-in equalizers are used in terminals
and repeaters to provide most of the equalization of the cable charac-
teristic. With these equalizers, the square-root-of-frequency compo-
nent of line loss can be equalized to within a residual deviation of
+1.25 dB at 4.5 MHz. For short repeater sections, a flat-loss pad
must be used so that the loss of pad plus equalizer is properly com-
pensated by the following flat-gain amplifier. Equalization of the
residual deviation is provided by adjustable equalizers located in the
receiving terminal. With the combinations of equalizers and amplifiers
that can be used in the A2AT system, the video channel can be equal-
ized to be flat to within 0.1 dB over the band from 30 Hz to 4.5 MHz,
a span of over 17 octaves in frequency. This wide band contributes
significantly to the complexity of equalizers and makes highly ac-
curate impedance matching between the cables and the electronic
equipment mandatory. Pre- and post-equalization is used in order to
limit the required range of adjustable equalizers, to maximize the
signal-to-noise ratio, and to minimize overload penalties that may be
incurred when all equalization is placed at one end of a link [15].
Delay distortion at the high-frequency end of the band is corrected
by delay equalizers installed in the receiving terminal according to
prescription that depends on the overall length of the circuit.

The A2AT system is equalized from the transmitting end to the
receiving end on a section-by-section basis. This procedure provides
the most accurate achievable gain equalization.

The A4 Video Transmission System

This system provides a video channel 10 MHz wide over shielded
cable pairs up to 0.5 mile long. In addition, a span of about 0.3 mile
is achievable with unshielded balanced cable pairs; with unbalanced
coaxial cable, a span of about 500 feet is the recommended maximum.
The system can be used economically as a temporary or permanent
intracity video link and is especially appropriate for portable use to
connect a mobile pickup unit to telephone company facilities.
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The A4 system consists of a very small and simple transmitter, a
cable pair transmission medium, and a receiver that provides all of
the amplification, equalization, clamping, and power supply functions
in the system. No repeater is required because the system is designed
only for very short single-link circuits.

The only function of the transmitter is to convert an unbalanced
75-ohm input to a balanced 124-ohm output with 0-dB gain. If the
medium is 124-ohm balanced at the input, a transmitter is not used.
When used, it receives power over the medium from the receiver.

Equalization is provided in the receiver over the video band up to
10 MHz. Receiver gain can compensate for a loss of up to 9 dB at
4.5 MHz. Since there are differences in low-frequency characteristics
among the various transmission media that may be used, a variable
low-frequency equalizer is also provided. Amplification is provided by
several fixed-gain amplifiers and a clamper amplifier which maintains
the signal at a fixed 0-dBV reference value. Levels are adjusted by
means of adjustable attenuators to give a 0-dB insertion loss for the

system.

The transmitter and receiver are available as small, neatly-packaged
portable units to make them convenient for temporary installations.
The transmitter is 1-3/4 inches high, 3 inches wide, and 5 inches deep.
The receiver is 1-3/4 inches high, 17-1/2 inches wide, and 14 inches
deep. This equipment can also be mounted permanently on central
office equipment racks.
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Chapter 7

Central Office Equipment

The transmission characteristics of central office equipment result
from a wide variety of circuits, transmission paths, and interre-
lated switehing and transmission functions. The transmission paths
through the central office include all of the wiring and cabling between
cable vaults where central office cable is connected to outside plant
cabling, terminating trunk circuits, and (where switching is involved)
transmission paths through the switching machine. In addition to
being parts of the office transmission paths, trunk circuits provide
many auxiliary functions, such as a signalling interface and imped-
ance matching, that are indirectly or directly related to transmission.
These functions as well as switching system features and functions
are discussed in terms of transmission effects. For example, the sequ-
encing of calls involves many processes such as battery feed transfer,
battery feed reversal, the switching of idle circuit terminations, and
repeater or echo suppressor enabling and disabling. These processes
can deteriorate transmission and must be adequately controlled.

Transmission through a central office is further complicated by
two- and four-wire operation used for both switching and transmis-
sion. In addition, the several types of switching and signalling systems
in use require a variety of transmission circuits and terminations.
Line and trunk impedance values vary widely and strongly influence
the design of the central office auxiliary and interface circuitry.

Many central offices provide interface functions for the transmis-
sion of digital signals. Some of the interfaces are points of transition
between analog and digital signal formats such as those required to
switch voice signals in a digital toll switching system.
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The video network for broadcast television service also requires
considerable equipment for signal administration. This equipment is
often located on telephone company premises in central office buildings.

All of these circuits, features, and functions must be designed and
maintained in such a manner as to limit and control transmission
impairments. All of the impairments that normally affect transmis-
sion (noise, echo, loss, crosstalk, and harmonic distortion) may be
caused by central office equipment.

7-1 CENTRAL OFFICE TRANSMISSION PATHS

Multipair outside plant cables usually terminate in a vault in the
basement of or immediately outside a central office building. These
cables are spliced to other cables that are routed through the build-
ing to main distributing frames (MDF). Jumpers are used at the
MDFs to connect switching machines with other central office
equipment and with loops and trunks. The MDF also provides pro-
tection from unwanted voltages such as those due to lightning and
crosses with power lines. The interconnections involve interfaces
among signalling, switching, power, and transmission equipment.
While the cables between the distributing frames and the vaults are
within the central office buildings, they are usually considered as part
of the outside plant. Central office transmission performance is typi-
cally evaluated between main distributing frame appearances.

In addition, there are many other distributing frames used through-
out a central office. These cross-connection facilities are subject to
continuing change accomplished by the movement of jumpers in the
frames so that cable pairs may be connected to different equipment
items or to other cable pairs as required. The frequency of change is
very low but, in principle, the interconnection functions are similar
to those of a switching machine. Important differences are that a
switching machine operates on a per-call basis and is engineered to
concentrate traffic as it is routed through the machine.

¢

Intraoffice Wiring

Direct and multiple wiring is used to provide transmission paths
within a central office. In addition, there is a large amount of wiring
that is not directly related to transmission such as the wiring that
carries the control signals to operate the switching machine.
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The direct wiring interconnects various items of transmission,
signalling, and switching equipment in the office. These wiring paths
must meet stringent requirements for transmission loss, return loss,
and interference. Path lengths may be quite varied and in order to
maintain control of cross-office losses and loss variations, the maxi-
mum lengths of these paths are often specified as design requirements.
Similarly, wire gauge, pair twisting, separation between wires that
carry different amplitudes or types of signals, and, in most cases, the
relative locations of various equipment items are also specified so
that transmission objectives can be met.

Multiple wiring is the term applied to the many interconnections
within a switching matrix or a manual switchboard. The varying
lengths of the multiple wiring paths ecan cause different degrees of
exposure to certain types of induced interferences. These multiples
also act as bridged taps which often result in transmission impair-
ment. The design of these multiple paths must be carefully specified
if transmission performance is to be controlled.

Switching Networks

The matrix of interconnected switching devices through which
connections are established is called a switching network. The switch-
ing devices and the manner in which they are arranged in a network
in different types of switching machines vary widely. The variations
may result in a different set of transmission problems in each type.
The machines most commonly used are step-by-step, crossbar, and
electronic switching systems (ESS).

Step-by-Step Systems. For each digit dialed in these systems, a switch
like that shown in Figure 7-1(a) is used to advance a call step-by-step
through the switching network. This mode of operation is called
progressive control or dial control because switch operation is con-
trolled directly by the station set dial. Different types of switches,

called line finders, selectors, and connectors are used in the switching
network.

Each switch contains a shaft which steps vertically and then rotates.
Attached to the moving shaft are a number of contactors (wipers)
which wipe across a series of fixed contacts to establish a connection
at the final or rest position. The fixed contacts are usually arranged
in a 10 X 10 matrix as illustrated in Figure 7-1(a). The matrix
shown, called a switch bank, provides contacts for the tip or ring
conductor or a supervisory (sleeve) lead.
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In order to reduce blocking and provide adequate service, switch
banks are multipled together in complex wiring patterns. One layer
of contacts is shown for two switches in Figure 7-1 (b). These multiple
wiring paths may extend to many switches. Because of the lengths of
the paths involved, the wiring must be very carefully controlled to
prevent excessive loss or exposure to noise and interference.

Crossbar Systems. While there are a number of types of switching
machines that utilize common control of crosshar switches to establish
connections (No. 1, No. 5, crossbar tandem, and No. 4A), the methods
of interconnecting the switches to form a network are sufficiently
similar in respect to transmission that a single description should
suffice.

Two switch sizes are available to provide the switching crosspoints
required in various types of switching systems. A 100-point switch
has 10 horizontal paths and 10 vertical paths; a 200-point switch has
10 horizontal paths and 20 vertical paths. At each crosspoint, the
contacts may be arranged in groups of three to six depending on the
type of transmission paths (two-wire or four-wire) and the number
of supervisory and control leads to be switched. In order to achieve
high reliability and low probability of noise, each precious metal con-
tact is arranged as a parallel pair on a bifurcated contact spring.

Five selecting bars are associated with the horizontal paths, two
paths to each of the bars. Under control of the switching machine
logic circuits, each bar may be rotated slightly in either direction to
operate selecting fingers which enable a connection to be made from
the selected horizontal row to any vertical path through the switch.
The vertical paths are equipped with a configuration of coil-controlled
magnets. The ability of these magnets to operate the crosspoint con-
tacts and to hold them operated depends on the position of the hori-
zontal selecting fingers. Thus, when a crosspoint is to be operated,
the appropriate horizontal bar rotates in a direction to move the upper
or lower selecting fingers. When the appropriate vertical magnet
operates, only the selecting finger at the desired crosspoint can operate
the contacts. When the contacts are closed, the operate magnet is re-
leased leaving the crosspoint contacts latched in the operated position
by a hold magnet which is released upon call completion. To avoid
double connections, the switch and its control circuits are arranged
so that only one crosspoint can be closed at one time in any horizontal
or vertical path. However, each switch can establish up to 10
simultaneous connections.
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Arrays of crossbar switches are assembled and interconnected in
various ways to provide switching networks for use in local, tandem,
or toll offices. The common control logic circuits for these networks
are called markers.

As with the step-by-step system, the interconnections among
switches are complex and may result in different path lengths and
a large amount of multiple wiring. The transmission path lengths,
multiple wiring, and control wiring must all be carefully designed to
prevent excessive transmission impairment.

