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Introduction

Communication Engineering is concerned with the planning, de-
sign, implementation, and operation of the network of channels,
switching machines, and user terminals required to provide communi-
cation between distant points. Transmission Engineering is the part
of Communication Engineering which deals with the channels, the
transmission 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
undergraduate curriculum. The material was planned and organized
to make it useful to anyone concerned with the many facets of
Communication 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 com-
ponents, 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 3, 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, III

Assistant Vice President —

Transmission Division.

American Telephone and Telegraph Company



Volume 3 — Networks and Services

Preface

Overall Bell System objectives are to provide high-quality, low-cost
communications services as needed with a fair return on investment;
this volume presents transmission-related technical and administra-
tive information to help achieve these objectives.

Service quality is provided by meeting established transmission ob-
jectives and by ensuring adequate reliability. Networks and services
must be engineered to meet design objectives; facilities and circuits
must be constructed to meet the design objectives. Facilities and cir-
cuits must also be maintained so that deviations from the engineered
objectives are not excessive; the effects of failures are thus minimized.
Transmission, maintenance, and reliability objectives are discussed
throughout this volume as they relate to various kinds of networks
and services.

The provision of a service when it is needed often requires meeting
near-immediate initial service dates with short intervals available
for procurement of material and installation of facilities and equip-
ment. To establish satisfactory minimum intervals requires that
functions directly associated with the process of filling specific service
requests be clearly defined and efficiently configured. These functions
are discussed separately for designed special services and for services
provided by the switched message network.

The control of costs is an integral part of the process of deciding
how to provide and maintain any network, The process is one of com-
promise, i.e., of striking the best balance between customer satisfac-
tion, plant performance capability, and cost.
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vi Preface

Volume 8 builds on the principles and facilities discussed in
Volumes 1 and 2 respectively. The definition and characterization of
impairments, their effect on services as measured by grade of service,
the methods of setting objectives, and a knowledge of the physical
plant used to provide services are necessary to an understanding of
the specific objectives and maintenance methods covered in this
volume. In essence, the provision of networks and services represents
the attainment of a basic Bell System objective.

Section 1 discusses the overall structure and features of the switched
public message network which consists of loops, trunks, and switch-
ing machines configured into a hierarchy planned for the efficient
handling of telephone calls. Local and toll portions of the network are
discussed as are the transmission plans for each.

Loops are the circuits which connect telephone station sets to local
central offices and thus to the rest of the message network. Their
performance characteristics are important because each connection
generally involves at least two loops. Section 2 discusses the charac-
teristics, range limits, and design considerations for the provision of
loops.

Trunks provide transmission paths to interconnect switching
machines. Section 3 defines the various trunk types and then discusses
traffic engineering concepts which establish the methods used to de-
termine the required number of trunks. Design criteria are different
for local trunks, toll trunks, and auxiliary service trunks and are
treated in separate chapters. Consideration of through and terminal
balance techniques, used in the control of echo and singing impair-
ments, is also included.

The many types of special services are introduced and defined in
Section 4. Design criteria for the principal switched and private line
special services types are included.

Transmission performance must be monitored to ensure that quality
standards are met, to detect trends, and to develop plans for improve-
ment. Section 5 covers the measurement plans, both internal and
external to the telephone company, and the maintenance, planning,
engineering, and management functions required in operating the
complex facilities network used for the provision of telecommunica-
tions services.
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Section 1

The Message Network

Section 1 is devoted to a review of the purposes and functions of
the message network because of its fundamental importance and
central role in meeting many of today’s telecommunications needs.
In addition, it provides background and understanding of the overall
functions and transmission objectives which are prerequisite to con-
sideration of the loop and trunk components of the network.

Chapter 1 discusses the hierarchical structure, principles, and ob-
jectives which are fundamental to the operation of the entire message
network. Chapter 2 discusses further service considerations that result
in the formation of supplementary hierarchical structures for metro-
politan areas within the overall message network, These structures
have been designed to serve the unique population densities of the
metropolitan areas most economically while still fulfilling the broader
message network objectives intended to provide overall service per-
formance which meets the most modern communication standards.
These two chapters also provide an overview of the relationships be-
tween the various trunk networks that have evolved and the switching
systems necessary for efficient interconnection and utilization of the
complex network of transmission paths.



The Message Network

Chapter 1

The Network Plan for Distance Dialing

The toll portion of the switched network, commonly known as the
direct distance dialing (DDD) network, provides long distance tele-
phone connections among virtually all of the more than 150 million
telephones in the United States, Canada, and some Caribbean islands.
This network, which is operated jointly by the Bell System, Indepen-
dent Telephone Companies, and other administrations, handles over
50 million long distance calls each business day. About 90 percent of
these calls are dialed directly by the customers; most of the remainder
are dialed by operators. About 2000 toll switching offices are inter-
connected by nearly 900,000 intertoll trunks.

An overview of the switching and transmission plans for the toll
portion of the message network must include descriptions of the
switching hierarchy, classes of switching offices, types of trunks, and
features that permit efficient call routing. It must also describe net-
work transmission requirements and relate them to trunk loss and
office balance. These requirements have been derived from the via net
loss plan and have been applied to a new transmission plan called the
fixed loss plan.

1-1 THE TOLL SWITCHING PLAN

Large amounts of traffic between any two central offices are gen-
erally routed most economically over direct trunks; however, when
the volume of traffic between offices is small, use of direct trunks may
not be economical. In these cases, traffic originating from several
wire centers destined for one office may be concentrated at inter-
mediate switching machines which connect together two or more

2



Chap. 1 The Network Plan for Distance Dialing 3

trunks to build up the required connections. Conversely, where con-
centrating networks have been established, the amount of traffic
between any two offices may become large enough to support direct
trunks economically. Thus, an economic balance is maintained between
the cost of trunks and the cost of switching machines.

The Hierarchical Plan

The switching plan for distance dialing consists of a hierarchy of
switching offices interconnected by trunk groups in a pattern that
provides rapid and efficient handling of long distance traffic. The
hierarchical routing discipline provides for the concentration of
traffic and permits complete interconnection of all offices in the net-
work. The principle of automatic alternate routing is used to provide
a low incidence of call blockage with reasonable trunk efficiency. The
hierarchical structure of the switching plan is shown in Figure 1-1.

Switching Offices. Under the DDD switching plan, each office in-
volved is classified and designated according to its switching function,
its interrelationship with other switching offices, and its transmission
requirements. There are five ranks in the hierarchy, as shown in
Figure 1-1: the rank of the office is given by its class number with
class 1 the highest rank. Offices that perform switching functions of
more than one rank are assigned the highest classification for the
functions that they perform. Also, these offices must meet the trans-
mission requirements of the higher classification.

End Offices. The central office entity where customer loops are
terminated is called an end office and is designated class 5. An end
office may be physically located in the same building that houses an
office of higher classification, and in some cases end office and toll
office functions are performed by one switching machine. A class 5
equipment entity may be a subgroup of originating equipment, such
as a marker group in a No. 5 crossbar system. However, the offices
are considered to be separate entities and customer loops are termi-
nated at the class 5 office only.

Toll Centers and Toll Points. The switching centers which provide
the first stage of concentration for intertoll traffic from end offices are
called toll centers or toll points and are designated as class 4C and
class 4P offices, respectively. The principal function of these class 4
offices is to connect end offices to the intertoll portion of the network.
The toll center is an office at which operator assistance is provided
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to complete incoming calls in addition to other traffic operating func-
tions. The toll point is an office where operators handle only outward
calls or where switching is performed without operators.

Control Switching Points. Regional centers, sectional centers, and
primary centers (class 1, 2, and 3, respectively) are the control
switching points (CSPs) of the DDD network. The control switching
points are key switching offices at which intertoll trunks are inter-
connected. To qualify as a CSP, a switching office of a given rank:
must have at least one office of the next lower rank homing on it and
must meet certain switching and transmission requirements.

Switching Areas. The serving area of a switching office of any rank
is comprised of the areas of all the offices that home on it. Thus,
there are areas that correspond to each rank in the switching hier-
archy. For example, each regional center serves a geographical area
known as a region. Each region is subdivided into smaller areas
known as sections, whose principal switching offices are called sec-
tional centers. Similarly, sections are subdivided into small areas
served by primary centers. Figure 1-2 shows the two Canadian and
ten U.S. regions and the numbering plan areas (NPAs) included in
each.

Classification of Trunks and Trunk Groups. Trunks may be classified in
several ways according to traffic types and uses or transmission
characteristics. Traffic classifications indicate the manner in which
trunks are used in the switching hierarchy. Transmission classifica-
tions are based on positions in the hierarchy.

Basic Transmission Types. The DDD network is made up of three
types of trunk groups distinguished by their respective transmission
design requirements. A toll connecting trunk connects a class 5 office
to any office of higher rank, an intertoll trunk connects any class 1
through class 4 office with any other class 1 through class 4 office,
and a direct trunk interconnects two class 5 offices. The direct trunks
may carry either local or toll traffic.

Final Trunk Groups and Homing Arrangements. Final trunk
groups are shown by the solid lines in Figure 1-1. One, and only one,
final group is always provided from each office to an office of higher
rank and the lower ranking office is said to home on the higher.
Class 5, 4, and 3 offices must always home on an office of higher rank
but not necessarily the next higher rank, as shown at RC; in the figure.
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Each final group is the route of last resort between its terminal
offices; i.e., there is no alternate route and calls failing to find an idle
trunk in the group are not completed. Consequently, each final trunk
group in the network is engineered for a low probability of blocking,
so that on the average no more than a small fraction of the calls
offered to such a group in the busy hour find all trunks busy. Current
objectives for final groups are that not more than one call in a
hundred shall be blocked by a no-circuit condition in the busy hour.
Final trunk groups are required to interconnect the ten U.S. and two
Canadian regional centers.

A series of final trunk groups connected in tandem constitute a
final route chain. For example, the final route chain between EO;
and RC; has four final groups; the final route chain between class 5
offices EO; and EO: in Figure 1-1 consists of nine final groups which
represent the path of last resort of a call between these offices.

High-Usage Trunk Groups. In addition to the final trunk groups,
direct high-usage trunks may be provided between offices of any
class where the volume of traffic and economics warrant and where
the necessary automatic alternate routing equipment features are
available. However, the choice of traffic carried by these trunks
should be consistent with routing practices. High-usage trunk groups
carry most, but not all, of the offered traffic in the busy hour. Over-
flow traffic is offered to an alternate route. The proportion of the
offered traffic that is carried on a direct high-usage trunk group in
each case is determined by the relative costs of the direct route and
the alternate route, including the additional switching cost on the
alternate route.

Grade-of-Service Group. A trunk group that would normally be in
the high-usage category but for service or economic reasons is engi-
neered for a low probability of blocking and not provided with an
alternate route is called a grade-of-service group. These groups
(formerly called full groups) effectively limit the hierarchical final
route chain for only certain items of traffic but do not change the
homing arrangements of their terminal offices. The group shown in
Figure 1-1 between SECT: and SECT: would be in the final route
chain for only those end offices that home on these sectional centers.
Traffic destined for other locations would be switched via the high-
usage and final groups to RC; and RC..
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Call Routing

Calls carried by the network must be routed according to a standard
plan or set of rules. Elements of the routing plan include the number-
ing plan, routing codes, and switching office capabilities as well as
the basic network configuration.

Numbering Plan. An essential element of the DDD network operation
is the numbering plan whereby each main station telephone in the
entire network is identified by a unique 10-digit number. The first
three digits of this number are the NPA code. The remaining 7-digit
number is made up of a 3-digit central office code and a 4-digit station
number.

Destination Code Routing. The NPA and office codes of the numbering
plan comprise a unique designation or network address for each
central office. A call can be routed from any location in the network
to any office using the network address of the destination office. This
process is known as destination code routing and the NPA and office
codes are called routing codes.

There are other routing codes in addition to the NPA and central
office codes. System group codes are 3-digit codes used for routing
traffic on a system-wide basis where calls cannot be routed by NPA
code. Nonsystem group codes are 1-, 2-, or 3-digit codes which are
used to meet special local needs such as police and fire calls, There
are also standard 8-digit service codes such as operator codes, test
codes, and terminating toll center codes.

CSP Switching Requirements. From a routing code, a switching system
must be able to interpret the address information, determine the route
to or toward the destination, and often must manipulate the codes in
various ways in order properly to advance the call. The control
switching points must meet certain switching system requirements
for efficient call routing, including storing of digits, variable spilling
(deletion of certain digits when not required for outpulsing), prefix-
ing of digits when required, code conversion (a combination of digit
deletion and prefixing), translation of three or six digits, and auto-
matic alternate routing.

Call Routing Pattern. In the following discussion, the term “final
route chain” is applied to the series of final groups in tandem between
a class 5 office and its home class 1 office. The term “overall final
route chain” is applied to the final groups between two class 5 offices.



Chap. 1 The Network Plan for Distance Dialing 9

The routing pattern for a call between two points consists of a
combination of the overall final route chain between the originating
and terminating offices and high-usage groups between switching
offices in the chain. A call may be switched only at offices on the over-
all final route chain. A call is routed only upward along the originating
final route chain shown in Figure 1-1 and only downward in the
terminating final route chain. It may be offered to a high-usage trunk
group which bypasses one or more switching centers along the chain
provided that the call progress toward its destination. For transmis-
sion and administration reasons, calls originating in one final route
chain are not routed along a second final route chain to destinations
in a third chain. This normal routing pattern is sometimes abrogated
to accommodate network traffic conditions caused by natural or
manmade emergencies.

Route Selection Guidelines. In addition to the fundamentals of call
routing, other principles are applied in assigning routes for traffic
on existing trunk groups or in establishing new high-usage groups.
These guidelines are used to provide economical handling of traffic;
they also have a favorable effect on network transmission perfor-
mance. The guidelines are: '

(1) Traffic should be handled on a direct route whenever such a
route is feasible and economical. The ability to overflow from
the direct to an alternate route should be provided.

(2) In general, a direct high-usage group may be established be-
tween offices of any rank when there is a sufficient volume of
traffic to support the group. Also, high-usage trunking should
be developed to the maximum economical extent in order to
reduce the requirements of intermediate switching by routing
traffic at as low a level in the hierarchy as possible. To help
achieve the latter objective, there is a restriction on the estab-
lishment of high-usage trunk groups and the traffic routed over
them. By this rule, called the one-level inhtbit rule, the switch-
ing functions performed for the first-routed traffic at either
end of the high-usage trunk group may differ from those at
the other end by only one class number. For example, a trunk
group may be established between an end office (class 5 switch-
ing function) and a distant regional center but only for the
class 4 switching function performed by the regional center
switching system. A regional center acts as a toll center for the
end offices homing on it.
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(8) In general, traffic between any pair of switching offices, class 1
through class 4, should have the same first choice route in both
directions. This rule becomes less applicable as more metro-
politan areas acquire switching networks that use directional
alternate routing.

(4) The number of intermediate switches should be kept at a
minimum. When there is a choice of routes whose cost differ-
ences are not significant, the route with the fewest switches
should be selected.

(5) When there is a choice of routes with an equal number of
switches and insignificant cost differences, that route should
be selected in which switching is done at the lowest level in
the hierarchy.

Example 1-1: Call Routing

Figure 1-3 illustrates a routing pattern that might be involved
in completing a call from EO; to EO.. In this example, TOLL,
has trunks to PRI, only; hence, the call is routed to that primary
center. At PRI; the call is offered first to the high-usage group
to PRI,. At PRI: the switching equipment selects an idle trunk
in the final group to TOLL. and the call is routed to the called
customer at EO..

If all the trunks in the high-usage group between PRI; and
PRI; are busy, the call is next offered to the high-usage group
between PRI; and SECT.. At SECT: there is a choice of two
routings: (1) via high-usage trunks to TOLL: or, if all trunks
are busy, (2) over the two final trunk groups, SECT:-to-PRI:
and PRI.-to-TOLL..

In the event all trunks in the group between PRI, and SECT:
are busy, the call is next offered to the final group to SECT:.
There are available at PRI; other high-usage groups to RC: and
RC;; however, these are intended for terminal and certain other
traffic items that must be so routed. Traffic routed via PRI;
should not be offered directly to regional centers if there are
other lower ranking switching centers in the final route path to
which the traffic has not yet been offered. It is desirable to
restrict the switched load to centers of lower rank, even though
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the service advantages of other alternate route possibilities are
not realized. At SECT, there is a choice of four routmgs in the
following sequence:

(1) via the SECT;-to-PRI; high-usage group,
(2) via the SECT;-to-SECT: high-usage group,
(3) via the SECT;-to-RC; high-usage group,
(4) via the final group from SECT; to RC,.

The routing pattern described assumes one set of conditions and
could vary to the extent that economics and plant layout would
offer a different set of high-usage groups.

Automatic Alternate Routing. The DDD trunking network is so
designed that direct high-usage trunk groups are provided as a first
choice for traffic between switching offices when such groups are
warranted by the traffic load. These high-usage groups are engineered
so that a predetermined portion of the busy-hour traffic is forced to
seek another route where it can be carried at less cost with little or
no delay. A call which finds an all-trunks-busy condition on the first
route tested is automatically offered in sequence to one or more alter-
nate routes for completion, with the last choice being a final group.
This process is called automatic alternate routing.

The number of trunks to be provided in a direct high-usage group
depends upon the offered load, the efficiency of added trunks in the
alternate route, and the cost ratio of the alternate route to the direct
route. The cost ratio is the relationship between the average incre-
mental annual costs for transmission and switching facilities for one
added trunk path in the alternate route to like costs of the facilities
for a trunk in the direct route.

1-2 TRANSMISSION PLAN

The toll switching plan provides for the handling of most traffic
with a minimum of switching. Nevertheless, the most serious impact
of the switching plan on transmission is that different numbers and
combinations of trunks may be used on successive calls (even between
the same two telephones) and that as many as nine trunks may be
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RC, RC2

EO: EO:

Final trunk group Note: Symbols are same as in Figure 1-1.

o e @=n  High-usage group
Figure 1-3. Switching plan routing pattern.

connected together on some DDD calls, If satisfactory performance
is to be provided, the transmission characteristics of every trunk
must be controlled and the plan must accommodate the varying
numbers of trunks used without introducing large transmission dif-
ferences (contrast) on successive calls.

The transmission design of the network must include a require-
ment of low trunk losses if the requirements of satisfactory speech
volumes and low contrast are to be met. However, other factors, such
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as the provision of margin against singing and echo, tend to make
trunk losses high. A compromise design has been selected that re-
quires the design and operation of every trunk at the lowest loss
consistent with echo and singing control, the assignment of trunks in
the network hierarchy in accordance with their transmission capa-
bilities, and the implementation and operation of a program of trunk
transmission maintenance designed to assure that trunks meet their
requirements and are kept as uniform as possible.

Network Transmission Design

The transmission design of the network is based on the use of
500-type station sets connected to class 5 offices by means of two-wire
customer loops. This two-wire loop operation creates conditions of
low return loss that limit the minimum loss at which network trunks
can be operated without echo or singing. These problems are con-
trolled by the via net loss (VNL) design and in some cases by the
use of echo suppressors.

Via Net Loss Design. The relationship between the minimum loss re-
quired to control echo and the round-trip delay between class 5 offices
is shown in Figure 1-4. This relationship is the basis for VNL de-
sign [1]. Inspection of Figure 1-4 shows that as the number of trunks
is increased, an increase in loss of 0.4 dB per added trunk is required.
This increment compensates for the greater loss variability that oc-
curs with an increased number of trunks in the connection. The VNL
design rules are applied to all trunks in a connection when the round-
trip delay in the overall connection is less than 45 milliseconds. The
45-ms restriction is imposed to limit the maximum trunk loss to a
value that permits satisfactory received speech volume. When the
round-trip delay is more than 45 ms, one of the trunks in a connection
is equipped with an echo suppressor in accordance with application
rules. It is recommended that interregional trunks equipped with
echo suppressors be operated at zero loss.

Via Net Loss and Via Net Loss Factors. The overall connection loss
(OCL) between class 5 offices, shown in Figure 1-4, is given by the
expression

OCL'=0.102D + 04N 4+ 5.0 dB (1-1)

where D is the round-trip -echo path delay in milliseconds and N is
the number of trunks in the connection. In order that each trunk
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Figure 1-4. Overall connection loss versus echo path delay between class 5 offices.

operate at the lowest practical loss, 2.5 dB of the 5.0 dB constant is
assigned to each toll connecting trunk in the connection. The 2.5-dB
loss includes an allowance of 0.5 dB for the loss in battery supply
equipment formerly allocated to loops. The remaining loss is assigned
to all trunks in the connection, including the toll connecting trunks.
This remainder is called via net loss and is expressed as follows:

VNL =0.102D 404N dB. (1-2)
Then, for each trunk in a connection
VNL =0.102 D, 4- 0.4 dB (1-3)

where D: is the round-trip echo path delay in milliseconds for the
trunk.
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Since the echo path delay of a trunk is approximately proportional
to its length, Equation (1-3) is usually given in terms of trunk
length and a via net loss factor (VNLF') for the trunk facility type as

VNL = VNLF X trunk length in miles + 0.4 dB (1-4)

where VNLF = (2 X 0.102 — velocity of propagation in miles per
ms) dB per mile. Equation (1-4) is used in VNL calculations. For
example, assume that the VNL of a 600-mile intertoll trunk using all
carrier facilities is to be determined. The VNLF for carrier facilities
is 0.0015 dB per mile. Therefore, for this trunk,

VNL = (0.0015 X 600) +0.4dB =13 dB.

Echo Suppressor Use. Echo suppressors are four-wire signal-activated
devices which insert a high loss in the return echo path when speech
signals are transmitted in the direct path. Since tandem echo sup-
pressors may produce additional degradation in received speech,
the application rules permit only one echo suppressor in a connection.
This restriction can readily be met because of the hierarchical struc-
ture of the network and the finite size of the regional center areas.
The maximum echo path delay within a region is usually low enough
that echo suppressors are not required for intraregional trunks.
However, it is possible to exceed 45 milliseconds delay for connections
between points in different regional center areas. Therefore, echo
suppressors may be required on certain regional center-to-regional
center trunks. In addition, echo suppressors should be used on inter-
regional high-usage intertoll trunks and on interregional toll con-
necting and end office toll trunks more than 1850 miles long.

Trunk Loss Objectives With VNL Design. The VNL objectives for toll
network trunk losses are stated in terms of inserted connection loss
(ICL), defined as the 1000-hertz loss inserted by switching the trunk
into an actual operating connection.

Intertoll Trunks. The inserted connection loss design objectives for
intertoll trunks are shown in Figure 1-5. The trunks that require
echo suppressors are certain regional center-to-regional center trunks
and the interregional high-usage and full groups more than 1850
miles long.
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E Echo suppressor Note 1: All losses shown are inserted connection
loss (ICL).

Note 2: Symbols are same as in Figure 1-1.
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Figure 1-5. Trunk losses with VNL design.

Toll Connecting Trunks. In previous discussion, the theoretical de-
sign logs was indicated to be VNL -4 2.5 dB for toll connecting trunks.
The inserted connection loss objectives for toll connecting trunks are
shown in Figure 1-5.
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If an interregional toll connecting trunk is more than 1850 miles
long, it should be equipped with an echo suppressor and operated at
an inserted connection loss of 3.0 dB.

End Office Toll Trunks. The inserted connection loss design objec-
tive for end office toll trunks between class 5 offices is VNL - 6.0 dB
with a maximum of 8.9 dB.

Through and Terminal Balance. In the development of VNL design, the
only reflections considered to be significant from an echo and singing
standpoint were those at the class 5 offices. There are no intermediate
echoes if the entire connection between class 5 offices including the
switching paths is four-wire. However, most class 4 offices and many
control switching points employ two-wire switching systems as shown
in Figure 1-6. At two-wire offices, special procedures must be imple-
mented to reduce reflections to a point where they approximate the
equivalent of four-wire operation. Also, at four-wire switching offices,
reflections caused by two-wire toll connecting and switchboard trunks
must be controlled.

CLASS FOUR-WIRE TWO-WIRE
1 10 0
2 63 3
3 89 126
4 16 755

Figure 1-6. Approximate number of Bell System toll switching offices,
January 1, 1977,

In order to achieve the above objective, through balance is re-
quired at two-wire control switching points when intertoll trunks are
switched together for through connections. Also, terminal balance
is required at all switching offices, two-wire or four-wire, when an
intertoll trunk is switched to a toll connecting trunk.

Through Balance at Two-Wire CSPs. All intertoll trunks must be
provided on four-wire facilities. At two-wire control switching points,
four-wire terminating sets are used to convert these trunks to
two-wire for switching. On a connection of two intertoll trunks
through a two-wire control switching point, reflected currents arise
due to the imbalance between the impedances of the balancing net-
work and the two-wire side of each four-wire terminating set. This
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two-wire impedance is the two-wire input impedance of the other
four-wire terminating set involved in the connection as modified by
the office equipment and cabling. By adding a single value of capacit-
ance across each four-wire terminating set balancing network in the
office and equalizing the capacitance of office cabling for all through
connections, through balance adequate for VNL operation of all trunks
can be achieved.

Terminal Balance. The balance at the point where an intertoll trunk
is switched to a toll connecting trunk is called terminal balance.
Generally, it is the balance between a four-wire terminating set
balancing network and a toll connecting trunk appropriately termi-
nated at the class 5 office. Terminal balance improvements are made
by adjustment of the toll connecting trunk impedance so that it more
closely resembles the relatively fixed impedance of the four-wire
terminating set network. In addition, at two-wire offices, the effects
of office cabling must be treated in a manner similar to that used for
through balance. The procedures and requirements for terminal
balance testing fall into two major categories, those for two-wire and
those for four-wire toll connecting trunk facilities.

Matching Office Impedance. With the exception of a few isolated
cases, the switching office impedances used in the Bell System are
900 ohms for all class 5 offices and 600 ohms for all toll offices. One
exception is notable. The impedance used for No. 5 crossbar tandem
offices is 900 ohms. These impedance values do not reflect actual central
office switching equipment impedances but are standard values based

on average impedances of trunk and subscriber facilities connected to
the office.

Trunk impedances must match both local and toll office impedances
in order to meet terminal balance requirements. At class 1, 2, 3, and
4 offices, all intertoll and toll connecting trunks must be designed to
the common office impedance. At class 5 offices, incoming and outgoing
trunk circuits must be designed to match a compromise value of
impedance, 900 ohms, representing a nominal value for subscriber
loop facilities.

Fixed Loss Plan. With the introduction of digital switching machines
and their integration with digital transmission facilities, the loss plan
for the switched message network is to be modified so that a fixed
6-dB loss will be specified for all toll connections. In this fixed loss
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plan, each toll connecting trunk is allocated 3 dB of loss and each
intertoll trunk is to to operated at 0-dB loss. These loss objectives
are to be applied to the ultimate all-digital network; during the
transition from the predominantly analog network to the ultimate
digital network, compromise loss objectives will be applied [2].

Transmission Requirements for a Control Switching Point

For an office fully to qualify as a control switching point from a
transmission standpoint, the following requirements must be met:

(1) All intertoll trunks terminating in the control switching point
must be designed for VNL.

(2) All toll connecting trunks must be designed to VNL -+ 2.5 dB.

(8) Terminal balance objectives must be met and verified by actual
measurement on all toll connecting trunks.

(4) For two-wire control switching points, through balance re-
quirements must be met by actual measurement on all intertoll
trunks.

Maintenance Considerations

In the development of the VNL plan, only a small variation of
trunk losses from assigned values was considered. In order to meet
all the requirements of the VNL plan, a trunk should not be placed in
service unless it meets all of the applicable circuit order requirements;
tests should be performed at sufficiently frequent intervals to assure
that transmission difficulties are detected before they can have signifi-
cant effect on network performance. In addition, troubles found by
tests and investigations should be corrected promptly. Otherwise,
consideration should be given to removing the trunk from service
until remedial measures can be taken.
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The Message Network

Chapter 2

Metropolitan Network Plans

All Bell System companies have metropolitan areas comprising com-
plex trunk and switching networks. These networks are complex
because of the number of end offices to be interconnected, the volumes
of point-to-point traffic loads to be carried, and the possible special
routings required for call accounting, number identification, operator
assistance, and signalling conversion. Also, many end offices are not
equipped for alternate routing, especially those utilizing step-by-step
switching machines.

The substantial communication requirements of large metropolitan
areas and the variety of interlocal trunking arrangements in use have
prompted recommendations for standard metropolitan networks for
general use in the Bell System. Requirements for economy and better
service under unusual traffic load conditions and the availability of
switching systems capable of providing regulated alternate routing
(dynamic overload control) were motivating factors in the develop-
ment of this recommendation. The standard arrangement, called the
multialternate routing (MAR) arrangement, has the following general
characteristics:

(1) Multistage automatic alternate routing
(2) Multitandem switching in the final route
(3) Optional integration of local and toll traffic

(4) The use of a high volume or directional tandem office where
needed to augment the basic network.

21
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Studies must be made to anticipate the characteristics of a metro-
politan network when the component switching machines are all
capable of common control operation. Strategies must be developed
for growing into this future network by using time intervals short
enough to reflect the variable cross-section requirements, etc. Capital
and expense requirements should be developed for each plan for
comparison purposes.

In the future, the networks will evolve from the existing step-by-
step and locally configured common control networks to the recom-
mended MAR plan. However, the transition process adds additional
complexities to the planning and network job. For example, in the
case of a network which has a mix of common control and noncommon
control central offices, the evolution of the existing network to the
recommended network may not be linear. As the common control
switching machines are installed and alternate routing capability is
added, tandem capacities and trunk group sizes may exhibit highly
variable characteristics.

There are a number of metropolitan tandem arrangements in
addition to the recommended MAR configuration. An understanding
of call routing for each arrangement provides a background in metro-
politan network trunk switching patterns. The three local and toll
switching office combinations which use the recommended MAR ar-
rangement have different but related transmission designs, each
having slightly different performance characteristics. A full treatment
of network planning and the reasons for all network changes is beyond
the scope of this chapter.

2-1 METROPOLITAN TANDEM NETWORKS

A metropolitan area may be served by one tandem switching system.
Where more tandem systems are required, the area may be subdivided
into smaller areas called sectors. A sector is comprised of the serving
areas of a number of end offices. These offices are not necessarily
contiguous but offer a blend of traffic such that advantage can be
taken of the noncoincidence of busy-hour local and toll traffic loads.
Each sector is served by a tandem office, called a sector tandem, which
is a local area switching center used as an intermediate switching
point for traffic between other offices. The interconnecting trunks
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used in these networks may be operated as one-way or two-way
trunks; i.e., address signalling from the originating station toward
the called station may be in either one or both directions. Four types
of trunks are used in the local networks: direct trunks, which inter-
connect end offices; tandem trunks, which connect end offices to
tandem offices ; intertandem trunks, which interconnect tandem offices;
and toll connecting trunks.

There are special local conditions where network configurations
other than the MAR arrangement have service or economic ad-
vantages. In addition, it may be appropriate for the arrangement of
a specific network to use two or more configurations. This is inevitable
in metropolitan networks which are in the process of planned change
from one type of configuration to another. Nevertheless, the MAR
should be considered the ultimate objective arrangement in network
planning. Several tandem network configurations are capable of
automatic alternate routing and thus lend themselves to eventual
conversion to the double tandem arrangement. These include the
single tandem sector-originating network, the single tandem sector-
terminating network, and the central tandem system.

Single Tandem Sector-Originating Network

In the sector-originating network, shown in Figure 2-1, the metro-
politan area is sectored either geographically or on a traffic basis.
Traffic originating in an end office, EOQa, is routed directly to the
called office, EQg, on a direct high-usage trunk group if there is such
a group. Overflow traffic is routed to home sector tandem T1s. Where
there is no direct high-usage group, all traffic is routed to T1la. Each
sector tandem has final one-way trunk groups to all end offices in
the metropolitan area, including the offices in its sector.

The relative efficiencies of the trunk groups to and from the sector
tandem result in a smaller number of trunks operating into the
tandem office than outward. A self-regulating effect is thus provided
under severe overload conditions when excess call attempts are held
at the originating end offices; calls that reach the tandem office then
have a reasonable chance for completion. This effect and the fact that
the sector-originating network adapts more readily and inexpensively
to dynamic overload control arrangements make this network pref-
erable to the sector-terminating and central tandem networks.
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Tandem office

T1 Sector tandem

T2 High volume or
directional tandem

’ End office

smme s wmmms awme=  High-usage trunk group

Final-route trunk group

-— | ——»

Sector A Sector B I

Figure 2-1. Call-routing for single tandem sector-originating network.

Single Tandem Sector-Terminating Network

In the sector-terminating network of Figure 2-2, the tandem office
switches traffic inward to the end offices within its sector. Each sector
tandem has final one-way trunk groups from each and every end
office in the metropolitan area. Traffic originating in EOa for EOs
is routed via a direct high-usage group if there is one, and the final
one-way trunk groups carry the overflow. If there is no high-usage
group, all traffic is routed to EOg through tandem T1s.
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-— | —>
Sector A Sector B

EO4 EOsn

Note: Symbols are same as in Figure 2-1.

Figure 2-2. Call-routing for single tandem sector-terminating network.

Central Tandem System

In the central tandem alternate routing system of Figure 2-3, a
single central tandem office has final trunk groups (usually one-way)
to and from each end office in the entire metropolitan area. The area
is sectored and each sector tandem has final groups to the end offices
in its sector. The sectors may be divided into subsectors, each of
which is served by a tandem office having final groups to the end
offices in the subsector. In most cases, this configuration uses a single
central tandem with no sector or subsector tandem offices.

Routing of traffic is determined by traffic volumes offered and the
cost ratios involved. As shown in Figure 2-3, the first possible route
is a high-usage group direct to the called office. The second and third
possible routes are via high-usage groups to the subsector tandem
and sector tandem, respectively. The final route is established via the
central tandem.

Multialternate Routing Network

In the MAR network, each sector tandem has final routes to and
from each end office within its sector. Final intertandem trunk groups
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Central tandem

Note: Symbols are same as
in Figure 2-1.

Sector tandem

'E On First route EOs

Figure 2-3. Call-routing for central tandem system.

using four-wire voice-frequency or carrier facilities interconnect the
tandem offices. High-usage groups may be established to or from a
sector tandem to end offices outside its sector, as illustrated in
Figure 2-4, by the connections from EOa to T1s and from T1a to EOs.
The four possible routings are shown in the figure.

As previously mentioned, the MAR network configuration is recom-
mended as the basic network for future planning for the larger
metropolitan areas. It should be recognized that a gradual transition
to this type of network from other network designs is feasible. Some
advantages of the MAR over the other networks are lower cost, more
even distribution of traffic under distorted overload conditions, simpler
application of dynamic overload control features, more adaptability
to changes in toll to local calling patterns, more flexible routing, and
superior ability to utilize available capacity throughout the network.

Since each end office in a metropolitan area has final toll connecting
trunk groups to a toll switching office, it is possible to combine metro-
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Figure 2-4. Call-routing for MAR network.

politan area traffic with the toll traffic on these groups. This is readily
accomplished in the MAR arrangement by having a class 4 toll office
also perform the local sector tandem switching function as illustrated
in Figure 2-5.

2-2 TRANSMISSION CONSIDERATIONS

The MAR network is a highly flexible configuration that can be
used as a local trunk network, a combined local and toll connecting
network, or a mixed local and toll switching network. Each of these
arrangements of the basic plan is acceptable; however, the trans-
mission requirements, although generally consistent, do vary with
each configuration.

General Network Requirements

The following general requirements for satisfactory transmission
performance apply to each of the three arrangements:
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Figure 2-5. Combined toll/tandem arrangement for MAR network.

(1) There may be no more than three trunks in any connection
between end offices.

(2) The distance between extreme points in the metropolitan serv-
- ing area should not exceed about 150 route miles. This guide-
line is selected to ensure that round-trip delays in excess of

10 milliseconds on 3-link connections are rarely exceeded.
Beyond these limits, echo would become a problem. When
metropolitan networks must cover larger serving areas, sector
tandems and higher ranking tandems must comply with mes-
sage network toll transmission requirements (i.e., toll con-
necting and intertoll trunking as well as through and terminal
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balance certification). The round-trip delay expected in a given
network connection depends on the types of facilities en-
countered.

Consider a 3-link connection consisting of two tandem trunks
and one intertandem trunk. If each sector tandem is permitted
to serve a 15-mile radius on H88 loaded cable facilities (0.187
ms per mile round-trip delay), the two tandem trunks con-
tribute the following maximum delay:

2 X 15 X 0.187 = 5.6 ms round-trip delay.

If the intertandem facility is N8 carrier, which has a round-
trip delay of 2.8 ms per pair of terminals and 0.0185 ms per
mile of line, the maximum allowable length of the intertandem
trunk for a 8-link connection is:

[10 — (5.6 + 2.3)]/0.0185 = 113 miles.

The overall route length of the 3-link connection for this
example is close to the maximum of 150 miles.

Combined toll/tandem installations must meet through and
terminal balance objectives applicable to toll offices. Although
the combined toll/tandem is actually a through switching
center, toll office through balance requirements may not have
been specified in older offices since the less stringent terminal
balance requirements of Figure 2-6 meet echo and stability
objectives for metropolitan networks of limited size. As a re-
sult, existing installations which do not meet through balance
objectives may be used in these networks.

Intertandem trunks terminating in a two-wire toll switching
office that acts as a tandem office should have their network
building-out (NBO) capacitors adjusted to the same value as
the capacitors used with intertoll trunks in the same office.

Intertandem trunks should use four-wire facilities and trunk
circuits and signalling equipment that meet toll requirements.

Precision balancing networks should be used in the four-wire
terminating sets of two-wire trunks terminated in four-wire
tandem offices. Also, compromise balancing networks should be
used in the four-wire terminating sets of four-wire trunks
terminated in two-wire tandem offices.
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(b) Test of tandem trunk hybrid

Figure 2-6. Balance test requirements for two-wire combined toll/tandem office.

Local Networks

Figure 2-7 shows a network consisting of local trunks only; the
inserted connection loss (ICL) objectives are also shown. One ad-
vantage of this network is that the local tandem trunks do not require
terminal balance treatment at the sector tandem offices. However,
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negative impedance repeaters on tandem trunks should be located at
the end office or at an intermediate office to obtain the best possible
return losses at the sector tandem offices.

Combined Local and Toll Connecting Networks

It was previously pointed out that from a call-routing standpoint
there is a possibility of combining local and toll traffic on the toll
connecting trunk groups. From a transmission standpoint, the same
possibility exists. The ICL objective for toll connecting trunks is
VNL 4 2.5 dB or, for trunks shorter than 200 miles, 2.0 to 4.0 dB
without gain or 3.0 dB with gain or carrier. These objectives fall
within the range for local tandem trunks (0.0 to 4.0 dB). Conse-
quently, class 4 toll offices would also be used as the sector tandem
offices in the MAR network, as shown in Figure 2-8. The switching

Intertandem trunk (4-wire)
/ ICL design 1.5 dB
TAN TAN

Tia Tis

AN
\ Tandem trunks /

ICL design
\ \ 0 to 4.0 dB without gain, /
3.0 dB with gain /

EOa Direct trunk EOs
ICL design
Without gain, 0 to 5.0 dB
With gain or carrier, 3 dB
preferred, 5 dB acceptable

Figure 2-7. Metropolitan local trunk network.



32 The Message Network Vol. 3

Combined
toll/tandem
office
To toll o To toll
network network
Intertandem trunk (4-wire)
ICL design 0.5 dB

TOLLA / TOLL,

Tandem trunks

ICL design ’ e
~ 0 to 4.0 dB without gain, -
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EOa Direct trunk EOs
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Without gain, 0 to 5.0 dB
With gain or carrier, 3 dB
preferred, 5 dB acceptable

Figure 2-8. Transmission design of combined toll/tandem trunk group network.

machines in these offices must be capable of switching either local or
toll traffic. The toll connecting trunks are also used as intrasector
tandem trunks. In order to compensate for the slightly higher average
loss of the toll connecting trunks, the intertandem trunks are operated
at 0.5 dB loss, which is feasible because of adequate terminal balance
of the toll connecting trunks.

Mixed Local and Toll Connecting Networks

The network shown in Figure 2-9 is a mixture of a local network
and a combined local and toll connecting network. Two types of
switching are performed. Sector tandem T1a switches local traffic
while the combined toll/tandem office switches both local and toll
traffic. Trunks from the end office to the sector tandem meet tandem
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Figure 2-9. Mixed local and toll connecting network.

trunk requirements ; trunks from the end office to the toll center must
meet toll connecting trunk requirements. Intertandem trunks termi-
nating at the toll center operate with an inserted connection loss of
0.5 dB. '

Expected Network Performance

The transmission performance of the local network and the com-
bined local and toll connecting network have been analyzed to evalu-
ate grade of service. The local network was evaluated for two values
of inserted connection loss for the intertandem trunks: 0.5 dB, which
may be in use in some networks but is not now recommended, and
1.5 dB, which is the recommended value. The parameters used in the
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analysis were talker echo, singing point stability, noise/volume grade
of service, loss/noise grade of service, and loss contrast.