Electronic Switching Systems. Electronic switching systems operate in
a mode called stored program control. Some ESS networks are electro-
mechanical; others utilize electronically controlled time division
switching of digital signals. In the electromechanical networks, the
basic element commonly used to switch a transmission path is called
a miniature sealed reed contact. This contact assembly is used in
pairs or quads to switch a two-wire or four-wire transmission path.
Switching is accomplished by changing the polarity of magnetic forces
inherent in square-loop magnetic material. The desired polarity to
operate or release the reed contacts is induced by the application of
high-current, short-duration control pulses to coils surrounding the
contact assembly. A pulse applied only to a horizontal row or vertical
column of switches places all the contacts in the row or column in the
open condition. When a pulse is applied simultaneously to a row and
column, the crosspoint at the intersection of the row and column is
closed. The square-loop magnetic material commonly used is called
remendur; the reeds are ferrous material and the switch assemblies -
are called ferreeds [1, 2]. In later designs, the square-loop material
is used for the reed contacts; external magnetic materials is not re-
quired. These switch assemblies are called remreeds.

Most ferreed and remreed switches are combined in matrices of
64 crosspoints arranged in a square array of 8 horizontal rows and
8 vertical columns. Within these 8 X 8 arrays, switching controls and
transmission paths may be organized in a number of combinations to
provide optimum network configurations as required. Control circuits
are arranged so that only one crosspoint can be operated at a time
in any row or column.

As in all switching networks that utilize electromechanical cross-
points, satisfactory transmission performance is related to the lengths
of paths through the switches and the lengths of multiple wiring.
The exposure of the transmission paths to the wiring that carries
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the high-current pulses to operate crosspoints must be controlled to
avoid excessive impulse noise.

In some electronic switching systems (e.g., No. 4 ESS), the message
signal is coded and used in digital form and transmission and switch-
ing are integrated functions; logic circuits, time division multiplexing,
and gate circuits are used in combination to achieve the desired inter-
connections electronically. Transmission problems of the type found
in electromechanical networks, such as those due to multiple wiring,
are essentially nonexistent. However, there are other problems. For
example, different delays due to different path lengths can produce
pulse transpositions.

7-2 TERMINATING AND ANCILLARY CIRCUITS

Many individual circuits in a central office have a direct bearing on
transmission performance. For example, trunk and switchboard cord
circuits provide battery feed and are directly in the transmission path
of message network connections. These battery feed circuits often
perform multiple functions and, in many systems, their design is
quite complex. Circuits indirectly related to transmission provide
interfaces with other circuits such as those required for control of
charging information, number identification, and signalling inter-
faces. There are also circuits directly in the transmission path to
perform special functions. Among these are conference circuits,
switchable pads and amplifiers, and idle circuit terminations. Addi-
tionally, a large number of connections made to call services and
number services operators involve transmission problems that have
a direct impact on DDD network performance [3].

The manner in which the signalling/transmission interface is pro-
vided involves a compromise between signalling range and trans-
mission performance for each type of switching machine. Resolution
of the compromise often has a direct effect on the selection of facilities
(wire-gauge, voice-frequency, carrier, etc.) in a particular wire-center
environment. Trunk and switchboard cord circuits also provide im-
pedance matching; this function and the use of drop build-out
capacitors are closely related to the necessity for meeting through and
terminal balance requirements for the control of echo [4].

A comprehensive discussion of individual line and trunk circuits is
impractical because of the large number involved. For each of the
categories to be discussed, circuit functions are first described and
then some specific circuit arrangements are presented in order to
illustrate the functions.
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Line Circuits

A line circuit is used at a switching machine to terminate a loop,
PBX station line, or any of the access lines to the switched services
network or the switched public network that are functionally equiva-
lent to loops. The function of a line circuit is primarily the signalling
of a request for service to the central office switching machine or to
an operator.

A typical line circuit, as shown in Figure 7-2, consists simply of a
sensing element (a relay or, in ESS, a ferrod) through which battery
and ground are fed to the line [5]. When there is a request for service
(station set off hook), current flows through the sensing element. This
produces a change in signalling state. For example, if the sensing
element is a relay in an electromechanical office, contact A closes to
place a ground on the start lead, S. The switching machine recognizes
the request for service and connects the calling line to a source of dial
tone and a different source of battery and ground. Simultaneously,
the B contacts in the line circuit are opened to disconnect the original
source of battery and ground from the line. When the switching ma-
chine has operated in response to a request for service, the line
circuit is disconnected from the transmission path. Only the transfer
of battery and ground, to be discussed subsequently, has an indirect
effect on transmission.

Loop or
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Trunk Circuits

Trunks are the transmission paths that interconnect switching
machines, portions of switching machines, and/or switchboards. Most
trunks terminate in a trunk circuit at each end. Each trunk circuit
connects the transmission medium to a specific terminal on the
switching network at which the trunk terminates. Many trunk circuit
types are found in the telephone plant because of the variety of func-
tions performed, the variety of trunks used in the network, and the
requirements of the different types of switching machines and
switchboards.

Functions. Trunk circuits must perform many functions because they
provide switching, signalling, and transmission interfaces. In many
cases, battery and ground are furnished from a trunk circuit at one
end of a connection. Such a circuit typically contains a transformer
or blocking capacitors (or both) which provide coupling for speech
signals between the two parts of the circuit and prevent the dc from
that circuit from interfering with de supplied at the distant end.

Trunk circuits must be designed to provide a high degree of balance
so that longitudinally induced noise and interference is mot trans-
formed into more interfering metallic disturbances. In trunk circuit
design, circuit arrangements determine to a large degree the extent
to which interface impedances are matched so that terminal and
through balance requirements may be met. Many trunk circuits must
also provide additional protection against unwanted high voltage that
may appear on the trunk conductors due to lightning or power line
faults.

Most trunk circuits provide the interfaces that permit signalling
over the trunk. Included are supervisory components which recognize
the on-hook, off-hook, or reverse battery state of the connection. These
differences in state may provide both supervisory and address signal-
ling information on the tip and ring (T and R) leads or on standard
signalling leads for use locally and at a distant office. In addition,
signalling information may be extended from the trunk circuit to
automatic message accounting equipment.

Effect of Trunk Type. Trunks are classified in a number of ways to
satisfy the needs of. transmission engineering and traffic organiza-
tions [6]. However, none of these classifications can be used adequ-
ately to discuss the effect of trunk type on required trunk circuit
transmission and operating characteristics.
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One method of classifying trunks is by the number of directions of
call origination. A two-way trunk provides for call origination in
either direction; a one-way trunk permits origination in one direction
only. The various trunk circuits for one-way and two-way trunks
have different signalling system interface requirements which are
further complicated by the signalling requirements of the switching
machine or switchboard at each end of the trunk,

Both trunks and switching machines can be either two-wire or
four-wire., Any combination of these may be found and provision
must be made accordingly in the transmission design of the trunk
circuit which provides the interface at the point of interconnection.

As previously mentioned, trunks are used to interconnect switching
machines, portions of switching machines, and/or switchboards. Each
different application requires the use of a different design of trunk
circuit. Many intramachine trunks are required to provide connections
to signal sources such as dial, busy, audible ringing, and reorder tones
and to announcement machines associated with certain number
services (reached unassigned number, disconnected service, etc.).

Intermachine trunks include all of the various trunks required in
the message network hierarchy. Each of these may be one-way or
two-way, two-wire or four-wire, direct, tandem, toll connecting or
intertoll, high-usage or final route. Operation of any one of these
trunks may involve echo suppressors and their enabling and disabling,
switched gain, switchable pads, or the use of idle circuit terminations.
Most of these options require the use of a different type of trunk
circuit.

Some trunks that interconnect switching machines and switch-
boards provide operator services only and others remain in a network
connection after the operator has disconnected (e.g., secondary inter-
toll trunks). Each of these applications requires a different type of
trunk circuit to accomplish the desired functions. Where the connec-
tion from the operator to the network trunk is made by bridging, the
trunk circuit must have low loss in the through-trunk connection and
high-impedance bridging of the operator trunk. The bridged operator
trunk is connected to the through trunk by a path through a switching
machine network. After the operator has completed the necessary
action, the bridged connection is released.
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Some trunks provide connections from a network trunk to local or
centralized automatic message accounting (LAMA or CAMA) equip-
ment. The requirements on these trunks depend on whether the
message trunk is in a flat rate, message rate, or toll rate portion of
the network and the nature of the trunk circuit is affected accordingly.

Typical Trunk Circuits. Detailed illustration of trunk circuits is im-
practical because of the large number of circuit types that are in use.
However, the more significant features and functions of these circuits
can be demonstrated by a few schematic drawings chosen to illustrate
specific points.

The principal connections to trunk circuits are those dedicated to
transmission and signalling. In order to effect a reasonable amount
of standardization, certain designations are consistently used for
trunk circuit leads having specific functions. In many cases, these
designations are applied to leads other than those used in trunk
circuits (e.g., many signalling unit and voice-frequency repeater
leads).

Lead Designations. Standard designations for the tip and ring
transmission leads are T,R,T1, and R1. The T and R designations
are used generally to designate the tip and ring leads of two-wire
circuits where no distinction between the two circuit ports is needed.
Where a distinction must be made, T and R are usually used for the
leads at the port facing the switching equipment and T1 and R1 for
the leads at the port facing the transmission facility. At two- to
four-wire conversion points, the two-wire port leads are designated
T and R. The four-wire port leads that transmit away from the con-
version point are also designated T and R; the leads that transmit
toward the conversion point are designated T1 and R1.

Where an equipment item interconnects two four-wire circuits, the
T, R, T1, and R1 leads are assigned in various ways depending on
the application and functional designation of the interconnecting
circuit. Signalling leads are also given standard designations. These
include E, M, SX, SX1, A, B, SG, and SB. Illustrations of some
applications are given in Figure 7-3.

The designations, E and M, identify leads that interconnect trunk
circuits and signalling circuits. These leads are always functionally
related in such a way that the E lead is used to signal from the trunk
circuit toward the local switching system through signalling circuits
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and the M lead is used to signal from the local switching system
through signalling circuits toward the distant end of the trunk. The
relationship of E and M signalling leads to transmission circuits and
the directions of signalling are illustrated in Figure 7-3(c). An open-
circuited E lead represents an on-hook condition at the distant end
of the trunk; a ground on the E lead represents an off-hook condition
at the distant end. Similarly, the M lead is used to signal toward the
distant end of a trunk; an on-hook condition at the near end is
represented by a ground on the M lead and on off-hook condition by
—48 volts.

The E and M lead method of signalling is in common use but, as
shown in Figure 7-4(a), the signals are changed by opening and
closing single-wire circuits. With each change of state, this arrange-
ment produces high-amplitude transients which may be induced into
other circuits to cause errors in control or impulse noise in trans-
mission. The circuit arrangement of Figure 7-4(b) is used to over-
come these impairments by providing paired-wire signalling. The
SG (signalling ground) and SB (signalling battery) leads are
doubled back between trunk and signalling circuits so that transients
are suppressed by cancellation. In this arrangement, the local on-hook
condition is represented by an open rather than a grounded M lead
and the off-hook condition by the application of —48 volts to the
M lead.

Where dc signals are transmitted over cable pairs, dc continuity
can be provided around a transmission circuit by use of simplex leads
(SX and SX1) as illustrated in Figure 7-3 (b). Such signals may also
be applied across the tip and ring conductors of a pair. In this case,
access to the pair may be over A and B leads connected directly to
the tip and ring leads or by way of the terminals of the midpoint
series capacitors in line transformers. Lead associations are main-
tained in order to provide logical interfaces between transmission and
signalling circuits. The A lead is associated with the T-lead side of a
transmission circuit and the B lead with the R-lead side. Where A
and B leads of DX signalling circuits connect to SX and SX1 leads,
an association is maintained between A, SX1, T1, and R1 leads and
between B, SX, T, and R leads.

Battery Feed Circuits. When a connection is established, current
is generally supplied to a loop and/or a trunk from a trunk cirecuit or
a junctor circuit. (Junctors are used to interconnect certain portions
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Figure 7-4. Simplified schematic of E and M lead signalling.

of the switching networks of ESS and crossbar systems.) There are
many forms of battery supply (or battery feed) circuits most of
which can be classified in one of two general categories, repeating coil
circuits and bridged impedance circuits.

Figure 7-5(a) illustrates a repeating coil battery feed circuit for
an interoffice connection at a step-by-step switching machine and is
typical of a number of other applications. Battery and ground are
fed independently to the loop and trunk. The capacitors, designated
C, furnish voice signal current coupling through the repeating coil
windings. The capacitance values are chosen to be as small as
practicable without inserting excessive transmission loss or distortion.
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The relays are used for supervisory signal information. The relay
and repeating coil windings have sufficient resistance to limit the
battery feed current on extremely short loops to acceptable values; at
the same time, these windings are capable of carrying the maximum
values of dc that may arise from trouble ground or short-circuit con-
ditions on a loop.* Shunt losses to speech currents are limited by the
relatively high inductance of these coils. The windings are well
balanced to prevent the conversion of induced longitudinal interfer-
ence to the more interfering metallic form of interference.

Figure 7-5(b) illustrates a bridged impedance battery feed circuit.
It is used for intraoffice connections in step-by-step and crossbar
systems and is typical of a number of such applications. Although it
does not provide longitudinal isolation, it is much simpler and less
expensive than the circuit of Figure 7-56(a) and performs satisfac-
torily in many applications.

Intraoffice (loop-to-loop) connections in No. 1 ESS receive battery
current from a junctor circuit located at the midpoint of the switch-
ing network connection. The circuit, shown in Figure 7-5(c), is an
example of a bridged impedance battery feed arrangement with some
unique features. The windings of the inductors designated L1 act
as a filter to suppress noise originating in the battery supply. The
two-winding inductor designated L2 limits surge currents that might
be caused by power crosses or lightning in order to prevent damage
to fragile circuit elements, especially the sealed reed switch contacts
used in No. 1 ESS networks. The polarities of the windings of L2 are
such that the inductance is minimized for voice signals that circulate
through the circuit but has a relatively high value for unwanted
longitudinal currents. This battery feed circuit has an insertion loss
of about 0.25 dB over the voiceband.

Figure 7-6 shows the originating and terminating trunk circuits
of a typical direct trunk interconnecting two local central offices. In
both trunk circuits, battery current is supplied through the windings
of an S relay which also provides certain signalling and supervisory
functions. The A relay windings in the terminating trunk circuit
furnish battery and ground to the trunk for supervisory and signal-
ling purposes. These three battery feed circuits are prevented from
interfering with one another by the blocking capacitors, designated C.

*A dés‘ign criterion used for these circuits is that a trouble ground condition
may destroy the component but may not create a fire hazard.
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Figure 7-6. Bridged impedance battery feed circuits and dc signalling.

Signalling. Figure 7-6 may also be used to illustrate a number of
signalling features commonly provided in trunk circuits. The con-
nection shown is one in which de signals from the calling station set
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are extended by relay operations in the trunk circuits at the two ends
of the trunk. On-hook and off-hook conditions at the calling station
set (supervisory and dial pulse signals) are detected by the S relay
in the originating trunk circuit. This relay operates (off-hook) and
releases (on-hook) in response to calling station set conditions. The
S1 relay operates and releases under control of the S relay. The S1
relay contacts open and close the trunk loop to extend signalling to
the terminating trunk circuit.

The A relay in the terminating trunk circuit operates through the
normally closed contacts of the T relay when the trunk loop is closed
by the S1 relay in the originating trunk circuit; it releases when the
S1 relay releases. Thus, the A relay repeats dial pulses and super-
visory conditions received from the originating end of the trunk to
operate the switching machine at the terminating end of the trunk.
When the called station set is answered, the S relay in the terminating
trunk circuit operates to actuate a ring tripping circuit (not shown)
and also to operate the T relay which reverses the direction of current
flow from the A relay through the trunk. This polarity reversal causes
the polarized CS relay in the originating trunk circuit to operate, thus
providing an indication of the called station off-hook condition to the
originating switching machine. This sequence is called reverse battery
supervision. If the called station is busy, the BY relay operates and
connects a busy signal to the trunk to notify the caller of the busy
condition,

Two-Wire Switching of Four-Wire Trunks. In No. 1 ESS, provision is
made for the two-wire switching of four-wire toll trunks by a tech-
nique called HILO. Trunk circuits are used to convert the two balanced
(two-wire) paths of a four-wire trunk to two unbalanced (one-wire,
ground return) paths for transmission through the switching net-
work. As a part of the conversion process, the impedances of the two
paths are transformed from nominal 600-ohm values in such a
manner that an impedance in excess of 100,000 ohms faces the
switching network at the transmitting end of each path and an im-
pedance of 5 ohms or less faces the receiving end; hence, the designa-
tion HILO. A block diagram of the resulting transmission layout is
given in Figure 7-7.

The HILO technique is applicable only to No. 1 ESS machines
equipped with remreed-type networks. The high transmitting-end
impedance makes the currents transmitted through the switching
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Figure 7-7. Two-wire switching of four-wire trunks.

network relatively insensitive to inductive crosstalk coupling between
transmission paths. The remreed-equipped networks are more com-
pact than ferreed-equipped networks. As a result, the transmission
loops through the network are shorter and inductive crosstalk cou-
pling, normally limiting in single-wire switching networks, is con-
trolled. Capacitive crosstalk coupling is also controlled by virtue of
the low-impedance used at the receiving end of each path.

This method of converting four-wire circuits to two-wire circuits
significantly increases the No. 1 ESS capability for switching toll
trunks. It thus provides for the application of No. 1 ESS to the switch-
ing of limited numbers of toll trunks in situations where a machine
wholly dedicated to toll switching could not be economically justified.
The HILO technique was originally proposed for use in switching
networks employing solid-state crosspoint devices [7].

7-3 TRANSMISSION-RELATED SWITCHING OPERATIONS

The operation of every switching system involves sequences and
call manipulations that have a direct impact on transmission. Some
of these involve the transfer or reversal of battery and ground con-
nections in the transmission path. Other sequences are performed by
the switching machine to satisfy certain transmission requirements.
Still others are signalling circuit manipulations that affect trans-
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mission at the points of interface between switching, signalling, and
transmission circuits. In addition, there are a number of service
features that involve transmission in direct or indirect ways.

Each of these general classes of transmission-related switching
operations has involved problems that had to be solved to assure
satisfactory transmission performance. Some of the solutions have
affected station set designs; others have affected transmission cir-
cuits and some have had their primary impact on switching system
designs.

Call Sequencing

In the course of establishing connections, the sequence of operations
in a switching machine often involves the transfer of battery and
ground connections from one circuit to another. Each time such a
transfer is effected, electrical transients may be transmitted to the
station set at one or both ends of a connection. These transients are
sometimes minimized in respect to the frequency of occurrence by
the sequence of operations designed into the switching machine but
they cannot be eliminated completely. Station set circuits have been
provided with diodes bridged across the receivers to suppress such
transients and to make them less annoying to a listener. These diodes
break down to absorb the sharp instanteous voltage peaks of the
transient.

A similar phenomenon results when the battery and ground con-
nections to a loop or trunk are reversed. This reversal is used as a
signalling mechanism for a number of sequenced functions within a
switching machine. When reversal occurs, it is equivalent to opening
and closing the battery and ground connections just as in battery
transfer. The transient suppression feature in station sets is also
effective in limiting the annoyance due to these transients.

Switched Transmission Operations

There are a number of transmission features and functions that are
provided by switching system operations. For example, the stability
of transmission equipment frequently depends on the existence of a
suitable termination at the input and/or output terminals. A circuit
condition that can often produce instability is the open-circuit termi-
nation that may exist when a line is idle. To prevent instability under
these circumstances, the switching system is arranged in many cases
to apply an idle circuit termination.
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The enabling and disabling of E6 repeaters and echo suppressors
are also often controlled by switching machines. The disabling of E6
repeaters accomplishes the same purpose as the application of idle
circuit terminations; i.e., by removing the power ground, it prevents
repeater instability when the line is in the idle condition. The dis-
abling of echo suppressors is sometimes necessary to prevent having
more than one echo suppressor in tandem in a long built-up connection
in private switched networks. In many cases, they are also disabled
in the public as well as private switched networks to allow duplex data
signal transmission.

Loss pads are sometimes switched in or out of an intertoll trunk.
If the intertoll trunk is switched to a high-loss toll connecting trunk,
the pad is switched out of the intertoll trunk circuit. If the connection
is to a low-loss toll connecting trunk, the pad is switched into the
circuit [6].