In Figures 2-11, 2-12, and 2-13, where the results of the analysis
are shown, the networks are designated as follows :

LOCAL NETWORK DESIGNATION
Intertandem ICL = 0.5 dB A
Intertandem ICL = 1.5 dB B
Combined local and toll connecting network C

Loss. In the analysis, loss distributions for the various trunk types
were based on Bell System survey data. The distributions are normal
and the standard deviations include design and maintenance effects.
Figure 2-10 shows the mean, u, and standard deviation, o, for each
trunk category.

TRUNK CATEGORY N2 dB o, dB

Intertandem trunks:

Networks A and C 0.5 1.0

Network B 1.5 1.0
Intersector tandem trunks 3.0 1.1
Intrasector tandem trunks 2.5 14
Direct trunks 4.0 1.5
Loops 3.5 1.5
Toll connecting trunks 8.4 11

Figure 2-10. Loss distributions for various trunk types.

Talker Echo. The trunk loss design is established to ensure satis-
factorily low talker echo on at least 99 percent of all connections
having the maximum delay. The talker echo performance of the three
networks was calculated for the longest estimated delays. These calcu-
lations made use of the subjective talker echo tolerances that were
used in deriving the VNL plan. The results indicated satisfactory to
excellent performance on all connections.

Singing Point Stability. The singing point stability objective is a
singing margin of 10 dB or more for at least 95 percent of all con-
nections. The most unstable situation observed in the three networks
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analyzed involves an intertandem trunk used in a 3-link connection.
The estimated singing margin distributions for 3-link connections
and the margin achieved in 95 percent of the cases are given in
Figure 2-11.

NETWORK
PARAMETERS A B c
Mean . 15.0 17.0 23.0
Standard deviation 4.2 4.2 4.2
Margin in 95% of cases 8.1 10.1 16.1

Figure 2-11. Singing margin in dB for intertandem trunks in 3-link connections.

Noise/Yolume Grade of Service. A grade-of-service rating based on
received noise and speech volume was computed for the three net-
works by using distributions based on Bell System survey data. The
objective grade of service is 95 percent of all calls rated good or
better. The results, shown in Figure 2-12, indicate that all networks
satisfy the objective. This method of determining the grade of service
is no longer used; the results are given to illustrate the results of
early performance evaluations. The method of analysis now used is
one involving the evaluation of loss/noise grade of service.

NUMBER OF LINKS NETWORK
IN CONNECTION A B p
1 95.7 95.7 95.7
2 94.4 94.4 93.7
3 94.4 93.5 92.6
Overall* 95.3 95.2 94.9

*Based on 70% one link, 20% two links, 7% three links.

Figure 2-12. Received noise and speech volume grade of service, percentage of
calls rated good or better.

Loss/Noise Grade of Service. An analysis of the three networks.was
made by using the loss/noise grade-of-service measure of transmis-
sion quality., While the absolute percentages for the various numbers
of links are somewhat different from the corresponding percentages
for received noise/volume grade of service, the results indicate that
the loss/noise ratings showed little difference among the three
networks.
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Contrast. Contrast is defined as the difference in loss between suc-
cessive calls through a network. Experience indicates that where
these differences are less than about 5 dB and other transmission
parameters are reasonably good, contrast creates little difficulty. An
analysis of the probability of contrast less than 5.0 dB was performed
on the three networks on an overall connection distribution basis of
70 percent one link, 20 percent two link, 7 percent three link, and
3 percent four link. To eliminate the effect of loss variations in loops,
a fixed value of 2.5 dB was assumed. The results indicate that the
probability in percent of contrast less than 5 dB is 95.5, 93.6 and 92.0
for networks A, B, and C, respectively.

Performance Summary. On the basis of the five parameters analyzed,
it can be concluded that the networks designated B and C (also shown
in Figures 2-7, 2-8, and 2-9) perform satisfactorily from a transmis-
sion standpoint. However, network A is somewhat deficient in terms
of echo and singing margin performance on 3- and 4-link connections.
As a result, it is recommended that intertandem trunks used in local
networks segregated from the DDD network be designed with an
inserted connection loss of 1.5 dB.
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Customer Loops

Loops are used for connections between customer locations and
local offices. They are the end links for message network service and
for many special services. The loop is an important link in every con-
nection because many loop transmission impairments, such as noise
or high loss, affect every call and total loop failure isolates the stations
connecting to it. ‘

Initially, the loop was simply a pair of wires selected to provide
adequate transmission and signalling within the area served by a
central office. In urban and suburban areas, cable pairs are now used
almost exclusively, while in rural areas, some open-wire lines using
steel or copper conductors are still used. Increases in construction
costs, customer movement, the cost of copper, and the demands for
improved transmission and higher reliability have forced many
changes in loop plant technology, design methods, and outside plant
administration. Increased signalling range of central offices, higher -
performance station sets, increased use of inductive loading, and the
application of electronics permit the use of finer gauge cable than
was heretofore possible.

Long route design, which involves the use of circuits that provide
signalling range extension and voice-frequency gain, also permits the
use of finer gauge cable for loops serving rural areas. Single channel
and multichannel analog subscriber carrier systems are used in-
creasingly for deriving additional loop facilities on a single cable
pair, both as a temporary solution when additional physical pairs
are not available and as an economic alternative for providing perma-
nent service. Concentrator switching systems are also being used to
provide for the more economical use of the loop plant. The subscriber
loop multiplexer system and the digital subscriber loop carrier system
provide additional economic alternatives for upgrading and growth,
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especially in rural areas, often with improved transmission perfor-
mance relative to long voice-frequency cable facilities.

Chapter 3 characterizes the loop plant and reviews the associated
engineering problems. Statistical data derived from Bell System loop
surveys are summarized and the more important physical charac-
teristics and distributions of transmission parameters that can be
expected in the loop universe are highlighted. The chapter concludes
with a discussion of the Outside Plant Plan that has evolved to permit
more efficient engineering of the outside plant and to permit con-
tinued control of the transmission characteristics of loops.

Maximum loop lengths are limited in many cases by transmission
considerations but there are many other considerations that may also
limit loop lengths. These include the transmission of de¢ power, control
and supervisory signalling, ringing, and ring tripping, all of which
are discussed in Chapter 4.

Transmission considerations involved in the provision of loops using
the present methods of resistance design, unigauge design, and long
route applications are covered in Chapter 5. The distributions of
transmission parameters attainable by these methods are analyzed
from the standpoint of their effects on overall voice and data message
network service, Brief reference is also made to supplementary con-
siderations for various special services, where appropriate. However,
detailed design criteria for the loop portions of such services are
discussed in subsequent chapters relating to special services.
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Customer Loops

Chapter 3

Loop Plant Characteristics

Since loops are integral portions of every connection, whether
through the message network or as part of a dedicated channel or
network, a knowledge of loop plant characteristics is required to
establish interrelated criteria for other network or channel com-
ponents. Periodic surveys are taken in the Bell System to determine
the nature of the loop plant and to evaluate important trends in the
various physical and electrical characteristics that might influence
future design and administrative planning.

Characterization resulting from a loop survey is broad in nature
and is not necessarily valid for small segments of the total loop plant.
The topography of one wire center serving area may differ sharply
from another and from the average, Without treatment, some wire
center distributions would not provide the desired overall loop trans-
mission characteristics, especially in rural areas. However, each de-
sign method presently in use provides the flexibility to accommodate
topographical differences and to achieve a distribution of transmission
parameters that meets loss and noise requirements.

The evolution of design and construction practices may also have
influenced the actual distributions found, since many wire center
serving areas may contain some plant placed according to earlier
design methods. For example, prior to 1950, loop design was based on
an “effective loss 1imit” for each local office. The limit was determined
for each local office by loop and trunk studies in which compromises
were made between loop and trunk losses. This method was replaced
by the resistance design plan, which provides a uniform set of design
criteria for all offices. However, existing routes, originally designed
according to the effective loss method, may still contain a significant
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percentage of loops at or near the limiting loss value; these loops
may tend to skew the overall loss distribution in the high direction.
These situations are gradually corrected by applying more modern
design methods as such routes are extended or enlarged, or as the
older cables are replaced. However, in areas which have experienced
little or no growth, some of the earlier plant may still remain.

3-1 OUTSIDE PLANT ENGINEERING

The provision of outside plant facilities requires the application of
engineering skills to the solution of problems involving the economical
and efficent layout and utilization of cables. At the same time, these
facilities must be capable of rendering customer satisfaction in terms
of signalling, supervision, and high transmission quality for a wide
variety of telecommunication services.

As demands for service have increased and expenditures have risen
to satisfy these demands, new concepts and administrative procedures
have been introduced for engineering and construction of plant.
Multiple plant design, dedicated or permanently connected plant, and
the serving area concept have been coupled with increased use of
electronics and improved equipment designs. These approaches are
combined to help solve the loop plant engineering problems.

Changing Patterns of Telephone Usage

Population growth, the changing pattern of population distribu-
tion, and the general increase in affluence have brought an unpre-
cedented demand for telecommunication services and a concomitant
need for facilities. The growth in service is notable, but even more
notable is the fact that for a net gain of one telephone station, about
ten stations must be installed; i.e., for each station gained, eight or
nine others must be installed to accommodate residential or business
moves. The necessity for providing loop facilities in such a situation
presents many difficult engineering problems.

In addition to population growth and mobility, there has been an
increase in the percentage of households that desire service (now in
excess of 90 percent) and in the percentage desiring individual in-
stead of party line service. These factors also increase the needs for
additional loop facilities.
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Evolution of Designs

The outside plant provides a signalling and voice transmission path
between a central office and the station set. This is usually accom-
plished over pairs of metallic conductors bundled in a cable. Distribu-
tion cables provide facilities in local residential and business areas.
Cable sizes are chosen to provide for the maximum service expected
to evolve within the area under existing land usage and zoning plans.
Distribution cable pairs are connected to the central office through
larger branch feeder and main feeder cables.

While the geographical arrangement of streets, the ease of pro-
viding for growth, and protection from construction activity all in-
fluence the layout of feeder routes, the shortest distance from the
central office to a customer location is generally the basis for most
feeder route layouts. However, in certain circumstances the most
economical route is other than the shortest; it may be determined by
studies that involve the determination of equal cost boundaries within
a fairly large area. The resulting arrangements in either case gen-
erally meet transmission requirements with the most economical use
of cable conductors.

Multiple Plant Design. The multiple plant design concept, which
evolved before the increased demand for individual service, provided
for splicing two or more distribution cable pairs to the same feeder
cable pair. This procedure had the advantage of allowing a minimum
number of feeder pairs to furnish a large amount of party line service,
as illustrated in Figure 3-1. Addition of multiple plant feeder cables
necessitated cable pair transfers to provide relief to distribution
cables. Line and station transfers at the multipling location were
necessary to achieve high fills in the feeder plant. Although multiple
plant design is generally not the first choice for new plant, it still has
applications in areas where growth patterns are uncertain. Further-
more, a large proportion of existing plant was installed when multiple
plant design was standard.

Dedicated Outside Plant Design. When it became apparent that multi-
ple plant design was uneconomical for increased service needs, the
dedicated outside plant plan was introduced. It provides for the per-
manent assignment of a cable pair from the central office main frame
to each residential or business location not requiring PBX or key tele-
phone service. Once dedicated, the cable pair remains assigned to the
original location whether service is being rendered or not. Permanent
assignment makes possible the elimination of multiple branches in
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Figure 3-1. Multiple plant design.

the feeder and distribution network, thereby practically eliminating
line, station, and cable pair transfers. Under this plan, all party line
stations are bridged at the central office main frame; bridge lifters
are used to control transmission discontinuities arising from excessive
lengths of bridged tap.

Connection devices, located at control and access points, are in-
stalled to provide flexibility in the assignment of spare pairs.
Figure 8-2 shows a comparison of one cable pair connection in a
multiple plant design to that in a dedicated plant design. The dotted
lines indicate the pairs which are idle and reassignable in the dedi-
cated plant design plan but which are permanently connected bridged
taps in the multiple plant design.

Under the dedicated outside plant plan, reductions in cable pair
rearrangements result in cost savings and a decrease in man-made
troubles, Many bridged taps are also eliminated, as can be seen in
Figure 3-2. While the dedicated outside plant concept remains valid,
anticipated cost savings have often not been realized because of com-
plicated record administration and the wiring complexities at the
control and access points. As a result, it has largely been superseded
by the serving area concept.
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Serving Area Concept. Portions of the geographical area of a wire
center may be divided into discrete serving areas to be administered
under the serving area concept. The outside plant within the confines
of the serving area is known as the distribution network. It is con-
nected to the feeder network at a single interconnection point called
the serving area interface. Figure 3-3, a typical configuration for the
serving area concept, illustrates the use of the single interface. All
pairs at the input and output of the interface are terminated on con-
necting blocks which provide the single point of interconnection
between the feeder and distribution pairs.

The concept provides for the expansion of permanent and reas-
signable services, yet minimizes future rearrangements; it simplifies
and reduces engineering and plant records necessary to design, con-
struct, administer, and maintain outside plant; it improves and
reduces maintenance activities in terminals and enclosures; and it
improves transmission by minimizing bridged taps.

The interface also allows investment economies to be realized by
separating the distribution and feeder facilities. For example, dis-
tribution facilities may be provided to serve the ultimate needs of
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the area, whereas the installation of feeder facilities can be deferred
until needed.

When administered under the serving area concept, distribution
cables are selected to provide a minimum of two cable pairs to each
anticipated residential unit; these pairs are permanently wired to
the serving area interface. The optimum size of each serving area,
in the range of 200 to 600 residential units, is determined by geograph-
ical constraints and predicted population density. In areas where
growth is uncertain, reassignable plant can be built and converted to
the serving area concept as growth characteristics become apparent.

Operating expense for the serving area concept is less than for the
dedicated outside plant plan because of better designed equipment
and simplicity of record maintenance. The provision of at least two
distribution pairs per residential unit increases the cost of the cable
network but this cost is offset by higher average feeder cable utiliza-
tion and reduced station connection and repair costs. The serving area
concept also provides benefits by reducing the need for making station
connections in areas where PhoneCenter Stores, at which telephone
sets may be selected by customers for plug-in installation, have been
established; i.e., there is a higher probability that a loop pair can be
provided without delay.

Administration of the Local Cable Network. Since the introduction of
the serving area concept, procedures have evolved to provide for the
administration of local cable networks and to specify the application
of various designs discussed. Each design has one or more adminis-
trative methods associated with it.
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When multiple plant design is used, feeder and distribution cable
pairs may be flexibly reassigned as changes are required. In addition,
pairs may be reassigned 60 days after release from a previously
assigned address. These two features are called reassignable and
connect-through methods of administration, respectively.

The permanently connected plant method of administration is used
predominantly with dedicated outside plant design. In this method,
a cable pair is permanently connected from the central office to each
residential unit.

The single interface design may be administered by reassignable,
connect-through, or permanently connected plant methods. As pre-
viously mentioned, the single interface is an integral part of the
serving area concept and provides a portion of the savings achieved
because of its inherent flexibility. Due to this flexibility, single inter-
face design and the serving area concept are attractive for new cable
extensions and the conversion of existing multiple plant design.

Outside Plant Engineering Functions

With changes in customer usage, many new combinations of design
and administration have been introduced. Other factors have also
produced changes in outside plant engineering. Technological changes
in the building industry have shortened the time available to provide
facilities for service to new buildings. The use of electronic computers
has increased the amount and accessibility of data necessary to
optimize expenditures. Rapid growth combined with multiple plant
design has resulted in very complex feeder route configurations.

The administration of the outside plant requires that an Outside
Plant Plan be prepared and kept up-to-date and that the construction
budget be prepared regularly. The Outside Plant Plan is completely
restructured only when the validity of the existing plan is seriously
in doubt. Many computer programs are available to provide aid in the
analysis and development of an Outside Plant Plan and an optimum
budget. Available are the Air Pressurization Analysis Program
(AIRPAP), the Economic Alternative Selection for Outside Plant
(EASOP) program, a number of versions of the Exchange Feeder
Route Analysis Program (EFRAP) with supplementary programs
such as the Time-Share Cable Sizing (TICS) program, the Loop
Carrier Analysis Program (LCAP), the Long Feeder Route Analysis
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Program (LFRAP), the Long Route Economic Study (LORES) pro-
gram, and many more.

Additions to outside plant facilities must conform with the Outside
Plant Plan and should agree with company objectives and long range
plans for the provision of permanently connected plant, out-of-sight
plant, etc. Coordination is necessary to ensure scheduling compati-
bility with major undertakings, such as central office cutovers and
area transfers.

3-2 PHYSICAL CHARACTERISTICS OF LOOPS

Comprehensive surveys of loop facilities were conducted in 1960,
1964, and 1973 [1, 2, 8]. The results of such surveys are used to char-
acterize the loop plant in studies of costs and performance. In the
1964 and 1973 surveys, random samples of 1100 main station loops
were selected for analysis from the universe of all existing loops. In
the 1964 survey, an additional random sample of 955 loops was
selected from all loops more than 30 kilofeet long to provide what
is known as the long loop survey. Official telephone lines, dial tele-
typewriter exchange lines, and special service lines were excluded
from these samples. Survey results are valuable in characterizing the
plant at the time they are made and also show, by comparison of
results, the trend of changes in various characteristics.

A typical loop survey includes detailed information on loop lengths,
bridged tap lengths, wire gauges, type of construction, and type of
service provided. Cumulative distributions of loop length, total bridged
tap lengths, and wire gauges from recent loop surveys are given in
Figures 3-4, 3-5, and 3-6. Distributions of types of construction and
type of service from the survey of 1973 are given in Figures 3-7 and
3-8, respectively. The sampled loops of Figures 3-6, 3-7, and 3-8
were inspected at intervals of 1000 feet, starting at the central office,
to evaluate the composition of loop plant as a function of distance.
For example, Figure 3-6 shows that in 1964 40-kilofoot loops were
generally made up of complex combinations of wire types and
gauges; they contained, on the average, 22 percent 22-gauge wire
pairs, 58 percent 19-gauge wire pairs, 17 percent steel open-wire pairs,
and 3 percent open-wire pairs of copper and copper-steel composition.

The mean loop length was found to be 10.3 kilofeet in the 1960
survey, 10.6 kilofeet in 1964, and 11.4 kilofeet in 1973. Even though
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Figure 3-4. Distribution of loop lengths.

only about 4 percent of all loops exceeded 30 kilofeet in 1964, there
was demonstrated a trend toward longer loops that is quite significant
in terms of economic impact. Costs for long loops are proportionately
much higher than costs for short loops where equivalent transmission,
signalling, and supervisory performance is provided. The development
of various long route design applications now available was to a large
extent stimulated by economic considerations.

Survey results indicate that the use of inductive loading is in-
creasing. Care must be taken in applying loading to avoid the intro-
duction of loading errors which may reduce the benefits of lower
losses and are also violations of loop design rules. The use of inductive
loading and the application of a number of auxiliary systems and
equipment are summarized in Figure 3-9.
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3-3 LOOP TRANSMISSION CHARACTERISTICS

In the 1964 loop survey, transmission performance data were de-
veloped by deriving equivalent T networks from information supplied
on loop records. These networks were then analyzed for transmission
performance. In addition, insertion loss measurements were made at
1, 2, and 8 kHz; dec resistance, noise, and crosstalk were also measured.
The analysis process was repeated in 1973 but measurements were not
made because measured and computed values agreed so well in the
earlier survey.

Insertion Loss

The cumulative distributions of insertion losses at 1, 2, and 8 kHz
derived from calculated data in the general loop surveys of 1964 and
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1973 are shown in Figure 3-10. In all cases, the terminating imped-
ances were 900 ohms. The mean value of the measured 1-kHz loop
insertion losses was 3.5 dB in 1964 and 3.7 dB in 1973. About 95 per-
cent of all loops had a 1-kHz insertion loss less than 8 dB in 1964 and
98 percent in 1973. The 1973 distribution, modified to account for
variations in station set transmitting and receiving efficiencies with
loop current, is widely used in transmission studies to represent the
insertion losses of loops.

Comparison of the insertion losses in Figure 3-10 shows that the
calculated values tend to be very nearly the same for both surveys
with some increase in 1-kHz loss in 1978 relative to 1964. In general,
the outside plant cable records for nonloaded loops were found to be
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sufficiently accurate to permit loop characterization by calculation
but the same was not always true for recorded makeups on loaded loop
facilities.

Loop Resistance

The comparison of measured and calculated loop resistances in the
1964 survey showed no significant difference between the two sets of
data. Note that about 98 percent of all loops had a resistance of
1300 ohms or less. Figure 8-11 shows the distribution of loop resis-
tances for the 1964 and the 1973 surveys. Note that loop resistances
have generally increased with time. In 1964, the mean value of loop
resistance was 574 ohms and in 1978, 646 ohms.



Chap. 3 Loop Plant Characteristics 51

-\\
TS
90 .T \\\\\\ Sparty
8 Business \\\ \\ \\\\
Nl AN [N
~N N N\
60 \§ N

1-party \
. \\ N

© A, N

30 \

Percentage of loops

‘\ 2-party

20 \\
Note: Plots of 1-, 2-, 4-, and N
8-party loops are for residence

10 service only; busi i
PBX, centrex, and coin services.

o]

o 4 8 12 16 20 24 28 32 36 40 44 48 52

Loop length (kft)

Figure 3-8. Distribution of type of service versus loop length.

Return Loss

Approximate echo return loss data were obtained by calculating the
return losses at five frequencies (500, 1000, 1500, 2000, and 2500 Hz)
and determining the mean value. The calculated return loss is a
measure of the departure of the impedance of the loop at the central
office from a reference impedance consisting of 900 ohms in series
with 2.16 pF. The calculation assumes the far end of the loop is
terminated with the impedance of an off-hook 500-type station set.
Figure 3-12 shows the cumulative distributions of echo return losses
obtained in the 1960 and 1964 loop surveys. The 1978 survey results
indicate that return loss performance is essentially unchanged since
1964. While there is no stated echo return loss objective for loop
plant, adherence to design rules should ensure an overall loop distri-
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PERCENTAGE OF LOOPS

1960 1964 1964 1973

LOOP TYPES GENERAL | GENERAL | LONG LOOP | GENERAL

SURVEY SURVEY SURVEY SURVEY
Loaded loops — total 9.4 16.4 94.0 22.9
With H88 loading 7.9 15.5 84.7 22.6

Having load spacing
deviations exceeding
500 feet* 6.2 5.3 — 8.6
Having equivalent end
section exceeding 15

kilofeet* 1.2 2.3 17.8 1.3
Having loaded bridged
tap* 0.3 0.8 6.3 1.0
Nonloaded loops
Exceeding 18 kilofeet* 2.7 1.5 _ 1.0
Having bridged tap
exceeding 6 kilofeet* 6.5 6.0 — 1.6
Line concentrators 0.2 0.4 4.8 <<0.1
Dial long-line circuits NA 0.7 27.9 <<0.1
Voice repeaters NA 0.4 1.9 0.09
Carrier systems 0.2 <<0.1 0.9 <<0.1

*Violation of design rules.
Figure 3-9. Miscellaneous loop characteristics.

bution at least as good as that in Figure 3-12. Such performance is
important from the standpoint of ensuring adequate overall echo
balance in built-up connections.

Noise

Central office noise, circuit imbalance, and power line influence may
be serious contributors to loop noise. However, it is usually difficult
to separate completely the effects of these factors in noise measure-
ments. For example, the disturbing effects of central office noise
(which might otherwise be within limits) may be significantly en-
hanced as a result of longitudinal-to-metallic voltage transformation
due to imbalances in the central office equipment, station equipment,
or conductors of a given loop or route. Excessive message circuit
noise on loops is sometimes due, either directly or indirectly, to such
imbalances.

Figure 3-13 shows the most likely contributors to excessive loop
noise for individual lines, party lines, and coin stations. Power line
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influence (hum), a predominant contributor for longer loops because
longitudinal voltages tend to be proportional to exposure length, is
determined by the degree of longitudinal-to-metallic conversion. This
conversion depends directly on the imbalance to ground of the loop
conductors and the terminating equipment at the central office and
the station.

Figure 3-13 also shows that sources of central office noise (switch
contacts, power supplies, crosstalk) are generally significant contri-
butors to the total message circuit noise only on shorter loops. On
longer loops, noise from these sources is attenuated at the station by
the higher long-loop insertion loss and is usually masked by power
line hum. However, the switch contact and power supply transient
components of central office noise are still primary sources of impulse
noise, often a limiting noise parameter for data-type services.

Noise Balance. The longitudinal to metallic noise conversion sus-
ceptibility of a loop may be evaluated by computing the noise balance,
defined as

open circuit longitudinal voltage

Noise balance in dB = 20 log metallic voltage
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An estimate of loop noise balance is often made by using a 3-type
noise measuring set or equivalent (C-message weighting) to measure
noise power to ground (longitudinal noise) and noise power between
conductors (metallic noise). If the difference between the two is less
than 50 dB, the overall message circuit noise can generally be reduced
by improving the balance of the loop or its associated equipment.

Figure 8-14 shows the distribution of noise balance measurements
for loops in the 1964 combined survey which had longitudinal noise
power greater than 20 dBrnc. As can be seen, the mean noise balance
for party lines was almost 13 dB poorer than that of individual lines.
Almost 20 percent of the party lines had noise balances below 50 dB,
as opposed to only 5 percent of the individual lines. Thus, it can be
expected that party lines in general, and the longer ones in particular,
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LONG LOOPS SHORT LOOPS
NOISE INDIVIDUAL | PARTYLINES 1\ ivipyar | PARTY LINES
SOURCE LINES AND COIN LINES AND COIN
STATIONS STATIONS
Power line v Y Usually Usually
influence es es small small
Central office
imbalance Yes Yes Yes Yes
Station Usually Y Usually Y
imbalance small es small es
Central office
noise Attenuated | Attenuated Yes Yes

Figure 3-13. Loop noise factors.
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are more adversely affected by induced longitudinal voltages and that
excessive noise on such lines can often be reduced by improvement
of balance. These expectations are substantiated by the results, shown
in Figure 3-15, of metallic noise measurements made at the station
set with dialed central office terminations. Results from both the gen-
eral and long loop surveys are given for comparison. Figure 3-15(a)
shows the results for all lines and Figure 3-15(b) subdivides the
results into the individual and party line components. Loop balance
and loop noise performance has improved and will continue to im-
prove as the number of party lines in service is reduced and as modern
techniques for improving balance are increasingly applied to the
remaining party lines.

In the 1964 survey, the mean value of the metallic noise for all
loops, shown in Figure 8-15(a), was found to be about 5.6 dBrnc; for
long loops it was 18.4 dBrnc. About 57 percent of the long party line
loops exceeded 20 dBrne, the nominal message circuit noise objective
for all loops, and 27 percent exceeded 30 dBrnc, the maximum objec-
tive for long loops.

Since these measurements were made with dialed central office
terminations, the noise contributions of central office sources were

100
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LINES LINES /

Mean (dB) 56.1 68.7
90% confidence
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Figure 3-14. Loop circuit noise balance, 1964 survey.
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included in the readings. Therefore, noise measurements were also
made by terminating the loops directly at the main distributing frame
to eliminate most of the central office noise sources. The results are
shown in Figure 3-16. If these results are compared with those of
Figure 3-15, it can be seen that the contribution of the central office
noise to the total loop noise varies from insignificant, in the case of
long-loop party lines, to controlling, in the case of general individual
line service. However, also note in Figure 8-15 that, even with the
addition of the central office noise sources, about 92 percent of all
individual lines still meet the 20 dBrnc message circuit noise objective
at the station.

Crosstalk., Another potential contributor to noise on loops is cross-
talk from other pairs within the same cable sheath. Figure 3-17 shows
the near-end 1-kHz crosstalk coupling loss characteristics of loops as
derived from measured 1964 survey data. Comparison of the curves
for nonloaded loops and the total of all loops shows the relatively
poorer crosstalk performance of longer loaded loops. However, the
distribution of coupling losses is still such that the resultant crosstalk
is not usually a controlling message circuit noise component. The
crosstalk coupling loss distribution may be significantly degraded by
excessive imbalances in the pairs or terminating equipment or by
significant loading deviations. Where this occurs, the resultant in-
creased crosstalk may be masked by an even greater increase in power
line hum.

Administration of Loop Noise Objectives. Loop noise measurements are
most accurate when they are made at a station by means of a noise
measuring set connected to the line terminals of the station after the
loop has been connected to a termination in the central office. During
the measurement, the station set is not disconnected but must be
on-hook; thus, the measuring apparatus must include a circuit to
hold the connection during the measurement. The desired result for
noise measured in this manner on a large number of loops is a dis-
tribution with the substantial majority of loops having noise less
than 20 dBrnc. For short loops, measured noise must not exceed
20 dBrnc on any loop. Since, for loops provided under the long route
design plan, it is not economically possible to achieve noise perfor-
mance of better than 20 dBrnc on all loops, a relatively small number
are permitted to exceed 20 dBrnc; however, in no case should 30 dBrne
be exceeded. Figure 3-18 shows the action recommended in relation
to measured noise on loops. The table separates short and long loops;
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Figure 3-16. Metallic noise at station set with central office termination at the
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somewhat relaxed recommendations are given for long loops, thus
recognizing the effects of greater exposure and increased use of
signalling and gain devices. Careful design, construction, and mainte-
nance of long loops assure that noise is minimized, although the final
measured result may fall acceptably within the 20 to 30 dBrnc range.
When noise on a long loop does exceed 30 dBrnc, further analysis and

NOISE ACTION RECOMMENDED
dBrncl SIGNIFICANCE
SHORT LOOPS LONG LOOPS*
20 or Objective for .
less all loops Further analysis not necessary
Loop noise Furth Review to
21 to 30 marginal as url er d assure design
30 dBrne fma YS.IS a{: and construction
approached Investigation best possible
Greater U tabl Immediate Further analysis
than 30 nacceptable investigation and investigation

*Provided under long route design plan.

Figure 3-18. Loop noise objectives and requirements at station set.
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Figure 3-19. Loop noise objectives and requirements at central office.

investigation are indicated to make sure the best possible design has
been selected and that all construction and installation details conform
to standard practices.

Central Office Measurements of Loop Noise. While loop noise is meas-
ured most accurately at the station set as just described, such
measurements are time consuming and expensive. Central office meas-
urements can be made much more conveniently with adequate ac-
curacy for survey purposes and for the preliminary evaluation of
loop noise conditions. These measurements can be made to on-hook
or off-hook stations. Figure 3-19 provides guidelines for the inter-
pretation of such measurements. The data were developed from
central office and station noise measurements on the same group of
subscriber loops.

3-4 THE OUTSIDE PLANT PLAN

The Outside Plant Plan is designed to optimize the long-term cost
of engineering, constructing, administering, and maintaining the
local cable network. The plan is intended to help appraise the outside
plant requirements of a wire center area through an evaluation of
the various available alternatives. When it is fully implemented,
outside plant loop transmission characteristics may be expected to
stabilize and to be much more predictable.

Once developed, the plan should be reviewed periodically and ex-
panded or modified to reflect the most current data. The plan is the
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fundamental plan for the area; it must conform with objectives con-
cerning out-of-sight plant, permanently connected plant, and must be
consistent with long-range road and land use plans and with zoning
regulations. Interactions among plant extension studies, commercial
forecasts, and the Outside Plant Plan must be recognized to ensure
that long-range fundamental objectives are reflected. A well-developed
and well-documented plan provides the basis for orderly expansion
of outside plant facilities in line with overall objectives and optimal
costs,

Procedures are also available for establishing an economical out-
side plant improvement program. These procedures are covered by a
Facilities Analysis Plan that acts as a monitoring and managing
system on the loop network. With this plan, a wire center area is
organized into geographic units called allocation areas. These are
used as the basis for collecting facility and maintenance activity data
and for planning changes and/or additions to feeder and distribution
plant. The plan provides cost analyses, problem diagnosis, analysis
of selected plant improvements, and the setting of objectives for
reductions in maintenance and facility activities.

Development of the Outside Plant Plan

In order to provide a systematic approach and to allow periodic
review and modernization, certain basic steps should be followed in
the initial development of an Outside Plant Plan. However, these
steps are not rigidly defined or specified.

Feeder and Branch Feeder Cable Locations. The economical layout of
the local plant cable network is closely related to its geometric ar-
rangement. Branch feeder cables intersect the main feeder route and
provide facilities to the feeder route boundary. This configuration is
commonly referred to as pine tree geometry. Figure 3-20 shows pine
tree geometry and, for comparison, another configuration called bush
geometry. Studies indicate that the savings of the pine tree over the
bush geometry range from 5 to 30 percent of present worth of
expenditures.

The ideal wire center area, having outside plant cabling in a perfect
pine tree configuration, never exists. The configuration in a given
wire center area must be determined by means of an economic analysis
of various alternative configurations. These different configurations
can often be evaluated best by a computer using EFRAP. All con-
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Figure 3-20. Loop cable layout geometry.

figurations or plans under study must provide enough cable pairs of
the proper gauge to serve the demand. In order to ensure that each
plan provides the necessary facilities, the area is subdivided into
allocation areas.

Allocation Areas. An allocation area is a geographical area with well-
defined boundaries that is the primary unit of plant for feeder pair ad-
ministration. It has one connection point to the feeder cable plant and
generally consists of one or more serving or distribution areas. An
allocation area is served by only one transmission design; i.e., the
same cable gauge is used within a given allocation area. In developing
an Outside Plant Plan, each allocation area should be delineated and
organized to minimize loop length variations.

Distribution Areas. Feeder cable pairs are committed to serve distri-
bution areas one or more of which may make up an allocation area.
Complements of feeder cable pairs are first assigned to an allocation
area and then committed to individual distribution areas within the
allocation area. The distribution area is called a serving area if it is
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fed from a serving area interface. Distribution areas can also con-
tain dedicated plant elements such as control and access points. A
distribution area may also be fed by one or more cross-connection
boxes or laterals.

Growth Forecast. The outside plant forecast provides the basis for
the timing, sizing, and arranging of additions or extensions to the
outside plant network. Accurate predictions of the magnitude and
location of future demands for service are needed for the develop-
ment of an Outside Plant Plan and an optimal construction program.
After the forecast has been made, the expected growth must be
spread in the applicable distribution areas as logically as possible on
the basis of available information. The manner in which the expected
growth is spread in these relatively small areas can be a critical step
in the planning process. (If it is done properly, the resulting Outside
Plant Plan and construction program are very nearly optimum.)
After the forecast is spread, the existing and alternative configura-
tions may be evaluated.

A well-developed Outside Plant Plan incorporates all of the feasible
alternatives which may provide economies. Alternatives that must be
considered include the outside plant design options, transmission de-
sign options, and the application and use of pair gain system
techniques.

Boundary Changes. Feeder route, wire center, allocation and distri-
bution area boundaries are well-defined but there are occasions when
changes should be considered. The economic advantages of changing
a boundary, such as the wire-center area boundary, should ke evalu-
ated completely in terms of outside plant since savings are often
possible through the coordinated efforts of several engineering and
planning organizations.

Out-of-Sight Plant. An alternative to aerial cable, considered in-
creasingly attractive by the public, is out-of-sight plant. The economic
factors involved in providing below-ground facilities are constantly
evaluated and action is taken on the basis of company policy. The
decision is not necessarily one of least cost but rather one of planning
a program to meet ecological objectives with the least penalty.

Unigauge Versus Resistance Design. These are transmission design
alternatives which result in comparable loop loss distributions.
Figure 3-21 shows the combinations of conductor gauge, loading, and
central office equipment that are available for various loop lengths
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under the unigauge design. These designs represent economic alter-
natives involving central office equipment and outside plant facilities.
A complete analysis is necessary to make a valid choice; however,
unigauge is generally more economical in residential areas where
there is a relatively high growth rate at distances in excess of
15 kilofeet from the central office where the percentages of coin,
multiparty, and special service loops are low. .

The savings associated with unigauge can be realized only as new
plant is added. The unigauge design has certain advantages over
resistance design but these must be weighed carefully against certain
disadvantages. Generally, a finer gauge of wire is used with unigauge;
as a result, copper costs are lower. When the finer wire gauge is used,
there tends to be a significant increase in conduit efficiency; i.e., for
a given conduit size, more pairs can be furnished. Loading is required
in fewer circumstances and overall loading costs are thus lower.
Since a single gauge of wire is used in most cases, fewer rearrange-
ments must be made to accommodate gauge requirements. Consider-
able study is necessary to determine the suitability of the unigauge
design in any wire-center area. All affected areas must be included
in the economic analysis.

The disadvantages associated with the unigauge design include an
increase in central office equipment costs. Various electronic com-
ponents, such as range extenders, are required and equipment modifi-
cations are necessary in No. 5 crossbar offices. Building space require-
ments are increased and there are also some increases in traffic and
plant operating costs. Finally, it is important to note that the uni-
gauge design is not adaptable for use with all types of switching
machines and, in some cases, cannot meet special service transmission
requirements.

Long Route Design. This transmission design is applicable to those
routes which serve customers relatively distant from the central office
where forecasted customer density is low. The design achieves eco-
nomies by using finer gauge cables and adding electronic equipment
to maintain transmission, signalling, and supervision performance
comparable to that achieved under the resistance design plan.

Subscriber Pair Gain Systems. In the preparation of an Outside Plant
Plan, another alternative to be considered, particularly in a rural
environment, is the use of an analog or digital subscriber line carrier
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system or a subscriber loop concentrator switching system. The ap-
plication of pair gain systems often saves cable and structural
additions.

There are several analog carrier systems that provide from four
to eight channels on one cable pair at costs that are competitive with
the costs of loops provided under long route or resistance design
plans. Single-channel analog subscriber carrier systems are also
available for use in urban and suburban environments.

A (digital subscriber loop carrier system, such as the SLC*-40
System, may also be an economical solution to problems involving the
provision of service in rural areas. This system can serve up to
40 loops over two cable pairs from the central office by using a T1-type
repeatered line. An additional two pairs are used as a protection
facility which may protect service on up to 11 working systems by
automatic protection switching arrangements. The SLC-40 System
includes a remote terminal from which service is extended by standard
loop distribution facilities to customer premises.

Subscriber loop concentrator switching systems provide pair gain
by concentrating a number of subscriber lines onto a fewer number
of trunks between the central office and remote terminals.

Evaluation of the Alternatives

Several computer programs are available to assist in the evaluation
of the many outside plant design and administration alternatives.
Without these programs such studies would be impractical.

Exchange Feeder Route Analysis Program. This is the most comprehen-
sive program currently available to assist in feeder route design.
It uses study techniques involving present worth of annual costs
(PWAC) to determine the timing and sizing of cable and conduit
relief in a route. Many alternatives may be submitted to the com-
puter covering a single feeder route problem; a separate analysis of
each alternative is made. The computer selects the most economical.

The feeder network is divided into sections which can be engineered
as a unit. Data relative to each section are entered in the program
which then accumulates the requirements by gauge (using either
resistance design or unigauge design, as specified) and rigorously

*A trademark of the Western Electric Company.
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searches every possible cable placement to determine that series of
actions which would result in minimum PWAC over the analysis
period. The EFRAP program is a powerful tool which allows the
analysis of many alternatives ordinarily not evaluated. It may be
used to test the effects of modified growth rates, reroutes, area trans-
fers, varying construction costs, or alternate types of structure. A
nonoptimum solution with a reduced first cost may also be deter-
mined. This option is sometimes especially important in conserving
capital funds while the construction budget is being formulated.

The heart of the EFRAP program is the decision tree. The pro-
gram selects a cable which can satisfy a shortage. This selection
results in another shortage at some future time, which must also be
satisfied. Each time a shortage occurs, there are several courses of
action which can satisfy the demand. The combination of all the
branches resulting from shortages is called the decision tree; it con-
tains every practical solution for each section. The EFRAP program
calculates the PWAC for every combination of placements for a
section and prints the one with the lowest PWAC as the solution.

Before the search through the decision tree, EFRAP determines
the demand by gauge for each section and year. The program calcu-
lates a gauge makeup for the requirements of each section by solving
the simultaneous equations used to derive a resistance design work-
sheet. The allocation area(s) fed by one EFRAP section has a single
transmission design, i.e., the design required to serve the ]ongest
distribution loop for the sectlon (s).