7-4 DIGITAL SWITCHING INTERFACES

In addition to the facilities and equipment required for voice-
frequency telephone communications, central office buildings house a
great variety of other types of transmission equipment. Among these
are equipment units that provide interfaces between digital and
analog portions of the facility network. Some of the interface equip-
ment units are more conveniently described as parts of major systems;
among these are the D-type channel banks used with various T-type
carrier systems.

Telephone switching has evolved as a means of interconnecting
transmission circuits (loops and trunks) by providing complex
switching networks primarily utilizing the previously mentioned
electromechanical step-by-step, crossbar, or sealed reed switches.
These are sometimes referred to as space division switching networks.
Now, switching may also be accomplished by electronically directing
the pulses of digitally encoded signals according to the desired inter-
connection pattern, a method known as time division switching.

The first major central office system to utilize time division switch-
ing is the No. 4 ESS toll switching system [8]. Signals to be switched
by this machine must be coded in accordance with a specific format
based, in part, on the DS-1 signal format employed in the T1 Carrier
System. The coding may be accomplished by voiceband interface units
(VIU), which accept up to 120 voice-frequency signals at the input,



198 ‘ Local Plant Facilities Vol. 2

or by digroup terminals (DT) which accept DS-1 signals at the input;
in both cases, the signals are processed into the appropriate format
for digital switching of voiceband signals. Switching is implemented
by making appropriate changes in time slot assignments of the pulses
that represent specific signals. These changes are accomplished in
the switching machine by circuits that are collectively called the time
slot interchange (TSI).

Digroup Terminal

The most efficient method of processing large numbers of DS-1
(bipolar, 50-percent duty cycle) signals terminated at a No. 4 ESS
is by the use of digroup terminals. Each DT has the capability of
terminating 40 DS-1 digroups, a total of 960 voiceband circuits. A
digroup terminal consists of eight digroup terminal units (DTU) each
of which can process five digroups (120 circuits). In addition, a
switchable spare DTU is incorporated for protection and maintenance
purposes.

On the switching side of the digroup terminal, the five DS-1 signals
of each DTU are multiplexed by time division techniques into a single
serial bit stream of 16.384 Mb/s for transmission to the time slot
interchange of the ESS switch. This signal is in a two-level (unipolar)
format and has 128 channel time slots. Of these, 120 provide for the
multiplexed circuits of the ﬁve DS-1 signals; the remaining eight are
used for maintenance.

Circuits are provided in each digroup terminal for timing and
buffering so that incoming DS-1 signals can be synchronized to the
operations of the time slot interchange. In addition, signalling infor-
mation and digroup terminal maintenance information is transmitted
between a digroup terminal and the No. 4 ESS common control over
a 2.048 Mb/s link.

Voiceband Interface Units

Although the processing of signals in No. 4 ESS is most efficient
when the input signals are in the DS-1 format, many voice-frequency
signals must be accepted and processed at the interface into a suitable
digital format. The equipment units used for this processing, called
voiceband interface units (VIU), are mounted in a three-bay voice-
band interface frame (VIF), Seven working VIUs, each arranged to
terminate 120 trunks, are mounted in one VIF together with a switch-
able VIU for maintenance and protection.



Chap. 7 Central Office Equipment 199

On the voice-frequency side of a VIF, connections are made to any
of a large number of alternative equipment types. These include voice-
frequency trunk terminal equipment, short-haul analog (N-type) or
digital (D-type) carrier terminals, or long-haul (A-type channel
bank) terminal equipment. Some of these equipment types are stan-
dard items associated with particular transmission systems; others
are unitized equipment bays developed specifically for this application.

Signals between either the VIU or the digroup terminals and the
time slot interchange are of the same format. Signals from the VIU
are processed and multiplexed into a 16.384 Mb/s unipolar signal.
Signalling, timing, and maintenance signals are treated separately
as with the digroup terminal.

7-5 TELEVISION EQUIPMENT

The nationwide network of television channels is provided pri-
marily over microwave radio transmission systems. The administra-
tion of the major broadcasting networks is coordinated largely by
telephone company personnel located at the television operating
centers (TOC). The TOC equipment is usually located in telephone
central office buildings. The TOCs, the equipment required, and the
operating staff are variable in respect to size and assigned manpower.
In some cases, equipment locations called television facility test posi-
tions are provided with minimum facilities.

The TOC is provided with switching, patching, and a wide variety
of transmission and maintenance items needed for network opera-
tions. Switching equipment is provided for both video and audio
circuits. The switching is coordinated and controlled so that local
circuits between studios, pick-up points, broadcast transmitter loca-
tions, or the long distance network can be switched in a variety of
combinations with minimum delay or interruption. The control cir-
cuits for these switches are located in the TOC and the control
elements (pushbuttons) may be located at the TOC or at a remote
location or both. Switching matrices of various sizes are available
up to a maximum of 30 X 36 inputs and outputs. The TOCs, studios,
transmitters, and receivers are interconnected by video trunks. Am-
plifiers, clampers, equalizers, ete., are provided so that trunks can
be adjusted to meet transmission requirements.

A patch bay is provided so that video circuits can be patched
through the switching matrix as desired. This bay is also used as a
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common transmission level point where levels are not only equal but
are adjusted to be flat across the video band.

The TOC is the control point for television video and audio circuit
maintenance activities. A wide variety of test equipment, most of it
permanently mounted, is used with switching or patch cord access
to the video trunks for test and maintenance work.

Signal generators, level meters, transmission measuring sets, and
other test equipment items are used for troubleshooting and for the
adjustment and evaluation of video and audio circuits. Order wires
are provided so that maintenance personnel can communicate easily
and directly with personnel at other locations. Two types of monitors
are normally used. One type displays the picture being transmitted
to give assurance that correct connections have been made through
the patch bay and the switching matrix and to judge the quality of
the picture. The second type is an oscilloscope that is used to display
and evaluate the waveforms of signals transmitted on circuits under
investigation.

7-6 SOURCES AND CONTROL OF IMPAIRMENTS

In many cases, the unique environment and specific design problems
involved in central offices make the control of transmission impair-
ments essential if high quality performance is to be maintained.
Central office circuits and equipment arrangements may be the source
of transmission deterioration, partly because of the high concentra-
tion of equipment and wiring and partly because of the many inter-
faces between different kinds of circuits.

Noise

A predominant transmission impairment generated in many central
offices is impulse noise. Switching functions, such as the operation and
release of relays and switches, produce high transient voltages. Care
must be taken in design and layout so that excessive transients are

not induced into circuits that carry data or other signals susceptible
to such noise.

Of particular interest in respect to impulse noise generation are
alarm, bay power distribution, and control leads. Wherever possible,
these leads and the circuits they interconnect should be operated as
balanced circuits and the leads installed as twisted pairs. The cost
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savings resulting from single-wire ground-return operation is often
tempting but where circuits are so operated, induced transients are
difficult to control.

Another source of impulse noise is the switching system operations
that require the transfer or reversal of battery feed connections to
transmission circuits. In general, these take place during the connect
and disconnect processes of call sequencing. Thus, the effect is minimal
on data signal transmission and, as previously mentioned, the effect
on voice circuits is minimized by the design of the receiver circuits
in telephone station sets.

Other central office noise sources produce interferences, such as
contact noise and battery noise, that are more nearly like random
circuit noise. Contact noise is due primarily to the build-up of dirt
and other high-resistance materials on the surfaces of electrical con-
tacts. Switchbank contacts and wipers on step-by-step switches are
of base metal (copper), and are thus subject to wear. They must be
cleaned regularly to prevent deterioration of performance. Contacts
on relays and other switching elements are made of precious metals
and the contacts are designed to have a wiping action as they make
and break to help prevent the accumulation of unwanted dirt and
other pollutants. Most relay contacts now are of the bifurcated design
which, in effect, puts two contacts in parallel to minimize the dele-
terious effects of high resistance that may build up in one contact.

Common battery supply circuits are also a source of interference
similar to random noise. All of the transmission and switching circuits
in an office that operate from the common battery share the battery
feed circuits as a common impedance which is kept as low as possible
(a small fraction of an ohm). Even though the coupling impedance is
extremely low, the total power of the many coupled-in signals can be
significant and usually has the quality of random noise [9]. The
coupling of this impairment into transmission circuits must be con-
trolled in design so that it is not a significant source of message circuit
noise. In some situations, special filters must be installed in battery
supply leads on each equipment frame to prevent excessive noise
accumulation.

Crosstalk

In central office equipment, there are many exposures to crosstalk
between transmission circuits and from announcement and tone
sources into transmission circuits. These sources of impairment are
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controlled in design and by careful and continuing maintenance effort.
Signal amplitudes and transmission level points must be maintained
at design values.

In some cases, where wide discrepancies exist between signal ampli-
tudes in adjoining circuits, crosstalk is minimized by routing the cir-
cuits through cable or wiring paths that are separated physically. The
separation is specified by installation instructions and must be main-
tained if performance is to be satisfactory.

Coupling Circuits

The combined need for isolating battery feed circuits from one
another while providing signal coupling between circuits is generally
solved by the use of capacitors and/or transformers. These circuits
can degrade performance by introducing transmission deviations or
by restricting bandwidth. However, their characteristics are deter-
mined primarily by design and unsatisfactory performance is usually
due to a trouble condition or to errors in wiring.

Loss and Return Loss

Impairments can result from excessive transmission loss or in-
sufficient return loss in central office circuits and equipment. Trans-
mission losses are controlled primarily by design and, where excessive,
are usually caused by a trouble condition. Return losses must be

controlled by the application of through and terminal balance
procedures [4].

Battery Voltage

The common battery supply used in central offices consists of large
batteries in which voltage is maintained at nominal values with per-
missible fluctuations of several volts. The charge is maintained by
applying a primary power source of commercial 60-Hz ac through
appropriate power rectification and control equipment.

In the event of failure of the primary commercial supply, the load
is taken up by emergency ac generating equipment driven by a diesel
or turbine engine. In the event of multiple failure, the battery carries
the operating load without primary supply but only for a limited time.
Most batteries are selected to provide a minimum of 4 hours reserve
capacity at peak traffic load. Under such conditions of power failure,
battery voltage may gradually decrease. As the voltage drops, indi-
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vidual circuits deteriorate in ways that depend on circuit functions
and the applied voltage. Switching and transmission performance
gradually deteriorates until total failure occurs.
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Chapter 8

Business Communications Systems

Business customers have many communications needs that are not
satisfied by the ordinary telecommunications services provided by the
message network. One of these needs is rapid, convenient, and eco-
nomical intercommunications among their employees. In some cases,
these needs must be fulfilled at a single location and, in other cases,
between two or more locations that are distant from one another. This
type of service is furnished by a class of equipment called business
communications systems (BCS). In some instances, these systems are
also used for residence services.

The strategy of furnishing business communications service de-
pends on the size of the customer organization, the manner in which
it is dispersed over different locations, and the number of people at
each location. In addition, the manner in which the needs are fulfilled
depends on the service features to be provided in addition to the basic
feature of intercommunication.

Typically, where customer needs are concentrated at one location,
service is provided by a key telephone system (KTS) or a private
branch exchange (PBX) system. These provide local intercommuni-
cation services and can also be furnished with a number of other
desirable features. The equipment is usually located at the customer
premises.

Where corporate activities are dispersed, business communications
systems may be expanded to include a network of interconnected
PBXs and/or key telephone systems. The scattered locations may each
be served locally by a PBX and the PBXs may be interconnected by

204
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tie trunks; the overall network in this case is called a tandem tie
trunk network (TTTN). For very large service needs, a network of
switching systems usually located in central office buildings may be
interconnected by network trunks. A PBX at each customer location
is connected by access lines to the network, called a switched services
network (SSN). On intranetwork connections, these private switched
networks perform functions similar to the local, toll connecting, and
intertoll switching functions of the switched message network. Many
aspects of transmission are now recognized as unique to this type of
equipment,

Other types of business communications services include those pro-
vided by commercial automatic call distributors (ACD) and telephone
answering systems (TAS). The ACDs are arranged to distribute a
large number of incoming trunks or lines to a smaller number of posi-
tions at which incoming calls are usually served directly by attendants.
The service at a TAS is.one in which incoming calls are answered for
the customers of the answering service. Messages are recorded and
forwarded at a later time.

In some respects, KTS and PBX equipment have significant common
operating features; ACD and TAS equipment features are also some-
what similar. The main points of similarity between KTSs and PBXs
are that both provide multiple access to a-switched-network (public or
private) and both provide intrasystem communications without re-
quiring access to the network. Thus, there are-¢ircuits in these layouts
that are similar in function to customer :loops, i.e., circuits that con-
nect station sets to the switching equipment. Circuits, similar to
PBX-central office (PBX-CO) *trunks, connect the ACD or TAS equip-
ment to a switched public or private network. Incoming calls termi-
nate at attendant positions. The service is predominantly incoming
and there is very little provision for initiating outgoing calls. In
TAS equipment, there is usually no way of extending a connection
to another switchboard or station; however, provision is made to
transfer connections from an ACD to an associated PBX switchboard
or station.

The majority of PBXs, ACDs, and TASs are administered by at-
tendants at key-type consoles or, in older installations, at cord-type
switchboards. In some cases, KTS arrangements also have a central
station which may be regarded as an attendant position. Thus, all
four equipment categories use some form of attendant administration.
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The market for business communications systems comprises a wide
variety of customer preferences, environments, and communicating
styles. As a result, there is available a very wide variety of products
and services that add to the complexity of this field of application.
While most of the variations primarily affect the switching and
signalling designs, transmission designs are also somewhat affected.

8-1 KEY TELEPHONE SYSTEMS

A key telephone system allows a station set to be used to pick up
and/or hold one of several lines or trunks. Customer requirements for
key telephone service may be satisfied by a wide variety of available
systems. Some have only one station or line and others have up to 40
stations or lines. Most key station sets are provided with pushbutton
access to 6, 10, or 20 lines; also, the CALL DIRECTOR® telephone set
can be used to provide access to as many as 30 lines.

- These systems also provide for intercommunication (intercom)

between stations of the system. The circuits that terminate at a key
telephone set may be PBX station lines or any of a number of central
office connections including loops, private lines, foreign exchange
(FX) lines, wide area telecommunications service (WATS) lines, or
long distance (LD) lines. Transmission on connections to each of
these lines must be nearly equivalent to satisfy customer needs and
the necessity for providing high quality transmission over the various
types of connections to KTSs offers many design challenges. In addi-
tion to the primary requirements of pickup, hold, and intercommuni-
cation, KTSs also may provide a number of other features, some of
which may affect transmission. Some features are:

Controlled privacy or exclusion

Interstation signalling

Battery supply for intercom

Use of CO or PBX talking battery

Incoming call transfer

Conference and drop-off transfer

Multistation intercom and outside conferencing

Tie line connections to other KTSs.
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Key telephone systems may be used in a number of different ways
to achieve conference or add-on service. In some key station sets, non-
locking pushbuttons are used. Thus, more than one button may be
depressed simultaneously giving a station access to more than one
connected line at a time and/or to the intercom circuit. Transmission
quality is not guaranteed because, with each line added to the con-
nection, transmission loss increases and the return loss deteriorates
due to changes in the terminating impedance. In other systems, an
add-on key and circuit are provided so that a second line can be
bridged to an existing connection. Similar loss impairments are
incurred.

Remotely located, independently operated key telephone systems
may be interconnected by tie lines similar to intercom lines. These
tie lines cannot ordinarily be interconnected with other circuits to
establish connections beyond the KTSs.

Key telephone systems are designed so that features can be pro-
vided as selected by the customer. One commonly used feature is a
lamp display that indicates the state of each station set line. Figure 8-1
shows the indications normally provided. In addition to the line state
indicators, a separate lamp may be provided to indicate that the at-
tendant has a message waiting for the user and another lamp may
indicate that the add-on feature (for conferencing) is in use. In addi-
tion to these commonly used features, others may be optionally pro-
vided. These include voice signalling over the intercom to a loud-
speaker, privacy and exclusion arrangements, and manual or dial
intercom signalling. In some systems, provision is also made for music
to be transmitted to calling parties when their connections are placed
on hold and tones to be transmitted to calling parties placed in a
camp-on condition (waiting for a busy called party to become free).
The music source is a customer responsibility; access for the connec-
tion is provided in the key telephone system. This feature involves
the application of stringent design requirements so that two callers
whose connections are in the hold condition cannot communicate. The
loss between two such connections, called talk-through loss, must be
in excess of 60 dB.

Key telephone service was initially provided by custom-engineered
assemblies of lamps and keys which were subsequently standardized
and called wiring plans. The service has expanded and evolved to
include a number of systems which provide the range of features
previously discussed by packaged units called key telephone units
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LINE STATE LAMP INDICATION
Idle Not illuminated
Busy Steady illumination
Ringing signal’ Flashing (60 per minute)
On hold Winking (120 flashes per minute)

Figure 8-1. Key telephone lamp signals.

(KTU) which may be mounted and interconnected in apparatus
cabinets and key service units (KSU). By proper selection and
interunit wiring of KTUs, a wide range of custom-engineered options
can be provided by use of standard equipment and apparatus. Cross-
talk must be carefully considered in design because of constant ex-
posure between the same potentially disturbing and disturbed cir-
cuits. Most of the telephone station transmission circuitry in KTSs
is provided in the form of 500-type station set circuits. Thus, the basic
performance of these stations is equivalent to that of the 500-type
station set. ’

The equipment and components used in KTUs have undergone
many changes in technology and service applications. The circuits
that provide the numerous options are assigned code numbers and are
designed for use in apparatus cabinets and KSUs. The latest versions
of these circuits use solid-state components, printed wiring boards,
and miniature relays mounted on plug-in circuit cards to make most
efficient use of available space and power. The most recent version of
this type equipment assembly is the 1A2 KTS.

Another trend in customer premises switching is the integration
of PBX and KTS functions. Four systems, shown in Figure 8-2, are
available to provide features that are a mix of those usually found
in PBXs or KTSs. A station on any of these systems may be connected
to any line terminating at the system. Most of the newer features
such as tone signalling, loudspeaker intercom, music on hold, tone on
add-on, and multiline conferencing are provided.

TYPE CO OR PBX LINES STATIONS
4A 4 16
TA 7 18

14A 14 34

21A 21 52

Figure 8-2. Key telephone communication systems.
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8-2 EQUIPMENT FOR PBX AND CENTREX SERVICES

Where a customer has a large number of employees that have need
for telephone communication among themselves as well as with others
outside the organization, the required services are often provided
most economically by the use of one or more PBXs. In this type of
business communication system, connections may be established be-
tween stations served by a PBX, between these stations and trunks
terminating at the PBX, and between various types of trunks.

Services are provided by PBXs covering a wide range of sizes,
features, uses, and applied technology. Sizes range from small, manual
systems that can accommodate up to 40 station lines to machine
switching systems of various types that can serve up to 10,000 station
lines. Features, some optional, include intraPBX dialing by any
station, attendant services, direct inward dialing, direct or attendant-
assisted dialing to remote locations over PBX-CO or PBX tie trunks,
toll diversion, and direct outward dialing with automatic identification
of outward dialing. Multiport conference circuits are available for
use with PBXs. These circuits can simultaneously bridge up to six
PBX-CO trunks or PBX station lines in various combinations. Key
telephone station lines can be among those connected together through
such a conference bridge. Simple, single-station, add-on capability is
also provided in some PBXs by the dialing of an appropriate code.

A PBX may serve just one group of users at a single location or at
a number of locations and it may be used as a switching center in a
large and complex private telecommunications network [1]. There
are many thousands of PBXs in service utilizing a range of tech-
nology that includes manual switchboards and step-by-step, crossbar,
and electronic switching systems. Both space division (ferreed and
solid state) and solid-state time division ESS machines are used.

Station Lines and Tie Trunks

Station sets are connected to an associated manual or dial, attended
or unattended PBX by means of PBX station lines. These are
analogous to loops that connect station sets to the serving central
office in the switched message network. The station sets may be
collocated with the PBX or remotely located (off-premises). In either
case, they may be individual or multipled station sets or they may
comprise a key telephone system operating from the PBX. The loss
and resistance limits for on- and off-premises station lines are estab-
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lished by complex relationships with the loss and resistance limits
for PBX-CO trunks so that objectives can be met for a wide variety
of connections [2]. Among other complications, these limits must
satisfy transmission contrast and signalling requirements with bat-
tery feed circuits located at the central office on some connections and
at the PBX on others.