The section-by-section solutions must be taken from EFRAP and
analyzed to determine the best overall plan for the route. Intangible
factors and certain costs, such as those of central office equipment,
must be considered in addition to the EFRAP solution. Sound engi-
neering judgment cannot be replaced by mechanized procedures. The
computer simply removes much of the drudgery from the job, leaving
more time for analysis and refinement of the Outside Plant Plan.

Time-Share Cable Sizing Program. The feeder cable sizing algorithms
of the EFRAP program may be used to study variations in an inter-
active environment of alternative solutions to problems in one section
of plant by use of the TICS program. The TICS program requires
economic and cable usage data for the section under study and makes
it unnecessary to repeat a complete EFRAP study where variations
in only one section are of concern. Thus, the TICS program can be
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used to smooth the output data generated by the EFRAP program
and to determine the effects of changes in particular sections of plant.

Economic Alternative Selection for Outside Plant. Cost comparisons of
up to 12 alternate plans for the addition, removal, or rearrangement
and repair of outside plant equipment can be made by the Economic
Alternative Selection for Outside Plant (EASOP) program. The
computer output of an EASOP study is a printout of either the
PWAC or the present worth of expenditures (PWE) for each plan.

Loop Carrier Analysis Program. When consideration of outside plant
facilities includes the possible use of distributed analog subscriber
carrier systems, planning and economic analysis may be carried out
by means of LCAP. This program provides PWAC and first cost
information on specific combinations of wire gauges and electronic
system designs. The LCAP program is designed to evaluate combina-
tions of voice-frequency cable pair circuits and carrier derived circuits
against the cost of providing service entirely on voice-frequency
cable pairs.

Long Feeder Route Analysis Program. This program is used to assist in
planning and designing facilities for a route where the use of large-
capacity lumped pair gain systems is an alternative to ordinary cable
pair facilities. It provides PWAC and installed first cost information
for problems involving cable and voice-frequency range extension
electronics and for those involving a combination of cable facilities
and pair gain systems.

Other Planning Considerations

While considerations of design configuration, administration, and
transmission performance are the backbone of a properly developed
Outside Plant Plan, additional items are involved in the development.
The items covered here are not all-inclusive but represent those most
frequently encountered.

Special Services. With the substantial increase in demand for special
service circuits in recent years, the effects of special requirements
imposed on the Outside Plant Plan by these circuits must be taken
into account. Generally, there are two alternatives: (1) the use of
electronics such as repeaters, amplifiers, and carrier systems in the
local network to meet transmission requirements; or (2) the use of
a coarse-gauge cable to provide the generally lower loss requirement
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of such special circuits. Analyses of the alternatives must be made to
determine the most economical arrangement.

Centrex. The standard procedure for the provision of circuits for
centrex service must be followed. The procedure involves a number
of basic steps that are required if service is to be provided economi-
cally and if the circuits are to meet transmission objectives. For
example, periodic marketing reviews of anticipated service require-
ments are conducted for each large PBX and centrex location.
Engineering and traffic studies must be made to determine the best
serving arrangement for each case. These studies must take into
congideration the customer location, present and anticipated service
requirements, existing serving equipment arrangements, and outside
plant considerations.

Once determined, the potential centrex requirements can be included
in the outside plant and central office planning processes. Certain ar-
rangements for centrex-CO service require special treatment of out-
side plant facilities in order to meet transmission requirements.
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Chapter 4

Range Limits

Range considerations for the various types of central office switch-
ing machines and private branch exchange (PBX) systems have had
a significant effect on the nature of the loop plant. With some types
of machines, the length and gauge of cable are limited by the office
signalling or supervisory range rather than transmission performance.
The various factors and limitations which determine office loop ranges
must be considered in the determination of loop plant characteristics.
The factors that limit the ranges of PBX-central office trunks and
PBX station lines are closely related to central office loops and thus
contribute to loop plant characteristics.

4-1 LOOP RESISTANCE LIMITS

The basic function of a loop is to provide a two-way voice-frequency
transmission path between a central office and a station set. It must
also provide a dc path to operate the station set microphone and a
transmission path for supervisory, address, and ringing signals. The
loop length over which these signals may be transmitted is limited
by the conductor resistance of the loop and is influenced by the char-
acteristics of the equipment at both ends.

Direct Current

The 500-type telephone set, the major type in service today, is
designed to operate satisfactorily with a minimum loop current some-
what less than 23 milliamperes. The efficiency of the carbon micro-
phone in the 500-type set decreases with loop current and deteriorates
rapidly with currents less than 23 milliamperes. Furthermore,
TOUCH-TONE® signalling circuits require a minimum of 20 mA.

71
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The nominal maximum of 1300 ohms is the value of resistance to
which loops are administered for control of outside plant facility
insertion losses under resistance design rules. A typical central office
supplies loop current from a 48-volt battery through a 400-ohm
battery feed circuit. Other resistances that determine loop current
include allowances of 300 ohms for the telephone set, 25 ohms for
500 feet of drop wire, 10 ohms for central office wiring, and a 10 per-
cent allowance (a maximum of 130 ohms) for resistance increase
with temperature.

Supervisory and Dial Signalling Limits

The maximum loop resistance that can be tolerated in connection
with supervision and dial signalling is usually determined by the
operating parameters of the central office line relay, the dial pulsing
relay, and the trunk supervisory relay. However, the requirements
for ring tripping sometimes establish the maximum loop resistance
rather than requirements for the operation of these relays. Equip-
ment reference data for a given type of central office should be
consulted to determine the controlling parameter.

Ringing and Ring Tripping Ranges

Although ring tripping is considered a supervisory signalling func-
tion, it is discussed here with ringing since ringing and ring tripping
circuitry perform integrated functions. Figure 4-1 is a simplified
schematic of a ringing signal source (with associated ringing and
tripping relays) applied to an individual loop in a step-by-step office,
In other types of offices, the principle of operation is similar although
circuit details may vary. The interrupter applies the 20-Hz ringing
voltage to the circuit in the standard ringing cycle (two seconds ring-
ing, four seconds silent). Battery voltage is applied continuously to
the line during the ringing and silent periods so that the ringing may
be tripped whenever the switchhook contacts are closed at the station
set. The combined 20-Hz and dc voltages are applied to the line
through the tripping relay, ¥, when relay K is operated under the
control of the switching machine. When the call is answered, the
switchhook of the station set completes a dc path through the P wind-
ing of the tripping relay. If the loop resistance is low enough, the
tripping relay operates. It is held operated during the call by means
of a tripping lock-up circuit provided by the S winding, the battery,
and the make-first contract, designated (1). The other contacts of the
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Figure 4-1. Ringing and ring tripping in a step-by-step office.

F relay remove ringing from the line and place the line in the talking
condition., At the conclusion of the call, the F relay is released by
circuits not shown in Figure 4-1.

Ringing ranges for loops depend on a number of factors such as
station equipment, central office arrangements, and loop conditions.
At the station set, the type of ringer, its sensitivity, the adjustment
of the bias spring, the number of ringers, whether they are bridged
or grounded, and the type of ringer coupling circuit may all affect
the loop resistance range. The line capacitance, line leakage, and
earth potential differences are among the loop conditions that must
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be taken into account. Loop range data are usually based on 19-gauge
cable characteristics. In modern plant, line leakage is usually in the
range of 1 to several megohms. For this reason, present ringing
ranges are based on at least 100,000 ohms leakage resistance for any
line. Finally, the values of ringing voltages (both ac and dc), the
ringing source impedance (tripping relays, current limiting resistors,
or lamps), and the type of ringing (individual, selective, semiselective,
ac-de, superimposed, etc.) must all be known in order to determine
the loop ringing range.

Ringing ranges are based on the low probability that all of the
variable factors resulting from the wide variety of ringing configura-
tions are simultaneously adverse. However, failure to ring is normally
precluded by ringing verification at the time of installation; appropri-
ate ringer selection and/or adjustments are made as required. Routine
outside plant construction work which alters the makeup of working
loop plant or changes resulting from area transfers may result in
some action being required to ensure satisfactory ringing under the
new conditions.

Ringing ranges for individual line, PBX station, coin, and two-party
service are based on the assumption that standard 20-Hz ringing
voltage is applied through a tripping relay and that station sets have
capacitor-coupled ringers. The maximum loop conductor resistance
(station set excluded) differs for each type of station configuration
and generally declines as the number of ringers increases. Tables are
available for the determination of maximum loop conductor resis-
tances with various combinations of the variables involved. In some
cases, it is also necessary to specify a minimum conductor loop re-
sistance in order to prevent premature operation of the tripping
relay (pretripping).

The tripping range is determined by the various ac and dc power
sources, the loop leakage, and the type of tripping relay used and its
adjustments. Increases in assumed leakage resistance now make it
possible to use weaker operate and nonoperate adjustments (less
current required) for the tripping relays in many cases, thereby
extending the maximum loop range in tripping-limited offices.

Tabulated loop resistance values usually include the resistances of
the station set and the customer loop. In determining the maximum
nominal loop resistance at 68°F, the station set resistance (300 ohms
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for a 500-type set) must be deducted from the tabulated values and
an allowance must be made for increased loop resistance at tempera-
tures above 68°F. Moreover, variations in individual central office
tripping relay arrangements, leakage assumptions, battery voltage
regulating arrangements, types of line relays, etc.,, may exist and
must be taken into account.

Overall Central Office Range Limits

As previously discussed, the determination of the controlling range
limit is a complex process. No general rules cover all possible con-
figurations of equipment and facilities. Range limits vary widely for
different types of central office switching machines and can vary con-
siderably among offices of the same type. It is common practice for
operating companies to prepare lists of specific central office range
limits for each of the offices in the company. Such lists are periodically
updated as new switching machines are added or as existing offices
are modified in a manner which would affect range limits.

4-2 PBX TRUNK AND STATION LINE RESISTANCE LIMITS

Most of the preceding discussion is based on the assumption that
only message network station lines are connected to the central office.
If the central office also serves PBXs, there are additional considera-
tions involved in determining the maximum conductor resistance of
PBX-central office trunks and PBX station lines for a given central
office configuration, especially where trunks and station lines are cut
through in the PBX-central office trunk circuit rather than coupled
by repeat coil circuitry.

Limiting Factors

Four major factors limit the resistances of PBX-central office
trunks and PBX station lines. These factors, which are different in
the various types of central offices, and the limiting effects of each
are: (1) the PBX power supply and the line and connecting circuit
options have a direct influence on the signalling and supervision
ranges on station-to-station calls within the PBX; (2) the PBX-
central office trunk resistance may be limited by ringing and super-
vision requirements on calls between the central office and the PBX
attendant; (8) the interrelated loop conductor resistances of PBX-
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central office trunks and PBX station lines may be limited by super-
vision requirements on incoming or outgoing PBX gtation calls
through the central office; (4) the combined loop conductor resistances
of PBX-central office trunks and PBX station lines may be limited by
the station set minimum current requirement.

The limitation on station-to-station calls within the PBX is
straightforward. Station line conductor resistance may not exceed
the value which is established for the PBX involved, a limit partic-
ularly related to the type of PBX power supply used and to the
circuit options. Where the PBX uses a low-voltage power supply and
where circuit options are highly resistive, station line lengths are
shorter than in other types of PBXs.

The maximum trunk conductor resistance depends on trunk ring-
ing and holding ranges involving circuits at both the central office
and the PBX such as the circuit that responds to the central office
ringing signal (ring-up relay) and the ac ringing voltage of the
central office ringing supply. In panel- and crossbar-type offices, the
central office sender circuit operation depends on the design of PBX
attendant dial circuits and cord circuits. Earth potential differences
between the central office and the PBX may also influence the opera-
tion of these circuits and thus indirectly affect trunk conductor
resistance limits.

The PBX-central office trunk and PBX station line resistance limits
are interrelated by several factors. The total trunk and line resistance
for any connection must satisfy the supervision requirements at the
central office and at the PBX. On a night connection or a direct dial
connection, the sum of the two resistances cannot exceed the indi-
vidual subscriber line supervisory limit for the central office; the
resistance of any series relays in the PBX circuits must be included
in this total. On an incoming call to the PBX completed by the at-
tendant, the PBX supervisory relay must operate when the call is
answered at the PBX station. The relay current is reduced by the
shunt connection of the PBX holding circuit. Finally, minimum loop
current station set requirements must be satisfied. On many calls
completed by the PBX attendant, resistance is bridged across the
circuit after the call is established to hold the central office equipment.
This resistance shunts the loop current and must be accounted for
in determining trunk and station line combined resistance limits.
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In order to determine the PBX trunk and station ranges, all four
of these factors must be considered. Information must be obtained
regarding the PBX and the central office, and the circuit configura-
tion for each factor must be determined before the range calculations
are made. The limiting range is the lowest of the values obtained when
all four factors have been considered. If the actual range exceeds the
calculated maximum, dial long line equipment may be required to
provide added signalling range and to restore the line current to the
required value.

Range Charts

Since the indicated procedure is laborious and time consuming,
range charts have been developed to simplify obtaining PBX range
data [1]. The latest series of charts takes all of the range factors
into account. Trunk and station line ranges are given for commonly
used PBXs connected to various widely used central office configura-
tions.

A brief example is given to illustrate the use of range charts and
to show the interdependence of trunk and station line ranges.
Figure 4-2 is an excerpt from a set of range charts for a No. 5
crossbar office with a 1360-ohm loop conductor supervisory limit. The
office is assumed to have a standard —48V battery, 400-ohm battery
feed circuits, and standard ringing voltages. The range chart in
Figure 4-2(a) applies to certain PBXs using 10-cell local batteries;
the PBX station lines are equipped with line relays. Figure 4-2(b)
is an intermediate table which tabulates data common to several
charts in the set between certain resistance ranges.

The right column of a range chart shows station line resistances
in descending order. The left column shows the corresponding trunk
resistances. Trunk resistances must be known to determine the cor-
responding station resistances, or vice versa. If the trunk resistance
is known, the chart in Figure 4-2(a) is interpreted from top to
bottom as follows:

(1) For trunk resistances between 0 ohms and 445 ohms, the
maximum allowable loop resistance is 850 ohms (controlled by
station-to-station PBX calls), as indicated by the first two
rows.

(2) For trunk resistances greater than 445 ohms, the loop resis-
tance must be reduced due to one or more of the other factors.
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RANGE LIMIT, ohms

TRUNK STATION
0 850
445 850
* *
665 675
t t
1340 0

*See intermediate table below.

tDeduct the known trunk conductor
loop resistance from 1340 ohms to
obtain the permissible station con-
ductor loop resistance. Where the
station conductor loop resistance is
known, deduct this value from 1340
ohms to obtain the permissible trunk

conductor loop resistance.

Vol. 3

(a) Range chart for No. 5 crossbar central office and 507A- or 507B-type PBX

TRK STA TRK STA TRK STA TRK STA TRK STA TRK STA
295 | 1005 | 360 | 930 | 420 | 870 | 485 | 810 | 5556 | 750 | 646 | 690
310 | 990 | 370 | 920 | 430 | 860 | 495 | 800 | 570 | 740 | 660 | 680
320 | 976 | 380 | 910 | 440 | 850 | 510 | 790 | 585 [ 730
330 | 965 | 390 | 900 | 450 | 840 | 520 | 780 | 600 | 720
340 | 950 | 400 | 890 [ 460 | 830 | 530 [ 770 | 615 | T10
350 | 940 | 410 | 880 | 470 | 820 | 545 | 760 | 630 | 700

Note: Limits shown in this table result from supervisory relay operating current

requirements.

(b) Intermediate table

Figure 4-2. Example of a range chart for determination of limiting PBX trunk and

(3)

station line resistances.

For trunk resistances between 445 ohms and 665 chms, the
asterisk (third row) indicates that the intermediate table
should be used to determine the corresponding loop resistance.
Note that only a portion of the intermediate table applies to
this particular configuration. The controlling factor that causes
the reduced loop limit is given in Figure 4-2(b).

For a trunk resistance of 665 ohms, a 675-ohm loop limit is

imposed (fourth row).
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(4) For trunk resistances between 665 ohms and the maximum of
1340 ohms, a dagger (fifth row) indicates that the footnoted
instructions below the range chart should be used to determine
the applicable station line resistance limit. Normally, the limit-
ing factor in establishing the sum of trunk and station line
resistances at a figure such as 1340 ohms is the through-dial
central office range, central office line relay range, ringing
range, or some other similar factor.

Range charts for other PBX configurations are similarly inter-
preted. There may be no applicable intermediate table or there may
be several, each keyed by a number of asterisks. It is important to
determine the options to be used with a given PBX since the ranges
within the tables may be modified by a footnote pertaining to a
particular option.

REFERENCE

1. Weinberg, S. B. “New Range Charts for PBX Operation,” Bell Laboratories
Record, Vol. 41 (Jan. 1963), pp. 12-17.



Customer Loops
Chapter 5

Design Considerations

Since every connection between subscribers includes a customer
loop at each end, the transmission performance of the loop plant
significantly affects overall connection performance. However, the
large number of loops, variety of lengths, varying density of cus-
tomers along given routes within a wire center area, and increasing
inward and outward customer movement would make transmission
design of each individual loop both prohibitively expensive and opera-
tionally not administrable. Therefore, the transmission design of loop
plant is treated statistically. Either the gauging of feeder and distri-
bution routes is planned so that certain maximum resistance values
are not exceeded in any distribution area, or general prescription
transmission and signalling designs are applied. These designs vary
with resistance ranges on routes where economics make advantageous
the use of finer gauge cable with electronic supplements. Since serving
central offices are generally located near the population center of a
given wire-center area, a distribution of transmission losses results
so that most losses are less than the loss corresponding to the limiting
resistance within the design range. When properly administered, this
approach to the design of loop plant is economically sound and, when
the entire local plant universe is considered, produces transmission
grades of service that meet overall objectives.*

There are three basic design methods used in the loop plant—resis-
tance design, unigauge design, and long route design—which comple-

*In Volume 1 it is shown that grade-of-service computations are made on a
statistical basis. Grade-of-service objectives are thus valid for large universes on
an absolute basis; for smaller universes, they must be used only on a comparative
basis. ’

80
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ment each other economically and which together produce the desired
distribution of transmission parameters. Special design considerations
for centrex are also discussed. Transmission statistics from loop
surveys are included when appropriate to the discussion [1, 2].

5-1 RESISTANCE DESIGN

Resistance design is a method for designing customer loops based
on establishing a common maximum resistance limit for an office.
This limit is applied to the longest forecasted loop (far point) in each
distribution area contained within a perimeter called the resistance
design boundary. In most urban and some nonurban areas, the re-
sistance design boundary may coincide with the wire-center bound-
ary. In other nonurban areas, one or more of the long route applica-
tions may be more suitable economically for serving distribution
areas on the extremities of a route. By applying appropriate rules for
controlling transmission loss and/or signalling ranges, use of the
resistance design method produces a distribution of loop losses with
the majority well below 8 dB. Loop noise is generally controlled by
proper administration of the subscriber plant transmission index.
When the resultant loop loss and noise distributions are combined
with loss and noise distributions for trunks, overall transmission
loss/noise grade-of-service objectives are met for the message net-
work. Resistance design remains the basis on which the majority of
loop plant is installed.

In addition to the resistance design boundary, certain other terms
associated with resistance design must be defined:

(1) The resistance design limit is the maximum value of outside
plant conductor loop resistance to which the resistance design
method is applicable. This value is set at 1300 ohms, primarily
to control transmission loss.

(2) The resistance design area is that area enclosed within the
resistance design boundary.

(8) The office supervisory limit is the conductor loop resistance
beyond which the operation of central office supervisory equip-
ment is uncertain.



82 Customer Loops Vol. 3

(4) The office design limit is the maximum resistance to which
loops should be designed for a particular office. This is the
supervisory limit for those offices with supervisory limits less
than 1300 ohms; otherwise, the resistance limit of 1300 ohms
controls.

(5) The design loop is the customer loop under study in a given
distribution area to which the office design limit is applied to
determine the conductor gauge(s). It is normally the longest
loop expected during the period of fill of the cable involved.

(6) The theoretical design is the cable makeup consisting of the
two finest standard consecutive gauges necessary in the design
loop to meet the office design limit. Theoretical design does
not take into consideration any possible economic advantages
of reusing existing coarser gauge cable pairs.

Basic Procedures

The application of resistance design to telephone loops begins with
three basic steps or procedures. These are (1) the determination of
the resistance design boundary, (2) the determination of the design
loop, and (8) the selection of the cable gauge or gauges required to
meet the design objectives.

Determination of the Resistance Design Boundary. The resistance design
method should be applied to the bulk of loops in areas where cus-
tomer density and/or growth potential are moderate to heavy. For
more sparsely settled areas, long route applications are often more
economical. The resistance design boundary is not necessarily fixed
but may be adjusted to accommodate changes in customer density and
other economic factors; it should be re-examined with each Outside
Plant Plan review or modification.

Determination of Design Loop. The design loop length is based on local
service requirements, commercial forecasts, and other relevant data.
If the longest loop will ultimately exceed both the present length and
the longest proposed in the job being considered, the ultimate length
should be considered the design loop and the theoretical design and
gauge selection should be based on it.

Some cables may contain pairs which extend outside the resistance
design area. These pairs do not control the gauging of the cable but
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must be studied on the basis of long route applications. Also, if a
major branching point occurs before a gauge change point, each
branch may have a different gauge requirement; hence, it may have
a separate design loop and must be designed on a separate basis.

Selection of Gauge. The theoretical design is used to determine the
gauge or combination of gauges required for any loop. When more
than one gauge is required, the most economical design, if considera-
tions of existing plant are temporarily neglected, results from use
of the two finest consecutive standard gauges that meet the office
design limit. It is normally most advantageous to place the finer
gauge cable closest to the office where a larger eross section is normally
required. Since the design loop length is known, and the resistance
per kilofoot for each gauge may be determined from tables such
as that of Figure 5-1, the theoretical design can be obtained from the
solution of two simultaneous equations. For example, if the design
loop is to be 82 kilofeet, it can be seen from Figure 5-1 that 32 kilofeet
of 24 gauge would exceed 1300 ohms and 32 kilofeet of 22 gauge
would be somewhat less than 1300 ohms; therefore, a combination
of 22 and 24 gauge is required.

One of the the simultaneous equations may be written
z 4+ y=232 (5-1)

where z is the length of 24-gauge cable and ¥ is the length of 22-gauge
cable making up the 32-kilofoot design loop. Since the total resistance
should equal 1300 ohms, including the resistance of any load coils
(loops exceeding 18 kilofeet require loading), the second equation may
be written

51.92 -+ 324y + 5(9) = 1300 ohms (5-2)

where 51.9 and 32.4 are the resistances at 68°F in ohms per kilofoot
of 24-gauge and 22-gauge wire pairs, respectively, 5 is the number
of required load coils, and 9 is the resistance of each load coil.
Equations (5-1) and (5-2) can now be solved simultaneously to yield

x = 11.2 kft of 24-gauge cable
and
y = 32 — z = 20.8 kft of 22-gauge cable.

Other resistance values from Figure 5-1 might be used if local tem-
peratures were significantly different from 68°F,
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OHMS/KFT OHMS /KFT OHMS/KFT

TYPE OF CONDUCTOR at 68° F at 100° F at 140° F
CABLE
19 ga 16.1 17.2 18.6
22 ga 324 - 34.6 374
24 ga 51.9 5b.5 60.0
26 ga 83.3 89.1 96.2
OPEN WIRE
109 HSS 12.40 13.26 14.32
104 CS (40% conductivity) 4.73 5.06 5.47
URBAN WIRE
C16pr24 ga 52.0 55.6 60.1
D 16 pr 22 ga 32.0 342 36.9
RURAL WIRE
C1pr 0.064 CS (14 ga) 17.0 18.20 19.64
D6 pril9ga 16.4 17.55 18.95
E12pr19 ga 16.4 17.55 18.95
UNDERGROUND WIRE
Blprl9ga 16.0 17.1 18.5
Clprl6ga 8.0 8.6 9.2
SERVICE WIRE
B2pr24ga 52.0 55.6 60.1
LOADING COILS
Type 632 88 mh
9 ohms each - - -

Figure 5-1. Loop resistance of commonly used facilities.

While solution of simultaneous equations yields the correct theo-
retical design and is used in a number of computer applications, a
simpler and more flexible method for manual use is a graphical
solution using a resistance design work sheet such as that shown in
Figure 5-2. This sheet has preplotted slopes corresponding to the
resistance per kilofoot at 68°F of 19-, 22-, 24-, and 26-gauge nonloaded
cable. As shown, the resistance design limit is a constant 1300 ohms
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out to 18 kilofeet and then gradually decreases. The decrease takes
into account the resistance of any load coils which in the graphical
method is subtracted from the resistance design limit. Thus, resistance
curves need not be drawn for loaded cable. If the office design limit
is less than 1300 ohms, the line representing this limit must be drawn
in parallel to the resistance design limit line and used in establishing
the theoretical design. Load coil designations, based on an ideal
H88 loading scheme, are shown near the bottom of the work sheet.
Ranges of recommended and permissible end section lengths are also
given on standard work sheets and the recommended positions of load
coils are shown on the basis of an ideal H88 loading scheme. Final
location may vary somewhat, depending on the actual length of office
end section and various physical constraints, such as available man-
hole locations. In addition, rules for load spacing deviations must be
followed.

When the work sheet is used to establish the theoretical design, a
horizontal line equivalent in length to the proposed design loop, or
ultimate design loop if longer than the proposed loop, is drawn to scale
in the box labeled “Theoretical Design.” Next, the point of equivalent
length is located on the resistance design limit line (or office design
limit line, if lower). Through this point a line is drawn parallel to the
preplotted slope for the gauge to the immediate right and its inter-
section with the next finer gauge slope is determined. The length to
this intersection represents the gauge-change point for the theoretical
design and the resultant length of each gauge is marked on the line
in the theoretical design box.

Once the theoretical design is determined, the makeup of the
existing plant is drawn in the upper portion of the box labeled
“Present & Proposed Plant.” A second, heavier line drawn below
the existing plant makeup is then entered for the proposed plant;
a dashed line extension to the ultimate length is used, if required.
Either the proposed plant makeup may be gauged identically to the
theoretical design, or existing plant conditions may be taken into
account to establish the actual gauge-change point. This point, when
a 2-gauge makeup with the finer gauge at the office end is assumed,
may be moved closer to the office if the point falls in the middle of
a conduit section or if there is a major branching point within two
or three sections of the theoretical gauge change. It may not be moved
further from the office with this type of makeup. When duct space
is at a premium (under rivers, highways, etc.), it is permissible to
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deviate from the 2-gauge plan by utilizing finer gauge cable at such a
conduit section provided that coarser gauge cable is added in another
part of the loop so that the overall office design limit is not exceeded.
Deviation from the 2-gauge plan may also be desirable in cases where
only part of a route is being reinforced, where the gauging of existing
portions does not correspond to the new theoretical design, and where
there is an economic advantage in utilizing existing plant. The resis-
tance design work sheet is quite flexible as a tool for handling these
situations. Some companies have adopted the practice of allowing up
to 1500 feet of 26-gauge cable at the customer end of some distribu-
tion cables, provided the 1800-ohm limit is not exceeded. However, the
design loop in such distribution areas should not be so gauged. More-
over, this practice tends to bias on the high side the distribution of
losses in these areas and should therefore be allowed only where grade
of service would not be significantly penalized.

Transmission Considerations

Control of total resistance does not ensure a satisfactory transmis-
sion loss distribution unless some additional rules are followed. These
include loading all loops over 18 kilofeet and limiting the cumulative
length of all bridged taps on nonloaded loops to 6 kilofeet or less.

Loading. The maximum number of load coils consistent with
H spacing (6000 feet) should be placed on loops longer than 18 kilo-
feet. All loading should be H88, although existing loops loaded at
H44 need not be changed if they are in areas that are primarily
residential. In general, the load coil spacing should meet an objective
of 6000 = 120 feet. Occasionally, deviations greater than = 120 feet
may be allowed for economic reasons, provided the transmission
shortcomings are analyzed and weighed against the service provided
in the route, especially when data and special service objectives are
considered. Wherever possible, it is also desirable to take deviations
greater than = 120 feet on the short side so that correction may later
be applied by normal building-out procedures, if required.

Central Office End Section. The central office end sections for each
office should be determined locally with due consideration given to the
amount of office wiring involved so that the combination is equivalent
to 3000 feet of cable. As far as spacing is concerned, the first coil is
the most critical in achieving acceptable return loss and must be
placed as close to the recommended location as is physically and
economically possible.
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Customer End Section. The recommended range for customer end
sections is between -3 and 12 kilofeet, including all bridged taps. In
cases where extensive distribution cable was placed on a multiple
plant basis, an end section plus bridged tap limit of 15 kilofeet has
been acceptable. However, the trend toward permanently connected
plant (PCP) should greatly reduce the requirement for long non-
loaded end sections.

Bridged Tap. A bridged tap is considered to be any branch or exten-
sion of a cable pair in which no direct current flows when a station
set is connected to the pair in use. The cumulative bridged tap limit
for nonloaded loops is 6 kilofeet, no matter where the station set is
to be connected. An example of how this limit applies is shown in
Figure 5-8. If the working station set were connected at points C or
D, the cumulative bridged tap would be 6 or 5 kilofeet, respectively,
apparently within the 6-kilofoot limit. However, if a working station
set were located at points A or B, the cumulative bridged tap would
be 18 or 7 kilofeet, respectively. Therefore, such a layout violates the
6-kilofoot limit.

For loaded loops, the limit for bridged tap is combined with end
section length, as described previously. Moreover, no bridged tap is
permitted between load coils and no loaded bridged tap is permitted
under any circumstances.

In some cases, bridge lifters may be employed to eliminate the effect
of bridged tap, e.g., for party line services. However, bridge lifters
are subject to both administrative and transmission limitations and
must be carefully controlled.

__ Feeder cable . Distribution cable _
| B
Serving |
central 1 kft
office I 2 kit
l C
1 kft
l Ak 5 kR LN
N\

1 kit

A

Figure 5-3. Application of bridged tap limit.
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Miscellaneous. Resistance design assumes that 500-type telephone
sets or equivalent are used exclusively beyond 10 kilofeet from the
office, shown in Figure 5-2 as transmission zone 5. They may also be
used, but are not required, in zone 2 (up to 10 kilofeet). Since most
sets are 500-type or equivalent, selection of the telephone set is usually
of minor significance in resistance design.

Multiple line wire and C-type rural wire can also be used in resis-
tance design areas, subject to certain restrictions due to the variable
transmission characteristics of nonstabilized types with changes in
the weather. Open wire, however, is not recommended and should be
replaced whenever relief cable is planned. Nonstaggered twist cable
is a source of unacceptable crosstalk and may also fail to meet noise
objectives. It should be removed whenever possible and should be used
only for nonloaded loops until it can be removed.

Loop concentrators may be used under resistance design rules with-
~out gignificant transmission impairment. Rules are applied to the
complete connection from the central office to the station set. However,
different types of concentrators have various signalling, control, and
supervisory limits which must be taken into account.

Since customer locations served by more than one cable route are
subject to transmission contrast, an attempt should be made to select
the gauge(s) for each route so that similar losses are obtained.

Transmission Losses. The dashed line of Figure 5-4 shows the com-
puted 1-kHz insertion loss versus loop length for ideal theoretical
resistance design loops when a temperature of 68 degrees F and no
bridged taps are assumed. Variations from the ideal design in the
loaded range (beyond 18 kilofeet), i.e., variations in office and cus-
tomer end sections and actual load spacing variations, would change
the location and, to some extent, the magnitude of the peaks from
those shown. However, the figure shows that the highest theoretical
losses occur in the nonloaded range between 14 and 18 kilofeet, with
a maximum of 7.5 dB at 18 kilofeet. If the effects of bridged taps are
considered, additional loss may be encountered. If it is assumed that
the average length of bridged tap is about 2.5 kilofeet, the mean
value from the 1964 general loop survey, about 0.6 dB of loss would
be added. The 6-kilofoot limiting case of bridged tap could add as
much as 1.5 dB, depending on the gauge makeup of the basic loop.
Hence, the insertion loss for nonloaded loops in the 14- to 18-kilofoot
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Figure 5-4. Loss comparison of unigauge and resistance designs.

range can approach and in some cases exceed 8 dB, often taken as
the maximum desirable insertion loss so that the mean and standard
deviation of loss distributions in loop plant are not excessive.* As can
be seen in Figure 5-4, the percentage of loops in this range account
for a small percentage of the total; therefore, the number of built-up
connections with limiting loops at each end is small.

For the general loop universe, computations using mean and
standard deviation values from the 1964 loop survey show that the
overall network transmission grade-of-service objective is met pro-
vided the loop noise objective of 20 dBrnc or less is not exceeded. This
noise objective is generally met in most of the loop plant which falls
within the resistance design area.

*If the insertion loss is stated as an expected measure loss (EML), it is con-
ventional to add 0.5 dB to the facility insertion loss to account for loss in central
office equipment.
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The broken line of Figure 5-4 shows mean loss versus length from
actual measurements in the 1964 loop survey; losses include those due
to bridged taps, end sections, loading irregularities, or other devia-
tions from the ideal theoretical design. The solid line represents the
ideal unigauge design 1-kHz insertion loss.

Supplementary Design Considerations for Special Services

The high losses and larger loss/frequency slopes obtained on non-
loaded cables in the 12- to 18-kilofoot range or on loaded cables with
longer end sections and bridged taps may not be suitable for some
special service applications. It is common practice in many companies
to load all loops longer than 12 kilofeet if these are likely to be used
as PBX trunks. Even nonloaded loops shorter than 12 kilofeet may
require special treatment, such as the use of E6 repeaters with 837C
networks, to meet some special service objectives. Services with speci-
fied slope, delay, or noise requirements (such as DATA-PHONE®
loops or the local plant portion of conditioned private lines) often
require special design rules to supplement basic resistance design. For
example, some form of slope equalizer such as the E7 repeater, may
be required; frequently, excessively long bridged taps must be re-
moved even though they are within the normal resistance design end
section limits. Even loops which are already loaded under resistance
design rules may require gain in some special service applications.
Often, special service circuits must be extended on a four-wire basis
to the customer premises to meet return loss requirements.

Special service requirements are generally accommodated on an indi-
vidual case basis rather than as a modification of standard resistance
design procedures. However, it is important that special service re-
quirements in a given cable route be forecast as accurately as possible,
In some cases, economies can be realized when the size, gauging, load-
ing, and bridged tap content of certain cross sections are planned
initially to meet special service requirements. Centrex locations also
require special planning.

DATA-PHONE or Data Access Arrangement. As previously mentioned,
special data loop design rules are used to supplement basic telephone
loop design for DATA-PHONE or data access arrangement loops [3].
These loops are divided into three classifications depending on data
transmission speed:
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(1) Type I—For data transmission speeds below 300 bits per
second.

Loss: Less than 9 dB at 1000 Hz.
Message circuit noise: No more than 20 dBrne.

(2) Type II—For data transmission speeds from 300 bits per
second to 2400 bits per second. The Type I limits apply in
addition to the following:

Impulse noise: No more than 15 counts in 15 minutes at a
threshold of 59 dBrnc on carrier facilities and 50 dBrnec on
physical facilities, both referred to the local central office.

Slope: No more than 3 dB difference in loss between 1000 Hz
and 2800 Hz.

Envelope delay distortion: No greater than 100 microseconds
between 1000 Hz and 2400 Hz. !

(3) Type III—For data transmission speeds above 2400 bits per
second. Identical to Type II requirements except that additional
tests are required if carrier channels are used.

As can be seen from Figure 5-4, the 1000-Hz loss requirement is
generally not a problem if loop design rules are not violated. More-
over, the transmitting station power output is specified so that the
signal is received at the originating end office at —12 dBm ; therefore,
only the loss between end offices and the loss of the terminating station
loop are involved in determining received signal power.

Generally, the message circuit noise requirement is not critical if
the loop plant is properly designed and administered. On the other
hand, switching equipment is often the source of impulse noise; hence,
proper design of loop facilities does not necessarily guarantee meeting
the impulse noise objective. Either impulse noise mitigation tech-
niques or remote exchange lines must be employed if these objectives
are exceeded. Remote exchange lines are often prescribed when the
normal serving central office is a panel or step-by-step office, since
mitigation in these offices may be insufficient to meet objectives
without excessive expenditures.

It is generally the envelope delay and slope objectives for Type II
or IIT data loops which precipitate supplemental loop design proce-
dures. Figures 5-5, 5-6, and 5-7 show distributions of 1000-Hz inser-
tion loss, envelope delay, and slope parameters for the loop universe
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Figure 5-5. Insertion loss of loops to business customers.

which typically serves business customers.* Nonloaded loops do not
pose envelope delay problems (see Figure 5-6) but over 15 percent
of loaded loops require some form of delay equalization. On the other
hand, Figure 5-7 shows that about 30 percent of nonloaded loops
as well as slightly less than half of the loaded loops would require
equalization or other treatment to meet the Type II or IIT slope
objective.

PICTUREPHONE®, The large bandwidth (=~ 1 MHz) and special
control of certain impairments required for analog transmission of
PICTUREPHONE signals in the local plant severely limit the pro-
portion of loops placed under standard methods which are suitable
for PICTUREPHONE service. These restrictions should be con-
sidered in the formation of any Outside Plant Plan for areas where
PICTUREPHONE service is contemplated.

*This is a subuniverse of the general loop universe in Figure 5-4. Since business
customers are predominantly (but not exclusively) located in urban or suburban
areas, the means and standard deviations shown for the various transmission
parameters are lower than for the general loop universe.
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5-2 UNIGAUGE DESIGN

Unigauge design utilizes the basic concept that in certain situa-
tions it may be more economical to provide loop plant of uniformly
fine gauge and to correct for transmission and signalling limitations
by applying electronic circuitry which provides gain, equalization,
and extended range for signalling and supervision [4, 5]. Generally,
the greatest economies are realized if the electronic equipment can
be engineered to provide a fixed amount of correction and can be
switched into the transmission path of those loops requiring it rather
than by dedicating apparatus to each individual loop and requiring
a range of correction settings. These principles are also used in the
unigauge plan.

Application

~ Unigauge is presently applicable to No. 5 crossbar and No. 2 ESS
offices. The plan is most effective in urban-suburban areas 15 to 30
kilofeet from the central office, where there is significant demand for
individual line residence service, and where there are few special
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Figure 5-6. Envelope delay distortion on loops to business customers.
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service, coin, or multiparty customers served by loops over 15 kilofeet
long. Special service requirements in this range do not preclude pro-
vision of unigauge-designed plant but such plant may require supple-
mentary transmission and signalling equipment on a dedicated and
prescribed basis. The added equipment may significantly reduce or
completely nullify the economic advantages. Unigauge is intended
primarily for new growth in permanently connected plant areas, since
PCP interconnection points permit flexibility in using existing coarse-
gauge copper economically and limit the number of line and station
transfers which would otherwise involve central office rearrangements.

Coin lines cannot be served from No. 5 crossbar horizontal groups
equipped for unigauge due to the inability of the unigauge range
extender to pass coin collect and return signals. A coin line dial
long line unit and E6 repeaters should be used where central office
signalling ranges and transmission loss objectives are exceeded.
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Design Ranges

There are four basic ranges associated with the unigauge concept,
as shown in Figure 5-8. The first range, for loops less than 15 kilofeet,
consists entirely of 26-gauge nonloaded cable. Such loops are con-
nected at the central office in the same manner as resistance design
loops and are administered on the same basis since the resistance of
15 kilofeet of 26-gauge cable is less than the resistance design limit
of 1300 ohms.
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Figure 5-8. Unigauge loop plant layout.
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For the remaining ranges, the unigauge concept extends the maxi-
mum conductor loop resistance range from 1300 ohms (resistance
design limit) to 2500 ohms* by the use of unigauge range extension
circuitry, which provides increased voltages for tripping the ringing
signal, pulsing, and transmitter current. It also provides a shaped
two-way gain characteristic having about 6 dB of gain at the middle
of the voice-frequency band.

Unigauge Loops. Loops in the next two ranges are called unigauge
loops, since they are in excess of 1300 ohms and require access to the
unigauge range extension equipment. In No. 5 crossbar offices, uni-
gauge loops connect to unigauge horizontal groups modified so that
the primary stages of switching are equipped with more sensitive
line relays in order to detect off-hook conditions on loops up to
2500 ohms with 48-volt battery. In No. 2 ESS, unigauge loops connect
to a range-extended concentrator.