The interconnection of PBXs is accomplished by circuits called tie
trunks. There are numerous types of tie trunks and many intercon-
nection patterns may be established to form parts of extensive tandem
tie trunk networks. These are sometimes considered as a class of
networks within a larger class called switched services networks in
which separate locations are interconnected by network trunks and
access lines. However, the latter networks provide services covered by
specific tariffs; furthermore, they are well-organized networks con-
trolled by common control switching arrangements. Therefore, for
present purposes, the two types of networks are to be considered as
separate classes [1].

PBX Types and Services

While there are many manual PBX systems still in operation,
especially in small installations, the trend is toward machine switch-
ing; most PBXs are now machine switching types with some form of
attendant switchboard or console. Another type of dial PBX service,
called centrex, includes certain specific features. This service may be
provided by all or a portion of the serving central office switching
machine.

Manual PBXs. In small business installations, most service require-
ments are satisfied by key telephone systems. However, one modern
manual PBX, the 558A, operates with a 29-type console to serve up
to 40 lines.

There are still manually-operated key-type switchboards of the 506
and 507 types in service. These switchboards, no longer manufactured,
provide service to a maximum of seven and twelve PBX station lines,
respectively. Other outmoded cord- and jack-operated manual switch-
boards are still found in service. These include the 552-type, which
can serve up to 420 lines, the 555-type, which can serve up to 120 lines,

and the 606 and 607 types, which can serve up to 5000 and 3500 lines
respectively.
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The 608-type cord switchboard can serve up to 1600 lines. This
switchboard, together with the 552, 606, and 607 types, can function
as an attendant switchboard for dial PBX operation in addition to
being used as a manual switchboard.

Dial PBXs. As previously mentioned, most PBX service is now pro-
vided by switching machines, supplemented by attendant consoles,
rather than by manual key-type or cord-type switchboards. Switching
and attendant equipment is located on customer premises in most in-
stallations. In some cases, PBX or centrex services are provided by
central office switching equipment. Like central office switching
machines, dial PBXs are of two general categories, electromechanical
coded with 700-series numbers and electronic with a variety of code
number series.

Figure 8-3 lists the principal types and general characteristics of
the systems now in use. While they are of early design, the 701-type
and 711-type PBXs still provide a large proportion of these services.
These systems are progressive, direct-control, step-by-step switching
systems. In application, they are very flexible, can economically serve
relatively small business needs, and can also be used to serve very
large installations (up to 10,000 lines). They are the only PBXs avail-
able to serve more than 4000 lines. The 702-type PBX, capable of
serving a market similar to that served by the 701- and 711-types, is
no longer manufactured. Only a few systems remain in service.
Similarly, the 740-type systems, designed to serve smaller installa-
tions, are no longer manufactured nor commonly used.

PBX TYPE CATEGORY MAX. SIZE, LINES
701 SXS 10000
702 SX S 9600
711 SxS 10000
740 SXS 300
755 X bar . 20
756 X bar ’ 60
757 X bar 200
770 X bar 400
800 ESS 80
801 ESS 270
805 ESS/X bar 57
812 ESS/X bar 2000
101 ESS 4000

CSS 201 ESS 2000

Figure 8-3. Dial PBX types and line capacities.
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The 755-, 756-, and 757-type PBXs are relatively small relay-
controlled crossbar systems. Though a number of these systems are
in operation, they are no longer manufactured. The 770-type system
is a common-control crossbhar system capable of serving up to 400
station lines. Its features make it attractive for use in hotel and motel
applications as well as in general business applications.

Recent designs of PBXs utilize electronic technology; some are
all-electronic and others utilize electronic control of electromechanical
networks. The 800- and 801-type PBXs listed in Figure 8-3 have
ferreed networks combined with an electronic common control mode
of operation. The designs are generally similar with the 801 an ex-
panded version of the 800-type. The 805-type PBX is a compact
machine designed to provide basic services in small installations.

The 812-type PBX utilizes a large crossbar switching network with
electronic common control. It can serve medium to large service needs
and, in many cases, offers an attractive alternative to the bulky step-
by-step systems previously used for this market.

The 101-type PBX, properly referred to as the No. 101 ESS, utilizes
time division switching units located at customer premises. The sys-
tem is unique in that the switching units are controlled by a stored
program unit located at the serving central office. The control unit is
capable of operating several independent switching units for different
PBX customers at different locations., Service requirements of the
various customers may differ considerably in terms of the size of the
installations and of the specialized features that can be provided. The
control and switching units are interconnected by a data link. Switch
unit sizes range from one serving a maximum of 340 station lines to
one serving as many as 4000 station lines, System application is
limited to one large or several smaller customer locations that require
service in an area served by the same central office.

The CSS201 is designed to provide economically a wide range of
features that have evolved in business communications systems. It
is a versatile all-electronic customer switching system called the
Dimension* PBX. It is capable of serving up to 2000 station lines
depending on the traffic load. It uses stored program control executed
by a special-purpose minicomputer and time division switching [3, 4].
Development of systems of larger capacity is continuing.

*Trademark of AT&T Co.
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A family of systems, coded in the SS300 series (SS300, SS301,...),
is used to provide a wide range of private switching and transmission
services for the specialized needs of a number of U.S. government
departments and agencies. A few general features are of interest.
The SS300 system, for example, is a switching arrangement that uses
crossbar switches in a nonblocking network array. It provides flexible
and switchable circuit arrangements between Federal Aviation Ad-
ministration (FAA) air traffic control positions and remote locations
that permit direct communication by radio with aircraft in flight. The
system accommodates several hundred control positions. The SS301
system is more nearly like a key telephone system that provides the
same type of service for up to 40 control positions.

Other systems in the SS300 family provide switched access arrange-
ments that can be used for conferencing among several hundred sta-
tions that may be widely scattered. Special distribution amplifiers are
used in a conference bus-bar circuit to assure satisfactory transmis-
sion performance. Several other smaller conference arrangements are
also provided by these system types. The SS310 system provides two-
or four-wire switching of private line circuits. It is used for crew
dispatching by maintenance organizations of power companies and
for truck dispatching by large trucking organizations.

Direct Dialing Services. The introduction of direct distance dialing in
the switched message network led to the provision of new features in
PBX services. Two significant features that have resulted are the
capability of direct inward dialing (DID) to a PBX station without
attendant assistance and direct outward dialing (DOD) over the
switched message network with automatic identification of outward
dialing (AIOD) by PBX stations for billing of long distance calls.

These features and many more are provided by some PBXs and by
central office switching machines that provide a service called centrex.
For centrex service, the operator console or switchboard is usually
located at the customer premises. The switching equipment may be
dedicated to centrex service or it may be a portion of the serving
central office switching machine. Central office switching equipment
that can provide centrex services includes the No. 5 Crossbar System,
and No. 1 and No. 2 ESS. The DID and AIOD service features can be
provided by the 701, 770A, 812A, and CSS201 PBXs and by No. 101
ESS where these systems are served by central offices that provide
outpulsing and automatic number identification (ANI). The stored



214 Local Plant Facilities Vol. 2

program mode of operation of No. 1 ESS permits a wide range of
service features to be provided within complex arrangements of main
and satellite central office switching machines and PBXs. Several
forms of automatic (dial-controlled) call transfer services can be
furnished.

In centrex service arrangements, each station line terminates
directly at the central office switching machine. These arrangements
involve a cost penalty that is dependent on the distances of the
centrex stations from the central office as compared to the PBX-CO
trunking used in ordinary PBX service. However, this penalty is off-
set by the fact that with centrex arrangements, there is no switching
equipment at the customer premises; thus, maintenance is more con-
venient and less costly and much less customer premises floor space
is required. In general, the centrex arrangements appear more attrac-
tive where a customer is located close to the central office.

Attendant Facilities. With most PBXs, there are attendant consoles
or cord switchboards operated by a customer employee or employees.
These attendant facilities are usually located at the customer prem-
ises, even when the switching equipment is located at the central
office. The attendant answers and completes incoming calls routed to
the customer directory number and provides operator assistance to
the PBX station users as required. In a network that contains main
and satellite PBXs, the main PBX attendants serve the satellites by
way of tie trunks. There are no attendant facilities at satellite PBXs.

There are many types of operator consoles used for these attendant
services, The selection must be based on the number of lines and
trunks involved and on the desired operating features. In console
operation, as contrasted with cord switchboard operation, the at-
tendant connection can be held, if necessary, for monitoring but is

broken in most cases after the attendant has established the desired
through connection.

Transmission Considerations

Many aspects of transmission in PBX installations are similar or
identical to those found in central offices. The same care in design,
manufacture, installation, and operation must be exercised in respect
to direct and multiple wiring layouts, trunk and line circuits, switch-
ing network organization, and office cabling as in similar central office
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situations. However, there are a number of ways in which PBX trans-
mission problems differ significantly from those found in central
offices.

Central office and PBX transmission problems differ primarily be-
cause, as previously mentioned, PBXs can often be regarded as com-
prising additional (sixth and seventh) levels in the switched message
network hierarchy and because of PBX service features that are not
normally associated with message network services. Included are
problems such as those relating to the design and layout of private
switched networks and the circuits that are used in these networks.
These circuits, which have counterparts in the message network, pro-
vide communication channels for the added network levels; examples
are PBX-CO and PBX tie trunks, on- and off-premises station lines,
and trunk and operator circuits for attendant facilities. Most PBX
transmission problems are discussed in Volume 3 [1].

In some installations, PBXs provide service to a specific group of
stations that are essentially collocated while in others, the PBXs are
interconnected as parts of tandem tie trunk networks or switched
services networks. These may be very large and the trunks between
PBXs must be designed to meet transmission requirements according
to the same general criteria, such as the via net loss design, as those
applied to the message network. The establishment of suitable objec-
tives is further complicated by wuniversal service conmections which
permit the interconnection of the private switched network and the
message network but with certain restrictions designed to facilitate
the maintenance of an acceptable grade of service. Another somewhat
similar complication is introduced in providing centrex and PBX-CO
services. Connections that are routed through the PBX attendant
facilities may involve up to three intermediate tandem loop facility
links, instead of one, before a connection is finally established between
a message network trunk and a PBX station line. Design objectives
must include the losses of the extra links. In order to meet loss and
return loss objectives in private switched networks, it may be neces-
sary to provide four-wire trunks, terminal and through balance in the
switching machines, and switchable pads on many trunks and access
lines. Transmission circuits for PBXs are now designed to have a
nominal impedance of 600 ohms. This provides a closer match to PBX
station set impedances than the previous value of 900 ochms and thus
improves transmission performance on network connections by
reducing talker echo.
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The design of transmission circuits associated with attendant
facilities presents additional challenges. These circuits must not in-
troduce excessive loss or degrade echo performance by reducing return
losses. In addition, they must not introduce excessive transmission
contrast for attendants or other network users and they must provide
satisfactory sidetone performance for the attendant console or switch-
board. Sidetone objectives are similar to those established for
auxiliary services in the switched message network [5].

In addition to the network and trunk aspects of PBX services dis-
cussed above, transmission performance is significantly affected by
station lines and the interactions between station lines and network
connections such as private network access lines, PBX-CO trunks,
FX trunks, and WATS trunks.

The transfer of battery and ground connections encountered in
switching system sequences has an added impact in PBX operation.
Signalling and transmitter current may be fed from one of several
points in the central office, from some part of the PBX switching
machine, or from the attendant console or switchboard. These changes
of battery connections can result in transmission degradation if they
are not well controlled in design. Impedances may vary widely causing
changes in echo performance ; transmission contrast may be excessive;
transmission quality may be affected by changes in battery supply
voltage, the resistance of the battery feed circuits, and the resulting
changes in transmitter current supply.

Typically, battery feed circuits are based on 48 volts and 800 ohms
or 24 volts and 400 ohms. These supply circuits are based on main-
taining a transmitter current of 50 =15 milliamperes. Departures
from the nominal value are caused by variations in loop length and
tolerances on supply voltage and circuit constants. In worst cases, the
current should be held to a minimum of about 23 milliamperes and a
maximum of about 90 milliamperes.

8-3 CALL DISTRIBUTORS AND TELEPHONE ANSWERING SYSTEMS

Incoming calls from the switched message network constitute most
of the traffic for these systems. These calls terminate at an attendant
console or switchboard and only a small percentage are extended
beyond the attendant position. Transmission problems at the termi-
nating positions for these systems are similar to those involved in
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incoming service to a PBX operator position. Central office connec-
tions are by way of trunks similar to PBX-CO, foreign exchange, and
incoming WATS trunks. Attendant circuits are like those used at
PBX switchboard or console positions.

The switching functions performed by an automatic call distributor
(ACD) provide service approximately according to the sequence of
arrival of calls and distribute the calls among available attendants
equitably so that the efficiency of the group of attendants is
maximized.

Automatic call distributors are widely used by telephone companies
to provide auxiliary operator services such as directory assistance
and call intercept services [6]. Similar services are also supplied com-
mercially for such business customer applications as airline or rail-
road reservation bureaus and department store catalog departments.
The types of equipment used for commercial applications are different
from those used for telephone company services. Installations range
in size from about 10 operator positions to 500 or more. Most are in
the 10- to 100-position range.

While incoming calls are seldom extended beyond the attendant
position, provision is usually made for attendant origination of out-
going calls and reception of other than ACD calls. These features,
usually needed so that an attendant can obtain information necessary
for the proper servicing of the incoming calls, are provided through
an associated PBX. Provision is also made to extend calls under over-
flow or night transfer conditions and for call transfer.

Commercial ACD service is provided by a number of systems. The
2A ACD uses standard crossbar switches and provides for up to 56
incoming trunks and 60 attendant positions; the 2B ACD, using a
small crossbar switch, provides for up to 68 incoming trunks and
70 attendant positions. Up to three 2B ACDs can be combined and
operated to expand the size of the attendant group; the expanded
2B can serve up to 180 attendant positions depending on the traffic
pattern. It can also be arranged to forward overflow traffic to another
ACD when the offered load cannot be adequately handled. Both the
2A and 2B can provide announcements on queued incoming calls to

assure waiting callers that they will be answered if they continue
to wait. ’
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The 3A ACD is a step-by-step switching arrangement that can pro-
vide for up to 198 incoming trunks and 200 positions. Several 3A
systems can be combined and load balanced to provide up to 600 posi-
tions. The 3A can provide for the diversion of overflow traffic to a
distant ACD, can be arranged to allow for several independent groups
of attendant positions, and (like the 2-type ACD) can provide
announcements on queued incoming calls.

The 4A call distributor is designed for smaller applications than
the 2- and 3-types. It provides for up to 20 incoming trunks and 15
attendant positions. It does not automatically distribute incoming
calls to attendant positions. The calls are received at console positions
at which the flashing rates of the call indicators are varied to indicate
the queue priority to the attendants.

Automatic call distributor facilities are sometimes used to provide
centralized attendant service for several PBXs. Calls that require
attendant service at any of these PBXs are routed over release link
trunks to the ACD. When the attendant determines the required dis-
position of the call, this information is feed into the machine; after
the proper connection is established, the link to the attendant is
released.

Automatic call distributor services can now also be furnished to
relatively simple attendant positions by appropriate programming of
No. 1 and No. 2 ESS central office switching machines. This is a
specialized version of centrex service applied primarily to incoming
call distribution to the attendant positions.

Telephone answering service is provided by organizations whose
principal functions are to receive incoming calls for telephone cus-
tomers, record messages, and relay the messages to the customers at
a later time, There is little or no provision for switching or inter-
connection among the circuits that terminate at a telephone answering
system position. The telephone connection for each client usually has
just one appearance at the attendant switchboard or console.

There are several methods of making connections to the attendant
switchboard or console position, as shown in Figure 8-4. The most
common is a simple bridging arrangement as shown at A in the
figure. In this arrangement, the connection to the attendant position
is a bridged tap on the normal loop analogous to an off-premises
extension line. A bridge lifter is used to isolate the leg not in use thus
minimizing transmission impairment. In some cases, the incoming
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line (B) appears only at the attendant position; in this arrangement,
the connection is analogous to a PBX-CO trunk that is not extended
to a PBX station line. The third arrangement, shown at C, is used
when the system is served by a central office that is remote from the
serving office of the attendant position. In this arrangement, the
connections between the two offices may involve concentration at the
distant office and expansion and identification at the serving office.
The connections in this case are analogous to foreign exchange trunks.

Serving Remote
central office central office

I : ! To
1 T —T—-r' ;

| Identifier } Concentrator C | s':;"‘:"
1 ]

N M N -N

M<N)
To switch
s |
To switch
9 A

Attendant
console or
switchboard
position

Station
set

Figure 8-4. Typical telephone answering system serving arrangement.

Several types of switchboard and console arrangements are avail-
able for telephone answering services. The 557A is a double-ended
cord switchboard that is not much used. It combines regular PBX
service and answering service. The 557B, a single-ended cord switch-
board, is more commonly used. The 1A TAS console features push-
button answering of incoming calls. Though no longer manufactured,
a number of 1A consoles are still found in service. In some cases, key
telephone equipment is used, especially for small installations.

In all cases, the telephone answering service equipment'can be
furnished in flexible arrangements that may involve a single attendant
position or may involve as many as 20 or more positions. Typically,
a three-position installation can serve most answering service needs.
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Section 3

Analog Carrier Systems on Metallic Media

The technology that has evolved from the invention and develop-
ment of electron tube and solid-state devices has made possible
increasingly wider bandwidths for wire-pair and coaxial cable trans-
mission. The resulting broadband analog transmission systems have
required the development of modulation and multiplex equipment
capable of combining large numbers of voice-frequency channels into
a single broadband channel by frequency division multiplex tech-
niques; i.e., each channel is assigned a separate portion of the broad-
band channel. Increased demands for service have brought about a
significant increase in the total cost of transmission facilities; how-
ever, with the increased efficiency of utilization of transmission media
that has been achieved by the application of electronic techniques, the
cost per channel-mile has steadily decreased. These analog systems
have been used primarily to satisfy trunk requirements. Subscriber
loop applications are covered in Chapter 3.

The long-haul, high-capacity wire pair and coaxial transmission
systems created the initial pressure for the development of suitable
multiplex equipment. The organization of this equipment has evolved
into a hierarchy of multiplex capability ranging from a 12-channel
group to a spectrum of 13,200 channels for a fully equipped L5E
Coaxial Transmission System. Many of the multiplex arrangements
are also used with microwave radio systems. The various types of
multiplex equipment and their channel capacities are described in
Chapter 9.

Broadband analog transmission systems are designed to satisfy
certain signal-to-noise requirements over specified bandwidths. The
spacing between repeaters is an important parameter that depends
on bandwidth and signal-to-noise objectives as well as on achievable
circuit designs. The relationships among these parameters are dis-
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cussed in Chapter 10 in general terms that may be applied to any
broadband analog cable transmission system.

The general principles of analog cable transmission system design
are covered in Chapter 10. In Chapter 11, the design of analog systems
for use on open-wire lines and wire cable pairs is described. The
principal systems involved are the O-type systems for use on open-
wire lines and the N-type systems for use on cable pairs. Each type
of system utilizes multiplex equipment designed especially for system
compatibility. As the use of open-wire lines declined, it became de-
sirable to adapt terminals designed for O-type systems to cable pair
systems. Equipment designed for this purpose, called ON type, is also
described in Chapter 11. Chapter 12 discusses the design of eoaxial
cable transmission systems. General characteristics of each are
described and a detailed description of the latest designs, L5 and
L5E, are presented.
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Chapter 9

Frequency Division Multiplex

The development of broadband analog cable and microwave radio
transmission systems has been, of necessity, accompanied by the de-
velopment of multiplex equipment capable of providing efficient
bandwidth utilization of the medium. In some cases, the multiplex
equipment bears a unique relationship to and is really a part of the
transmission system with which it is associated; these multiplex
terminals are discussed with the systems of which they are parts. In
other cases involving coaxial cable and microwave radio systems, the
multiplex arrangements have evolved in a hierarchical manner and
can be regarded as a terminal multiplex system.

Frequency division multiplex (FDM) equipment is composed of a
complex assortment of oscillators, modulators, demodulators, ampli-
fiers, pads, hybrid coil circuits for combining and splitting transmis-
sion paths, and filters. The circuits and equipment that are used have
evolved with new technology and with new transmission systems.
The basic group of twelve 4-kHz channels in a frequency band of 60
to 108 kHz was established for J- and K-type carrier systems in the
1930s. The multiplex hierarchy has since expanded to include equip-
ment for the 13,200 channel spectrum that forms the line signal for
the expanded L5 Coaxial System, L5E.