Unigauge range extenders are inserted in the links between the
primary and secondary stages of the line link frame in a No. 5
crossbar office and allow concentrations of 4.9 or 5.9 loops to each
range extender. In No. 2 ESS, range-extender repeaters are inserted
in the “B” links. Theoretical concentration ratios are 4:1 or 2:1,
although actual concentration ratios are usually lower due to the
presence of trunks and service circuits as additional concentrator
inputs.

A No. 5 crossbar office is modified to ensure that the range extender
gain and 72-volt battery are applied to the unigauge loops as origina-
ting and terminating cross office paths are established and that the
ringing signal is superimposed on 72 volts rather than on 48 volts.
Figure 5-9 shows the cross-office transmission paths for originating
and terminating calls in a No. 5 crossbar unigauge office. In No. 2
ESS offices, the capability for unigauge operation (other than the
range-extender repeaters) is provided as part of the basic design and
generic programs. Therefore, additional equipment and modification
costs, which often negate the economic advantages of unigauge-
designed plant in No. 5 crossbar offices, are not a consideration in
No. 2 ESS. The only additional cost is for the number of range-
extender repeaters required. Thus, it can be expected that the pre-

*Computed at 68°F for underground or buried plant and at 100°F for aerial
plant.
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dominant application of unigauge will be in exchanges served by
No. 2 ESS.

The unigauge loop range between 15 and 24 kilofeet consists en-
tirely of 26-gauge nonloaded cable. In this range, the unigauge re-
peater (part of the range extender) can provide sufficient gain and
equalization so that satisfactory distributions of transmission losses
and slopes result. Figure 5-10 shows the insertion gain characteristic
of the 806A repeater unit used in No. 5 crossbar offices. The range-
extender repeater for No. 2 ESS offices provides a similar gain shape
but with insertion gains of 5.1 dB at 1 kHz and 9.5 dB at 3 kHz [5].

In the unigauge loop range between 24 and 30 kilofeet, 26-gauge
cable is also used but the additional loss and slope cannot be com-
pletely compensated by the 806A repeater alone. Therefore, two
88-mh load points are established at 15 and 21 kilofeet from the office.
The combined effect of this partial H88 loading and the 306A repeater
produces the required distribution of losses and slopes for satisfactory
transmission in this range. Loading is not applied within the first
15 kilofeet, since the stability of the unigauge repeater, specifically
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Figure 5-10. Unigauge repeater insertion gain, 306A repeater unit.
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designed to match the impedance of 26-gauge nonloaded cable, would
be adversely affected. The impedance-matching requirement also
dictates that there be no bridged tap within 15 kilofeet of the office
on unigauge loops. If unigauge design is applied to existing plant,
there may be unigauge loops (that is, loops requiring the unigauge
range extender) with sections of coarser gauge cable near the central
office. In order to maintain repeater stability, it is mandatory to
remove any loading coils in the first 15 kilofeet and to provide a
26-gauge buffer section adjacent to the central office. This 26-gauge
section should be as long as possible but in any case no less than
the following:

COARSEST GAUGE IN MINIMUM LENGTH
FIRST 15 KFT OF 26-GAUGE BUFFER, KFT
19 5.5
22 45
24 3.0

In addition, the minimum loop resistance of mixed gauge “unigauge”
loops, including the buffer section, must be 1200 ohms.

Central office bridging of two-party unigauge loops requires the
application of special unigauge relay bridging devices; the conven-
tional 1574-type inductor bridge lifter has enough residual inductance,
even when saturated, to affect adversely the impedance match to the
unigauge repeater. Bridging with 1574-type inductors is permissible
when the bridge is over 15 kilofeet from the office. In No. 5 crossbar
offices, four- and eight-party lines are not suitable for unigauge
treatment but must be individually treated with dial long line equip-
ment and E6 repeaters; the customer drops are bridged, as are those
in long route design. In No. 2 ESS offices, four- and eight-party lines
may be bridged remotely and may receive unigauge treatment within
the central office.

Extended Unigauge Loops. Thirty kilofeet is the longest allowable uni-
gauge loop made up entirely of 26-gauge pairs. However, the unigauge
central office equipment may accommodate loops as long as 52 kilofeet.
Loops in this range are designed with the first 15 kilofeet as 26-gauge
nonloaded cable and the remainder as 22H88 loaded cable. The first
load point is established at 15 kilofeet, the intersection of the 26- and
22-gauge cables. The lower loss and slope of the 22H88 portion, when
combined with the transmission correction provided by the unigauge
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repeater, again ensure a satisfactory overall distribution of losses
and slopes in this range. These loops are known as extended unigauge
loops. The restrictions previously mentioned for unigauge loops, con-
cerning the stability of the unigauge repeater, also apply to extended
unigauge loops. All of the previously listed restrictions for resistance
design (maximum bridged tap on nonloaded loops, load spacing de-
viations, and customer end sections plus bridged tap maxima) also
apply to unigauge and extended unigauge loop plant.

Expected Range of Losses

The solid line in Figure 5-4 shows the theoretical insertion loss
versus length for ideally designed unigauge loops (including the
range extender where applicable) at 68 degrees with no bridged tap.
Unigauge loop losses in the 15- to 20-kilofoot range are considerably
less than losses resulting from resistance design, while unigauge
losses in the 24- to 30-kilofoot and 40- to 52-kilofloot ranges are some-
what greater than their resistance design counterparts. However, if
the percentage of main stations in each range is considered, it is
found that unigauge provides lower losses for about 9.7 percent of
loops, comparable losses for 86.8 percent, and higher losses for
2.7 percent in the overall 0- to 52-kilofoot range. Both unigauge and
resistance design distributions are such that overall network trans-
mission grade-of-service requirements are met. Similar analysis of
frequency distortion (Figure 5-11) and loop current (Figure 5-12)
for each design method shows some differences within the individual
ranges; again, both distributions meet the overall voice objectives.
However, unigauge loops in ranges beyond 18 kilofeet have generally
higher slopes than those of resistance design. Thus, a higher propor-
tion of such loops probably requires slope equalization if Type II or
IIT conditioned data loops must be provided from a unigauge office.
Unigauge design does give somewhat better overall echo return loss
performance for loops over 15 kilofeet due to the 15 kilofeet of non-
loaded 26-gauge cable next to the central office. Thus, unigauge offers
transmission performance for message network service at least as
good as that achievable under resistance design.

On the other hand, many special service circuit design requirements
are more difficult to meet where the plant has been designed according
to unigauge principles. A larger percentage of high resistance and
high loss facilities are encountered. While the unigauge range ex-
tender can be adapted to some PBX trunk applications, it is generally
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Figure 5-11. Frequency distortion comparison of unigauge and resistance designs.

necessary to make greater use of other electronic gain and range
extension devices or to provide four-wire or equivalent four-wire
facilities to meet objectives.

5-3 LONG ROUTE APPLICATIONS

Application of resistance design to cable plant serving scattered
customers at great distances from the central office would at best
involve relatively high per-station costs due to the large amount of
coarse-gauge cable required. Moreover, few stations are so distant
that resistance design cannot be used. Therefore, alternative design
procedures have been developed. Long route design* and multichannel
subscriber carrier arrangements offer increased economic flexibility
and still provide a satisfactory distribution of transmission losses.

Long Route Design

Conceptually, several zones which correspond fo ranges of resis-
tance in excess of 1300 ohms are established by the long route design

*The term long route is used instead of long loop because the outside plant is
engineered and constructed in terms of routes or sections of routes.
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procedure. It provides for a specific combination of electronic range
extension and/or fixed gain devices to be applied to all loops falling
within each range so that the maximum insertion loss in each range
is limited to 8 dB (8.5 dB with office loss included). The overall distri-
bution of losses obtained by the use of long route design thus provides
a grade of service not significantly poorer than that generally received
by all subscribers [6].

Basic Zones and Transmission Layout. Figure 5-13 illustrates a long
route design work sheet. The vertical scale on the left is in terms of
loop resistance and the scale on the right shows the upper and lower
boundaries of each zone. The table at the lower right of the figure
summarizes the prescribed signalling and /or transmission treatment
for loops within each zone. Note that zone 16 requires no gain device
but does require the 2A range extender.* Beyond zone 16, both range

*The range extender is required primarily so that the ringing signal can be
tripped. Since some offices have a ringing trip range greater than 1300 ohms,
some companies administer zone 16 on an individual office basis and provide the
2A range extender only as required.
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extension and gain equipment are required. The gain is applied
uniformly to all loops within a given zone.

Gauging. In Figure 5-13, lines corresponding to the smoothed loop
resistance versus length for each gauge of loaded high-capacitance
cable are drawn for both 68°F (lower boundary) and 100°F (upper
boundary). These lines are used to lay out prospective gauging plans
and plot the corresponding zone boundaries. In contrast to resistance
design, however, there are no set rules concerning selection of the
gauge or gauges which would yield the most economical theoretical
design. In theory, there are an infinite number of gauge combinations
and, in reality, many of these alternatives are possible. Generally,
forecasts of customer densities in each section of the route must first
be obtained; then several of the most viable gauging alternatives are
laid out on the work sheets upon which the zone boundaries are
plotted. The resultant plans must then be made satisfactory from a
transmission standpoint. Then the quantities and associated costs
of transmission and range extension equipment required for each
gauging alternative must be determined and added to the costs of the
cable in each plan; the plans are then compared economically on the
basis of present worth of expenditures. As previously mentioned,
time-shared computer programs are available to aid in analysis for
long route design alone or in combination with pair gain alternatives.

Gain Options. Originally, the E6 repeater was the prescribed gain
device for use in long route design when transmission gain was re-
quired. However, since only three gain settings were ever required,
the capabilities of the E6 were somewhat wasted since it provides a
larger variety of gain settings. Moreover, detailed measurements were
required during lineup of E6-equipped loops, adding to their cost.
Now a range extender with voice-frequency gain (REG) is available
to replace the E6 repeater and dial long line unit required for zones 18
and 28 [7]. The range extender operates in two basic modes. In the
signalling mode, sensitive balanced-bridge circuits detect the off-hook
condition and the presence of dial pulses. A shunt resistance is then
placed across the line to increase the current that operates the central
office equipment. In the transmission mode, a negative impedance re-
peater is switched into the circuit to provide for dial tone, voice
transmission, and TOUCH-TONE® dialing. A line build-out network,
also provided, is designed so that no detailed measurements are re-
quired during installation. An auxiliary power unit provides an
additional —30 volts dc boost to the —48 volts provided by the normal
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central office battery. The boost is applied to the loop through the
REG output circuit to ensure adequate loop current.

In early designs of the REG, selector switches were used to provide
either 4 or 6 dB of gain. Other switches were used to select the line
build-out network required for the impedance match between the
REG and the loop to be treated. The selection depended on cable pair
gauge. In the latest design, the 5A REG, gain is automatically
switched from 3 to 6 dB if the loop resistance exceeds 2000 ohms, This
design of REG also contains a compromise design of build-out network
that adequately matches any gauge combination of H88 loaded cable
pair. With these features, no selector switches are required in the
5A REG.

Application of the REG thus provides a more economical design
for zones 18 and 28. In zone 36 where 9 dB of gain is required, dial
long line equipment and remote E6 repeaters were originally used to
satisfy these requirements. These needs may now be fulfilled by using
a REG at the central office and a G36 handset (with gain) at the
station [8].

Other Transmission Considerations. In addition to the above considera-
tions regarding transmission layout for each zone, other transmission
requirements must be satisfied.

Load Spacing, End Sections, and Remote E6. Permissible load
spacing deviations are the same as for resistance design. However,
for cables with deviations which must be built out, theoretical return
loss performance should be computed since capacitance build-out
alone may not provide adequate return loss. A plan must also be pro-
vided in long route design for measurement of return loss during
implementation. Customer end section plus bridged tap length should
be limited to a range of 8 to 12 kilofeet.* For zone 36, the remote
E6 repeater (when used) must be located in the range 1000 to
1250 ohms from the office and should not be more than + 1500 feet
from the midpoint of a load section.

Noise. Noise on all loops should meet a general objective of
20 dBrnc or less at the station end. However, due to the greater
exposure of long loops and the increased possibility of multiparty

*Note that this is a more stringent requirement than the allowable 3- to
15-kilofoot range in resistance design.
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services using grounded ringers, it may not be economically possible
to bring each loop to within this limit. Therefore, although the ob-
jective remains 20 dBrne, the maintenance limit for noise on long
route design loops is 80 dBrne. Loops having noise in excess of
80 dBrnc must be corrected by special treatment as required. This
should result in most multiparty loops being under the 30 dBrnc
limit, thus maintaining a satisfactory noise distribution in the long
route universe.

Loss. Studies have shown that the best balance between plant cost
and grade of service would be achieved by establishing the maximum
insertion loss for long route designed loops at 8 dB (excluding central
office loss) [6]. Sample routes typical of those expected under long
route design were sectionalized and designed to meet maximum 1-kHz
insertion loss objectives of 4, 6, 8, 10, and 12 dB, respectively. The
resulting transmission loss distributions were determined; they in-
clude correction for 500-type station set efficiencies with variations
in loop current. With the efficiency correction, the long loop trans-
mitting direction produced a significantly higher mean effective loss
and standard deviation than did the receiving direction; when com-
bined in an overall connection model with distributions for the inter-

Short toll trunk General loop
Long route Local distribution (note 1) Local universe (note 2)
under study office 708, o 2.3 office T4.5 dB, o 3.2 (note 3)

R3.5d8, o 1.8

Notes:

1. The distribution of short (less
than 180 miles) toll connection
losses was based upon a 1966
survey.

2. Data for the general loop
universe were obtained from
the 1964 general loop survey.

3. The transmission distribution
was modified to reflect 500-
type set performance relative
to transmitter current.

(a) Overall connection model

Long route Local Ti1.5d8,0 3.9
—

under study office R10.5dB, o 2.9

(b) Simplified connection model

Figure 5-14. Connection models.
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office trunk network and the general loop universe, the transmitting
direction was still found to be the more critical [9]. Figure 5-14
shows models for the long loop transmitting configuration. A noise of
27.3 dBrnc (combining an assumed long loop noise distribution having
a mean of 25 dBrnc with a 28.0 dBrne empirical noise floor) was used
for the noise distribution of long loop plant in the study. Costs of
loop plant and associated range extension and gain equipment re-
quired to meet each of the insertion loss objectives were tabulated
and analyzed on a PWAC basis. Figure 5-15 shows a comparison of
the percent change in poor-or-worse grade of service for customers
on the long route for each insertion loss objective with the percent
change in PWAC.

Figure 5-15 shows that the relationship between cost and grade of
service is nearly linear as the insertion loss objective is reduced from

12dB 1. Noise at set = 25 dBrnc

2. () dB == design limits, insertion loss

3. Connected to general loops via
short toll trunks

T

Increase in percentage of calls
[

rated poor and unsatisfactory

\'“B

s |
—10 0 10

Percentage increase in cost (PWAC)

Figure 5-15. Rating of calls versus costs for various design limits.
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12 to 8 dB. With a further reduction in the objective, the figure shows
that the cost increases at a higher rate than the grade-of-service
improvement rate. Thus, the 8-dB objective appears to be an ap-
propriate compromise between cost and grade of service.

Another factor supporting the 8-dB objective for long routes is
that it is compatible with the 8-dB maximum insertion loss objectives
for resistance design loops; hence, it would not appear reasonable to
make the long route maximum objective more stringent, although
a higher proportion of long routes may be at or near the limiting
loss. The 5 percent impairments (Figure 5-15) in poor-or-worse grade
of service for long routes compared with the general loop universe
appears consistent with the economic factors governing long routes,
especially since long routes are a relatively small portion of the
general loop universe,

Digital Loop Carrier Systems

An alternative to providing long route loops by paired-wire voice-
frequency facilities is to use a digital loop carrier facility such as the
SLC-40 System. This system uses T1-type digital line equipment with
specially designed terminals. It can serve up to 40 loops over a single
repeatered line which requires two pairs, one for each direction of
transmission. Such a system appears to be most economical on long
routes when relatively high subscriber line growth is forecast for
the study period and when such routes would require considerable
relief in the feeder portions. A computer program is available to
analyze the present worth of annual costs for various combinations
of digital or analog loop carrier systems and long route designed
loops [10].

In addition to being more economical in certain situations, digital
loop carrier systems can provide improved transmission loss distri-
butions. The 1-kHz insertion loss of the SLC-40 System is normally
only 2.0 dB between the central office and remote terminals regard-
less of the length of the digital facility. Additional losses are incurred
in the distribution cables between the remote terminals and the station
sets. The low insertion loss of the digital portion of such loops allows
up to 5.0 dB additional loss in the distribution cables. Careful selec-
tion of remote terminal locations results in a satisfactory loop loss
distribution on such long routes. In certain circumstances, it is pos-
sible to reduce the system insertion loss to 0 dB and thereby to extend
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further the range of the connected plant. Idle noise on the digital
portion of the loop is less than 20 dBrnc so that loop noise objectives
are met in most systems without special treatment. Quantization noise
is low and found to be satisfactory over the entire normal dynamic
speech input range.

Multichannel Analog Subscriber Carrier Systems

Several 4- to 8-channel, distributed-terminal subscriber carrier sys-
tems are presently available and may be economical for some long
route configurations. Surveys indicate that many subscriber carrier
systems perform satisfactorily, although only one of them, the
KS-20988 S6A system, is presently rated standard for Bell System
use.*

There are two basic transmission design limitations on the length
of these systems:

(1) Remote powering range (limit of 2400 ohms for the KS-20988).

(2) Insertion loss limit between repeaters and maximum number
of repeater sections allowed. The KS-20988 limit is four re-
peater sections in tandem (three line repeaters each with a
maximum gain of 35 dB at 112 kHz) for a total maximum in-
sertion loss of 140 dB at 112 kHz.

The limitation resulting in the shortest design length for a partic-
ular cable makeup is controlling. For routes under study, when far
point length exceeds one or both of these limitations, the KS-20988
system can be used to serve stations out to the carrier system limit
and conventional long route design can be utilized for the remaining
stations.

Computer programs are available to assist in evaluating the cost
alternatives between multichannel analog and digital carrier systems
and standard long route designed loops [10]. However, certain manual
screening processes have been documented and should be undertaken
for each route during preliminary planning. These processes provide
graphs and formulas to analyze proposed routes on the basis of cus-

*This system is manufactured outside the Bell System to Bell System specifica-
tions.
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tomer density, growth rate, equivalent route length, and cable and
carrier system costs so that only those routes where carrier systems
are viable alternatives undergo the rather costly detailed analysis
provided by the computer programs.

Another planned use of multichannel subscriber carrier systems is
to provide temporary service to customers in both the long route and
resistance design areas in order to defer cable relief to an economically
more suitable time. There are also several single-channel analog sub-
sceriber carrier systems available should temporary relief be required
to serve only a few stations. Customers requesting a second line can
often be served economically by the use of single-channel systems.

Multichannel subscriber carrier systems should not be indiscrimi-
nantly used to serve large numbers of customers in a given wire-
center area. These systems provide loop insertion losses of about
6 dB for all derived channels. While 6 dB is less than the limit, a
heavy concentration of such loops could bias upward the mean loop
insertion loss to the point that overall grade of service in that wire
center could be degraded.

5-4 CENTREX STATION LINE DESIGN

Since centrex customers are generally large toll service users and
often require special features such as conferencing and add-on, the
transmission objectives for centrex station lines are more stringent
than those for standard loops.

For centrex-CO station lines served by consoles, or for those lines
which are not involved in attendant-connected calls requiring multiple
loops through a manual switchboard, the supervisory limit remains
at 1300 ohms, the resistance design limit. Centrex station lines must
meet a maximum expected measured loss objective of 5.5 dB, in-
cluding the assumed 0.5 dB test access loss to the local test signal
supply. Hence, the 1-kHz insertion loss of the loop facility should
not exceed 5 dB. It can be seen in Figure 5-4 that resistance design
loops over 11 kilofeet long may require some additional transmission
treatment, such as loading or gain, to meet this objective when used
as centrex station lines.
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Section 3

Trunks

Many types of trunks are needed to provide transmission paths
between switching machines. The functional and transmission char-
acteristics of these trunks are determined largely by the network
relationships that have been established in order to provide the wide
range of switched services found in a modern telecommunication
system. This section is devoted to discussions of the many trunk
types, to the relation of these trunks types to the problems of traffic
engineering, and to trunk design and operation.

The preparation of this second edition of Volume 8 coincides in
time with a period of rapid transition in respect to trunk terminology,
network configuration, trunk applications, and trunk design methods.
Although the material in Section 3 reflects some of this transition,
the dynamic nature of the network makes it impossible to reflect
many of the changes that are taking place.

Chapter 6 is devoted to defining the principal trunk categories
presently in use, describing the terminology applied to these trunks
for traffic and transmission purposes, and explaining the evolving
standards for designating the trunks in a manner such that the
designations may be used for manual or automatic design and record
keeping.

The engineering of trunks and trunk groups to meet traffic and
transmission requirements involves an interdisciplinary understand-
ing of the two fields. Chapter 7 gives traffic engineering background
in order to provide this understanding for those involved in trans-
mission engineering. Traffic distribution and routing are related to
the provision of trunk groups capable of efficiently carrying a variety
of traffic loads under both normal and extreme conditions. Traffic
administration and terminology are also discussed.
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The switched message network is conveniently regarded as being
composed of local and toll portions. Trunks must be provided for
each portion of the network and to interconnect the two major por-
tions. Chapter 8 is addressed to the problems of trunk design in the
local portion of the network. Signalling and supervision are discussed
as well ag transmission designs that, while applied locally, contribute
to the successful operation of the entire network.

Chapter 9 is concerned with similar problems relating to the toll
portion of the network. Intertoll trunks provide transmission paths
between toll switching machines and toll connecting trunks provide
for the interconnection of the toll and local portions of the network.
The designs of these two classes of trunks and the achievement of
satisfactory echo performance in the network by the application of
balance objectives to toll offices are discussed. The effect on toll trunk
design of introducing digital toll switching machlnes in the network
is also considered.

The design of the network, based on the via net loss plan, provides
the means for achieving acceptable network transmission perfor-
mance in respect to loss and echo on telephone connections. Echo
performance is evaluated in terms of echo return losses which are
controlled by impedance balance at critical points in the network.
In Chapter 10, the theoretical bases for balance objectives are re-
viewed, the methods of making balance measurements are described,
and the manner in which the results are analyzed are discussed in
considerable detail.

In addition to trunks that must serve and interconnect the local
and toll portions of the switched network, there are many miscel-
laneous trunks that must be used for network operation. These in-
clude trunks such as those serving consoles and switchboards, auto-
matic accounting equipment, conference circuits, ete. Descriptions of
many such trunks are given in Chapter 11 and their designs are also
discussed.
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Trunks

Chapter 6

Trunk Types and Uses

In general, a trunk may be defined as the transmission facility
and the associated equipment used to establish a connection between
switching entities., Trunks may be intraswitching machine, intra-
building (between separate switching entities, or central offices, in
the same building), or interbuilding, depending on the hierarchies
and locations of the switching machines and switchboards involved
in the built-up connection.

Six major trunk transmission categories are defined on the basis
of their hierarchical positions in the network: direct, tandem, inter-
tandem, toll connecting, intertoll, and secondary intertoll trunks. Two
remaining categories have the general headings auxiliary services and
miscellaneous and include a variety of specialized trunks on which the
requirements may differ from those of the first six.

While transmission categories are meaningful in respect to trans-
mission engineering studies, trunks usually are not designated opera-
tionally in this manner. They may be designated by traffic routing
class, traffic use, or by a variety of names which have evolved over
the years and may differ considerably from company to company.
More recently, a coded format of common language symbols has been
used to designate, among other things, the traffic class and standard
traffic use categories. The traffic use category may require additional
code modifiers, often corresponding to the functional or popular name
for a trunk, to define its use further.

Before transmission objectives can be specified for a particular
trunk group and before the design layout can be established, the
transmission category of the group must be identified from various
operational designations.
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6-1 TRANSMISSION DESIGN CATEGORIES

Some of the types of trunks used between various classes of offices
in certain portions of the message network hierarchy are shown in
Figure 6-1. The trunks are lettered for cross reference between the
following definitions of the transmission design categories and sub-
sequent discussions in this chapter.

The transmission design categories of trunks are defined as follows:

(1)

(2)

(3)

(4)

Direct trunks are used to connect an end (or class 5) office
directly to another end office with no intermediate switching
point. Trunks A, B, and C of Figure 6-1 are examples of
direct trunks. This definition does not limit the use of direct
trunks to nontoll-type traffic. Provided that the originating
end office is equipped with automatic number identification
(ANI) and local automatic message accounting (LLAMA),
direct toll trunks, as shown by trunk B, may be established
to any other end office (where traffic load warrants) either
in the same or a different numbering plan area (NPA).

Tandem trunks connect a local office with one of the types
of tandem offices described in Chapter 2. Except in cases
where metropolitan tandem and toll portions of the network
are combkined, the tandem trunk provides paths for nontoll,
multitrunk connections within a local or metropolitan area.
Trunks D, E, and F of Figure 6-1 are tandem trunks which
interconnect the local office with the tandem office. Connec-
tion EF is an example of a 2-trunk connection using tandem
trunks.

Intertandem trunks (for example, trunk G of Figure 6-1)

interconnect two tandem switching points on nontoll multi-

trunk connections. Connection DGF is a 8-trunk connection
using two tandem trunks and an intertandem trunk. Present
metropolitan network plans allow one additional intertandem
trunk in some multitrunk connections, i.e., a maximum of
two intertandem and two tandem trunks in an overall tandem
connection.

Toll connecting trunks (TCTs) are, in a sense, special kinds
of tandem trunks in that they also provide paths for multi-
trunk connection between end offices. In this case, however,
a toll connection is involved. A toll connecting trunk connects
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an end office to a point of entry to or exit from the toll
portion of the network for all toll connections except those
provided by direct trunks. The point of entry or exit may
be a toll switching machine or toll switchboard. Trunks H,
I, J, K, L, M, and Z of Figure 6-1 are examples of toll con-
necting trunks. Although not shown in Figure 6-1, a toll
connecting trunk may also interconnect an end office with
a control switching point (CSP), i.e., a toll office higher in
rank than class 4; however, this connection is provided only
for access to the class 4 functions provided by the control
'switching point.

(5) Intertoll trunks are those links in an overall toll connection
which extend between two toll switching systems. In the
same sense that the toll connecting trunk is the toll equiv-
alent of a tandem trunk, an intertoll trunk is analogous to
an intertandem trunk. The definition encompasses trunks
between all toll switching machines, including those in the
same building. Also, trunks between toll switching machines
and switchboards which are of different class rank are also
considered for transmission design purposes to be intertoll
trunks, regardless of whether they are collocated. In traffic
use terminology, these are designated as secondary intertoll
trunks. A manually operated toll switchboard is limited in
its standard assistance connections to class 4 operation ex-
cept for overseas service. Trunks N through V of Figure 6-1
are designed as intertoll trunks. ‘

(6) Secondary intertoll trunks are used to interconnect an auto-
matic toll switching machine and its manually operated
assistance switchboard of equal class rank (normally both
class 4 in standard arrangements other than for overseas
service). The two are closely associated as a single unit and
are located in the same building or in buildings close to-
gether. Trunks W, X, and Y of Figure 6-1, examples of
secondary intertoll trunks, represent extra links in built-up
operator-handled toll connections. The same connection on a
DDD basis would not have these extra links.

Trunks that interconnect centrex switching machines with message
network switching machines or attendant equipment, although con-
sidered special service trunks, have engineering criteria similar to



118

Trunks

Vol. 3

To class 1,2 and To class 1,2 and
other class 3 offices other class 3 offices
A
NPA NPA
Y Class 3
Class 3 o
. R h .
iy o suee ¥
center » SWBD center
3 A Y
(Class 4)
P o T
Q s
N Class 4 toll point
/ \
—
A
Switching Switching Y
machine X SWBHD/ machine [V SWED
A
11 w
CAMA
) -9 cama =11 Tou
Class 4
toll center z K L "
Class 5
l
J.
]
H ﬁ
Tandem Tandem
office G office ¢
Class 5
1T T
]
N
D ~
A
E
Class 5 l C
-—
I ANI—: Switching
LAMA machine
g el
- A Class 5
A (CDO)
B

Figure 6-1. Network trunk categories.
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those for message trunks. Therefore, they are discussed in conjunction
with the message trunk common language format and with the
message trunk office use categories.

6-2 OPERATIONAL CATEGORIES

While the transmission categories of trunks are of primary interest
for design purposes, other categories are commonly used for traffic
administration. Traffic-related designations are generally used for
internal Bell System correspondence.

Traffic Class and Traffic Use

There are two major ways to categorize trunks operationally. The
first, traffic class, relates to the manner and sequence by which the
network switching entities gain access to trunk groups, as deter-
mined by the network routing rules. Standard traffic classes are
summarized and defined in Figure 6-2. The second, traffic use, is
based on the particular function(s) of the trunk within the network
and is dependent on several factors: (1) the nature of the switching
entities it interconnects and their respective classes in the hierarchy,
(2) the direction in which calls are established (i.e., originating, com-
pleting, two-way, etc.), (3) the manner in which billing information
is recorded (ANI, LAMA, CAMA¥*, ete.) and, in some cases, (4) the
type of call and nature of the calling station. In many cases, the same
trunk groups may serve more than one traffic use. Standard traffic
uses are summarized and defined in Figure 6-3. Where appropriate,
these definitions may include references to one or more of the lettered
trunks in Figure 6-1.

Traffic use, not traffic class, generally determines the transmission
design category of a trunk. When traffic use definitions are related
to transmission design categories, it can be seen that the transmission
design category is most dependent upon the nature of the switching
entities connected by a trunk and their respective classes in the net-
work hierarchy. Network transmission design must be based upon
statistical analysis of the random manner in which calls may be routed
in the network. Consequently, the transmission objectives for various
categories of network trunks are based on their positions in built-up
connections and on their resulting contributions to network transmis-
sion performance.

*Centralized automatic message accounting.
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CODE

DESCRIPTION

AF

IF

DF

FG

PH

IH

TR

MI

FINAL

Alternate route final: Provided as the last resort path in the final
route chain, this group carries direct and/or switched overflow
from high usage trunk groups. It may also carry calls which have
not been routed over a high usage group of any type and which
instead are first routed over the final group.

Individual final: A group that parallels the AF group and functions
like a high usage group, it carries overflow traffic directly to the
AF group and is provided for the service protection of specified
items of first-routed traffic.

NONALTERNATE ROUTE
Direct final: Commonly referred to as a nonalternate route trunk
group, this group does not reeeive overflow and is provided as the
only route between two offices for the items of traffic it carries.

FULL GROUP
Full group: This group would be high usage in the basic routing
pattern but for some reason (service advantage or equipment limi-
tations) it is engineered for low incidence of blocking and is not
provided with an alternate route.

HIGH USAGE

Primary high usage: A group provided to carry only first-routed or
primary traffic between any two offices whenever the volume of
traffic makes direct routing economical, it is designed to pass a
predetermined amount of offered load overflow to an alternate route
during the busy hour.

Intermediate high usage: This group is provided to carry a com-
bination of overflow traffic and first route traffic between any two
offices whenever the combined volume of first-routed and overflow
load makes direct routing economical. The group is designed to pass
a predetermined amount of offered load overflow to an alternate
route during the busy hour.

OTHER

Trap: Intertoll trap circuits are trunks added to a high-usage group
in order to route a specified item of traffic on a final basis. The
specified item of traffic has access to all other trunks in the high
usage group and has sole access to the trap circuits. The specified
item of traffic does not have an alternate route beyond the aug-
mented high-usage groups. Trap circuits are connected at a control
switching point.

Miscellaneous: This group is provided for traffic administration or
plant maintenance and administration, and for trunks that do not
fall into one of the other categories.

Figure 6-2. Description of traffic class trunk group codes.



Chap. 6 Trunk Types and Uses 121

CODE DESCRIPTION

AD - Attendant: This group interconnects a centrex switching machine
and customer attendant equipment and is used to route assistance-
type traffic to the customer attendant position.

Al Automatic Identified Outward Dialing : This group connects a PBX
to a switching machine to identify outward dialed calls by line
number of originating station.

CA CAMA: A CAMA group carries customer-dialed 7-digit or 10-digit
toll calls to a toll switching machine with access to centralized
automatic message accounting equipment where a connection is
recorded and timed. Either CAMA operators or ANI may be used
for number identification. Example — trunk L of Figure 6-1.

DD DDD Access: This group carries customer-dialed 7-digit or 10-digit
toll calls from end offices directly to toll switching machines
(class 1-4) having local automatic message accounting equipment
for recording and timing the call. This group may route to a class 4
office in the same or in a foreign NPA. Example—trunk H of
Figure 6-1.

DI Direct-in-dial: A group from a switching machine to a PBX; this
group completes directly dialed inward traffic.

DO Direct-out-dial: This group is from a PBX to a switching machine
for direct station access to the message network.

1A Intraoffice: This group is provided to handle calls between sub-
scribers served by the same switching machine. No tandem traffic
is routed over this group.

IE Interoffice: This group is provided to handle local and/or multi-
message unit calls between end offices in the same or different build-
ings. No tandem traffic is routed over this group. Examples —
Trunks A and C of Figure 6-1.

IM Intermarker: This group interconnects two No. 5 crossbar marker
groups in the same building by intermarker group operation.
IT Intertoll: These trunks interconnect switching machines of class 1,

2, 8, or 4 offices with or without switchboard arrangements at either
end. Examples — trunks N through S of Figure 6-1.

JT Junctor: The junctor is an intraoffice group arrangement in an end
office for such purposes as providing coin or billing supervision.
Lw Leave word: These groups are provided to perform special operator

functions such as universal, call back, conference, etc. Examples —
trunks V and X of Figure 6-1.

MN Manual: This group interconnects manual end offices (class 5) and
toll switching machines or switchboards.
MT Intertandem: This group interconnects switching machines having

an office class (traffic switching function) of zero. Local tandem
switching machines include those end offices performing both local
and tandem functions. Example — trunk G of Figure 6-1.

(Cont)

Figure 6-3. Description of traffic use trunk group codes.
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CODE DESCRIPTION
(Cont)
OA Operator assistant (inward operator): This is a group provided

from a switching machine to a switchboard or desk to which distant
operators have access for performing inward assistance functions.
Examples — trunks V and X of Figure 6-1.

oJ Operator junctor: This group, by which the operator gains access
to an outgoing trunk of the crossbar office (toll only or a combina-
tion of toll and local), is provided from a switchboard to a No. 1
or No. 5 crossbar unit in the same building. Example — trunk W
of Figure 6-1 when the switching machine is a crossbar unit.

00 Operator offices: This two-way group between community dial trib-
utary offices and their operator offices is used to complete toll calls,
(Outward calls are operator-handled; inward calls can be machine-
and/or operator-handled.) Example — trunk J of Figure 6-1.

RC Recording completing: An RC group connects end offices to an out-
ward toll and/or assistance position; it requires an operator to
complete calls. Example — trunk M of Figure 6-1.

SP Traffic service position: This group carries customer-dialed traffic
from an end office to a toll switching machine and is equipped for
bridging an operator to aid in call completion.

TC Toll completing: These trunks, carrying final route traffic, connect
a switching machine of class 4 or higher rank to a class 5 office.
Example — trunk K of Figure 6-1.

TE End-to-end toll: This group handles toll calls between class 5 offices
and may carry some local, multimessage unit, or extended area
traffic. Example — trunk B of Figure 6-1.

TG Tandem completing: This is a one-way or two-way group from a
local tandem switching machine to an end office. Local tandem
switching machines include those end offices used as tandem equip-
ment arrangements. Example — trunk F of Figure 6-1.

T™ Toll completing and toll switching combined: This group combines
the toll completing and toll switching functions; it is a group from
a combination of a switching machine (class 4 or higher) and a
switchboard to a dial class 5 office. Example — trunk I of Figure 6-1.
TO Tandem originating: This is a group from an end office to a local
tandem switching machine. Local tandem switching machines in-
clude those end offices used as tandem arrangements. Special purpose
intermarker groups are not considered part of tandem arrange-
ments. Example — trunks D and E of Figure 6-1.

TS Toll switching: This group is from a switchboard to an end office
and is used to complete delayed outward calls, inward calls, and
assistance traffic. Example — trunk Z of Figure 6-1.

TT Toll tandem: This group is provided from a toll switchboard to a
toll switching machine for operator access to the toll portion of the
network. Examples — trunks T, U, W, and Y of Figure 6-1.

Figure 6-3. Description of traffic use trunk group codes.
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Figure 6-4 shows the general correlation between the traffic class,
traffic use, and transmission design categories of trunk groups. The
traffic classifications and uses are specified by two-letter abbreviations
in this figure. These abbreviations are currently used in the common
language coding scheme employed by the Bell System. Figures 6-2
and 6-3 include the common language abbreviations for the traffic
classifications and traffic uses, respectively. Trunks with more than
one traffic use may appear to fall into more than one transmision
design category. In these cases, the transmission design category
chosen must be that having the most stringent transmission objective,
regardless of whether the traffic use corresponding to that transmis-
sion category is primary or secondary. For instance, it is quite
common in combined local and toll metropolitan networks for a trunk
to be used primarily as a tandem completing trunk and also to func-
tion as a toll completing trunk; it must therefore be designed to toll
connecting trunk objectives.

Functional or Popular Names

The trunk names associated with traffic use designations are essen-
tially functional names and are recommended for use in the Bell
System so that standard abbreviations may be applied to common
language. However, because a trunk group may have more than one
use, the functional names may include more than one such designation.
Also, additional descriptive terms are often added to a basic traffic use
name to describe further the particular type of call being served.
Such terms might designate the type of originating station (coin,
noncoin, etec.), the type of rate (message, flat, business, metropolitan,
ete.), or the class of call (zero, one-plus, etc.). Most companies at-
tempt to standardize additional common language abbreviations for
these functions. They generally publish supplements to the standard
internal documents listing these common language abbreviations and
tabulating and defining functional names for the trunks.

There are also many popular names for trunks which evolved prior
to the current efforts at standardization. While often functionally
descriptive, these names may not correspond directly to current
traffic usage terminology. An example is the “dial system A” (DSA)
trunk, defined as a trunk which provides access to local operator
assistance when a subscriber dials 0. The most common traffic usage
terminology for this type of trunk is “recording completing” (RC),
as defined in Figure 6-3. Note here, however, that an RC trunk may
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TRAFFIC USE CODE TRAFFIC CLASS TRANSMISSION DESIGN
CATEGORY AF IF DF FG PH (H TR MI CATEGORY
INTERTOLL INTERTOLL
Primary IT X X X X X X X
Secondary LW X X X X INTERTOLL OR
OA X X X X SECONDARY
oJ X X X X INTERTOLL —
TT X X X X Depends on rank of
switching machine
and location of
switchboard.
TOLL CA X X X X TOLL
CONNECTING | DD X X X X X X CONNECTING
Toll access MN X
RC X X X X X
N X X X X X
Toll completing| 00 X
TC X X X X X
™™ X X X X X
TS X X X X
END-TO-END
TOLL TE X X X DIRECT
INTERLOCAL
Direct IA X X X X X
1E X X X X X
M X X
JT X X X X
Tandem MT X X X X X X INTERTANDEM
TG X X X X X TANDEM
TO X X X X X X
AUXILIARY DA X X X X Varies in accor-
SERVICES IN X X X X dance with usage.
IR X X X X
OF X X X X
RR X X X X
RS X X X X
TL X X X X
WE X X X X
MISC ® X X X X X X
CENTREX AND | AD X SPECIAL
PBX Al X SERVICE
DI X X X X X DESIGN
DO X X X X X

*See Figure 6-8.

Figure 6-4. Correlation of transmission design categories with traffic class and
traffic use.
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be used to provide DSA toll operator access or may provide both func-
tions if the operator positions are combined. Another popular name
for an RC trunk is “combined line and recording” (CLR), a term
still commonly used. Also, DSA and toll access functions can be pro-
vided by another traffic use type of trunk, the operator office (0OO)
trunk if the originating office is a community dial office (CDO).
Trunk J of Figure 6-1 is an OO trunk. Since the introduction of
TSPS No. 1, the DSA function is accomplished by provision of the
capability for bridging the TSPS operator to a toll completing trunk
at or near the originating toll office.

Thus, trunks designated by popular names may or may not be
translatable to a single traffic use category, and vice versa. Companies
which have published common language code supplements have
generally attempted to standardize current traffic use terminology
and to include the former popular names of these trunks for correla-
tion with the current traffic use names. Otherwise, it may be difficult
to determine the transmission category of a trunk from its popular
name unless its position and function in the hierarchy can be deter-
mined from other data.

6-3 COMMON LANGUAGE TRUNK DESIGNATIONS

The purpose of the Bell System common language circuit identifi-
cation plan is to provide coded designations for trunks or trunk
groups [1]. The designations must be acceptable for mechanized
(computer) procedures, yet easily read and interpreted by personnel
who require trunk information. The standard trunk designation con-
sists of 41 characters in the format shown in Figure 6-5. The portion
most relevant to this discussion is represented by character positions 5
through 17.*

There are four subheadings for trunk types in Figure 6-5. The
first, Traffic Class, positions 5 and 6, is one of the codes from
Figure 6-2. The second, Office Class, positions 7 and 8, is composed
of symbols representing the classes of switching machines in offices A
and Z, respectively. The digit 0 designates a local tandem function
and the letter C indicates a concentrator function. When the trunk

*Common language codes, designations, and applications to business information
systems (BIS) are covered by a number of internal Bell System documents which
are subject to considerable change as BIS evolves.



TRUNK TRUNK TYPE LOCATION TYPE AND LOCATION
CHARACTER NUMBER IDENTIFICATION DIRECTION OF IDENTIFICATION
TRAFFIC | OFFICE | TRAFFIC | TRUNK TYPE (OFFICE A) PULSING (OFFICE Z)
CLASS CLASS USE MODIFIER
POSITIONS 1—4 5—6 | T—8 |9—10 11 —17 18 — 28 29 — 30 31—41
SETS NNNN AA XX AA XXXXXXX | AAAAAAXXXXX XX AAAAAAXXXXX

Legend: A = alphabetic symbol
N = numeric symbol
X = alphabetic or numeric symbol; in some positions, a hyphen

Figure 6-5. Format for circuit identification of message trunk common language
designation codes.
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group serves more than one class of traffic or switching machine, the
class of highest rank is used. When a terminal office is represented by
a nonswitching entity such as an information desk, repair desk, ete.,
a hyphen is entered in character position 7 and/or 8, as appropriate.

The third subheading, Traffic Use, positions 9 and 10, is normally
one of the codes from Figure 6-3 or one of the auxiliary service or
miscellaneous trunk codes listed in Figures 6-7 and 6-8. If the trunk
has more than one use, the first groups of character positions in the
fourth subheading, Trunk Type Modifier, specify these additional uses
from Figure 6-3 as well as the supplementary information described
in the next paragraph. For two-way combination trunks (e.g., CAMA
in one direction and toll completing in the opposite direction), posi-
tions 9 and 10 contain the code for the A to Z direction; positions 11
and 12, the code for the Z to A direction. The Trunk Type Modifier
subheading, positions 11 to 17, is normally reserved to specify supple-
mentary information, if required, to provide positive identification
for various trunk functions according to sets of locally standard ab-
breviations and accompanying definitions.

A typical trunk code, taken from a local company reference, is
illustrated in Figure 6-6, which shows data extracted from Figure 6-5.
Figure 6-6 shows how the common language coding can be used to
identify transmission design categories.

POSITION 5 6 7 8 9 {1011 {12 |13 |14 |15 |16 | 17
CODE D|F |5 4 0 O|T|C|[N|JCIN|—|—

Figure 6-6. Common langunge trunk code.

The traffic class, determined from positions 5 and 6, is coded DF
and is shown in Figure 6-2 to be a direct final trunk. The traffic use
name of the trunk specified by this code is listed in the reference as
“Operator Office Toll Completing Noncoin.” Its former popular name
is listed as “operator office noncoin and toll switch and intertoll dial.”
The definition given in the local company reference is a two-way trunk
between a class 5 office and an operator office where the inward traffic
is via toll switching equipment. The transmission design category,
toll connecting trunk, is determined by : '

(1) observing the office class numbers in positions 7 and 8,

(2) cross referencing the traffic use designations and trunk-type
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modifiers in positions 9 through 17 with the transmission
design categories given in Figure 6-4, and

(8) reading the definition in the local company reference.

One other segment of the common language code of particular
interest in transmission engineering is that under the heading “Type
and Direction of Pulsing,” positions 29 and 30. The type of pulsing
of signalling (other than supervisory signals) is designated according
to the codes in Figure 6-7. Position 29 indicates the type of pulsing or
signalling from office A to Z and position 30, from Z to A. For one-way
trunks, a hyphen is entered in the nonpulsing direction. This infor-
mation is useful during the design layout of the trunk to determine
the proper trunk circuits and options to be specified.

6-4 AUXILIARY SERVICES AND MISCELLANEOUS TRUNKS

The transmission design category for trunks associated with opera-
tor services must be carefully chosen so that these trunks do not
significantly increase loss and balance impairments in a built-up con-
nection compared to the same connection made on a DDD basis.
Correlations of traffic uses with transmission categories, shown in
Figure 6-4, apply generally to trunks associated with local and toll
switchboards.

Trunks of the types grouped as auxiliary services in Figure 6-8
(operator services such as intercept, directory assistance, ete.) or
trunks terminating in test desks or announcement systems may not
necessarily fall into the first six basic transmission categories.

Trunks provided for traffic administration, plant maintenance and
administration, or miscellaneous functions may not fit the categories
and are grouped under a miscellaneous heading. Codes and names
for the most common miscellaneous trunks are given in Figure 6-9.

CODE DESCRIPTION

A Automatic: The seizure of a trunk at a dial switching center auto-
matically lights a lamp at the distant switchboard as a connect
signal; release of the trunk gives the disconnect signal.

C Common channel interoffice signalling (CCIS): This is a signalling
arrangement between processor-equipped switching systems in which

the signalling paths are separated from the message transmission
paths.

(Cont)

Figure 6-7. Description of pulsing and signalling codes.
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CODE DESCRIPTION
(Cont)
D Dial: This is a pulsing arrangement in which the digits are trans-

mitted to the called end. The number of pulses, one to ten, cor-
responds to the digits one to zero.

F Frequency shift: In this pulsing arrangement, the identity of each
digit is determined by changing the frequency of the transmitted
tone. The frequency of the transmitted tone is changed by the
on-hook or off-hook conditions of the loop or E and M leads at the
transmitting end.

J TOUCH-TONE (12-button): This is a pulsing arrangement in
which the identity of each digit plus two additional symbols is
represented by combinations of tones originating in a 12-button
TOUCH-TONE unit.

K TOUCH-TONE (16-button): This is a pulsing ararngement in
which the identity of each digit plus several special code symbols
is represented by combinations of tones originating in a 16-button
TOUCH-TONE unit.

M Multifrequency: This is a pulsing arrangement where the identity
of digits is determined by two of five frequencies. Combinations
using a sixth frequency provide priming and start signals.

P Panel call indicator (PCI): This is a dc pulsing arrangement in
which each digit is transmitted as a series of four marginal and
polarized impulses. (Originally developed and used in connection
with panel call indicator.)

R Ringdown: A ringing voltage is applied to a connection auto-
matically or as a result of key operation by an operator for the
purpose of transmitting supervisory signals between two points in
a connection.

S Straightforward: Insertion of a cord in a trunk jack automatically
lights a lamp at the distant switchboard as a connect signal; re-
moval of the cord gives the disconnect signal. (Usually an audible
“zip-zip” tone is transmitted to the originating end when the trunk
is in an answered condition at the receiving end.)

T Dial selective signalling, two-tone: This type of signalling is used
on multipoint private line circuits. Two audio-frequency tones of
600 and 1500 Hz are controlled by a dial to transmit the desired
digits. At the far end, the tones activate a selector which decodes
and recognizes combinations of digits.

(Cont)

Figure 6-7. Description of pulsing and signalling codes.
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CODE DESCRIPTION
(Cont)
v Revertive: In this dc¢ pulsing arrangement, intelligence is trans-

mitted in the following manner:

(a) The equipment at the originating location presets itself to
represent the number of pulses required and to count the pulses

received from the terminating location,

(b) The equipment at the terminating location transmits a series
of pulses by the momentary grounding of its battery supply
until the originating location breaks the de path to indicate that

the required number of pulses has been counted.

No operation: A hyphen is to be entered in character position 29
or 30, as appropriate, when no signalling function is performed.

Figure 6-7. Description of pulsing and signalling codes.

TRUNK TYPE CODE
Directory assistance (local) DA
Information (directory assistance — toll) IN
Intercept IR
Official OF
Rate and route RR
Repair service RS
Time TI
Weather WE

Figure 6-8. Auxiliary service trunk codes.
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TRUNK TYPE CODE
Alarm AL
Announcement (machine) ) AN
Coin box CB
Customer dial instruction CD
CAMA office to CAMA operator desk CcP
Coin supervision CS
Coin zone CZ
Dial tone speed ) DS
Emergency (911) EM
Interposition 1P
Manual assistance MA
Mobile radio MB
No test NT
Order wire ow
Miscellaneous MI
Peg count PC
Plant department PD
Permanent signal PS
Speed of answer SA
Service code SC
Service observing SO
Toll station TA
Test desk TK
TSP unit to the TSP position TP
Vacant code Ve
Verification VR

Figure 6-9. Miscellaneoys trunk codes.
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Trunks
Chapter 7

Traffic Engineering Concepts

The design and layout of the switched telecommunications network
is based on the principles of probability and statistics applied to the
flow of traffic. It is assumed that not all customers wish to use the
system at the same time so economies can be realized by providing
equipment in sufficient quantities for only that number of people who
might under ordinary conditions attempt simultaneously to place calls
through the network. This principle of common usage is applied to
many aspects of the telephone system (including operators, trunks,
and common control switching systems and equipment), in fact, to
virtually all facilities other than station sets. The specification of an
economic combination and quantity of transmission paths is normally
a traffic engineering responsibility; the manner in which the paths
are provided and the facilities specified are largely a transmission
engineering responsibility. Because the two disciplines interact, some
traffic engineering concepts are provided here as background for
better understanding of transmission engineering problems.

The most significant applications of traffic engineering concepts are
in the provision of central office equipment and trunk groups between
central offices. Since transmission engineers are only peripherally
involved in the design, layout, and specification of central office equip-
ment, this chapter is restricted to discussion of trunk traffic engineer-
ing techniques which apply to the switched network.

7-1 PRINCIPLES OF TRUNK GROUP ENGINEERING

Since there are about 20,000 end offices in the United States, direct

n(n—1)

interconnection would require——z————or 2(10%) trunk groups and
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would be highly impractical, if not impossible. The network layout
and switching plans for interconnecting end offices are designed to
concentrate traffic on trunk groups that are provided for various
types of calls. For example, toll traffic from a given end office is
usually concentrated on a toll connecting trunk group to carry that
traffic into the toll portion of the network. Connections may then be
extended to all parts of the world by means designed to provide
economical toll service as well as a high percentage of successful
completions. Some toll traffic may be routed directly to the destination
office; such direct trunk groups are provided in cases where there is
a strong community of interest between the two offices.

Consider the character of traffic originating in a typical end office.
The amount of traffic varies widely from hour to hour; at 11:00 a.m.,
for example, there is normally a larger volume of traffic than at
4 a.m. The amount of traffic also varies from day to day. If this office
happens to be in a business district, there is certainly more traffic
on a business day than there is on a Sunday. If the office is in a
residential area, the reverse may be true. There are also seasonal
fluctuations. If the office is in a resort area, there is more traffic
during the season than out of season. Within any given interval
there are also fluctuations about a mean value caused by the statistical
characteristics of subscriber calling habits. Figures 7-1 and 7-2
illustrate typical patterns encountered over various time periods.

Other variables that affect the magnitude and pattern of the offered
traffic load include the number of subscribers served by the central
office, the frequency with which calls are placed and their average
duration (holding time), the relative frequency with which sub-
scribers make intraoffice, interlocal, or toll calls, and the time of
day these calls originate (distribution pattern). Toll calling patterns
are further modified by distance, time zone, rate, and holiday
considerations. :

The traffic engineering problem is to organize the network and to
provide the number of trunks necessary to meet various kinds of
traffic demands. Sufficient trunks cannot be provided economically so
that all calls might be served without delay, since there may well be
10,000 or more subscribers served by an end office, all of whom could
in theory make calls at the same time. Economy is achieved by pro-
viding just enough trunks to limit the probability that offered calls
may be blocked (i.e., not successfully completed). Statistical tech-



134 Trunks Vol. 3

10,000
-
9000
8000 L |
7000 — M —H—J
T:) 6000 HHFHFHFF
o
£
) 5000 ———-————1
o
O 4000 I [ I I
3000 -
2000 —~ -
1000
4] ]
2M1AM 2 3 4 5 6 7 8 910 11 12N Y 2 3 4 5 6 7 8 9 10 111312M
Time of day

U Office in business district

I Office in residential district
Figure 7-1. Typical time variations of originating calls at end offices.

niques described in this chapter have been developed to permit the
determination of the number of trunks required to carry the offered
load at the objective probability of blocking. Probability of blocking
is generally expressed in the form B.01, B.02, etc., to indicate the
percentage of offered calls that are expected to be blocked.* Thus,
B.01 indicates that one call in 100 may be blocked, B.02 indicates two
calls in 100 may be blocked, etc.

7-2 BASIC TRAFFIC DISTRIBUTIONS

The statistical short-term fluctuations of traffic load must be con-
sidered in the provision of equipment. It has been found by experi-
mentation that traffic from a large number of sources tends to follow
various mathematical distributions. These distributions can be de-

*Older symbology used P.01 to indicate that the probability of blocking was
one in 100.
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Figure 7-2. Typical variation of calls in progress in a central office.

veloped in several ways depending upon the various assumptions made
regarding the traffic. The most useful of the distributions are those
developed by Poisson, Erlang, and Neal-Wilkinson. Before these dis-
tributions and their resulting capacity tables can be used, it is neces-
sary to understand what constitutes a traffic load and how this load
is impressed upon and served by a group of trunks.

The Traffic Load

Traffic loads are usually expressed in hundred call seconds per hour
(CCS) or erlangs. An erlang is defined as a traffic load sufficient to
keep one trunk busy on the average. One erlang is equivalent to
36 CCS. Traffic load is the product of two components, the number of
calls and their duration or holding time. For practical considerations,
capacity tables used in the Bell System are based on an hour of load
related to the probability of blocking in that hour. The hour (or series
of hours for which the load is averaged) must be selected and the load
determined for application to the trunk capacity tables. The capacity
tables relate the three parameters: load, number of trunks, and
probability of blocking. Thus, if two of the three parameters are
known, the third can be obtained from the tables.
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Load Distribution Assumptions

The capacity tables have been mathematically derived on the basis
of probability laws and on certain assumptions about how load is
offered to and served by a trunking system. The assumptions for
three different capacity tables are presented in Figure 7-3.

ASSUMPTION POISSON ERLANG B NEAL-WILKINSON
Immediate connection X X X
Independent sources X X X
Random arrival X X X
Nonrandom arrival X
Statistical equilibrium X X X
Infinite sources X X X
Blocked calls cleared X X
Blocked calls held X
Day-to-day load variations X

Figure 7-3. Assumptions underlying Poisson, Erlang B, and Neal-Wilkinson
capacity tables.

An understanding of these assumptions is necessary because traffic
loads are not always offered in accordance with the assumptions and
because traffic systems often impose restrictions on how traffic loads
are served. It is important, therefore, to recognize where the assump-
tions do and do not apply so that actual load/service relationships
can be properly interpreted.

The assumptions of immediate connection and independent sources
have little impact on traffic analysis. Although connection time is
never immediate, actual connection times are short enough that de-
partures from the assumption normally need not be considered. Also,
although some source dependency does exist (because a customer
whose line is busy on an incoming call cannot originate a call), the
effect on the assumption of independent sources is negligible and can
be ignored. The remaining assumptions regarding random arrival,
statistical equilibrium, infinite sources, disposition of blocked calls,
and day-to-day variation are very significant in traffic analysis and
must be considered in detail.
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Random Arrival. The concept of a random offering of traffic is easily
visualized but not so easily defined in precise terms. Perhaps the
easiest way to clarify the concept of randomness is by citing extreme
examples which conceivably could occur. First, at one extreme, one
hour of usage (36 CCS) could be made up of one 60-minute call, two
30-minute calls, 120 30-second calls, etc. In each case, if the calls are
offered one at a time in sequence, with one beginning as soon as the
preceding one ends, the entire load can be carried on one trunk with
no blocking. This ideal state of sequential offering is, of course, never
realized. At the other extreme, all of the 120 30-second calls could be
offered to the system simultaneously. Under these conditions, 120
trunks, one per call, would be required to provide zero blocking. If it
is assumed that no other calls entered the system during the hour, all
the trunks would be idle during the remaining 59-1/2 minutes. From
these extreme examples, it can be seen that the distribution of calls
making up the load obviously can have a major effect on trunk re-
quirements. The distribution of calls on which Poisson, Erlang B, and
Neal-Wilkinson capacity tables are based must lie somewhere between
the sequential offering and the simultaneous offering. Mathematically,
random arrival is equivalent to a Poisson arrival process, i.e., one for
which the interarrival times are exponentially distributed.

For a Poisson distribution, the mean value is equal to the variance.
Studies have proven that under normal circumstances the traffic
initially offered to a group of trunks can be treated as random (Pois-
son) and the results obtained by entering Erlang B capacity tables
with a single hour of load are adequate for determining trunk re-
quirements. It is important to recognize, however, that many things
cause traffic to be nonrandom. Natural occurrences such as snow-
storms can destroy randomness and under such conditions, the capaci-
ties predicted by the capacity tables are too small.

Nonrandomness can also be system-induced; where this is so, its
cause and effect are identifiable and procedures have been developed
to cope with it. For example, overflow traffic is always nonrandom in
spite of the fact that it might have been random on its initial offering.
In mathematical terms, the variance of this type of load distribution
is larger than its mean; this form of nonrandomness, called peaked-
ness, is a characteristic of all overflow traffic. The Neal-Wilkinson
tables recognize peakedness and specify more trunks than do the
Erlang B tables which were derived on the assumption of random
traffic. The number of additional trunks is computed by a method that
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involves converting the peaked load to an equivalent random load and
using the Erlang B formula.

Statistical Equilibrium. The assumption of randomness during any
hour of interest carries with it the assumption of statistical equi-
librium, which can be broadly defined as the absence of any trend in
load during the hour. If call arrivals exceed call departures or vice
versa in any segment of the hour, there is an upward or downward
trend in offered load. This trend, called skewness, is an absence of
statistical equilibrium which normally manifests itself as a bunching
of offered calls into a short time period such as that during a tele-
vision commercial or during the early part of an hour after a rate
reduction goes into effect as illustrated in Figure 7-4.

Offered calls

8 PM 9 PM
Time —»

Figure 7-4. Skewed pattern of traffic.

Skewness is not specifically provided for in either the Erlang B or
Neal-Wilkinson tables. However, since the effects of skewness are
similar to those caused by peakedness, the Neal-Wilkinson tables can
be used to determine trunk requirements.

Infinite Sources. When the number of sources is infinite, the proba-
bility of blocking is maximum for a fixed value of offered load. As
the number of sources is reduced, the probability of blocking is also
reduced. If only one source could offer traffic to one trunk, there would
be zero probability of blocking. As sources are added, the probability
of blocking increases until maximum probability of blocking exists
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with infinite or unlimited sources. The effect of adding sources is non-
linear, however, and a point is reached where the increase in the
probability of blocking is negligible. The inverse is also true; i.e.,
where the probability is high, the number of sources must be reduced
significantly before any practical increase in capacity can be obtained.
Stated another way, if the number of sources served by a fixed number
of trunks increases, the capacity of the trunk group decreases to a
limit for a fixed probability of blocking. This can be seen in Figure 7-5.

NUMBER OF CCS CAPACITY OF 10 TRUNKS
SOURCES (FOR 19 BLOCKING)
10 360 (Zero blocking)
11 250
12 229
15 203
20 183
50 162
75 157
100 154
320 149
Infinite 149

Figure 7-5. The effect of the number of sources on capacity.

A general rule is that when the number of sources is ten or more
times the number of trunks, the effect is that of infinite sources and
the infinite source assumption is valid.

Disposition of Blocked Calls. The assumptions regarding the disposi-
tion of blocked calls differ. In the Poisson analysis, it is assumed that
blocked calls are held; i.e., a call failing to find a trunk is held for up
to one full holding time and then disappears. If a trunk should become
available before the end of the holding time, it is seized and held
for the remainder of the holding time and then the call disappears.
In the Erlang B and Neal-Wilkinson analyses, it is assumed that
blocked calls are cleared; i.e., a call failing to find a trunk is im-
mediately cleared and does not reappear.

The assumption that blocked calls are cleared makes the Erlang B
analysis suitable for the derivation of alternate routing trunk tables,
where if calls fail to find an idle trunk they are in fact cleared because
they are offered to and assumed to be carried by another route. The
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assumption of held calls in Poisson analysis is not quite so logically
applied since in actual practice most systems are not arranged to hold
calls waiting for a trunk. Instead, when a trunk is not available, the
call is ordinarily routed to a no-circuit signal. The Neal-Wilkinson
tables have replaced the Poisson tables in trunk traffic analysis.
Certainly, the assumptions of Erlang B and Neal-Wilkinson more
closely fit modern multistage alternate route networks.

The significance of the different assumptions can be seen in
Figure 7-6. The indicated degree of blocking (with the same offered
load) is higher with the Poisson assumptions because blocked calls
are assumed to result in trunk holding times where a trunk becomes
available before the end of a full holding time.* Under Erlang B and
Neal-Wilkinson assumptions, blocked calls are immediately cleared
from the system and no holding time results.

Day-to-Day Variation. Busy-hour offered traffic loads generally vary
from day to day; thus, blocking levels must also vary. While the size
of trunk groups is determined by averaging busy hours of offered
load data from 20 days to obtain a single value for use in the trunk
capacity. tables, there is an unavoidable problem that arises when the
twenty values have a significant day-to-day variation. The basic prob-
lem is that average blocking on a trunk group is higher when day-to-
day fluctuations exist in the offered load than when little or no fluctu-
ations exist. Therefore, engineering procedures must account for these
daily traffic variations to assure that actual average blocking is at the
desired level.

The reason for the increase in average blocking caused by day-
to-day variations in traffic is the nonlinearity of the curve relating
blocking to offered load on a trunk group, as shown in Figure 7-7.
Imagine that twenty busy hours of load are marked as twenty dots
on the horizontal axis in this figure. The loads associated with these
twenty dots have an average CCS. In each hour there is some block-
ing on the trunk group which can be found by moving vertically from
each dot to the blocking curve and then horizontally to the blocking
scale. By doing this exercise, it will be found that uniformly spaced
dots on the offered load axis result in a distribution on the blocking
axis which has a long tail toward higher blocking levels. The average

*An attempted trunk seizure not immediately connected is defined as a blocked
call even though it is assumed to be held and connected through at a later time.
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Figure 7-6. Blocking effects, calls held versus calls cleared.

blocking, therefore, is not at a level corresponding to the average
load; it is higher. This increased blocking results in more average
overflow than Erlang B would predict; adjustment tables are used
to obtain approximately correct average overflow where Erlang B
tables are used. The Neal-Wilkinson tables are separated into sections
for different levels of day-to-day variation: none, low, medium, and
high. The more the variation, the more trunks required to assure that
the average service level ig at the objective. In summary, while traffic
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Figure 7-7. Erlang B load/blocking curves for 20 to 30 trunks.

loads vary from day to day, the above engineering procedures help
assure that service objectives are met.

Figure 7-8 is a family of Erlang B blocking curves for 5 to 80
trunks and 0 to 60 erlangs. (Figure 7-7 is also a family of load block-
ing curves but drawn to a linear scale to show the nonlinearity of
blocking to offered load.) A small increase in offered load results in
a disproportionate increase in blocking. Since these curves do not lend
themselves to accurate interpolation, the more familiar trunking
tables are normally used. Figure 7-9 shows the relationship of the
curves to the alternate routing trunk tables.

Capacity Tables

The table of Figure 7-10 is an excerpt from the Neal-Wilkinson
capacity tables for 1 to 50 trunks, B.01 probability of blocking, and
low day-to-day variation, all related to peakedness factors (PF) from
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Figure 7-9. Relationship of load/blocking curve to alternate routing trunk table.
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1.0 to 2.4 These tables are used with final groups (which receive
overflow from other groups) or only-route groups (which receive no
overflow and do not themselves overflow). Since objective blocking
levels are ordinarily stated for these group types, the tables are con-
structed to permit the determination of the number of trunks for a
stated probability of blocking, load, peakedness, and day-to-day
variation.

As previously discussed, the alternate route trunk tables based on
Erlang B with the assumption of lost calls cleared are used where a
trunk group overflows to another route. With such groups, called
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Average offered load, CCS
Neal-Wilkinson B.01L Trunk Capacity Table for Full Access Trunk Groups,

Low Day-to-Day Variation Allowance

NO. PEAKNESS FACTORS R NO.

TRKS 10 [ 10 [ 12 [ 13 [ s e [ || 24] ™
1 0 1
2 0 2
3 0 3
4 0 4
5 0 5
6 0 6
7 0 7
8 0 8
9 9

17 326 | 317 | 308 | 300 | 202 | 284
18 353 | 343 | 334 | 325 | 317 | 309
19 379 | 369 | 360 | 351 | 342 | 334
20 406 | 396 | 386 | 377 | 368 | 359
21 433 | 422 | 412 | 403 | 394 | 385
22 460 | 449 | 439 | 429 | 420 | 411
23 487 | 477 | 466 | 456 | 446 | 437
24 515 | 504 | 493 | 483 | 473 | 463
25 543 | 531 | 520 | 510 | 499 | 489
:::::::i:::::::::‘::E::::::::::::E::::;:::::__——\,

41 1005 990 | 975 | 961 947 | 934
42 1035 | 1020 | 1005 990 | 976 | 963
43 1065 | 1049 | 1034 | 1020 | 1005 992
44 1095 {1079 | 1064 | 1049 | 1035 | 1021
45 1125 1109 | 1093 | 1078 | 1064 | 1050
46 1155 | 1139 ;1123 | 1108 | 1093 | 1079
47 1185 1169 | 1153 | 1137 | 1122 | 1108
48 1215 1199 | 1182 | 1167 | 1152 | 1137
49 1245 |1229 [ 1212 | 1197 | 1181 | 1167
50 1276 | 1259 | 1242 | 1226 | 1211 | 1196

2 0 0 0 0 0 0

8 6 0 0 0 0 0

19 15 12 0 0 0 0

34 29 25 21 18 0 0

50 46 41 36 32 28 24

68 63 59 54 49 44 39

88 83 77 72 67 62 57

109 103 97 92 87 81 76
131 125 118 113 107 101
10 153 147 140 134 128 122
11 177 170 163 156 150 144
12 201 193 186 179 172 166
13 225 217 | 209 | 202 195 189
14 250 | 241 234 | 226 | 219 212
15 275 | 266 | 258 | 250 | 243 235
16 300 | 292 | 283 | 275 267 | 259

Figure 7-10. Example of Neal-Wilkinson table.
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high-usage groups, the probability of blocking is not ordinarily of
direct concern but it is necessary to be able to relate the offered and
carried load, the overflow load, the number of trunks, and the load on
the last trunk in order properly to size the groups and the alternate
routes. The format of the Erlang B alternate routing trunk tables
permits an analysis of these relationships. The format of the various
tables differs in accordance with the intended use. One such table is
illustrated in Figure 7-11.

7-3 TRUNK NETWORK DESIGN

The present design of the trunk network has developed over many
years, partially on the basis of an evolving body of traffic theory and
partially as a result of advancing technology. Problems of trunk group
efficiency and size, service criteria (such as the probability of block-
ing), alternate routing, and load allocation are all involved in modern
design practices.

Trunk Group Efficiency and Size

For any trunk group to which access is provided in a particular
sequence, the first trunk in the sequence carries the highest load. This
is true because the same trunk is always selected first and is reselected
when idle. Succeeding trunks in the access sequence carry decreasing
amounts of load with the trunk which is selected last carrying the
least load because it is selected only when all other trunks are busy.
The trunk selected last, therefore, is the least efficient trunk and is
commonly referred to as the last trunk. It can be seen that if the
access sequence is low-to-high the last trunk will be the highest
numbered trunk but if the sequence is high-to-low the last trunk will
be the lowest numbered trunk. In those switching systems where trunk
access is random, rather than ordered as just described, it is not pos-
sible to identify a particular trunk as the last trunk and the load is
more evenly distributed across the trunks in the group. However, the
total capacity of the group is the same regardless of access sequence.
Rather than to identify the last trunk with a particular trunk number,
as is often done to visualize the effect, it is better to determine the
load carried by n trunks (where # is the number of trunks in the
group), subtract the load carried by » — 1 trunks, and call the re-
mainder the capacity of the nth or last trunk. With the same offered
load, the probability of blocking is different for » trunks than for
n — 1 trunks.



Hundred call-seconds carried by and overflowing from each trunk shown in
column headings and total CCS carried on group

Trunk Number

7 8 14 10 1N 12
ccs Carried Carried Carried Carried Carried Carried ccs
Offered Offered
Trk | Tot | Off | Trk | Tot | Off | Trk | Tot | Oft | Trk | Tot | Off | Trk | Tot | Ol Trk | Tot | oft
222 18 178 44 |15 193 29 |11 204 18 7T 211 11 5 216 6 222
224 18 179 45 (156 194 30 |11 205 19 8 213 11 5 218 6 224
226 18 180 46 |15 195 31 11 206 20 8 214 12 5 219 7 226
228 18 181 47 |15 196 32 |12 208 20 8 216 12 5 221 7 228
230 19 182 48 {15 197 33 |12 209 21 8 217 13 6 223 7 230
232 19 182 50 |16 198 34 |12 210 22 9 219 13 6 225 7 3 228 4 232
234 19 183 51 (16 199 35 |12 211 23 9 220 14 6 226 8 4 230 4 234
236 20 184 52 (16 200 36 |12 212 24 9 221 15 6 227 9 4 231 5 236
238 20 185 53 |16 201 37 |13 214 24 9 2283 15 6 229 9 4 233 5 238
240 20 185 55 {16 201 39 |13 214 26 10 224 16 7 231 9 4 235 5 240
242 20 186 56 (17 203 39 |13 216 26 10 226 16 7T 233 9 4 237 5 242
244 20 187 57 [17 204 40 |13 217 27 10 227 17 7 234 10 4 238 6 244
246 20 187 59 |17 204 42 |14 218 28 10 228 18 7 23 11 5 240 6 246
248 20 188 60 [17 205 43 |14 219 29 11 230 18 7T 237 11 5 242 6 248
250 21 189 61 |17 206 44 {14 220 30 11 231 19 7T 238 12 5 243 7 250
252 21 189 63 (18 207 45 (14 221 31 11 232 20 8 240 12 5 245 7 252
254 21 190 64 |18 208 46 |14 222 32 11 233 21 8 241 13 6 247 7 254
256 21 190 66 (18 208 48 |15 223 33 12 235 21 8 243 13 6 249 7 256
258 21 191 67 |18 209 49 |15 224 34 12 236 22 8 244 14 6 250 8 2568
260 22 192 68 (18 210 50 |15 2256 35 12 237 23 9 246 14 6 252 8 260
262 22 193 69 |18 211 51 15 226 36 12 238 24 9 247 15 6 253 9 262
264 22 193 71 {19 212 52 |15 227 87 12 239 25 9 248 16 7 2556 9 264
266 22 194 72 |19 213 53 |16 229 37 12 241 25 9 250 16 7 257 9 266
268 22 194 74 119 213 55 |16 229 39 13 242 26 9 251 17 7 258 10 268
270 22 194 76 {20 214 56 (16 230 40 13 243 27 1 10 253 17 7 260 10 270
272 22 195 77 |20 215 57 |16 231 41 13 244 28 | 10 254 18 7 261 11 272
274 23 196 78 |20 216 58 |16 232 42 14 246 28 | 10 256 18 7 263 11 274
276 23 196 80 (20 216 60 |17 233 43 14 247 29 10 257 19 7 264 12 276
278 23 197 81 |20 217 61 17 234 44 14 248 30 | 10 258 20 8 266 12 278
280 23 197 83 |21 218 62 17 235 45 14 249 31 10 259 21 8 267 13 280
Figure 7-11. Example of Erlang B alternate routing trunk table.
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This concept of diminishing returns as trunks are added to a group
becomes important in the economic sizing of high-usage groups where
the load which a trunk carries is weighed against the cost of the trunk
in selecting the proper route for the traffic.

The amount of load which can be carried per trunk in a group is
a function of both offered load and group size. As the offered load
to a group increases, the load carried per trunk increases. Theoreti-
cally, if the offered load is high enough, the point is reached where
the load carried by each trunk approaches its full capacity of 36 CCS.
Inspection of Figure 7-10 shows that as the number of trunks in a
group increases, the capacity per trunk increases for a given proba-
bility of blocking. For example, for a peakedness factor of 1.0, in-
creasing the number of trunks in a group from 5 to 10 increases the
capacity per trunk from 50/5 = 10 CCS to 153/10 = 15.3 CCS.
Doubling again from 10 to 20 trunks, however, only provides an in-
crease in eapacity from 15.3 CCS per trunk to 406/20 — 20.3 CCS per
trunk. It can be seen, therefore, that large groups are more efficient
than small ones but that the increase in efficiency levels off as the
group becomes larger. The greatest increase in capacity per trunk
occurs when small trunk groups are made larger.

Trunk efficiency is usually expressed in terms of percent occupancy
and is defined as the ratio of carried load to total capacity. Total
capacity is determined by multiplying the number of trunks in a
group by 86, the maximum hourly CCS capacity of each trunk.
For example, the maximum CCS capacity of a 14-trunk group is
14 x 36, or 504 CCS. From Figure 7-10, a 14-trunk group offered a
load of 250 CCS of random traffic results in one percent blocking
(2.5 CCS). The resultant carried load is 247.5 CCS and the percent
occupancy is 247.5/504 = 49 percent. Typical efficiency (occupancy)
for groups of 1 to 100 trunks at two values of blocking probability
are shown graphically on Figure 7-12. It is evident from the figure
that as the group size increases, the total available capacity can be
utilized more efficiently without degrading service. Also evident is
the fact that the higher the efficiency, the smaller the margin that re-
mains for traffic peaks caused by surges of traffic. A practical example
of this occurs in large metropolitan areas where, on days of severe
storms, the percent overflow on large groups runs far in excess of the
percent overflow on smaller groups. Particular caution is necessary
where large groups engineered for B.01 blocking (final and only-
route) may be subjected to heavy surges of traffic.
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Figure 7-12. Efficiency/number of trunks in a group.

Service Criteria

Since it is prohibitively costly to provide enough trunks so that no
blocking can ever occur, trunking service criteria specifying accept-
able service levels have been established. The level of service which
is acceptable depends upon customer expectation, the cost of pro-
viding the service, and the ability to measure and administer the
network based upon that service level.

The present service objective is B.01 for both metropolitan (local)
and long haul (toll) trunk groups engineered to meet grade-of-service
objectives. This objective applies during the average busy season
busy hour (ABSBH). The busy season is defined to be that three
month period (not necessarily consecutive) during which the busy-
hour loads are the greatest.

The relationship of the trunking service objective (B.01) to the
service a customer perceives is not directly determinable. For ex-
ample, if a network cluster* has 80 percent of its offered traffic carried

*A network cluster consists of a final trunk group and all subtending high-usage
groups overflowing either directly or indirectly to it.
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on high-usage trunks, the blocking for the network cluster as a whole
is less than one percent because only 20 percent of the load is subject
to any blocking at all. On the other hand, a call can be blocked at any
one of a series of final links in the connection or because of matching
loss in the originating switching system, the terminating switching
system, or any tandem switching system encountered. The customer
experiences blocking on the end-to-end connection, some of which is
due to trunk groups and some due to switching systems. End-to-end
blocking cannot be calculated in general because of the different time
period that the network piece parts are busy and because of the fact
that the same call can be routed different ways at different times. The
closest thing to a measure of end-to-end service is that provided by
dial line service observing (DLSO) which measures end-to-end block-
ing for a sample of calls throughout the day (not just during the
busy hour). Recent measurements have shown average end-to-end
blocking levels in the range of one to two percent. This appears to be
acceptable from a customer point of view suggesting that the service
objectives for the trunks and switching systems are also acceptable.

In addition to customer satisfaction on the average, B.01 blocking
appears to provide acceptable service levels during periods of high
offered traffic. Since B.01 is an objective for the ABSBH, there are
days on which blocking is greater than one percent during the busy
season (typically, Mondays are higher than the average). Also, every
year certain events such as snowstorms or emergencies can cause
traffic volumes substantially above the ABSBH levels. As networks
have grown and high-usage development increased, the ability of the
network to absorb these overloads has diminished. Engineering at
B.01 provides more “ready-to-serve” time in the network to handle
high traffic loads without severe degradation of overall service.

Another factor of importance is that service levels and loads are
calculated on the basis of a 20-day average of the underlying process.
Therefore, the basic process cannot be known with certainty and
some groups, correctly engineered on the basis of measurements,
exhibit blocking greater than expected. It has been shown that if a
number of trunk groups are engineered for B.01 based on 20 days of
data, a certain small percentage of them will have an ABSBH block-
ing greater than three percent. If trunk groups were all engineered
for a higher level of hlocking, some fraction of them would experience
a relatively high (and possibly unacceptable) level of blocking.
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Alternate Routing

In the toll portion of the network there are about 2000 offices, all
of which must be capable of interconnection. Direct interconnection
would require about two million trunk groups, most of which would
carry extremely low volumes of traffic. This would clearly be eco-
nomically unacceptable. Therefore, other methods of organizing and
grouping the flow of traffic have evolved. These methods utilize such
concepts as a multilevel switching hierarchy and alternate routing.

The alternate routing concept and the way it improves the traffic
handling capabilities of a network are illustrated in Figure 7-13.
Direct interconnection of the eight toll centers shown would require
(8 X 7)/2 = 28 trunk groups. By routing all traffic through the
primary center, only eight trunk groups are needed and these eight
groups would operate much more efficiently than the original
28 would. However, total network cost per carried CCS would not
necessarily be minimized by this configuration.

If the volume of traffic between offices 2 and 8 is high, it might
prove economical to install a trunk group between those two offices,
as indicated by the dashed line of Figure 7-13. This possibility
suggests the concept of alternate routing. The direct route between
offices 2 and 8 may be designed to carry only a portion of the traffic

7
@ Toll center

Primary center

Figure 7-13. Routing of traffic between toll centers through a primary center.
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with the overflow carried over the alternate trunk groups through
the primary center. Traffic studies show that this arrangement can
generally be operated more efficiently, i.e., less cost per CCS carried,
than either a network made up entirely of directly interconnected
offices or a network in which all traffic is carried through the primary
center.

The concept of a multilevel hierarchy of switching and trunking
may be expanded as in Figure 7-14. Here, direct interconnection of
the primary centers results in a three-level hierarchy (including the
end offices, which are not shown). The alternate route possibilities
increase as the network expands as shown by the paths between toll
centers 2 and 8 and between toll centers 4 and 5. The next step would
be to switch and interconnect parts of such networks through another
level (sectional centers) and so on, until the entire system is served.
The switched network has been developed in this manner with a
five-level hierarchy presently in use.

A key factor in the design of a multilevel switching network and
in the realization of economy through alternate routing is the non-

Note:
Direct interconnection

Q Primary center
of primary centers
as shown is 7
illustrative only. Toll center

Figure 7-14. Routing of traffic between toll centers through several primary centers.
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coincidence of traffic offerings. Assume that office 4 of Figure 7-13
handles predominantly business traffic with a morning busy hour,
office 5 handles predominantly residential traffic with an evening
busy hour, and office 2 handles an even mix. Under this set of condi-
tions, trunks from office 2 to the primary center handle peak traffic
between offices 2 and 4 during the morning busy hour and peak traffic
between offices 2 and 5 during the evening busy hour. This is an
illustration of the noncoincidence of busy hours. Similar advantage
can be taken of the noncoincidence of busy seasons. Capitalizing on
the economic advantages of these time/load relationships is a major
objective in the trunk estimating process.

In the concept of multilevel network configurations, every office has
a single office of higher class to which it is connected and on which it
is said to “home.” The offices of highest class are completely inter-
connected. There is a logical progression of traffic in the hierarchy
such that there is a set of backbone or final routes available to a call
from any one point in the hierarchy to any other. Additional trunk
groups may be placed between any pair of offices having sufficient
traffic to justify them economically; in fact, there are thousands of
such high-usage trunk groups in the network today. Metropolitan
(local) portions of the network are gencrally two-level while the toll
portion is a five-level network. A typical homing arrangement in the
five-level network is shown in Figure 7-15.

Load Allocation

The process of determining that portion of a given load to be carried
by a high-usage group and that portion which should be offered to an
alternate route is called load allocation. The objective is to provide
trunks in such numbers in both the direct and alternate routes that
the traffic between a given pair of offices or switching entities can be
handled at the least possible cost per carried CCS consistent with
service requirements.