A number of different combinations of multiplex units have been
used to provide signal spectra for coaxial cable and microwave radio
systems. In addition, a 600-channel, FDM signal has been used to
drive a coder/decoder which converts the composite analog signal to
a pulse code modulated signal for transmission over a high-speed
digital transmission system. This equipment provides a useful inter-
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face between frequency:division and time division multiplex hier-
archies and offers a means of interconnecting broadband analog and
‘high-speed .digital: transmission systems.

The modulating and multiplexing processes that are used to as-
semble a broadband, multichannel signal are reversed at receiving
terminal points where individual signals must be recovered so that
each may be routed to its destination. In many cases, modulating and
demodulating circuits are combined in one unit designated as a
modem.

9-1 THE FDM HIERARCHY

Many variations of the FDM hierarchy have evolved to serve the
changing needs of coaxial and microwave radio systems as they have
been developed to provide ever wider bandwidths. Economic and

 operational pressures have also been imposed to make more efficient
use of available bandwidths in existing systems. Each step in the
process of FDM evolution was built upon and utilized existing equip-
ment designs in order to achieve timely and economical terminal
arrangements for new transmission systems.

Figure 9-1 shows schematically how one form of the FDM hier-
archy is derived by means of five separate frequency translations
each of which places signals at higher frequencies and in larger
groupings. In this arrangement (for purposes of discussion called
the basic plan), the input and output frequency bands of each block
of equipment is designated (except the initial input and final output)
as a basic grouping of channels. For example, the outputs of channel
banks and the inputs to group banks are known as basic groups. Each
is a block of 12 channels occupying the band from 60 to 108 kHz.
Similarly, groupings at other points in the hierarchy are the basic
supergroup (60 channels placed between 312 and 552 kHz), the basic
mastergroup (600 channels in the band from 564 to 3084 kHz), .and
the basic jumbogroup (3600 channels in the band from 564 to 17,548
kHz). The outputs at any level in the hierarchy may be used totally
or partially as a line signal or as a portion of a line signal feeding a
broadband analog transmission system.

Four-wire transmission is used throughout the FDM equipment.
The four-wire paths are provided over balanced shielded pairs or
coaxial cable depending on requirements imposed by the frequency
band at each point in the hierarchy. However, in many cases 4-kHz
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channels connected to the multiplex are two-wire. The necessary
interface equipment, in the form of four-wire terminating sets, E-
or F-type signalling units, etc., is provided as individual units or as
facility terminal units which integrate all needed functions in a
single assembly with plug-in units.

Channel Banks

Two designs of channel bank are now in general use in the Bell
System. Although the A5 is found in large quantities throughout the
plant, the A6 is the newest design available and has superseded the
A5 in new installations. The two designs are completely compatible;
i.e., circuits operate satisfactorily with an A5 bank at one end and
an A6 bank at the other.

A third design, not called a channel bank although it performs
similar functions, is the direct formed supergroup bay. It combines
60 voice-frequency signals into a supergroup spectrum without inter-
mediate group level modulating and multiplexing stages.

The A5 Channel Bank. Early channel bank designs utilized electron
tubes for amplification, a copper oxide shunt varistor bridge as a
modulator, and filter elements that limited performance. The A5
channel bank was a redesign that represented a significant ad-
vance [1]. It was the first large-scale equipment item in the long-haul
plant of the Bell System to use transistors. The modulating elements
followed earlier designs in using copper oxide but these elements were
subsequently replaced by solid-state diodes. Filters represented design
advances in the use of ferrites for magnetic devices, mylar capacitors,
and synthetically grown quartz crystals.

A block diagram of the transmitting portion of the A5 channel
bank is given in Figure 9-2. The speech signal modulates a carrier
for translation to the assigned frequency band in the group spectrum.
At the output of the modulator, the resulting double sideband signal
is passed through a highpass filter to suppress any voice-frequency
energy that may have passed through the modulator and a bandpass
filter to suppress upper sideband signal components and any carrier
signal that may have leaked through the balanced modulator. Thus,
only lower sideband components are retained to be combined with
eleven other such signals, each in a different portion of the group
spectrum. The figure also shows the carrier frequency for each
channel, the lower sideband signal allocation for each channel, and
the channel numbering sequence that is used.
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Figure 9-2. Transmitting A5 channel bank block diagram and channel number
assignments.

The A5 channel bank represents improvements over previous de-
signs in respect to its smaller size, superior gain stability with time,
improved attenuation/frequency response and nonlinear distortion
performance, better maintenance accessibility, lower power consump-
tion, and longer life. It has been the standard analog channel bank in
the Bell System until the introduction of the A6 channel bank.

The A6 Channel Bank. The addition of the A6 to the family of A-type
channel banks represents another step in miniaturization, cost re-
duction, and adaptation of new technology. Input and output signal
spectra are identical to those associated with the A5 channel bank to
provide end-to-end compatibility of the two designs.

A block diagram of the A6 bank is shown in Figure 9-3. Note that
the group band is formed by two steps of modulation. The first step
places each channel in a preassigned frequency position near 8 MHz.
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The channels are combined and then, in the second step of modula-
tion, the entire group is translated down to the basic group frequency
band. This two-step process was adopted in order to permit the ap-
plication of a new design of channel filters using monolithic quartz
crystals. These filters are more readily optimized at frequencies close
to 8 MHz than at the basic group band frequencies as would be
necessary if the A5 plan had been followed [2]. Other new technology
used in the A6 includes a number of hybrid integrated circuits for
amplifiers, pads, and other circuit elements [3].
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Each of the twelve A6 input circuits is coupled to a modulator
which is provided with a carrier in the range of 8140 to 8184 kHz.
The double sideband output of each modulator is passed through a
bandpass filter which selects the upper sideband. The twelve signals
are combined to form a band from 8140 to 8188 kHz. This signal band
is next passed through a second modulator driven by a carrier at
8248 kHz. The double-sideband modulator output signal is then filtered
to select its lower sideband which is a signal spectrum between 60 and
108 kHz, identical to that at the output at an A5 channel bank.

Direct Formed Supergroup. Sixty voice-frequency signals may be com-
bined directly to form a supergroup signal in the frequency band
between 312 and 552 kHz. This direct formed supergroup (DFSG)
may be used economically where the number of circuits originating
in an office for transmission along the route approaches 60. In this
application, group banks are not required. The signal spectrum and
individual channel sideband orientation is identical to that of the
basic supergroup. Thus, it is not necessary to have a DFSG at both
ends of a channel. One end may use a DFSG and the other may
utilize conventional group bank terminal equipment.

The modulation and multiplexing plan for the DFSG is similar to
that used in the A6 channel bank. Twelve channels are modulated to
the 8 MHz region and combined into a group band spectrum. The
five group bands are then modulated into appropriate portions of the
supergroup band. Thus, the DFSG combines the functions of the A6
channel bank and the group banks.

Group and Supergroup Banks

Blocks of channels are combined in the next steps of the multiplex
hierarchy to form 60-channel supergroups in a group bank and 600-
channel mastergroups in a supergroup bank. The equipment now
most commonly used for these functions is called the LMX-2 [4, 5].
A new version, the LMX-3, has been introduced and will supersede
the LMX-2 [6].

One of the features of the LMX-2 and LMX-3 equipment that
represents a departure from earlier designs is that of automatic gain
regulation. Pilots are inserted in the transmitting equipment and
picked off to control regulation loops in the receiving equipment after
demodulation to basic supergroup and basic group frequencies.
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The LMX-2 Equipment. Figure 9-4 shows how the group banks in the
LMX-2 equipment are arranged to produce the 60-channel basic super-
group in the band between 312 and 552 kHz. The channel orientation
is inverted in the process so that voice-frequency channels appearing
as lower sidebands in the basic group appear as upper sidebands in
the basic supergroup. Note that there is no space allowed in the
spectrum between 4-kHz channels or between group bands. Filters
designed to separate the 4-kHz channels must have very sharp cutoff
characteristics in order to provide the necessary discrimination be-
tween adjacent VF channels and adjacent group frequency bands. The
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Figure 9-4. Transmitting group bank in LMX-2,



Chap. 9 Frequency Division Multiplex 231

cutoff characteristics of these filters are responsible for the reduction
of effective bandwidth from 0 to 4 kHz to about 0.2 to 3.4 kHz.

In order to facilitate the process of combining, the even-numbered
groups are bridged together and the odd-numbered groups are bridged
together. The even and odd groups are combined in a hybrid trans-
former, as shown in Figure 9-4. This arrangement minimizes im-
pedance interactions where filter cutoff characteristics overlap.

The transmitting supergroup bank is shown in Figure 9-5. One
notable feature of the arrangement is the. supergroup numbering
which covers the ranges 13 to 18 and 25 to 28. This unusual number-
ing scheme is a result of the way in which the multiplex evolved. In
each of the numbered sequences, the second digit corresponds to a
supergroup number taken from the original L.600 multiplex hierarchy.
The first digit in each of the sequences refers to the submastergroup
designations. There are frequency spaces (often called guard bands)
of 8 kHz between most pairs of supergroups. The guard band be-
tween supergroups 18 and 25 (submastergroups 1 and 2) is 56-kHz
wide. The band was initially provided to facilitate separating the two
submastergroups and to provide for the transmission of a line pilot
for carrier system regulation.

The supergroups are combined at the outputs of the bandpass filters
in a manner similar to that used for combining groups. The even-
numbered supergroups and the odd-numbered supergroups are each
bridged together and then the two circuits are combined in a hybrid
transformer. The composite signal forms the basic mastergroup
designated U600 (U for universal). The U600 is the standard format
used on most microwave radio and coaxial cable carrier systems.

The LMX-3 Equipment. This new design of multiplex equipment is
fully compatible with existing designs that utilize the U600 frequency
allocations; i.e., systems may be operated with LMX-2 equipment at
one end and LMX-3 equipment at the other end. The new equipment
features significant reductions in space, power consumption, and cost.
In addition, it provides better access arrangements for test and main-
tenance, is organized for logical and economical service growth
through more extensive use of plug-in units and minimally equipped
shop-wired bays, and includes several new distributing frame designs.

The LMX-3 equipment may be combined in various ways to provide
the most economical arrangement required for each installation. This
flexibility is achieved by making several optional preassembled and
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