Load allocation requires a knowledge of the offered load between
terminals (during the hours of interest), the cost of a direct path
between terminals, and the cost of an alternate route (including inter-
mediate switching) between terminals. To select the most economical
trunking arrangement, it is necessary to relate costs and trunk effi-
ciencies of the direct and alternate routes for a stated, busy-hour,
offered load. The procedure is essentially a cost balancing in which
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Figure 7-15. Typical toll network homing arrangements.
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the cost of carrying a unit of traffic on the high-usage (HU) group
is balanced against the cost of carrying it on the more expensive but
more efficient alternate route group.

The procedure may be best described by developing a solution to
a typical trunking problem such as that illustrated in Figure 7-16.

Given:

Offered load between points A and B = 240 CCS
Cost per path of alternate route (AR) via C = $1250
where C includes the cost of switching.

Cost per trunk of HU route, A to B = $1000

Cost ratio = AR _ 31260 = 1.25,

On the basis of relative costs, it would obviously be cheaper to
trunk all the load directly if the trunks in each route operate at the
same efficiency. However, if the efficiencies of the two routes are
different (and in practice they are), it becomes necessary to balance
cost and efficiency to arrive at the most economical trunk layout. This
cost/efficiency balance is expressed by

AR cost _ AR efficiency,
HU cost = HU efficiency

It remains to determine the efficiency of the alternate route and solve
the equation for the desired efficiency of the high-usage route.

Consider the loading of the final group represented by the right-
hand column of Figure 7-16. The first-route offered load (no reroute
traffic) is 742 CCS. To carry this at a blocking probability of one
percent (B.01L) 32 trunks are required. If additional traffic were
offered to the group, such as overflow traffic from A to B, it would be
necessary to increase the number of trunks in order to maintain B.01
service. The addition of one trunk would increase the capacity of the
group from 742 to 770 CCS.
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Figure 7-16. Basic principles of load allocation.

Thus, the capacity of the incremental trunk is the difference be-
tween the capacity of 82 trunks and the capacity of 33 trunks, or
28 CCS.* Here, capacity can be translated directly to efficiency since
the efficiency of an incremental trunk equals the capacity divided
by 36; when used in the cost ratio equation, the number 36 appears
in both numerator and denominator and cancels. Thus, the efficiency
of the incremental trunk in this example is 28 CCS. This efficiency

*Note that this is substantially higher than the average capacity of the trunks,
which is only 770 CCS/33 = 23.3 CCS.
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varies, of course, with trunk group size but the range of efficiencies
in most practical situations is between 25 and 33 CCS per incremental
alternate route trunk. It is neither practical nor necessary to compute
the efficiency of incremental trunks precisely in each case. Experience
has shown that a value of 26 CCS per trunk adequately fits the great
majority of cases in metropolitan networks and 28 CCS per trunk is
an adequate fit for intertoll networks.

When the efficiency of the incremental trunk added to the alternate
route has been determined, it is possible to examine the amount of
traffic that can be carried economically by the high-usage group. This
is the load carried by the last trunk of the high-usage group, expressed
in CCS, and is known as the economic CCS (ECCS) :

Capacity of the incremental AR trunk

ECCS = Cost ratio

’

ECCS = 28/1.25 = 22.4.

The least efficient trunk added to the high-usage group must, there-
fore, carry 22.4 CCS in order to carry such load at the same cost
per CCS as could be achieved by a trunk added to the alternate route.

Figure 7-17 is a graphic presentation of portions of the alternate
routing trunk. tables related to an offered load of 240 CCS. Curve A
shows the CCS carried by each trunk of a group of 14 and curve B
shows the total load carried by a group of n trunks for each value
of n from 1 through 14. Thus, when » = 5, the load carried by all
trunks is 143 CCS and the fifth or last trunk of the 5-trunk group
carries 25 CCS.

It has been established that the least efficient trunk in the high-
usage group of the example should carry 22.4 CCS. It remains, there-
fore, to identify on curve A that this is trunk number 6; hence, the
high-usage group should contain six trunks. The total load carried
by the six trunks is 165 CCS (curve B) and the overflow is the
difference between that amount and the offered load of 240 CCS, or
75 CCS. The accommodation of 75 CCS overflow requires an increase
from 32 to 35 trunks in the alternate route group. Thus, an addition
of three paths to the alternate route replaces the requirement for
eight less efficient additional trunks in the high-usage group. Since
an ECCS value may be fractional, the value used to enter the alternate
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Figure 7-17. Distribution of offered load in accordance with Erlang lost-calls-
cleared assumption.

routing trunk tables is derived by rounding to the nearest whole
number, The ECCS of 22.4 is read as 22,

When the number of high-usage trunks is determined from the
trunk tables and there is no trunk which carries precisely the number
of ECCS desired, it is the practice to select as the last trunk the one
which carries the lower CCS value. Suppose that a given high-usage
group has an offered load of 240 CCS and an ECCS value of 18.
Reference to Figure 7-11 discloses that the seventh trunk carries
20 CCS and the eighth trunk carries 16 CCS. The proper trunk re-
quirement then is eight. The result is one more trunk in the group
than would otherwise be the case, thereby improving service and, in
effect, anticipating growth in the offered load.

Cost ratios can be calculated by using actual cost data or they may
be estimated by using simplified procedures. Studies indicate that for
many applications a cost ratio may deviate as much as 40 percent
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from its true value with a cost penalty of less than 5 percent in the
alternate routing triangle. Caution is necessary to ensure that signifi-
cant errors are not introduced if simplified methods are used.

The highly efficient utilization of capacity which the principles of
load allocation make possible and the additional efficiency gained
through recognition of time/load relationships in the engineering
process make alternate route networks very sensitive to variations in
offered loads. For example, a 10-percent increase in traffic offered to
the high-usage group of Figure 7-16 would increase the offered load
to 264 CCS. The overflow to the final group would then be 93 CCS,
an increase of 24 percent. With a 25-percent increase in offered load,
the increase in traffic overflowed to the final group would be 63 per-
cent. This ‘“snowballing” effect accounts in large measure for the de-
gree of congestion which occurs when the number of calls rises
significantly above the anticipated level. It should be noted that when
the load offered to the high-usage group is increased, the efficiency of
that group increases somewhat; however, the load on the alternate
route is significantly increased as well. ’

Adjustment for Nonrandomness

One of the engineering problems in determining trunk require-
ments for an alternate routing system is that of properly compen-
sating for nonrandomness of offered loads. As previously discussed,
all overflow traffic is nonrandom (peaked) ; therefore, an offered load
containing overflow traffic will in turn be peaked. Since more trunks
are required for nonrandom than for random traffic, both the amount
of load and the peakedness of that load must be determined if the
number of required trunks is to be accurate.

The Wilkinson Equivalent Random Theory provides a basis for
making this determination. The determination involves a series of
mathematical iterations which do not lend themselves to practical
manual computation; however, a set of tables has been developed
that provides close approximations of the effects of peakedness. For
high-usage groups, these tables provide factors for the calculation
of peakedness of loads and for the upward adjustment of overflow
traffic to reflect this peakedness. For final groups, once the load and
peakedness are known, trunks required can be determined from a
Neal-Wilkinson table like that of Figure 7-10.
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7-4 TRAFFIC MEASUREMENTS

Trunk engineering and administration are tailored to busy season
average busy hour requirements as reflected by measurements of
traffic flow and counts of messages, calls, and call attempts. The
quality of the engineering and administration is dependent to a large
degree upon adequate and accurate basic data.

Generally, traffic load information should be obtained on interlocal
trunk groups for all business days of the busy season. From these
data, the high four-consecutive-week period is selected to serve as a
base for future engineering. Hourly readings are required to identify
properly the busy hour loads.

Hourly readings are taken on all intertoll trunk groups during
three 20-day periods each year and 5-day readings are taken in all
intervening months. The 20-day records encompass the busy season
for most intertoll groups and provide the basis for efficient trunk
engineering and administration. The span of hourly readings is ade-
quate to encompass day or evening busy-hour periods, including con-
sideration of time zone differentials affecting groups extending over
long distances. In this way, adequate information is obtained on
time/load relationships.

Cameras have been widely used to photograph traffic registers to
obtain busy-hour data more easily, more accurately, and less expen-
sively than with manual methods. The filmed readings are read
manually, automatically optically scanned, or key-punched and sum-
marized by computer.

The Engineering and Administrative Data Acquisition System
(EADAS) has introduced further improvement in traffic data collec-
tion. Through use of electronic scanners and built-in computers, the
clerical expense and maintenance and administrative problems associ-
ated with traffic registers and cameras are largely eliminated. The
EADAS is capable of providing not only the trunk data necessary for
estimating but also the moment-to-moment data needed for dynamic
network administration..

Registers are used to indicate the traffic load on a trunk group in
~various ways depending on the type of register. The following listing
indicates the types of registers and the parameters measured:
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TYPE OF REGISTER MEASURED

Traffic usage recorder (TUR) Carried CCS

Peg count Attempts offered to the trunk
group

Overflow Attempts failing to find an idle
trunk

All-trunks-busy (ATB) Number of times all trunks in a
group become busy

Last-trunk-busy (LTB) Number of times the last trunk

in a group becomes busy

The traffic usage recorder is the preferred device for measuring
the load carried on trunk groups. Peg count and overflow are used in
addition to TUR measurements for determining peakedness and for
converting carried loads to offered loads. Percent overflow on final
groups is required since these groups are provided on the basis of
meeting an overflow blocking objective,

Since trunking service criteria are related to performance in the
busy season average busy hour, load measurements must be taken
across enough hours of the day to permit busy hour selection. There
is a substantial loss of precision when daily or weekly readings are
converted by means of ratios or factors to a busy hour equivalent.
Also, readings must be taken over enough days to ensure an adequate
sample.

Message count and load data are also used in the engineering pro-
cess, primarily when traffic must be rerouted and the traffic volumes
can not be determined from trunk group measurements. These data
are usually derived from message billing records or special studies.

7-5 TRUNK ESTIMATING

Trunk estimates affect not only the provision of outside plant and
trunk equipment but also the provision of central office common
equipment and basic frames. For example, sender, register, and trans-
verter engineering in the No. 5 Crossbar Switching System are
directly related to the trunk estimate. The same estimate is a vital
factor in engineering such equipment items as trunk link frames,
sender link frames, incoming register link frames, call identity
indexers, and coin supervisory link frames. The accuracy of a trunk
estimate is critical to central office engineering.
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Estimates of future loads on interlocal trunks are made by the ap-
plication of a projection formula to the base period trunk CCS load.
This formula utilizes factors developed from main station growth
forecasts and calling rate trends. Estimates of future loads on inter-
toll trunks are made from trends developed from message counts and
trunk group measurements, The base period recommended is the four
consecutive weeks of the busy season during which the maximum
calling load occurs for the area in question. Accuracy and complete-
ness of data throughout the period is necessary to ensure base period
data reliability.

Some groups which would ordinarily be engineered on a high-usage
basis are instead engineered to meet a B.01 blocking objective. The
decision to establish such a grade-of-service group and thereby to
eliminate the possibility of overflow is influenced primarily by such
factors as service protection, temporary equipment limitations, or
temporary lack of capacity of a tandem office. In such cases, there
must be careful assessment of the relative service and economic
advantages.

7-6 TRUNK ADMINISTRATION

Trunk administration is the continuing evaluation of changes in
traffic flow from week to week and season to season and the determi-
nation of the number of trunks required to meet the system service
objective. The trunk administration program must be based on an
adequate traffic measurement schedule since the current traffic load
and number of trunks in service must be used as a base for projecting
future needs. Consequently, inadequate trunk administration could
result in trunk estimates of dubious accuracy and consequent poor
service due to trunk shortages or unnecessary expense due to trunk
surpluses.

Effective trunk administration depends on timely availability of
trunk equipment and outside plant and the proper assignment of
trunks to switching systems in a manner that maintains an optimum
level of usage on each trunk frame. The ability to achieve the latter is
largely determined at the time a traffic order is prepared. The traffic
order designates the number and type of trunks to be located on each
frame. In many instances, a layout that permits optimum loading
requires a substantial number of trunk transfers from existing frames
to new frames.
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Trunks
Chapter 8

Local Trunk Design

Direct, tandem, and intertandem trunks are the principal categories
of local trunks configured into networks to handle local traffic such as
that between end offices in a metropolitan area. The achievement of
satisfactory performance requires that transmission objectives be
established for such networks and that the trunk designs be carried
out so that the transmission objectives are met.

‘Heretofore, the local portions of the network have been almost
entirely separated from the toll portion. This separation evolved
mainly from simpler local and toll traffic definitions of the past and
the division of administration between the local and toll portions of
the network, as well as the slightly different transmission considera-
tions for local and toll trunks. In some cases, it has become advan-
tageous to combine local and toll traffic trunk groups. Designs of
trunks that may carry both kinds of traffic must follow the more
stringent toll requirements specified in the via net loss (VNL) design
plan covered in Chapter 9. Local trunks are designed to meet a fixed
loss objective for each class of trunk.

The general relationships of trunks and loops in an overall connec-
tion, the inserted connection loss (ICL), the expected measured loss
(EML), and the actual measured loss (AML) must be defined and
then used in the specification of loss objectives. The general definitions
and the overall philosophy of ICL, EML, and AML apply to all types
of trunks. Finally, transmission designs and equipment selections
must be considered.

164
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8-1 RELATIONSHIPS OF TRUNKS AND LOOPS

A call may be routed over several possible paths between the
originating switching office and the terminating switching office. The
customer-to-customer connection shown in Figure 8-1 is one possible
routing of a call; the connection includes two loops and two trunks
in tandem and illustrates two-wire switching only. Many differences
in detail are found in the telephone plant. The figure shows switching
equipment at both ends of each trunk and transmission facilities be-
tween. A trunk circuit having relay equipment to signal and supervise
the connection is associated with the switching machines at both ends
of each trunk. Between the trunk circuits, the transmission facilities
are composed of transmission equipment such as repeating coils, re-
peaters, four-wire terminating sets, etc., together with an associated
cable pair or a carrier channel.

Signalling equipment, also an important trunk component, does
not appear in Figure 8-1 because its location is difficult to generalize.
In some cases, it may be a separate entity on the line side of the
trunk circuit. In other cases, it is built around the four-wire termi-
nating set, while in N1- or T1-type carrier systems it may be a part
of the channel equipment.

The transmission characteristic of an overall customer connection
is the sum of the characteristics of two loops, any trunks, and
switching paths. As shown in Figure 8-1, the switching path in the
originating office is not included in either the loop or trunk. By defini-
tion, a loop extends from the line terminals of the station apparatus
to the line side of the switch. A trunk is defined as the communication
channel between switching offices and extends from the outgoing side
of the switch in the originating office to the outgoing side of the switch
in the terminating office. Therefore, it includes the switching path of
the terminating office, the office equipment at both ends, and the trans-
mission medium and related equipment between the two offices. The
outgoing side of the switch, mentioned above, is defined differently
depending on the type of switching equipment as listed in Figure 8-2.

It is necessary to designate these specific switch locations because,
in applying transmission objectives to individual trunks, it must be
recognized that the characteristics of paths through the various
switches can deteriorate overall transmission performance. Theoreti-
cally, performance may be controlled by applying transmission ob-
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TYPE OF OUTGOING
TRUNK SWITCHING SWITCH
CONNECTION EQUIPMENT LOCATION
At No. 4 crossbar Outgoing link frame
terminating Crossbar tandem Office link frame
office when No. 1 crossbar Office link frame
connected No. 5 crossbar Trunk link frame
to another Step-by-step Outgoing selector bank
trunk or Panel Office or district selector frame
at originating Manual switchboard Outgoing trunk multiple
office ESS Trunk switch frame
At Step-by-step Connector bank
terminating No. 1 crossbar Line link frame
office when No. 5 crossbar Line link frame
connected Panel Final selector frame
to a loop ESS Line switch frame

Figure 8-2. Outgoing switch locations for various types of switching equipment.

jectives to each trunk, where the trunk is defined to include one-half
of the switching path at each end. From a practical standpoint, how-
ever, measurements of transmission characteristics would be difficult
to make at the midpoints of switching paths. Accordingly, loss meas-
urements are made between the outgoing side of the switch at one
switching point and the outgoing side of the switch at the other
switching point, thus including all of the switching path at the
incoming end instead of half the switching path at both ends.

8-2 LOSS RELATIONSHIPS

If performance is to be satisfactory on multitrunk connections, the
overall loss must be held to reasonable values which represent a
compromise between transmission performance (adequate received
volume, singing margin, echo, contrast, and noise) and circuit costs.
The loss is allocated to the individual trunks in the overall connection
as described in previous chapters. The previously defined losses (ICL,
AML, and EML) are utilized to ensure that individual trunks are
designed, installed, and maintained within allowable loss tolerances.

Inserted Connection Loss

The ICL of a trunk is the net 1000-Hz loss inserted between out-
going switch appearances by switching a trunk into an actual oper-
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ating connection. Each trunk is designed and engineered so that the
ICL objective is met for that particular trunk type. In Figure 8-3, the
ICL is shown as the loss from the outgoing side of the switch of
the originating office through the outgoing switch of the terminating
office.

| Originating | Terminating
- . ‘_—_ "
end office v end office ’

Ale ICL »18

Trunk Trunk facility Trunk
circuit (VF or currier)— circuit @

Test
access
point L

I* EML -

(a) Local direct trunk, EML ~ ICL

1o Originating | Terminating .
end office '| r—randem office
A ICL 1 B
2dB
Trunk | Trunk facility — Trunk
circuit (VF or carrier) circuit
Test
access
point L
I EML >

(b) Tandem trunk, EML = ICL + 2 dB

Figure 8-3. Relationships between ICL and EML,

Expected Measured Loss

The expected measured loss of a trunk is the 1000-Hz loss that is
expected to be measured under specified test conditions. This loss is
calculated by summing all gains and losses in the specified measuring
configuration and is provided as a reference for comparison with
actual measurements.
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The EML includes access circuitry losses for connecting test equip-
ment and may or may not equal the ICL. For many interlocal trunks,
the test access arrangements contribute negligible additional loss
and the EML is essentially the same as the ICL. If the tfest access
loss is appreciable or if a significant portion of the trunk is omitted
from the test, then the ICL does not equal the EML, While it is not
practical to know the exact loss of all central office wiring, it is
necessary to know the approximate values of these losses so that the
EML can be more accurately calculated.

Depending on which test access points are used, the EML and
ICL can differ in interlocal trunks. For example, in No. 5 crossbar
offices, testing from the outgoing trunk testboard excludes the trunk
circuit which typically has 0.5 dB loss. Testing from the master test
frame, however, includes the trunk circuit. The EML then should be
calculated on the basis of the same configuration as that in which
the trunk is to be tested.

Where a switching machine handles both local and toll traffic,
access for measurement to some tandem and intertandem trunks may
be obtained through test pad arrangements which typically add 2 dB
to the measured loss. Figure 8-3 (b) illustrates a local tandem trunk
to a tandem office which switches both toll and local traffic and the
EML equals the ICL plus 2 dB.

Actual Measured Loss

The actual measured loss is the 1000-Hz loss measured by the proper
test equipment with the proper measuring configuration. Upon instal-
lation, it must be compared to the EML to ascertain that the trunk
meets the loss objective. Minor deviations exist between the AML and
the EML due to discrete strapping capabilities of the various circuit
devices used in the trunk, differences between average and actual
central office cabling losses, differences between the average and actual
test access losses, and the unpredicted interactive effects of the various
parts of the circuit. If the AML does not fall within tolerable limits,
the trunk must not be placed in service. Similarly, the subsequent
periodic AML measurements made for maintenance purposes should
be compared to the EML; differences should fall within maintenance
limits or corrective actions should be initiated. These actions may
include immediate removal of the trunk from service.
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8-3 LOSS OBJECTIVES

Loss is one of the important parameters to be considered in trunk
design since it affects such channel characteristics as received volume,
echo, stability, noise, crosstalk, and signalling capability. In the
practical administration of trunk losses, it must be recognized that
some tolerance is needed in the design objectives. Expressing the
objectives as a single value for each type of trunk is convenient for
many purposes but it is not a realistic guide for the design and
assignment of all classes of trunks. Consequently, some loss design
objectives are expressed both as nominal values and as ranges of
values. The ICL design objectives for local trunks are given in
Figure 8-4.

INSERTED CONNECTION LOSS, dB

TRUNK TYPES NON-GAIN GAIN
Direct trunks* 0-5.0 3.0 (5.0 max.)
Tandem trunks 0-4.0 3.0 (4.0 max.)

Intertandem trunks
Terminated at sector tandems at
both ends. — 1.5

Terminated in a toll center or
sector tandem that meets
terminal balance objectives
at one or both ends. —_ 0.5

*These ICLs apply to direct trunks less than 200 miles in length. Direct trunks
more than 200 miles long are designed in accordance with the VNL plan.

Figure 8-4. Inserted connection loss objectives for local trunks.

If these objectives are adhered to in design and if installation and
maintenance variations are kept within limits, satisfactory overall
_ grades of service may be expected. These objectives have been selected
as a compromise between high-loss requirements for singing, and
crosstalk control and low-loss requirements for adequate received
speech volume and minimum contrast. Deviation from these objectives
causes degradation in transmission performance, Some trunks appear
in more than one transmission category. For example, trunks which
carry traffic directly from one office to another in one condition may
in another condition be switched at the second office to a trunk in a
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third office. Thus, such trunks can be in the direct category at times
and in the tandem category at other times. In such multipurpose
usage, the more stringent objectives apply.

8-4 TRANSMISSION DESIGN CONSIDERATIONS

The design of local trunks involves consideration of such factors
as loss, signalling, stability, crosstalk, noise, and cost. These are
interrelated in that a change in one may affect the others. To meet
all the requirements, a sequential process is performed in which each
step satisfies not only the requirement currently under consideration
but also all previously considered requirements. This process may
involve reconsideration of certain parameters which had been in
limits but were placed out of limits by consideration of other para-
meters. Generally, a design which meets all requirements can
ultimately be achieved.

Two-wire facilities are predominant in local trunking. Of course,
the economical facility choice which meets the transmission objectives
should always be used, whether it be two-wire VF, four-wire VF, or
carrier. However, in the case of intertandem trunk design, four-wire
facilities and intertoll-type trunk ecircuit relay equipment should
always be used.

Another local design requirement which parallels the toll require-
ment relates to the improvement of return losses on two-wire tandem
trunks. When E-type repeaters are used, they should be located at
the end office or at an intermediate office, rather than at the tandem
office, to achieve the highest possible tandem trunk return loss at the
tandem office.

Loss

The ICL objectives of the various types of trunks are expressed
as the insertion losses calculated and measured between specified
impedances. The nominal impedance of most local trunks should be
900 ohms in series with 2.16 uF to match the impedance of the local
offices. However, some tandem and intertandem trunks connect to
600-ohm tandem or high-volume tandem offices and thus should be
designed for an impedance of 600 ohms in series with 2.16 uF. The
900-ohm value for local offices was selected because it approximates
the impedance of H88 loaded cable circuits which are already widely
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used for local trunks and it appears to be a reasonable compromise
value representative of the distribution of loop input impedances.

Insertion loss values for various facilities and devices can be ob-
tained in several ways. Manual computations can be performed by
using basic equations and techniques [1]. While manual computations
are cumbersome, they do provide a solution when no other alternative
exists. For many designs, adequate data can be obtained by referring
to published tables or handbooks which contain insertion loss values
for various facilities terminated in various impedances. Finally, com-
puter programs can be used for automated calculation of insertion
loss, return loss, input and output impedances, and dc resistances for
many complex combinations of facilities.

For voice-frequency facilities, including passive device losses, the
difference between the line loss and the ICL is the amount of gain
that must be inserted in the circuit. For example, consider the direct
trunk in Figure 8-5. The line loss is 0.5 dB - facility loss + 0.5 dB.
The 1000-Hz insertion loss of 48 kilofeet of 22-gauge H88 loaded
cable pair between 900-ohm impedances is 7.2 dB, which exceeds the
maximum objective for direct trunks without gain. Therefore, gain
must be added. The ICL maximum objective for a direct trunk with
gain is 8.0 dB. Thus, the amount of gain to be added at some point
in the circuit becomes (0.5 4 7.2 4 0.5) — 3.0 = 5.2 dB. The most
economical means of providing this trunk is probably on a two-wire
facility using an E6 negative impedance repeater.

For carrier facilities, the ICL is attained by padding or otherwise
offsetting the gain of the carrier system so that the overall trunk
loss equals the ICL. Care must be taken to provide the standard input
transmission level point at the carrier system as well as to provide
the proper padding for establishing the desired ICL. Most carrier
system outputs are at the standard 47 dB TLP and must be reduced
to the —3 dB TLP by the combination of losses between the carrier
system output and the outgoing switch appearance in order to achieve
the ICL of 3 dB. This process is graphically illustrated in Figure 8-6.
The losses between the output of the carrier system and the outgoing
switch are composed of office wiring, the four-wire terminating set,
and padding. The pads are available in small increments of loss such
that the ICL can be achieved within acceptable tolerances. One major
exception to this is the T1 carrier system when certain D1 channel
banks are used. These channel banks were designed so that most cir-
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Originating Terminating ’
office loss office loss

- ———0.5 dB ————ppl¢—— Facility loss —pol @——— 0.5 dB —-——p

Trunk 48 kft Trunk
circuit 22H88 circuit
- Direct trunk

Figure 8-5. Elements of direct trunk loss.

cuit configurations using two-wire channel units have a limited
number of fixed-loss values centered about 3 dB. Although four-wire
E and M channel banks with external hybrids, pads, and/or signal
convertors can be used for precise loss adjustment, the economic ad-
vantage of using the T1-D1 system is drastically reduced. Later de-
signs of D-type banks can be arranged to produce trunk losses from
1 to 6 dB in 1-dB steps and have the additional capability of 0.1-dB
steps of loss adjustment by means of attenuators to compensate for
variations in office wiring losses [2].

In the trunk design process, the preliminary selection of a facility
which meets the ICL objective is the first step. Other factors which
must be considered are signalling limits, stability criteria, repeater
gain, and the addition of circuit devices for miscellaneous purposes.
These factors, including the ICL, are interrelated; as the require-
ments of each are satisfied, the effect on each of the others must be
reviewed:

(1) Are signalling limits met by the selected facility?

(2) Does the addition of circuit devices affect ICL or signalling
limits ?

(3) Are stability criteria being met?

(4) Is the TLP at the repeater output held to an acceptable value
from a crosstalk standpoint while circuit ICL requirements
are met? '
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Originating Terminating

e : > 3 >
office loss i office loss l

__I_ Trunk 4- Carrier [' ™ q Carrier 4 |1 Trunk
circuit wrsl AN+ terminal| _ | terminal L"‘W\I" wTS circuit |

Transmission level point (dB)
|
£
N
N

l,: Tandem trunk L!

Notes:
1. Built-in signalling, two-wire switching,
and —16 dB and 47 dB carrier
system TLPs are assumed.

2. TLPs are shown for left-to-right direction
of transmission

Figure 8-6. Typical direct trunk level diagram with use of carrier facilities.

Signalling and Supervision

In providing facilities and equipment for local trunks, it is neces-
sary to consider not only the technical requirements for speech and
data transmission but also the limits set by signalling. Each type of
signalling has advantages and disadvantages that must be weighed
in determining the equipment to be used. Factors include cost, signal-
ling range, traffic necessities, facility compatibility, and the types of
equipment already available or planned in each office. Many local
trunks using metallic facilities are one-way (address signalling in
one direction only) and make wide use of loop signalling techniques.
In this case, it is necessary to calculate the loop conductor resistance
between trunk circuits; the resistance of the medium (cable, load
coils, ete.) and the resistance of all devices in the signalling path must
be included. If the resistance.exceeds the limit for the signalling
equipment under consideration, range extenders (such as dial long
trunk circuits), derived dec systems (such as SX, DX, or CX), or ac
systems (such as SF or MF) must be used.



Chap. 8 Local Trunk Design 175

Loop conductor resistance, the round-trip resistance of the cable
pair, and trunk circuit resistance limits stated in terms of loop con-
ductor resistance may be found in references and can be directly
compared. For de¢ signalling on four-wire VF trunks, each pair of
wires may be used in parallel in the same manner as a single wire of
a two-wire facility, as illustrated in Figure 8-7. For the same gauge
pairs, the loop conductor resistance of the four-wire facility in a loop
signalling configuration is half that of the two-wire facility and the
maximum trunk length possible within the signalling limits is
approximately doubled. ’

Where trunks are derived over carrier facilities, dc signalling must
be converted to either an ac scheme or a digital scheme, as in a pulse
code modulation (PCM) bit stream. If multifrequency (MF) signal-

Originating - Terminatin
office i Up to & miles o office °

T

Receiving g
l l relay -

Pulsing
reloy

(a) Two-wire loop signalling

———————Upto2X miles — 5

e Receiving
§ i relay
Pulsing —— — —

relay

(b} Four-wire loop signalling

Figure 8-7. Loop conductor resistance for two-wire and four-wire signalling.
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ling senders are available, the ac methods may be used for trans-
mitting address signals. However, since MF transmits only address
information, another arrangement, such as SF (in the case of carrier)
or SF and de (in the case of VF), must be provided for supervision,
The amplitudes of the inband ac signals are sufficiently high to pro-
vide signalling over any length of trunk if it is properly designed, in-
stalled, and maintained ; however, they are not so high as to overload
carrier systems. Trunks that utilize dec supervision with MF signalling
must meet the resistance limit for the type of dc equipment being used.

Generally, the range limit of the E and M leads from the trunk
circuit to the external signalling device is 25 ohms, sufficient to
extend across most offices. The associated external signalling arrange-
ments and circuits may be dc or derived de, SF units for ranges
longer than can be provided by derived dec, or carrier channel units
with built-in signalling. The E and M lead ranges should be checked
in both transmitting and receiving directions as part of the trunk
design. As an example of typical local trunk signalling, consider the
trunk facility of Figure 8-8. Assume that revertive pulsing senders
are used to signal directly over the trunk. Since the limit varies with
the type of central office equipment and trunk circuit, assume for
this example a typical limit of 2900 ohms between trunk circuits.
The type of equipment and its range must be identified in each office
and the list of ranges must then be made available for the trunk
design. The loop conductor resistance in the example is:

21 kft of 22-gauge H88 loaded cable pair

(33.9 ohms/kft) 712 ohms
E6 line build-out circuit (LBO) 25
Build-out resistance 0
E6 repeater gain unit 40
E6 line build-out circuit 25
Build-out resistance 0
27 kft of 22-gauge H88 loaded cable pair
(33.9 ohms/kft) 915
Total resistance between trunk circuits 1717 ohms

In this example, the trunk facility is well within signalling limits
and no additional signalling equipment is required; thus, the loss
calculations previously performed remain valid.
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g Direct trunk

Figure 8-8. Signalling path losses.

Stability

The unstable network circuit condition known as singing is a sus-
tained oscillation at some frequency where the algebraic sum of the
losses in the circulating path are equal to zero or are negative and
where phase relations are favorable to singing. These losses are the
sum of the round-trip loss of the circuit plus the return losses at both
ends at the frequency in question. In a telephone connection, singing
is a trouble condition which must be avoided because it makes the
connection unusable.

Near-singing distortion of transmitted speech signals occurs when
losses in the singing path approach but do not equal the value required
for sustained oscillation. This type of distortion may occur in two
ways. Losses in the circulating path may be sufficiently low to cause
an appreciable time interval to elapse before the circulating signals
die away, thus causing speech transmitted through the network to
sound hollow or reverberant. Also, successive trips of the multi-
reflected signals around the circulating path may phase in and out
with the impressed signal at various frequencies in the passband of
the network causing successive peaks and valleys in the attenuation/
frequency characteristic. As the singing margin is reduced, the peaks
become higher and the valleys lower making speech sound more
hollow.
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It is logical, therefore, to use singing margin as a criterion for
controlling both near-singing distortion and circuit instability. A
design objective for repeatered VF trunks, based on loop terminations
and average conditions of temperature, humidity, battery variations,
ete., is a singing margin of 10 dB or more in 95 percent of all cases.
Such trunks may have several circulating current paths; the singing
margin objective applies to the most critical path, that is, the one
nearest a singing condition. When this requirement is met, the chance
of singing is practically precluded, even under the most severe opera-
ting conditions, and only rarely does near-singing distortion become
troublesome. In addition to being stable in the connected condition, a
circuit must also be stable in the idle condition, i.e., when the trunk
is not switched into a connection. This is necessary to avoid excessive
crosstalk and to render the circuit instantly usable.

To achieve the degree of stability which satisfies these require-
ments for a repeatered line, singing return losses are calculated for
both idle and working combinations of conditions on each side of
each repeater. The singing margin for the idle condition need be only
a few dB. For a working trunk, the singing margin should be 10 dB
or more. Terminal singing return losses (singing return losses at
the trunk ends) for the idle condition without an idle circuit termi-
nation are assumed to be 0 dB and with an idle circuit termination
are assumed to be 4.5 dB. Average terminal singing return loss for
the talking condition is assumed to be 6 dB, a return loss value that
may be considered to occur at a PBX, a central office switching point,
and at a loop terminated by a telephone station set.

To determine the stability for a particular two-wire design, all
significant singing return losses in each line section should be referred
to the repeater location and combined. These singing return losses
may include cable structural return loss, intermediate equipment re-
turn losses, loading irregularity return losses, junction return losses,
and terminal return losses. For two-wire trunks, the calculated sing-
ing margin is the difference between the resultant singing return loss
at each side of the repeater and the sum of the one-way gains for each
direction of transmission through the repeater.

Figure 8-9(a) is a continuation of the direct trunk example. As-
sume that the load spacing is such that the structural return loss
is 25 dB for the line section to A and 23 dB for the line section to B.
Also assume that a loading irregularity at point C yields a 20-dB
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(b) Four-wire trunk

Figure 8-9. Trunk stability examples.

singing return loss. Singing return losses (SRLs) for an idle circuit
(no idle circuit termination) and for a talking connection must be
calculated. The idle circuit calculation is as follows:

Terminal SRL at A = 0 dB.

Insertion loss between A and the repeater — 3.2 dB.

Terminal SRL referred to repeater = 0 4 (2 X 8.2) = 6.4 dB.
Structural return loss of line to A = 25.0 dB.

Combined on a power basis,
SRL, = 6.4 "4" 25 = 6.8 dB.

Terminal SRL at B = 0 dB.
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Insertion loss between B and the repeater — 4.0 dB.
Terminal SRL referred to repeater —= 0 4 (2 X 4.0) = 8.0 dB.
Structural return loss of line to B = 23.0 dB.
Loading irregularity in line to B
referred to repeater = 20 + (2 X 2.5) = 25.0 dB.*

Combined on a power basis,
SRLg =8.0"4"23.0 "4" 25.0 = 7.8 dB.

Repeater gain = 3.2 dB (from previous calculation). Thus,

Singing margin = (SRLa 4 SRLz) — (2 X gain)
= (6.3 }+17.8) — (2xX38.2)
=141 — 6.4 ="17.7dB.

A positive singing margin for this calculation indicates that this cir-
cuit should be stable in the idle conditon.

The singing return loss calculation for the talking connection follows:
Terminal SRL = 6 dB.
Insertion loss between A and the repeater — 3.2 dB.
Terminal SRL referred to repeater = 6 4- (2 X 3.2) = 12.4dB.
Structural return loss of line to A — 25.0 dB.

Combined on a power basis,
SRLa = 12.4"4-" 25.0 = 12.2 dB.

Terminal SRL = 6 dB.

Insertion loss between B and the repeater — 4.0 dB.

Terminal SRL referred to repeater = 6 4+ (2 X 4.0) = 14.0 dB.
Structural return loss of line to B — 23.0 dB.

Loading irregularity in line to B
referred to repeater — 20 4 (2 X 2.5) = 25.0 dB.*

Combined on a power basis,
SRLg = 14.0 % -1 238.0 *4- 25.0 = 13.2 dB.
Singing margin = (12.2 4 13.2) — (2 X 3.2)
=254 — 6.4 =19.0 dB.

*The effect of such an irregularity is normally mcluded in the cable SRL. It is
shown separately here to illustrate the effect.
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Since the singing margin requirement in the talking condition is
10 dB, the calculated result shows satisfactory performance.

The above calculations are based on several assumptions which
may not always be valid. For example, the calculations are based on
the assumption that the critical frequencies on both sides of the re-
peater are the same and that phase relationships result in direct
addition of return losses. Note that the singing return losses at
1000-Hz are referred back to the repeater. Although the 1000-Hz loss
is probably different from the loss at the critical frequency, the sing-
ing return loss calculations of the idle circuit and talking conditions
do provide a reasonable approximation of the singing margin. Meas-
urements of the installed facility should be made, however, to verify
that there is adequate stability margin.

For four-wire trunks between two-wire switching machines, the
singing margin is the excess of losses over gains around the singing
path. Figure 8-9(b) is a simplified example of a direct trunk on
carrier facilities. The singing margin (SM) is then

SM = SRLa 4 Rta 4+ Rre + SRLzs ++ R1s + Rga + 4Luys — 2G¢ dB

where Luys is the transmission loss through the hybrid coils and Gc
is the gain of the carrier system.

Crosstalk

Signals transmitted from repeaters into line facilities must be re-
stricted in amplitude in order to limit near-end crosstalk interference
with other circuits. Also, signals in repeatered line facilites must not
fall so low that signal-to-noise ratios are unacceptable. The maximum
TLP at a repeater output should not exceed 46 dB. At the input to a
repeater, the TLP should be no lower than —9 dB when HB88 loaded
facilities are used or —15 dB when nonloaded facilities are used.

Figure 8-10 provides an analysis of compliance with the level point
requirements for the direct trunk example. The critical locations for
checking the transmitting and receiving level points are at all central
offices through which the trunk passes. Clearly, the level points are
consistent with the 4-6 dB and —9 dB limitations for loaded facilities.
If all factors except the level point limitations are disregarded, the
maximum gain on this trunk that could be allowed for a repeater
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Figure 8-10. Level diagram for crosstalk considerations.

located in the intermediate office would be 3.7 4 6 = 9.7 dB. If the
total gain requirement to meet the inserted connection loss objective
exceeds the maximum for a single repeater at a particular location,
consideration should be given to reassignment of the repeater to
another point in the trunk (if possible), to the use of repeaters in two
locations, to the reassignment of the trunk to coarser gauge cable, ete.

Level points must comply with requirements for both directions of
transmission. In four-wire facilities, the gain settings may be different
at a given repeater for opposite directions of transmission. In two-
wire facilities, the level points also are not generally symmetrical.
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Chapter 9

Toll Trunk Design

The switched message network has been considered previously as
composed of two main portions, local and toll. The toll portion is dis-
cussed in Chapter 1 in terms of the hierarchical arrangement of toll
switching offices, the organization of trunk groups within the hier-
archy, traffic considerations relating to the provision of trunk groups,
the routing of traffic over these groups, and the toll connecting trunks
that interconnect the toll and local portions of the network.

Toll trunks thus fall into two general classifications for which the
transmission objectives and designs are somewhat different because
of the manner in which the trunks may be utilized. The first of these
classifications, intertoll trunks, is used to interconnect toll switching
offices. The second classification, toll connecting trunks, is used to
provide connections between toll and local portions of the network.
These two classes of trunks are considered separately because of the
differences in function and applicable objectives.

End office toll trunk groups may be established between a class 5
office and any distant office that performs class 4 or class 5 functions.
Since such trunks do not fit either of the more general classifications,
the objectives for these trunk types are discussed separately. Where
both ends of these trunks terminate at class 5 offices, they are called
end-to-end toll trunks.

Most of the toll portion of the network operates on the basis of
transmitting analog and digital signals over analog transmission
facilities, With the introduction of the No. 4 Electronic Switching
System (No. 4 ESS), a time division switching system, digital trans-
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mission of all types of signals can be carried through the switching
machine without being put through analog signal transformations.
Analog trunk transmission objectives must conform to the previously
discussed via net loss (VNL) transmission plan if noise, loss, and
echo objectives are to be met. Digital trunks must be designed to a
fixed loss plan. In many cases, compromise objectives must be met
where analog and digital modes of operation intersect [1]. In all
cases, echo and singing return loss objectives must be considered in
trunk design and these impairments must be controlled. In addition,
address and supervisory signalling requirements must be satisfied.

The selection of equipment to provide signalling and supervision
depends largely upon the types of switching machines involved and
on the type of facility. The process of selection for analog toll trunks
is similar to that for local trunks as covered in Chapter 8. Multi-
frequency pulsing is the predominant mode of signalling on these toll
trunks. The Common Channel Interoffice Signalling (CCIS) System
is commonly used for trunks operating between No. 4 ESS machines
and it is being applied increasingly for trunks between other types of
stored program controlled machines. Most intertoll trunks and many
toll connecting trunks are long enough to make carrier transmission
facilities the economic, if not the only practical, choice. The use of
carrier facilities leads to the utilization of single-frequency signalling
units for supervision and for dial pulse signalling.

9-1 TRANSMISSION OBJECTIVES

Toll trunks are designed to meet transmission objectives for loss,
noise, and echo. In addition, trunk gains and losses are controlled by
well-defined transmission level points which must be established in
order to control signal amplitudes and signal-to-noise performance.
These objectives are reviewed to provide perspective for the discussion
of toll connecting and intertoll trunk design.

Loss Evaluation

Losses are allocated to various types of analog trunks in the
switched message network according to rules that are well defined in
the VNL and toll switching plans. These are the losses that are in-
curred when the trunks are inserted in a connection. However, these
loss values in the connection may differ significantly from measured
values because of test arrangements that have been provided to
facilitate test procedures. ’
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The definitions of trunk losses given in Chapter 8 (inserted con-
nection loss, expected measured loss, and actual measured loss) apply
to the toll portion of the network as well as to the local portion. Briefly,
the inserted connection loss (ICL) of a trunk is the 1000-Hz loss that
is inserted between outgoing switch appearances when the trunk is
switched into a connection. The expected measured loss (EML) of a
trunk is a computed value which includes the inserted connection loss
and the losses of switched pads, test pads, or test hybrids present
during the measurement. If there are no pads in the test connection,
the expected measured loss is equal to the inserted connection loss.
The actual measured loss (AML) is the 1000-Hz loss measured be-
tween the same two points as those for which the EML has been
computed.

The difference between the EML and the ICL is called the effective
testing loss. It includes the losses of test pads, test hybrids, and switch
pads that may be used at the two ends of the trunk under test. In
some cases, test pad or test hybrid losses are established to compen-
sate for pads used in the trunks (called A pads) which may be
switched out of the trunk during testing. This is done so that the
effective testing loss may be held constant for a particular class of
trunks.

Administration of Loss Objectives

In order to ensure that a toll connection may have the minimum
possible loss consistent with satisfactory echo performance, loss is
allocated among analog trunks according to VNL criteria. Intertoll
trunks should be designed to have an ICL of VNL dB and toll con-
necting trunks should be designed to VNL 4 2.5 dB. Maximum values
have been established to control overall connection losses. The loss
objectives for various types of analog toll trunks are summarized in
Figure 9-1 in terms of ICL.

In the practical administration of trunk losses, some tolerance is
needed in the design objectives. The expression of objectives as a
single value for each type of trunk is convenient for many purposes
but is not realistic for all classes of trunks. Consequently, as can be
seen in Figure 9-1, some designh loss objectives are expressed both
as single values and as ranges of values.

Analog Toll Connecting Trunks. The normal loss objective for toll
connecting trunks is VNL + 2.5 dB (maximum 4.0 dB). For toll con-
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TRUNK TYPE LENGTH, LOSS OBJECTIVE, dB
miles
WITHOUT GAIN GAIN OR CARRIER
Toll Connecting <200 2.0-4.0 3.0 (max. 4.0)
Toll Connecting 200-735* —_ VNL + 2.5 (max. 4.0)
Intertoll .
Final group <<765* —_ VNL (max. 1.4)
High-usage or grade-of-
service group =1850 — VNL (max. 2.9)
High-usage or grade-of-
service group >1850 —_ 0F
Class 1 to class 1 All —_— VNL or 0}
(RC-RC)
Secondary intertoll All 0.5 0
End office toll
Class 5 to class & <<200 — 6.0
Class 5 to class 5 =200 — VNL + 6.0 (max. 8.9)
Class 5 to class 4,3,2,1 <<200 2.0-4.0 3.0 (max. 4.0)
Class 5 to class 4,3,2,1 200-1850* —_ VNL + 2.5 (max. 5.5)
Class 5 to class 4,3,2,1 =>1850 — 3.0%

*Maximum lengths permitted by loss objectives.
TWhere loss is shown as 0 dB, echo suppressors are used.
iEcho suppressor used.

Figure 9-1. Analog toll trunk inserted connection loss objectives.

necting trunks less than 200 miles long on carrier facilities or less
than 15 miles long on voice-frequency facilities, alternative objectives
are applicable. For the VF facilities without gain, a loss of 2.0 to
4.0 dB is acceptable. For VF facilities with gain or for carrier facili-
ties, the objective is 8.0 dB; however, a loss of up to 4.0 dB is
acceptable on the VF facility before an additional gain device must
be added.

A minimum ICL of 2.0 dB is acceptable for very short toll connec-
ting trunks without gain. These are trunks which are intrabuilding
or between adjacent buildings.

Analog Intertoll Trunks. In the network plan for distance dialing, a
number of intertoll trunks may be used in tandem to complete a con-
nection. For vhis reason, the losses allocated to various intertoll trunks
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are the lowest of those shown in Figure 9-1, Note that the loss al-
located to final trunk groups is VNL with a maximum of 1.4 dB per
trunk. This low allocation has been made because final trunks are
those that may be used in connections containing the largest number
of tandem trunks.

Note also in Figure 9-1 that high-usage or grade-of-service groups
longer than 1850 miles and most groups that interconnect regional
centers are operated at 0 dB loss. This is made possible by the use
of echo suppressors on these trunks. Echo suppressors are not used on
trunks that interconnect regional centers that are in near proximity.
This exception applies where the maximum round-trip delay between
end offices served by the two regional centers does not exceed 45 milli-
seconds. The trunks which do not require echo suppressors are
designed to operate at VNL,

Analog End Office Toll Trunks. Any two end offices may be intercon-
nected by direct trunks which permit connections to be established
without being switched through the more complex local or toll por-
tions of the network. When these trunks interconnect two end offices
in separate local areas for which toll rates apply, the trunks are
called end-to-end toll trunks. Similarly, an end office may be connected
by a trunk group to a class 4 or higher office other than its normal
serving office. These trunks are called class 5 to class 4 or higher end
office toll trunks. Losses are allocated differently to these two types
of trunks.

End-to-end toll trunks are designed according to VNL criteria. The
ICL should be VNL + 6.0 dB with a maximum of 8.9 dB regardless
of length. Trunks of this type 200 miles or less in length may be
designed to a fixed loss of 6.0 dB.

Where justified by traffic and economic considerations, it may be
desirable to provide high-usage trunks from an end office to a toll
office other than its normal serving toll office. The ICL objective for
trunks of this type up to 200 miles in length is the same as normal
toll connecting trunks. For trunks between 200 and 1850 miles in
length, the loss objective is VNL -+ 2.5 dB with the maximum ex-
tended to 5.5 dB. This extension is not a relaxation of maximum loss
objectives since it merely recognizes that there are two or more
trunks in the final route as compared to only one in the high-usage
route. Therefore, the high-usage route can be permitted to have a
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loss equivalent to that of two trunks in the final route. Trunks long
enough to exceed the 5.5 dB maximum (1850 route miles) should be
equipped with echo suppressors and assigned a 3.0 dB ICL. There
is no danger that two echo suppressors would be used on a connection
since traffic routing rules specify that these trunks are permitted to
switch only to an office homing on the distant toll office.

Transmission Level Points

The transmission level at any point in a trunk is defined as the
design gain or loss expressed in dB, between that point and an
arbitrary point called the zero transmission level point (0 TLP).
Transmission level points have meaning only for a single trunk and
are not defined for a built-up connection of trunks. The outgoing
switch in a class 5 office at the originating end of a direct or toll
connecting trunk is defined as a 0 TLP. The outgoing switch in an
analog class 4 or higher office at the originating end of either a
toll connecting or intertoll trunk is conveniently designated as a
—2 dB TLP. Other standard and defined transmission level points
include the voice-frequency input and output of a carrier channel
which have been standardized as —16 dB and +7 dB TLPs, respec-
tively. The 0 TLP at the class 5 office and the —2 dB TLP at the
analog toll office result in 0 dB and 2 dB effective testing losses
(test pad values), respectively. For symmetry, the loss between test
access points is 2 dB from transmitting and receiving test equipment
at toll offices. Because of the test access losses, EML — ICL - 2 dB
for toll connecting trunks and EML = ICL - 4 dB for intertoll
trunks. As previously mentioned, the introduction of digital switching
of toll trunks requires changes in trunk losses and in the specification
of TLPs.

Noise Limits

Noise limits for all classes of trunks are given in Figure 9-2. The
values have been adjusted for practical maintenance considerations
and stepped into mileage bands to simplify administration. The circuit
order and maintenance limit and the immediate action limit are re-
spectively about two and three standard deviations greater than the
mean values that represent the capability of present facilities. If the
noise on a trunk exceeds the immediate action limit, the trunk must
be removed from service until corrective action is taken.
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Return Loss and Balance

Via net loss design assumes that the lowest echo return losses in a
connection are encountered at class 5 offices because of the generally
poor impedance match between toll connecting trunks and local loops.
Since additional reflections would further degrade performance, it
is necessary to constrain all intermediate reflections in connections
between class 5 offices. Since the same techniques are effective in
controlling both echo and singing, balancing procedures involve
meeting requirements for singing point or singing return loss as well
as for echo return loss. These procedures are based on improving the
impedance match at critical points in the network.

Through Balance. Since all intertoll trunks are designed on a four-
wire basis, intermediate echoes are prevented except where it is
necessary to convert to two-wire transmission. For example, many
toll offices use two-wire switching machines and, therefore, require
hybrids to effect the necessary four-wire to two-wire conversions.
When intertoll trunks are switched together by a two-wire switching
system, it is necessary that the impedances of all the trunks and the
impedances of all the possible paths through the switching machine
be very nearly the same in order to prevent objectionable echo.
The procedure for effecting this impedance control is called through
balancing.

The through balance requirements are given in Figure 9-3. A trunk
which does not initially meet minimum requirements should not be
turned up for service; subsequently, any trunk that has a measured
return loss below the turndown limit should be removed from service.

Terminal Balance. Via net loss operation of trunks is based on suffi-
ciently low echo magnitudes on all DDD connections. This requires
adequate balance at all points where trunks are switched together
as well as control of echoes on two-wire toll connecting trunks. As
explained previously, where two intertoll trunks are switched to-
gether, the impedance match is called through balance. Where an
intertoll trunk is connected to a toll connecting trunk, the impedance
match is called terminal balance. Terminal balance testing is required
in every two-wire and four-wire toll switching office at which toll con-
necting trunks terminate. Terminal balance requirements are given
in Figure 9-4.



Figure 9-2. Noise limits for toll trunks.

CARRIER OR MIXED FACILITIES, miles
LIMITS, dBrnc
(AT POINT OF VOICE 0 16 51 101 201 401 1001 1501 2501
MEASUREMENT) FREQUENCY " to to to to to to to to to
15 50 100 200 400 1000 1500 2500 4000
36 36 36 36 36 40 40 40 44 46
NONCOMPANDORED
20 28 28 29 31 33 35 36 39 41
30 30 30 30 34 34 34 40 40
COMPANDORED NA
23 23 24 26 28 30 31 34 36
B B = Immediate action limit
A A = Circuit order and maintenance limit
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TURNDOWN
TYPE OF REQUIREMENT MEDIAN, dB MINIMUM, dB LIMIT, dB
Echo return loss 27 21 18
S.mg.mg. point or 20 14 1
singing return loss

Figure 9-3. Through balance requirements.

Figure 9-5 shows the various connections involved in terminal
balance. Terminal balance tests are made from an intertoll trunk
through the switch to a toll connecting trunk and through the distant
class 5 office to a balance termination of 900 ohms in series with
2.16 uF. Thus, three factors may affect terminal balance: the im-
pedance match in the toll office, irregularities in the two-wire toll
connecting trunk facility, and the impedance match at the class 5
office balance termination.

In a two-wire toll office, the interface between the switch and the
toll connecting facility is nominally a fixed impedance of 900 ohms
in series with 2.16 uF. Echo control is accomplished by controlling
the length variability of the two-wire path between the intertoll
hybrid and the fixed impedance point. In electro-mechanical switching
machines, drop build-out capacitors are sometimes used on the shorter
paths to control the variability. In No. 1 ESS offices, there is no pro-
vision for drop build-out, and cabling limits must be closely observed.

In a four-wire switching office, if the toll connecting facility is also
four-wire, the only source of echo is the four-wire to two-wire hybrid
conversion at the class 5 office. However, if the toll connecting trunk
is two-wire, there is a source of echo at the hybrid between the trunk
and the four-wire switching machine. This echo is controlled by the
use of a precision network, shown in Figure 9-5, that matches the
impedance of the two-wire cable facility as closely as possible.

The precision network can provide an impedance match over the
nominal voiceband; however, mismatches may exist at frequencies
above the nominal voiceband. To eliminate the possibility of singing
at some frequency above the voiceband, a low-pass filter should be
used, as shown in Figure 9-6, whenever a path with net gain and
an insufficient low-pass filtering characteristic may exist between the
two-wire sides of the two hybrids in the overall connection.



SINGING POINT OR SINGING
ECHO RETURN LOSS, dB RETURN LOSS, dB
TYPE OF FACILITY
TURNDOWN TURNDOWN
MEDIAN MINIMUM LIMIT MEDIAN MINIMUM LIMIT

Two-wire facilities (interbuilding) 18 13 10.5 10 6 4

or four-wire facilities with two-wire

extensions (interbuilding)
Two-wire facilities with 2-dB pad 22 18 10.5 14 10 4

(intrabuilding)
Four-wire facilities (see note) 22 16 10.5 15 11 4

6l

syunip

NOTE: For four-wire facilities equipped with E-type signalling units which have built-in four-wire terminating sets
with fixed NBO capacitor, the interbuilding two-wire requirement is used.

Figure 9-4. Terminal balance requirements.
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Figure 9-5. Terminal balance arrangements.

Impedance irregularities in the loaded cable pair are also a source
of echo in a two-wire facility; thus, it is necessary to limit variations
in load coil spacing and to avoid conductor gauge changes. A struc-
tural return loss measurement is made as part of acceptance testing
of loaded cable to determine whether echo control is adequate. For
a loaded two-wire facility, the electrical length of the end section
must be adjusted to match as closely as possible the impedance of
the balance termination.

The hybrid balancing network at the class 5 end of a four-wire toll
connecting trunk must match the balance termination of 900 ohms
in series with 2.16 uF combined with the impedance of the cabling
through the switch between the hybrid and the termination.

Analysis of Performance. An evaluation of the adequacy of balance
requirements and the effects of these requirements on toll trunk
design may be made by examining a specific network connection. The
connection to be analyzed is shown in Figure 9-7.
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To 2-wire l—-

switch or
facility 4-wire Precision
— HYB switch network HYe Toll connecting

trunk on 2-wire

cable facility
|_ ———— | Low-pass

filter

Figure 9-6. Application of precision network and low-pass filter.

In the VNL plan for network operation, sufficient losses are as-
signed to toll connecting and intertoll trunks to suppress talker echo
to acceptable values. It is assumed that the only echoes that must be
so controlled are those that originate at the interface between the
loop and the toll connecting trunk at the distant class 5 office. To
justify this assumption, other sources of echo must be considered.
These sources are shown in Figure 9-7 along with the echo paths
from the sources to the talker. The return loss value shown at the
B end class 5 office is assumed as a result of comprehensive studies.
Return losses shown at the other offices are the result of meeting
balance requirements.

In order to simplify the analysis, a number of assumptions are
made. Assume that the two toll connecting trunks are identical and
short enough so that VNL + 2.5 — 38 dB and that the connection
between the two class 4 offices is made up of three four-wire intertoll
trunks whose ICLs are 1.4, 2.6, and 1.4 dB, respectively. Next, assume
that each echo return loss is equal to the median value.

Now, consider the equivalent values of these return losses as re-
ferred to the class 5 office at the A end of the connection. For con-
venience, the four return losses are designated Lsa, Lzp, Lsg, and Lsp.
The translation of these return losses involves the determination of
round-trip path loss for each echo; i.e., twice the sum of the inserted
connection losses between the echo sources and the A end must be
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6 ‘doyd

qQ dunil jjoL

ubiso

g6l



196 Trunks Vol. 3

added to the return losses. Thus, the eqmvalent return losses referred
to the class 5 office at the A end are:

Lsa =27 4+ 2(1.4 4+ 3.0) = 35.8dB

Les =27 + 2(2.6 + 1.4 + 8.0) = 41.0dB

Lz =18 +2(1.4 +2.6 + 1.4 4+ 3.0) = 34.8dB

Lsz =11 4+ 2(3.0 4 1.4 + 2.6 4 1.4 + 3.0) = 33.8 dB.

Within a few dB, the four sources of echo appear to be nearly
equal in terms of echo return loss values referred to the A end of the
circuit. For the echoes under consideration, the time delays are likely
to be significantly different and since little is known about the sub-
jective effects of multiple echoes, the total interfering effect cannot
be evaluated. Therefore, consider the relations between the echo re-
turn losses at the toll offices, Lsa, Lss, and L4p, and that at the distant
class 5 office, Lsg.

The return loss, Lza, has nearly the same value as that of the end
office, Lss. However, the class 3 office is much closer to the A end of
the connection. The short echo delay would make the echo from the
class 3 office much less annoying than that in the distant class 5
office. Thus, while a quantitative evaluation of the interfering effect
of the two echoes cannot be given, it seems reasonable that perfor-
mance would not be significantly degraded by the echo from the
class 3 office.

The echo from the other class 3 office is more than 7 dB lower than
that from the B end office. While the delays of these two echoes are
more nearly alike, the lower amplitude of the echo from this class 3
office would add less than 1 dB to the interfering effect even if the
two echoes were combined on a power basis.

It is concluded, then, that the echoes from the class 3 offices do not
significantly degrade the echo performance of the connection. It thus
appears that the through balance requirements of 27-dB echo return
loss at these class 3 offices result in an adequately low echo. If there
are additional two-wire offices in the connection, performance may
become marginal. However, most class 1 and 2, and many class 3
offices are four-wire and the likelihood of having additional two-wire
offices in the connection is remote.

Finally, relate the terminal return loss performance of the distant
class 4 office, Lsg, to that at the B end class 5 office, Lsz. These two
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values are nearly the same and, since the toll connecting trunk is
assumed to be short, the delays are about equal. Thus, the two echoes
may add (presumably by power) and result in an effective echo re-
turn loss of about 31 dB referred to the class 5 office at the A end
of the connection. While network echo performance is generally re-
garded as satisfactory, this result indicates the possible desirability
of increasing the loss of toll connecting trunks, of making the
terminal balance requirements for two-wire toll offices more stringent,
or of increasing the use of four-wire toll connecting trunks. Where
four-wire trunks are used, the terminal balance requirement is in-
creased from 18 to 22 dB. This increase results in the equivalent
return loss from the distant class 4 office (Liz) being 5 dB higher
than that from the B end class 5 office (Lsg). This value causes only
small degradation of overall performance.

This illustration of return loss relationships shows the importance
of meeting and maintaining balance requirements. In practice, much
more complex relationships exist. In the illustration, mean values are
used throughout but it must be remembered that each distribution
has a substantial standard deviation and that values of delay vary
widely from connection to connection. Economic pressure has tended
to make the use of two-wire toll connecting trunks attractive but the
costs of short-haul carrier facilities for toll connecting trunks are
being reduced which makes the long-term objective of a median 22-dB
return loss at class 4 offices appear achievable. The high variability
of loop impedances and the high cost of reducing that variability make
it desirable to continue to allocate most of the requirement to the
class 5 offices.

Facility Selection

A number of precautions should be observed in the selection of
toll trunk facilities so that transmission objectives may be met for
both voice and data. These precautions pertain generally to the use
of carrier systems and channels.

Toll trunks should be assigned, wherever possible, to channels in the
multiplex equipment where performance is not significantly affected
by band-edge attenuation/frequency and delay distortions. Such dis-
tortions may accumulate due to the tandem connection of toll trunks.
Band-edge channels in the multiplex may be used for other purposes.
The number of carrier channels in tandem in a single trunk should
be as few as possible and not exceed three.
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The use of compandored systems should be limited in the network.
Normally, only one compandored facility should be included in any
trunk and compandored facilities should not be used on trunks inter-
connecting class 1 and class 2 offices.

9-2 ECHO SUPPRESSORS

Echo magnitude can be reduced by increasing the transmission
losses in the connection; however, the added loss also reduces the
volume of received speech. Therefore, echo suppressors are used on
connections where the amount of loss needed for echo control would
be excessive. Basically, an echo suppressor is a pair of voice-operated
switches which insert a high loss (85 dB or more) into the echo return
path when speech energy is present in the direct path.

Types of Echo Suppressors

Figure 9-8 is a block diagram showing two echo suppressors in-
serted at the terminals of an intertoll trunk. This configuration is
known as a split terminal echo suppressor because each suppressor
provides suppression for one talker only and because there is one at
each terminal of the intertoll trunk. Speech energy from A is detected
by the echo suppressor at the B end of the trunk. The echo suppressor
then switches the loss Ly into the path from B to A to suppress the

Echo suppressor

[ 1
l I Intertoll trunk
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| | —|— l
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| e —
| | | Speech
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Echo suppressor

Figure 9-8. Intertoll trunk with split terminal echo suppressors.
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echo generated at the B end of the trunk. The echo suppressor at the
A end provides the same function for the speech signal from B.
Threshold circuits determine the sensitivity of the echo suppressor
detection circuitry. The sensitivity is adjusted so that the echo sup-
pressor does not operate in response to normal circuit noise but does
operate on speech energy.

The full terminal echo suppressor, shown in Figure 9-9, provides
suppression for both directions of transmission at one terminal. The
portion of the device which suppresses echoes from A is essentially
the same as the split echo suppressor. The portion which suppresses
echoes from B is different in that it must be adjusted to account for
the delay of the echo in the intertoll trunk in addition to the delay
in the toll connecting trunk and loop.

Intertoll trunks equipped with echo suppressors sometimes carry
data signals. Some data sets require the ability to transmit and
receive signals simultaneously. Therefore, a tone-operated disabler
is used to prevent suppressor operation. When the called data set
goes off-hook, it transmits a single-frequency signal in the range of
2000 to 2200 Hz for at least 400 milliseconds. The disabler, which is
bridged across the transmission paths in the echo suppressor, rec-
ognizes the tone and operates a relay to disable echo-suppressor
operation. The suppressor continues to be transparent to line signals

Echo suppressor
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Figure 9-9. Intertoll trunk with full terminal echo suppressor.
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as long as data is being transmitted. If the data signal ceases for a
100 millisecond or greater period, the suppressor reverts to normal
operation. The frequency selectivity and pickup time of the disabler
guard against false disabler operation by speech.

Application of Echo Suppressors

Proper application of echo suppressors involves a number of
problems that must be carefully considered. First, the multilink con-
nections that may have loss or delay conditions that require echo
suppressors must be determined. In addition, echo suppressors must
be located so that only one full or two split suppressors are in any
connection. Finally, the proper echo suppressor and associated. circuit
adjustment options must be selected for the variety of conditions that
may be encountered on switched connections.

In the network plan for distance dialing, echoes on connections in
which the echo path delay exceeds 45 milliseconds must be controlled
by echo suppressors. Intraregional connections do not require echo
suppressors because the maximum intraregional round-trip delay does
not exceed the 45-millisecond limit. However, interregional trunks
are equipped with echo suppressors when the round-trip delay in
interregional calls using these trunks may exceed the limit.

Selection of Trunks Requiring Echo Suppressors. There are two categories
of interregional trunk groups, regional center-to-regional center
final groups and high-usage interregional groups. The latter category
includes interregional grade-of-service groups. Usually, trunks be-
tween regional centers require echo suppressors and interregional
high-usage trunks do not. However, there are exceptions in both cases
depending on the loss and delay involved [2].

Regional Center-to-Regional Center Trunks. The round-trip echo
delay between any toll office and the most distant end office in the
final routing chain is called end delay for that toll office. The end
delay for a regional center can be as great as 22.5 milliseconds. Thus,
a call routed from one regional center through another may encounter
a 22.5-millisecond end delay in each region or a combined end delay
of 45 milliseconds without allowing for any delay in the interregional
trunk. For that reason, most interregional trunks should be equipped
with echo suppressors. Exceptions are interregional trunks with very
short delays between regions that are very compact geographically.
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Interregional High-Usage Trunks. The end delay from lower-class
toll offices is less than that from regional centers. Thus, in determining
the need for echo suppressors on high-usage trunks, it is common
practice to assume 10 milliseconds as the maximum end delay since
at least one end of each high-usage trunk terminates below the
regional center in the hierarchy. Thus, echo suppressors should be
used on all high-usage trunks having round-trip delays of 25 milli-
seconds or more. This delay corresponds to a VNL of 2.9 dB.

Assignment of Types of Echo Suppressors. The type of echo suppressor
assigned depends on the length and type of trunk. Full echo sup-
pressors of early design can be used on trunks between 1850 and
2500 miles long.

Full echo suppressors of late design can be used on any terrestrial
trunk less than 3800 miles long. This includes any terrestrial trunk
in the continental United States, Canada, and Mexico. For trunks
longer than 2500 miles, full echo suppressors of the latest design or
split echo suppressors must be used. Split echo suppressors can be
used on all trunks requiring echo suppressors.

Loss on Trunks Equipped with Echo Suppressors. On trunks equipped with
echo suppressors, suppression loss controls echo. As a result,
stability, noise, and crosstalk are the controlling trunk loss considera-
tions. None of these requires loss on a trunk using all four-wire
facilities between toll offices. Therefore, intertoll trunks with echo
suppressors should be designed with an ICL of 0 dB or as close to
this value as possible.

End office toll trunks more than 1850 miles long between class 5
and class 4 or higher offices should be designed with echo suppressors
and an ICL of 8.0 dB. The fixed loss is included in order to reduce
the loudness contrast between such connections and the more normal
DDD connections. The latter includes the fixed-loss portions of two
toll connecting trunks.

9-3 TOLL CONNECTING TRUNK DESIGN

The design of toll connecting trunks is primarily a matter of meet-
ing loss and balance requirements. Losses must satisfy the via net
loss plan and must include all the loss components of the trunk.
Terminal balance requirements can be met only when the impedances
involved in trunk design properly match the impedance of connected
circuits.
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Loss Components

The basic ICL objective for toll connecting trunks is VNL 4 2.5 dB.
The actual design loss may vary from this value since adjustments
may be needed for uncompensated temperature variation (UTV),
delay loss (D), high-loss operation (A pad value), and a final adjust-
ment (=A4.) to place the design value of the EML on the nearest
automatic transmission test and control (ATTC) frame class mark.
The actual ICL is thus the sum of VNL 4 2.5 dB and these four
additional components.

Uncompensated Temperature Variation. Changes in temperature cause
changes in the attenuation of cable conductors. Uncompensated tem-
perature variation represents a change in trunk loss with temperature
for which there is no compensation. The losses normally assumed
are those at 55 degrees Fahrenheit. At temperature extremes, trunk
losses may be appreciably different from the assumed values. To
avoid operating circuits at less than the computed minimum loss, a
portion of the UTV is sometimes added into the computation. If the
UTYV is 1.0 dB or less, no correction is made; if the variation is 1.1 dB
or more, a correction of UTV/2 is made.

Delay Loss. An additional loss component is included in the EML
of a trunk in order to compensate for the absolute delay contributed
by any delay equalizers used on the trunk. These equalizers may be
included in the design of a trunk if the facilities (including the delay
equipment) are also shared on an occasional basis with a private
line service. The value of delay loss, D, (in dB) is computed by
D = 0.1 X (sum of 1000-Hz round-trip delays in milliseconds of all
delay devices in the circuit).

High-Loss Operation of Toll Connecting Trunks. Four-wire No. 4 cross-
bar toll switching machines can be equipped to take advantage of
the fact that trunks on carrier facilities generally have additional
gain available which, if added to a connection, makes it possible to
increase the loss of metallic toll connecting trunks by an amount equal
to the available gain. The method of accomplishing this is referred
to as high-loss design. Switchable A pads are included in all inter-
toll carrier trunks that can be switched to high-loss toll connecting
trunks. The losses of the toll connecting trunks may be increased
by an amount equal to the value of the A pads. When the carrier
trunk is switched to the high-loss trunk, the machine switches out
the A pad effectively transferring available gain from the inter-
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toll trunk to the toll connecting trunk. Steps must be taken to ensure
that high-loss trunks are never switched to other high-loss trunks.
The decision to use high-loss or low-loss design is made on an
economic basis. It is necessary to take into account the additional
costs resulting from administering separate high-loss and low-loss
trunk groups and from the extra maintenance costs required for
testing the switched pad. With the increasing use of T-type carrier
systems for toll connecting trunks, high-loss design becomes less
desirable economically.

Figure 9-10(a) illustrates an intertoll trunk equipped with a 7-dB
switchable A pad at each end. The trunk is shown with the A pads
switched out of the circuit and test equipment connected through loss
which may be test pads (TP 9) or 9-dB test hybrids. The effective
testing loss (ETL) still remains 2 dB (9 — 7 dB) at each end of
the trunk.

Figure 9-10(b) shows the same trunk switched into a connection
between high-loss and low-loss toll connecting trunks. On the left end,
the A pad is switched out of the connection to compensate for the
additional loss permitted in the high-loss toll connecting trunk. On
the right end, the A pad remains in the circuit since that connection
is to a low-loss toll connecting trunk.

Class Mark Adjustment. The ATTC class mark is the nearest loss
value which can be obtained by the automatic transmission test and
control frame which compares the actual measured loss with the
specified class mark representing the expected measured loss of the
trunk being measured. The class mark can only be set in 0.3 dB steps
from 3.9 through 12.0 dB. The EML must first be computed to the
nearest 0.1 dB and the resultant is adjusted to the nearest ATTC
class mark. The ATTC adjustment is added to or subtracted from both
the EML and ICL.

Computation of EML. The EML of the trunk is the sum of the ICL
and the effective testing losses. Effective testing loss, as previously
mentioned, is the difference between test pad or test hybrid losses
and any A pads that are switched out during testing conditions. The
ETL used in the switched network is normally 2 dB for each class 4
or higher switching office. Test pads are not normally provided at
class 5 offices. Therefore, the EML for toll connecting trunks is:

EML = VNL + A padloss + UTV/2 4+ D 4 25 = A. + ETL (9-1)
where VNL = via net loss factor X trunk length in miles 4+ 0.4 dB.
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Trunk Length Considerations

Toll connecting trunk lengths vary from very short (intrabuilding
or between adjacent buildings) to a maximum length of 735 miles.
Also, the type of facilities used in the design of these trunks differs
with length. The shorter trunks use two-wire nonloaded cable pairs;
gain devices, loading, and four-wire design or carrier facilities are
employed progressively as trunk length increases.

For short toll connecting trunks with no gain devices, a 2.0 dB
minimum loss is acceptable if balance requirements are met. Non-
repeatered trunks whose ICLs would be less than 2 dB must be
provided with 2-dB pads at the toll office to meet terminal balance
requirements. Figures 9-11 (a) and (b) illustrate short toll connecting
trunks from a class 5 office to a two-wire switching machine and to
a switchboard. Fixed-loss pads or an impedance compensator must
be provided on nonloaded trunks; for longer trunks, gain may be
required at the class 5 office end. Figure 9-11(c) shows a longer trunk
in which an impedance compensator and an E6 repeater are used.

The length of two-wire toll connecting trunks can be further ex-
tended by using loaded facilities, by adding gain at the class 5 office,
or by adding gain at an intermediate office. If the repeater is located
at the toll office, it is difficult to meet terminal balance objectives
because the return loss due to structural irregularities of the cable
is reduced by the repeater gain. No more than one intermediate
repeater can be used.

Where two-wire facilities are switched by a four-wire machine at
the toll office, the loss of the conversion hybrid may cause the ICL
to exceed the design objectives and makes high-loss operation de-
sirable. However, with loaded cable and the optional use of gain, as
shown in Figure 9-12(a), either high- or low-loss operation is possible.

Beyond the lengths feasible for toll connecting trunks on two-wire
facilities, four-wire transmission must be used. This can be provided
by either repeatered four-wire VF or carrier facilities as illustrated
in Figure 9-12 (b).

Impedance Matching

All class 5 office trunk terminations are nominally 900 ohms; all
toll office terminations are nominally 600 ohms, with the exception
of the 900-ohm terminations used in crossbar tandem offices. Proper
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Figure 9-11. Toll connecting trunks utilizing two-wire nonloaded facilities.

termination of trunks to match local and toll office impedances is
absolutely necessary if terminal balance requirements are to be met.
The nominal office terminating impedance determines the selection of
suitable repeating coils or four-wire terminating sets so that at the
point of switching, a common impedance is presented by all trunks.
Where repeating coils are required at local offices for signalling pur-
poses, the use of the optimum ratio substantially eliminates any
reflection loss which would result from dissimilar impedances. Design
layouts which result in more than one repeating coil in any path
through a toll office should be avoided.

Figure 9-13 (a) shows a two-wire trunk transformed to a four-wire
trunk at a four-wire switching machine. Here, a precision network
simulates the impedance of the specific two-wire trunk facility it
balances, In Figure 9-13(b), a four-wire terminating set uses a
repeating coil hybrid as an interface between a four-wire trunk
facility and a two-wire switching machine. Since the hybrid must be
balanced against a variety of loop impedances through the switching
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Figure 9-12. Toll connecting trunks to four-wire switching machine.

machine, a compromise network consisting of 900 ohms in series with
a 2.16 uF is used.

Loaded two-wire trunks may require impedance compensators at
the toll office to make the sending-end impedance of a loaded cable
pair substantially uniform and predominantly resistive in the fre-
quency range from about 1000 Hz up to about 85 percent of the
high-frequency cutoft.

It is common practice to use a half-loading section to terminate
loaded pairs at the central office. The impedance characteristic of a
loaded pair at the half-way point of a loading section has a resistance
component which increases with frequency and a very small negative
reactance component. The compromise network in the intertoll trunk
circuit has a fixed resistance at all frequencies. Since the resistance
component of the trunk impedance increases with frequency, the re-
turn loss at the compromise network deteriorates with increasing fre-
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Figure 9-13. Use of precision and compromise networks.

quency ; the amount of deterioration depends on the cutoff frequency
of the loading system. With H88 loading, the 3000-Hz return loss is
about 9 dB. To improve this return loss substantially, it is necessary
to keep the cable pair impedance relatively constant over the fre-
quency range. The improvement is accomplished by the use of an
impedance compensator at the toll office.

The compensator is a simple circuit arrangement consisting of a
bridged adjustable capacitor, a high-frequency corrector circuit, and
a low-frequency corrector circuit connected in tandem as shown in
Figure 9-14. The capacitor is used to build out the end half-section
of the loaded cable to approximately 0.8 of a full section. The resis-
tance component of the impedance of the 0.8 full section is substanti-
ally uniform over the frequency range up to a high fraction of the
cutoff frequency and the reactive component becomes increasingly
negative with frequency. The high-frequency corrector has a positive
reactance proportional to frequency which tends to cancel the negative
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Figure 9-14. Impedance compensator.

reactance over the frequency range in question. This results in an
impedance substantially resistive and of fairly uniform value between
1000 Hz and 85 percent of the cutoff frequency.

9-4 INTERTOLL TRUNK DESIGN

The design of intertoll trunks involves problems similar to those
encountered in the design of toll connecting trunks. Both loss and
balance requirements must be satisfied to meet the needs of the via
net loss plan. In intertoll trunk design, failure to meet balance
requirements calls for an adjustment in the form of increased loss.

Loss Components

The design objective for the inserted connection loss of intertoll
trunks under the VNL plan must be adjusted for uncompensated
temperature variation, delay loss, and adjustment of the expected
measured loss to the nearest test frame class mark. An additional
factor, not previously discussed under toll connecting trunks, is a
loss adjustment that must be made where a terminating office does
not meet balance requirements.

Balance Deficiency Loss Adjustment. Included in the design ICL may
be a loss adjustment to offset the effects of through and terminal
unbalance. This loss is added to provide acceptable echo performance
on trunks that terminate at two-wire toll switching points or at
two-wire switchboards.
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The ideal value of this loss, zero, is used when the office is balanced
satisfactorily. Figure 9-15 lists the loss adjustment in dB to be in-
cluded in ICL calculations for median values of office through balance.
If the median office balance has not been determined by measure-
ment, a loss adjustment value of 0.3 dB is assumed. If the adjustment
is not the same for both terminal offices of the trunk, the higher value
only is applied.

OFFI D NCE LOSS ADSUSTMENT, dB
27 0.0
21 0.3
18 0.6
16 0.9
15 1.2
14 1.5

Figure 9-15. Loss adjustments for through balance deficiency.

Where terminal balance requirements are not met, a 2.0 dB incre-
ment is added to the ICL for all intertoll trunks which are terminated
in that office. When such an adjustment is made, no adjustment is
required for through balance deficiency.

Expected Measured Loss. The EML for intertoll trunks is the ICL
plus the adjustments discussed above and the effective testing losses.

Thus,
EML=VNL+4 B+ UTV/2+D =+ A.+ ETL (9-2)
where B = loss adjustment for balance deficiency
UTYV = uncompensated temperature variation
D = delay loss
A. = test frame class mark adjustment
and

ETL = effective testing loss, normally 4 dB.
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Intertoll Trunk Layout

Figure 9-16 shows the layout and level diagram of a typical inter-
toll trunk between regional centers. Single-frequency signalling units
are shown and are required for supervisory signalling even when
multifrequency pulsing is employed. A full echo suppressor is in-
cluded in accordance with application rules. The values of the level
adjusting pads Pr and Pr are computed to provide proper trans-
mission level points at the carrier channel input and output. The
A pads provide for high-loss toll connecting trunk operation at both
ends of the intertoll trunk. Trunk circuits provide trunk terminations
and connections to the switching machines. Connections to test
hybrids (TH) are shown in the standard office testing arrangements.
Since an echo suppressor is used, the ICL is 0 dB and, with the A pad
and test hybrid arrangements shown, the EML is 4 dB.

Secondary Intertoll Trunks

A secondary intertoll trunk is used to interconnect a toll switching
machine and its associated manually operated switchboard in the
same or an adjacent building. If the switchboard is remote from the
switching machine, the trunks are classed as intertoll and the switch-
board must be assigned a separate class in the hierarchy (the highest
class allowed is 4).

Secondary intertoll trunks are separately identified because they
are extra trunks in the hierarchical plan and should be designed on a
four-wire basis as are most other intertoll trunks. They also differ in
that they can and should be operated at 0-dB loss when designed
without gain devices and switched by No. 4A crossbar switching
machines with A pads.

9-5 IMPACT OF DIGITAL SWITCHING ON TOLL TRUNK DESIGN

The introduction of No. 4 ESS makes possible the switching of
digital signals without conversion to analog form. The implications of
this capability have made necessary the development of a new trans-
mission plan for the message network with provision for digital
switching and transmission facilities. The purpose of this plan is to
assign transmission losses and level points that facilitate plant mainte-
nance and network administration while providing the best possible



SF
signalling
wnit

Pr

Lt

7 dB A pads

T

Trunk
circuit

Carrier
channel
~16 dB +7dB
P
SF
Trunk Echo . .
circuit 7 dB A pads suppressor S'Qna!h"g
unit
Pu
+7d8B —16d8

HYB HYB N
THO TH9
1 A ° ° A o (a) Four-wire trunk Lo_7r°_‘°7l_l

o

—4.0

(b) TLPs for transmission from A to B

Figure 9-16. Intertoll trunk layout and level diagram.

[ARA

sjunay

€ 'I°A



Chap. 9 Toll Trunk Design 213

grade of service. In addition, the plan provides for a smooth transition
from the existing analog switching network to one with both analog
and digital capabilities.

Loss Plan For All Digital Network

The via net loss plan is not well suited to an all digital network.
As indicated previously, the VNL design plan provides for control of
talker echo by assigning toll trunk loss as a function of length. In an
all digital network, signals are digitally encoded into bit streams at
the class 5 office and the encoded signals are switched at toll offices.
The added loss required by the VNL plan would require either the
conversion of the digital signal to an analog signal, insertion of the
required loss and reconversion to a digital signal, or changing the
encoded signal amplitude by digital processing techniques. Both of
these techniques would be costly and would introduce transmission
impairments. For these reasons, a study was made to determine if
talker echo could be controlled by a loss plan which would permit toll
trunks to be operated at fixed loss [3].

The Fixed Loss Plan. A fixed loss of 6 dB for connections of any
length appears to be a reasonable compromise between the desirability
for lower loss on short connections and the need for higher loss on
longer connections to control talker echo. In the fixed loss transmission
plan, 3 dB of loss is allocated to each toll connecting trunk and 0 dB
to all intertoll trunks.

Figure 9-17 compares the loss/noise grade of service and echo
grade of service as functions of the airline mileage per connection
for this plan with those for VNL design. The curves show a marked
improvement in loss/noise grade of service, particularly for longer
connections. However, there is a small decrease in echo performance
which is more than offset by the increase in loss/noise grade of
service. The echo grade-of-service values shown assume that a digital
echo suppressor is applied on longer connections. While the echo grade
of service without echo suppressors decreases beyond 800 miles,
present studies indicate that performance will be satisfactory if echo
suppressors are applied on trunks longer than 1850 miles. However,
this value may be changed if, as anticipated, the performance of
digital echo suppressors is improved and the cost is substantially
reduced.
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Figure 9-17. Grade of service for digital and analog networks.
Figure 9-18 compares the fixed loss transmission plan with the via

net loss transmission plan, Because of the lower end-to-end loss in a
fixed loss connection, the echo grade of service is more sensitive to



CONNECTION

FIXED LOSS DESIGN

Toll connecting trunks 3.0dB VNL + 2.5 dB (4 dB max.)
LOSS Intertoll trunks 0dB VNL (1.4 dB max., final groups;
2.9 dB max., high-usage and
full groups)
Overall connetion 6.0 dB Mean 5.8 to 8.2 dB depending on
Class 5 to class 5 length
BALANCE REQUIREMENTS MEDIAN MINIMUM MEDIAN MINIMUM
Intrabuilding 22 dB 18 dB 22 dB 18 dB
ERL Interbuilding
Two-wire facility 22 dB 16 dB 18 dB 13 dB
Four-wire facility 22 dB 16 dB 22 dB 16 dB

Figure 9-18. Comparison of fixed loss and via net loss plan requirements.
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the addition of intermediate echoes. In particular, the terminal balance
requirements for the control of echo generated in toll connecting
trunks must be more stringent for fixed loss than for via net loss
design.

Digital Level Plan. The concept of transmission level point applies
strictly to analog transmission. It has no real meaning in digital trans-
mission except where the signal is in analog form. Nevertheless, the
concept of TLP is a powerful one that can be retained.

It is desirable in the fixed loss network to retain the 6-dB loss for
test conditions so that all trunks have an EML of 6 dB. To accomplish
this, the transmitting and receiving test equipment at digital offices
must be equipped with 3-dB pads and analog-digital converters. Be-
cause of the use of 8-dB test pads, the No. 4 ESS can be considered
a —3 dB TLP even though signals are in digital form. Since the path
through the machine is lossless, the —3 dB TLP applies to the in-
coming as well as the outgoing side of the machine, a feature unique
to digital switching machines,

Combination Analog-Digital Network

With No. 4 ESS machines now operating in the switched network,
the first steps have been taken to integrate the fixed loss plan with
the via net loss plan. In order to make the analog-digital network as
much like the analog network as possible, the combined network must
conform to the following constraints:

(1) The EML and ICL must be symmetrical, i.e., the same in both
directions.

(2) The —2 dB TLP at the outgoing side of analog toll switches
and the 0 dB TLP at class 5 offices must be retained.

(8) The present input and output transmission level points of all
transmission facilities (—16 dB and 47 dB) must be retained.

(4) The existing lineup and testing procedures for D-type channel
banks must be retained.

These constraints result in loss and level plans which dictate changes
that must be made in the present network as digital switching
machines are introduced.
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Figure 9-19 shows how the No. 4 ESS may be interconnected in
the switched message network. The trunks in this figure include the
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Figure 9-19. Intertoll and foll connecting trunk loss.
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various types that must be used in the combined analog-digital net-
work :

(1) Analog trunks terminate at voice interface units (VIU) at the
digital switching machine.

(2) Combination trunks use digital facilities and terminate at
digroup terminals (DT) at the digital switching machine and
D-type channel banks at the other end.

(8) Digital trunks use digital facilities and terminate on digroup
terminals at both ends. Only trunks between digital switching
machines can be of this type.

Voice interface units process analog voice-frequency signals by pulse
code modulation for digital switching. Digroup terminals process
digital bit streams into individual digital signals for switching.

Combination intertoll trunks must be designed to have ICLs of 1 dB
to be consistent with the —2 dB and —8 dB TLPs at analog and digital
offices, respectively. A design loss of 1 dB is higher than the VNL for
short trunks and less than the VNL for long trunks. Detailed studies
show that typical connections involving 1-dB combination trunks have
better loss/noise and echo grades of service than VNL design. This
improvement is caused by the decreased noise and delay of digital
facilities relative to analog facilities. However, it was found that con-
nections utilizing 1-dB intertoll trunks on analog facilities have poorer
loss/noise and echo grades of service than those utilizing normal VNL
design. For this reason, analog intertoll trunks should be designed
according to VNL rules.
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Chapter 10

Through and Terminal Balance

Through balance and terminal balance are the terms used to de-
scribe the processes of measurement, adjustment, and evaluation as
applied to the control of echo and singing in a switched network. For
a full appreciation of through and terminal balance, it is necessary
to understand the impedance relationships at various interface points,
the ways in which echo and singing can be controlled, and the ap-
plicable objectives. In addition, balance measurements, the use of
various types of apparatus, and the procedures applied in attaining
satisfactory balance must also be thoroughly understood. The balanc-
ing procedure is presented in general terms without regard to specific
types of switching equipment, testing arrangements, or office layouts
in order to highlight the steps required to balance an office and to
clarify the overall task. Familiarity with the testing sequence is
necessary for an overall understanding of through and terminal
balance concepts.

10-1 IMPEDANCE RELATIONSHIPS

Intertoll trunks are provided on four-wire transmission facilities
which must be converted to two-wire transmission facilities wherever
two-wire machine switching or operator connections occur. The ter-
mination of the four-wire facility and the conversion to two-wire
transmission is accomplished by a four-wire terminating set that
employs a transformer-type hybrid coil with a balancing network.
This type of interface is designed to permit the desired transfer of
power from the four-wire facility receiving path into the two-wire
facility and from the two-wire facility into the four-wire facility
transmitting path. However, the nature of the hybrid coil is such

219
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that any impedance mismatch between the two-wire path and the
balancing network causes undesirable reflected power. Therefore, con-
trols are necessary to achieve the best match of the impedances.

Control of echo and singing involves matching the impedance of the
balancing network in the four-wire terminating set to the impedance
of the two-wire facility to minimize power reflections in the trans-
mitting path of the four-wire facility, Balance primarily consists of
matching (or balancing) the capacitance of the interconnection path
of intertoll trunks with other intertoll or toll connecting trunks to
the capacitance in the balancing networks of the associated four-wire
terminating set. In the circuit of Figure 10-1, the network build-out
capacitance (NBOC) of the four-wire terminating set should be equal
to the sum of the capacitance of the cabling and circuitry of any path
through the switching office and the equivalent capacitive component
of its connected trunk input impedance. For an ideal impedance
match, Z; should equal Z.; therefore,

NBOC +Ca=Cor+ 3 Ce

and
Ra = Rb + 2 Rc
Incoming intertoll | Cross-office path #{ Outgoing intertoll
:;unlf ﬁ;cilify or toll connecting
-wire i
R R. R. trunk facility
———O0AVW—$—
1
>
: gk. i Ce §Rb
I 2-wire toll
j; C:MP swithching 4 C
ET. i N
NBOC : | ’.I r switchboard T
Z, Z
l —‘L 1 Z2 L.
rsTN\Ca /P b
Li—_

Equivalent input
impedanice of 2-wire
side of 4WTS or
Equivalent T network of office 2-wire trunk
cable and relay circuitry

Figure 10-1. Equivalent network of office impedances.
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Such an ideal match cannot be achieved in practice because of the
many possible two-wire connections within a toll switching office.
Also, a trunk in a toll switching office may be connected to many
different trunks; while all of them have a fixed nominal impedance,
the actual impedance varies due to different types and lengths of office
cable and the normal variation among different items of equipment.

In balancing an office, compromise impedances are used to provide
the best impedance matches possible across the hybrids of the greatest
number of intertoll trunks. The built-in balancing network of a four-
wire terminating set consists of a compromise network, the impedance
of which is equal to the nominal trunk input impedance* (600 or
900 ohms in series with 2.16 uF), and an externally connected ad-
justable network build-out capacitor. Thus, in Figure 10-1,

R, = 600 or 900 ohms
and
Ca = 2.16 MF-

The resistance component, the summation of R, is controlled only
by limiting the maximum resistance of the two-wire cross-office path.
The capacitance, C,, has a value equal to the nominal value of Cp. In
the process of balancing an office, the NBOC is set to match the total
cross-office capacitance, the summation of C..

Figure 10-2 shows the sensitivity of both capacitive and resistive
unbalance in a typical test arrangement. Curve A represents the re-
turn loss performance when the circuits are well balanced. The other
curves show the return loss degradation for different values of
resistance and capacitance between the four-wire terminating sets.

Ideally, cross-office paths would have office cable and apparatus
causing little or no modification of a terminating impedance; the
impedance facing the four-wire terminating set would thus be rela-
tively constant and matched to the compromise network. However,
varying cable lengths and switchbank and switchboard multiples cause
variations in cable capacitance. Consequently, adjustable build-out

*These nominal impedances are often used loosely to identify central offices
which may be referred to as “600-ohm” or “900-ohm” offices.
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Figure 10-2. Sensitivi';y of capacitive and resistive imbalance.

capacitors are provided on all two-wire office paths to permit narrow-
ing the range of the two-wire line impedances presented to the four-
wire terminating set. These capacitors are commonly referred to as
drop build-out (DBO) capacitors and are located in the trunk relay
circuit. A common value of NBOC, unique to the equipment and wiring
arrangements of a particular switching office, is set into the compro-
mise networks of all four-wire terminating sets in the office. Drop
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. build-out capacitors are then adjusted, where necessary, on individual

two-wire office paths so that the DBO capacitance plus the capacitance
of the office cabling and circuitry matches within limits the capacitance
of the NBOC in any connection through the office.

10-2 CONTROL OF ECHO AND SINGING

It has been shown by subjective tests that talker echo is a serious
form of transmission impairment when echo amplitude is high and
delay is also large. Another serious form of transmission impairment
occurs when return losses are small and power is returned at a single
frequency with sufficient magnitude to start self-sustained oscillation.
This impairment, called singing, may occur where the round-trip gains
exceed the losses around a circuit [1].

The voiceband frequencies in switched network connections are
normally limited by the four-wire facilities to the 200- to 3200-Hz
range, a range over which echo, singing, and near-singing impair-
ments must be considered. The frequencies at which most talkers find
echo objectionable are in the 500- to 2500-Hz range. At these fre-
quencies, the talker usually complains of echo somewhat before sing-
ing occurs. Therefore, the balance objectives for control of the return
loss in this frequency range are more stringent than those for other
frequencies in the voiceband. Singing generally occurs in the fre-
quency ranges from 200 to 500 Hz and 2500 to 3200 Hz. Singing or
near singing in these ranges is usually noticed by a talker before echo
becomes objectionable. Consequently, both through and terminal
balancing procedures include separate tests to evaluate each of the
impairments, i.e., echo return loss and singing return loss (singing
point). The results of both measurements are necessary to evaluate
balance in a given circuit.

Via Net Loss Design

The VNL design specifies trunk losses necessary to control echo in
the switched message network. The plan is based on an overall con-
nection loss of VNL 4 5 dB from class 5 office to class 5 office which
takes into account the distribution of return losses of subscriber loops
at class 5 offices. Each of the two toll connecting trunks in an overall
connection is assigned 2.5 dB; in addition, VNL dB is assigned to all
trunks not equipped with echo suppressors. The VNL design plan
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assumes that significant reflections occur at class 5 offices that must
be compensated by designed loss and that no significant reflection
occurs from the interconnection of trunks at toll switching offices. As
a result of the latter assumption, effective operation of the plan
depends on meeting and maintaining through and terminal balance
objectives.

Additional loss (called a B-factor) was, until recently, assigned to
all intertoll trunks terminating at an uncertified office in order to
protect the network from excessive echo impairment. An unbalanced
toll center, for example, might become a potential source of echo to
the entire network. Echo, not heard in this toll center area, could be
heard at the distant end of all connections that pass through this toll
center. Because of these effects, the source of echo is difficult to
identify and isolate. Thus, balance objectives, set at values that pro-
duce sufficiently high return loss to control echo when trunks are
interconnected, were satisfied by the added B-factor loss. Such echo
control is now provided by balance work initiated after unsatisfactory
results of trunk transmission maintenance index measurements are
observed.

Return Loss

Return loss is a measure of the impedance match between two
circuits at the point of their interconnection. It can be expressed for
any frequency as

1Z: + 25|

21— Z:|
where Z, and Z, are the impedances of the interconnected circuits.
Consider this equation and the components of impedances Z; and Z:;
it can be seen that, at a given frequency, the return loss is infinite at
the interconnection point when the impedances are equal (balanced)
since | Z1 + Zz2| / | Zy — Z: | is then infinity. Conversely, a complete
mismatch (unbalanced) occurs when either, but not both, Z; or Z; is
zero, The return loss for that frequency is then zero, since the
logarithm of 1 is zero [1]. This relationship is used to establish

useful performance criteria for echo return loss, singing point, and
singing return loss.

Return loss = 20 log dB

Echo Return Loss. Echo return loss (ERL) is a weighted average
measurement of the return losses for all frequencies in the echo
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range (500 to 2500 Hz). This measurement is made at the intercon-
nection of the four-wire and two-wire circuits of intertoll trunks.

Singing Return Loss and Singing Point. Singing return loss (SRL) is
the weighted average return loss in the singing bands of 200 to
500 Hz and 2500 to 3200 Hz. It is the lower of the two values (high
band or low band) as measured by a return loss measuring set
(RLMS). The SRL in the 2500- to 8200-Hz band is referred to as
SRL HI.

The singing point (SP) is a measure of the return loss at a single
frequency in the 200- to 3200-Hz voiceband. The single frequency at
which the singing point applies is usually the frequency having the
lowest return loss at the hybrid interconnection; it is the critical
frequency in the voiceband at which gain and phase relationships
may cause singing. While singing may occur in theory at any fre-
quency in the voiceband, the critical frequency is usually found near
the upper or lower end of the band because of two-wire circuit
impedance characteristics.

The difference between singing return loss and singing point is in
the two methods of measurement. Singing return loss is conveniently
measured by a weighted noise technique similar to that used for echo
return loss measurements but measurement is confined to the singing
bands. Singing point is a single-frequency return loss measured at the
critical frequency. The two values are, in practice, essentially the
same in a given circuit and may usually be considered equivalent.

10-3 BALANCE OBJECTIVES

Ideally, VNL objectives for through balance would allow no echo
or singing paths at intermediate switching points in a connection.
Such ideal objectives could only be met by the exclusive use of four-
wire switching (including switchboards) and transmission arrange-
ments, an impractical mode of operation. However, objectives are
frequently used in another sense to define performance requirements
that achieve a satisfactory economic and technical compromise. The
performance requirements for through and terminal balance, ex-
pressed statistically, are such a compromise. This method of express-
ing objectives is such that the measured values must be analyzed.
If the distribution of the measurements is or approaches a normal
distribution and the requirements are met in all offices, the overall
objectives are also met. When trunks do not meet the minimum re-
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quirements, they should be investigated for the source of poor balance.
When the turndown limit is exceeded, the trunk must be removed
from service for corrective action. Also, any trunk having a return
loss decidedly lower than another trunk with similar equipment should
be investigated. A careful check may show that the balance can easily
be improved.

Balance Requirements

A toll switching office must meet balance requirements when it is
placed into service. Balance must be maintained by meeting require-
ments on each trunk that is added or rearranged.

Through Balance. Through balance concerns the connection of one
four-wire intertoll trunk with another where these trunks are
switched on a two-wire basis. Through balance requirements must
be met on all intertoll-to-intertoll connections through a two-wire
switching machine. These requirements must be met at all two-wire
class 1, 2, and 8 switching offices and their associated switchboards
and, in addition, at four-wire offices that have two-wire switchboards
arranged for through intertoll-to-intertoll connections for conference
calls and operator assistance calls. Through balance measurements
are made on connections from the four-wire terminating set of an
incoming intertoll trunk to the four-wire terminating set of an out-
going primary or secondary intertoll trunk. The connections are estab-
lished through the switching machine and may include a switchboard.

The requirements on through balance are expressed for incoming
intertoll trunks through to an outgoing intertoll trunk and for an
outgoing intertoll trunk through to an intertoll trunk where either
may be switched by machine or manual switchboard. The trunks
under test are measured from four-wire terminating set to four-wire
terminating set and must be built out to the longest length path in
the switchframe. For echo return loss, the median expected value is
27 dB and the minimum is 21 dB. The turndown limit is 18 dB. For
singing return loss, the median expected value is 20 dB, the minimum
is 14 dB, and the turndown limit is 11 dB. These values are interpreted
as actual measurements minus the transhybrid loss.

Terminal Balance. Terminal balance concerns the connection of inter-
toll trunks to toll connecting trunks. Terminal balance requirements
must be met on all intertoll-to-toll connecting trunk connections.
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Terminal balance applies to all class 4 offices and their associated
switchboards and may apply to any class 1, 2, or 3 office whether
two-wire or four-wire. Class 1, 2, and 8 two-wire switching offices
must usually meet both through and terminal balance requirements.
Terminal balance measurements are made on connections from the
four-wire terminating set of an incoming intertoll trunk or the
balance test circuit to a toll connecting trunk terminated at the class 5
office. Requirements for terminal balance are given in Figure 10-3.

Office Cabling Resistance Limit

Since resistance buildout is provided in the balancing networks of
four-wire terminating sets, it is necessary to limit the cross-office
cabling resistance in order to meet balance requirements. In toll
switching offices, reasonable control of the resistance component of
the office impedance is accomplished by equipment design, office lay-
out, and maximum use of 22-gauge office cabling in the transmission
path. When equipment rearrangements, additions, deletions, and
modifications change the amounts of office cabling and/or apparatus
in two-wire paths, the impedances may change and the effects on the
balance in the office should be investigated. The maximum resistance
which can be permitted while meeting through balance requirements
has been determined by studies which considered the following
factors: (1) the changes in capacitance with different junctor paths
through the switches, (2) the rough gradation of the steps in the ad-
justments on the NBO and DBO capacitors in the two-wire path,
(3) the structural return loss of the hybrid circuit, and (4) the effect
of imperfect terminations on the four-wire side of the four-wire
terminating sets. These studies indicate that the loop resistance of
the cabling between four-wire terminating sets should not exceed
65 ohms in 900-ohm offices and 45 ohms in 600-ohm offices.

Normally, the maximum allowable value of cable resistance is
exceeded before the total amount of shunt capacitance and DBO
capacitance (if used) in the office cabling of a through-type connec-
tion becomes larger than the maximum permissible capacitance value.
An exception occurs where there is a large amount of bridged cabling
in the connection, such as may be present in large switchboard multi-
ples. This bridged capacitance may result in the capacitance limit
being reached before the resistance limit is reached.

Four-wire terminating sets must be designed to the appropriate
nominal two-wire impedance, 575 ohms in series with 2.16 uF for
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Figure 10-3. Terminal balance requirements.
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600-ohm offices and 875 ohms in series with 2.16 uF for 900-ohm
offices. These values allow for an average resistance of 25 ohms in
the office cabling. Where 22-gauge wire is used, these values cor-
respond to approximately 800 feet of cabling; an NBO of 0.030 to
0.040 uF is required, depending on the amount of bridged cabling
capacitance.

Office Cabling Capacitance Limit

In all cases, the maximum permissible value of capacitance in office
cabling for any connection is limited by attenuation/frequency dis-
tortion and is specified as 0.080 uF. For example, a shunt capacitance
of 0.080 uF in a 900-ohm circuit produces a difference in loss between
1000 and 8000 Hz of 1.2 dB. This difference in loss for a connection
through the office is also affected by capacitance of the four-wire
paths between the four-wire terminating sets and the facility ter-
minals (e.g., channels banks). However, this capacitance does not
affect the value of the NBO.

Where through paths have capacitance greater than 0.080 uF,
0.080 uF should be used as the office NBO value, even though there
is the possibility that the longer paths do not meet balance objectives.
Where terminal paths have capacitance greater than 0.080 uF, the
computed midrange value should be based on 0.080 uF as the maxi-
mum value. In both cases, it becomes necessary to give special
engineering attention to the office layout with consideration given
to reducing the physical dispersion of equipment and minimizing the
length of cable runs.

10-4 MEASUREMENTS

The ERL and SP/SRL objectives for through and terminal balanc-
ing are specified in order to meet the requirements of VNL operation
of intertoll trunks. The ERL and SP/SRL are measured and stated
in terms of a specific degree of balance between the compromise net-
work of an intertoll four-wire terminating set and the connected
two-wire line impedance. The objectives are expressed in dB and do
not include the inherent circuit losses of the four-wire terminating
set; thus, these losses must always be subtracted from the measure-
ments. This terminating set may be one associated with an intertoll
trunk or it may be part of a test circuit simulating an intertoll trunk.
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The four-wire transmitting and receiving ports of a four-wire termi-
nating set are accessible at a jack field which provides convenient
connection points for the transmission-type testing equipment re-
quired in balance measurements.

Hybrid Transmission Loss

The transmission loss of the hybrid in a four-wire terminating set
is conveniently measured by a technique involving the measurement
of transhybrid loss (THL) with the two-wire port short-circuited.

Transhybrid loss is measured by transmitting a known amount of
weighted noise or a single-frequency power between the two four-wire
ports of the four-wire terminating set with a short circuit on the
two-wire line immediately adjacent to the terminating set. Since the
return loss in this case is zero, the input power in dBm minus the
output power in dBm is twice the normal terminating set loss, a total
of 6.5 to 8.0 dB, caused by the power divisions in the hybrid and the
inherent loss of the coils. The measurement also includes the loss of
the cable and pads associated with the four-wire terminating set re-
ceiving and transmitting ports. The loss as measured for weighted
noise is used as the correction factor when the echo return loss is
determined. For the determination of the singing point, the loss used
as the correction factor is that measured at 1000 Hz by use of general
purpose test equipment. The singing return loss correction factor is
determined by use of a return loss measuring set at the high band
setting, 2500 to 83200 Hz.

After the transhybrid loss correction factors are measured, the
echo return loss, singing point, or singing return loss of a terminated

two-wire line connected to the four-wire terminating set can be
determined.

Echo Return Lloss

The echo return loss at a four-wire terminating set is -determined
from the weighted average of the return loss at all frequencies in the
echo range, 500 to 2500 Hz. It is the difference between the weighted
noise correction factor and a weighted noise measurement obtained

with the trunk under test terminated and connected to the four-wire
terminating set. '
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Singing Point and Singing Return Loss

The singing point is determined from the return loss at a critical
frequency, usually near the upper or lower end of the 200- to 3200-Hz
range. The singing point is the difference between the transhybrid
loss correction factor for a single frequency (1000-Hz transhybrid
loss) and a similar measurement made by using a singing point test
set with the terminating set connected to the terminated trunk under
test. ‘

The use of a singing point test set involves connecting a voice-
frequency amplifying device directly between the four-wire receiving
and transmitting ports of a four-wire terminating set and increasing
its gain until singing starts. Since a sing starts when the gain at some
frequency becomes greater than the loss at that frequency, the test
set indication is the measurement of the gain required for the singing
to occur and is taken as the margin in dB against singing.

When the singing return loss is measured by means of a return
loss measuring set, the transhybrid loss may be compensated for in
the test set calibration. The singing return loss is read without cor-
rection in both the low band, 200 to 500 Hz, and the high band, 2500
to 3200 Hz, and the lower of the two readings is used as the singing
return loss. Return loss measuring set measurements involve con-
necting a noise generator and appropriate filter to the transmitting
port of a four-wire terminating set and measuring the returned power
at the receiving port.

Two-Wire Switching Path Capacitance

The measurements for determining office cable shunt capacitance
are made by using a 2000-Hz test tone or the return loss measuring
set in the high band. Measurements at 2000 Hz or higher are more
accurate than those ‘at a lower frequency because of the various series
capacitors and bridged inductors that may be in the trunk equipment.
The impedance effects of these components are negligible at high voice
frequencies. In addition, since the office cabling capacitance is a
shunt capacitance, it has a greater effect and is therefore more easily
measured at higher frequencies.

Through office path capacitances are measured from the four-wire
terminating set of one intertoll trunk to the four-wire terminating
set (terminated at the four-wire side) of another intertoll trunk.
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Terminal office path capacitances are measured from the four-wire
terminating set of an intertoll trunk to a termination at the toll con-
necting trunk appearance. When a toll connecting trunk serves a
class 5 office in the same building with the toll switching machine, the
trunk is terminated by dialing the class 5 office balance test termina-
tion. When a toll connecting trunk serves a distant class 5 office, a
termination must be placed at (1) the four-wire side of the four-wire
terminating set located nearest the toll switching office on four-wire
facilities, (2) the office side of impedance compensators in loaded
cable, or (3) the toll switching office side of 2-dB pads when these
are required in nonloaded cable,

To measure the capacitance, the two-wire path is connected by
machine switching, operator switchboard connection, or a testboard
connection to the two-wire side of a working intertoll trunk or balance
test circuit four-wire terminating set. The far end of the two-wire
path must be terminated as discussed so thiat it includes all the office
cable. When the connection is complete, a 2000-Hz test tone is applied
to the four-wire terminating set receiving port and a power detector
is connected to the transmitting port. The detector is used to indicate
a return loss value without consideration of the transhybrid loss.
Capacitance is then added to the four-wire terminating set compro-
mise network impedance by adjustment of the NBO capacitor. When
the compromise network impedance is similar to the two-wire path
impedance, the detector indicates a maximum return loss. At this
setting, the NBO capacitance value is approximately equal to the cable
capacitance. The adjustment may be made by changing the strapping
of the NBO or by the substitution and adjustment of an external
variable capacitor.

10-5 APPARATUS CONSIDERATIONS

Switching offices and switchboards are given nominal impedances
based on whether they are to switch mostly loaded cable facilities
whose impedances are approximately 900 ohms or open-wire and
carrier facilities whose impedances are approximately 600 ohms.
These values of impedance do not reflect actual switching office equip-
ment impedance but are standardized values which are based on
average impedances of trunk and subscriber facilities connected to
the office. With few exceptions, class 4 and 5 offices are considered as
900-ohm offices and all class 1, 2, and 8 four-wire offices are con-
sidered as 600-ohm offices. (Toll switchboards are also designed for
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600 ohms.) The impedance of the crossbar tandem switching system,
often used as a two-wire toll switching machine, was initially selected
to be most representative of the type of facilities used for metro-
politan tandem switching. When this system was designed, the facility
commonly used for outgoing trunks in the majority of metropolitan
areas was HS88-loaded cable. Therefore, the nominal impedance of
900 ohms was selected for crossbar tandem offices. Repeating coils or
four-wire terminating sets are used so that a common (nominal)
impedance is presented by all trunks at the switching point.

Built-In Four-Wire Terminating Circuits

The N- and T-type carrier system channel units and the E-type
SF signalling units that have built-in terminating circuits cannot
meet the more stringent through balance objectives because of poor
two-wire input impedance characteristics at certain frequencies. How-
ever, they meet the minimum objectives for terminal balance. Ex-
ternal 1l-type four-wire terminating sets are used where better
performance is required. In addition, the E- and F-type SF signalling
units that have built-in terminating circuits have a 10:1 line im-
pedance ratio instead of the usual 1:1. Building-out capacitors are
included in these circuits as part of the compromise network portion
to obtain the required NBO for balance. However, because of the
10:1 ratio, the actual value used is approximately one-tenth of the
office NBO value.

Repeating Coils

When repeating coils are present in a two-wire line to derive signal-
ling or to transform impedances, the degree of balance that can be
obtained is limited. For instance, a 1:1 ratio coil has some leakage
reactance and reduced inductance, particularly noticeable at the lower
frequencies, because of saturation. The repeating coil also adds to the
series resistance of a circuit. These effects modify the two-wire line
impedance presented to four-wire terminating sets by different
amounts over the voice-frequency range and reduce the average
degree of balance obtainable.

If the coil has other than a 1:1 impedance ratio, an additional
limitation exists. For instance, if a 1.5:1 ratio coil is used to inter-
connect a circuit of 900 ohms in series with a 2.16 uF and a circuit
of 600 ohms in series with 2.16 uF, the capacitance components of
the impedances are not in proper proportion. That is, the 600 ohms
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and 2.16 uF transformed through an ideal 1.5:1 coil is equivalent
to 900 ohms and 1.44 uF. This capacitance imbalance is in addition to
that caused by leakage reactance, series reactance, and self-inductance
effects in the repeating coil itself. Therefore, trunking arrangements
that use repeating coils should not be employed in through-type
intertoll-to-intertoll connections since these connections require a
high degree of balance to satisfy VNL objectives. The use of repeating
coils in trunk relay circuits for impedance matching or signalling
purposes should be limited to toll connecting trunk applications.
Trunk arrangements employing more than one repeating coil may
not meet terminal balance requirements.

As previously mentioned, crossbar tandem offices are considered to
have a 900-ohm impedance while associated toll switchboards are
designed to have an impedance of 600 ohms. This impedance differ-
ence necessitates that (1) any two-wire path from the switching
machine to a switchboard must have an impedance transformation
made with a 1.5:1 ratio repeat coil, (2) all four-wire terminating
sets on intertoll trunks must be equipped with compromise networks,
each consisting of a 900-ohm resistor in series with a 2.16 uF capaci-
tor, and (8) all four-wire terminating sets in switchboard-terminated
trunks must be equipped with compromise networks consisting of
600-ohm resistors in series with 2.16 uF capacitors. One result of
having machines and switchboards with different impedances is that
the NBO capacitance value across the compromise network of a four-
wire terminating set at the switchboard end of a four-wire tandem
trunk must be approximately 1.5 times as large as the NDO capaci-
tance values across the compromise network in a machine-terminated
trunk.

Since inward operator trunks may be part of both through and
terminal connections, the design of trunk relay units used for this
application includes a repeating coil. Terminal connections involving
this trunk generally meet terminal balance requirements. Where
through connections via the switchboard are completed by using an
inward operator trunk and a four-wire tandem trunk, the four-wire
tandem trunk provides impedance matching between a machine and
its switchboard without introducing a second repeat coil. With this
arrangement, minimum through balance requirements may be met
but median requirements cannot be met because of the repeating coils
in the inward operator trunk. Because of the small volume of through
switchboard traffic, less than median performance has been allowed.
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Two-wire tandem trunks also use trunk equipment with repeating
coils. This type of trunk is used to complete outgoing terminal traffic
from the switchboard and generally must meet terminal balance re-
quirements. Two-wire tandem trunks used to complete through con-
nections do not meet minimum through balance requirements.
Repeating coils appearing in a two-wire line path must also be
equipped with properly valued midcoil capacitors to obtain acceptable
impedance characteristics. The VNL objectives for echo return loss,
singing point, and singing return loss are based pn a proper choice
of these capacitors. The midcoil capacitors provided in the secondary
intertoll and two-wire tandem trunk relay equipment are designed to
obtain an acceptable compromise in impedance transformation be-
tween the intertoll and toll connecting trunk relay equipment for
impedance matching and/or to derive signalling leads. At the class 4
office end, each of these trunks is provided with midcoil capacitors
that provide satisfactory impedance in the intertoll trunk direction.
This results in reduced return loss performance in the toll connecting
direction but the less stringent terminal balance requirements can
be met.

Signalling Lead Capacitors

The two-wire line hybrid coil windings in four-wire terminating
sets are frequently used to connect dc signalling circuits to the two-
wire line path in an office. In this case, a 1-uF capacitor must be
bridged across the A and B leads of the four-wire terminating set to
provide ac continuity for the voice path and dc isolation for the
signalling path. A value of 1 uF gives the two-wire line side of the
terminating set hybrid junction the desired impedance characteristic
for interconnection to another terminating set. When used to provide
a signalling path, this capacitor may be located in the four-wire ter-
minating set or in the trunk relay equipment, depending upon specific
equipment arrangements. In all cases, it is necessary to ensure that
the capacitor value is 1 uF, that only one capacitor exists in the
two-wire line, and that a 1-uF capacitor is also provided in the
two-wire network line of the hybrid to maintain proper impedance
characteristics.

Figure 10-4 shows that when the 1-uF capacitor is located in the
trunk circuit, the loop resistance of the A and B leads from the four-
wire terminating set to the trunk circuit is included in the total
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Figure 10-4. Typical four-wire terminating set hybrid coil arranged for DC
signalling.

cabling resistance of the two-wire path. Some types of equipment also
have inductors in the A and B leads for additional impedance isola-
tion. To improve signalling, the class 5 office ends of four-wire toll
connecting trunks generally have a 4-uF capacitor across the A and
B leads. However, the difference in the impedance characteristic in
these cases can be ignored since no connection to other four-wire
terminating sets is required.

Trunk Relay Equipment

All intertoll-type relay equipment should have certain features
to assure satisfactory transmission performance. First, each trunk
should have adjustable DBO capacitors bridged across the transmis-
sion path. If a two-way trunk or multiple access trunk is involved, a
DBO capacitor is required in each transmission path. In addition, idle
circuit terminations must be used to provide the same nominal im-
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pedance as a two-wire line termination when the trunk relay equip-
ment is idle. Because of the low-loss design of switched network
trunks, the termination must be provided to prevent possible singing
in the idle condition. Finally, any signalling relays bridged to the
transmission path must have high enough inductance (with their
normal operating currents) to have a negligible effect on the circuit
impedance in the frequency range of 200 to 3200 Hz.

Impedance Compensators

An impedance compensator is an electrical network used to make
the sending-end impedance of a loaded cable pair more uniform over
the voice-frequency range and more nearly equal to the impedance
needed at the toll switching office, i.e., 900 ohms in series with 2.16 uF.
An impedance compensator should be provided on all toll connecting
trunks that utilize loaded cable.

Most loaded cables are designed so that the electrical length from
the toll office to the first load point is equal to one half the length of
a full loading section. An analysis of the impedance characteristic
of a half loading section shows that the impedance increases with
frequency [2]. Since the impedance of the compromise balancing net-
work in the four-wire terminating set is essentially constant with
frequency, the increase in line impedance results in low return losses
and poor terminal balance as the cutoff frequency of the cable pair
is approached.

The impedance compensator (837-type network) may be adjusted
to build out the trunk cable pair impedance to appear as a 900-ohm
resistor in series with a 2.16 uF capacitor over the voice-frequency
band when the trunk is terminated in a precision network at the
class 5 office end. All lengths of cable end sections up to 5000 feet can
be built out by adjustment of the internal line build-out capacitors of
the compensator. The 837A network is used on most toll connecting
trunks where the DBO capacitor is located in the trunk relay equip-
ment. This network has adjustments to provide line build-out capaci-
tance of values from 0 to 0.101 uF in 0.001 uF steps and low-frequency
impedance correction (below 1000 Hz) for 19-, 22-, or 24-gauge cable
conductors.

Another network, the 837B, contains two built-in features not
furnished in the 837A: (1) a line build-out resistor to correct end-
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section resistance of loaded cable in order to improve return losses
and (2) drop build-out capacitors for use in trunks which have no
trunk relay equipment or where the trunk relay equipment is not
provided with DBO capacitors.

The 837B network adjustments of build-out capacitance for office
cabling range from 0 to 0.062 uF in 0.002-uF steps. The network also
provides low-frequency impedance correction for 19-, 22-, or 24-gauge
cable conductors (below 1000 Hz) and build-out capacitors for the
cable from 0 to 0.101 uF in 0.001-uF steps. In addition, build-out
resistance for the cable from 0 to 196 ohms is provided in 28-ohm
steps.

10-6 BALANCING PROCEDURES

The successful completion of balancing an office is a complex and
lengthy process which depends on careful preparations, orderly step-
by-step measurements, the evaluation of intermediate results, and the
completion of all work necessary to satisfy balance criteria. The im-
plementation of each part of the plan reduces the likelihood of dis-
torted results. Echo and singing return loss measurements must be
evaluated to verify that intermediate steps have been satisfactorily
completed. In the course of the balance work, individual trunks should
be investigated if they do not meet requirements or if they differ in
performance significantly from other trunks of the same design.

Before the balance tests and adjustments are begun, a certain
amount of preliminary work is required. The type of apparatus in-
stalled should be verified, the various types of cross-office paths in
the office should be sketched, records should be prepared, etc. Terminal
balance preparatory work includes verifying that outside plant cable
acceptance testing is complete, that impedance compensators are
adjusted, that 2-dB pads are present where required, and that im-
pedance matching is provided where required. The preliminary work
also includes checking repeating coils for proper turns ratios, proper
values of midcoil capacitance, and correct orientation of the ratios
with respect to the impedance being matched.

In addition to the test planning, the 1000-Hz loss of trunk relay
equipment to be balanced should be measured. The actual measured
loss ensures that the trunk equipment meets transmission loss
requirements. Balance measurements are of little value when the
1000-Hz loss requirements are not met.
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Through Balance

Through balance objectives are given in terms of median and
minimum values of echo return loss and singing return loss of all
combinations of intertoll through connections in two-wire class 1, 2,
or 8 offices. Through balance applies only to the equipment and wiring
within an office and is measured from one four-wire terminating set
through the office equipment to the other four-wire terminating set
of each connection. The four-wire facilities are disconnected at the
four-wire terminating set and replaced by test terminations during
the balance measurement process.

To adjust an office initially for through balance, the longest cross-
office path, i.e., the path with the greatest capacitance, must be found
as a first step in establishing the office NBO capacitance. This path
consists of a connection from the longest incoming intertoll trunk to
the longest outgoing intertoll trunk. The connection may be by way
of the switching machine or switchboard. Through connections via
the switchboard involve secondary intertoll trunks. Such a through
connection may involve an incoming intertoll trunk, a machine-to-
switchboard (operator assistance) trunk, and a switchboard-to-
machine (toll tandem) trunk to an outgoing intertoll trunk. The
longest of each of these trunk types is determined by visual inspection,
office records, or bridge-type capacitance measurements.

Incoming . Outgoing
< intertoll < intertoll — 0 ———————————
trunk trunk

—% 60002

HYB HYB
A | DBO, DBO: ; I /r NBO
___% 60002

Figure 10-5. Through balance capacitance measurement.
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Next, cross-office capacitance measurements must be made. A
through connection is established for each possible configuration, and
a capacitance measurement is made as shown in Figure 10-5; the
longest outgoing intertoll trunk is terminated at the four-wire side,
an oscillator is connected to the transmitting leg of the longest in-
coming trunk, and a detector is connected to the receiving leg. The
oscillator-detector combination is typically a return loss measuring
set. The NBO of the longest incoming trunk is then adjusted for
maximum return loss at a given frequency. The value of the NBO
capacitance then represents the capacitance of the two-wire line of
the longest cross-office path of a through connection. This value plus
some allowance for growth is then chosen as the NBO for the office.
The growth factor should allow for future additions of switchframes,
switchboard positions, or rearrangements in the switchboard multiple
that would increase the length of the cross-office path. Where infor-
mation is lacking, a factor of 10 percent should be used.

The chosen value of NBO for the office is strapped into the balanc-
ing networks of all four-wire terminating sets in the office. The DBO
capacitors must then be adjusted on all trunks in the office under the
same test configuration. The DBO of each incoming trunk is adjusted
for maximum return loss at a given frequency when the trunk is con-
nected to the longest outgoing trunk or to a test termination built out
to simulate the longest outgoing trunk. A reference incoming trunk
is then connected (by dialing) to each outgoing trunk and the DBO
of the outgoing trunk is similarly adjusted. In this manner, all
two-wire lines are built out to the same electrical length.

Figures 10-6(a) and (b) illustrate the typical through office con-
nections in a crossbar tandem office that must meet through balance
objectives. Figure 10-6 (a) shows the direct machine-switched connec-
tions, whereas Figure 10-6 (b) shows an incoming trunk machine-
switched to an operator assistance (secondary intertoll) trunk and
completed through the office from the switchboard multiple by way
of a four-wire tandem trunk.

In the connections of Figure 10-6(a), the capacitance value for
NBO A or NBO B (office NBO value) should be the sum of C1 and
C2 plus 10 percent (as a growth factor) when C1 and C2 represent
the capacitance of the longest paths in the office. This value, in gen-
eral, satisfies conditions in the connections shown in Figure 10-6 (b)
where the nominal impedance of the machine is 900 ochms and that of
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