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Transatlantic Communications—
An Historical Resume

By DR. MERVIN J.. KELLY* and SIR GORDON RADLEY {
(Manﬁscript received July 30, 1956)

The papers that follow describe the design, manufacture and installa-
tion of the first transatlantic telephone cable system with all its com-
ponent parts, including the connecting microwave radio-relay system in
Nova Scotia. The purpose of this introduction is to set the scene in which
this project was undertaken, and to discuss the technical contribution
it has made to the development of world communications.

Electrical communication between the two sides of the North At-
lantic started in 1866. In that year the laying of a telegraph cable be-
tween the British Isles and Newfoundland was successfully completed.
Three previous attempts to establish transatlantic telegraph communi-
cation by submarine cable had failed. These failures are today seen to
be the result of insufficient appreciation of the relation between the
mechanical design of the cable and the stresses to which it is subjected
as it is laid in the deep waters of the Atlantic. The making and laying
of deep sea cables was a new art and designers had few experiments to
guide them.

During the succeeding ninety years, submarine telegraph communi-
cation cables have been laid all over the world. Cable design has evolved
from the simple structure of the first transatlantic telegraph cable —a

* Bell Telephone Laboratories. f British Post Office.
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stranded copper conductor, insulated with gutta-percha and finished
off with servings of jute yarn and soft armoring wires — to the relatively
complex structure of the modern coaxial cable, strengthened by high
tensile steel armoring for deep sea operation. The coaxial structure of
the conducting path is necessary for the transmission of the wide fre-
quency band width required for many telephone channels of communi-
cation. The optimum mechanical design of the structure for this first
transoceanic telephone cable has been determined by many experiments
in the laboratory and at sea. As a result, the cable engineer is confident
that the risk of damage is exceedingly small even when the cable has
to be laid and recovered under conditions which impose tensile loads
approaching the breaking strength of the structure.

The great difference between the transatlantic telephone cable and
all earlier transoceanic telegraph cables is, however, the inclusion of
submerged repeaters as an integral part of the cable at equally spaced
intervals and the use of two separate cables in the long intercontinental
section to provide a separate transmission path for each direction. The
repeaters make possible a very large increase in the frequency band
width that can be transmitted. There are fifty-one of these submerged
repeaters in each of the two cables connecting Clarenville in Newfound-
land with Oban in Scotland. Each repeater provides 65 db of amplifi-
cation at 164 ke, the highest transmitted frequency. The working
frequency range of 144 ke will provide thirty-five telephone channels
in each cable and one channel to be used for telegraph traffic between
the United Kingdom and Canada. Each cable is a one-way traffic lane,
all the “go’” channels being in one cable and all the ‘‘return’ in the
other.

The design of the repeaters used in the North Atlantic is based on
the use of electron tubes and other components, initially constructed
or selected for reliability in service, supported by many years of research
at Bell Telephone Laboratories. Nevertheless, the use of so many re-
peaters in one cable at the bottom of the ocean has been a bold step
forward, well beyond anything that has been attempted hitherto. There
are some 300 electron tubes and 6,000 other components in the sub-
merged repeaters of the system. Many of the repeaters are at depths
exceeding 2,000 fathoms (2% miles) and recovery of the cable and re-
placement of a faulty repeater might well be a protracted and expensive
operation. This has provided the incentive for a design that provides a
new order of reliability and long life.

On the North Atlantic section of the route, the repeater elements are
housed in flexible containers that can pass around the normal cable
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laying gear without requiring the ship to be stopped each time a repeater
is laid. The advantages of this flexible housing have been apparent dur-
ing the laying operations of 1955 and 1956. They have made it possible
to continue laying cable and repeaters under weather conditions which
would have made it extremely difficult to handle rigid repeater housings
with the methods at present available. ,

A single connecting cable has been used across Cabot Strait between
Newfoundland and Nova Scotia. The sixteen repeaters in this section
have been arranged electronically to give both-way amplification and
the single cable provides “go’ and “return’ channels for sixty circuits.
“Go” and “return” channels are disposed in separate frequency bands.
The design is based closely on that used by the British Post Office in
the North Sea. Use of a single cable for both-way transmission has
many attractions, including that of flexibility in providing repeatered
cable systems, but no means has yet been perfected of laying as part of
a continuous operation the rigid repeater housings that are required
because of the additional circuit elements. This is unimportant in rela-
tively shallow water, but any operation that necessitates stopping the
ship adds appreciably to the hazards of cable laying in very deep water.

The electron tubes used in the repeaters between Newfoundland and
Scotland are relatively inefficient judged by present day standards.
They have a mutual conductance of 1,000 micromhos. Proven reliability,
lower mechanical failure probability and long life were the criteria that
determined their choice. Electron tubes of much higher performance
with a mutual conductance of 6,000 micromhos are used in the New-
foundland-Nova Scotia cable, and it is to be expected that long re-
peatered cable systems of the future will use electron tubes of similar
performance. This will increase the amplification and enable a wider
frequency band to be transmitted; thus assisting provision of a greater
number of circuits. If every advantage is to be taken of the higher
performance tubes, it will be necessary to duplicate (or parallel) the
amplifier elements of each repeater, in the manner described in a later
paper, in order to assure adquately long trouble-free performance. This
has the disadvantage of requiring the use of a larger repeater housing.

During the three years that have elapsed since the announcement in
December, 1953 by the American Telephone and Telegraph Company,
the British Post Office, and the Canadian Overseas Telecommunication
Corporation, of their intention to construct the first transatlantic
telephone cable system, considerable progress has been made in the
development and use of transistors. The low power drain and operating
voltage required will make practicable a cable with many more sub-
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merged repeaters than at present. This will make possible a further
widening of the transmission band which could provide for more tele-
phone circuits with accompanying decrease in cost per speech channel
or the widened band could be utilized for television transmission. Much
work, however, is yet to be done to mature the transistor art to the level
of that of the thermionic electron tube and thus insure the constancy of
characteristics and long trouble-free life that this transatlantic service
demands.

The present transatlantic telephone cable whose technical properties
are presented in the accompanying papers, however, gives promise of
large reduction in costs of transoceanic communications on routes where
the traffic justifies the provision of large traffic. capacity repeatered
cables. The thirty-six, four-kilocycle channels which each cable of the
two-way system provides, are the equivalent of at least 864 telegraph
channels. A modern telegraph cable of the same length without repeaters
would provide only one channel of the same speed. The first transat-
lantic telegraph cable operated at a much slower speed, and transmitted
only three words per minute. The greater capacity. of future cables will
reduce still further the cost of each communication circuit provided in
them. Such considerations point to the economic attractiveness, where
traffic potentials justify it, of providing broad band repeatered cables
for all telephone, telegraph and teletypewriter service across ocean
barriers.

The new transatlantic telephone cable supplements the service
now provided by radio telephone between the European and North
American Continents. It adds greatly to the present traffic handling
capacity of this service. The first of these radio circuits was brought
into operation between London and New York in 1927. As demands for
service have grown, the number of circuits has been increased. We are,
however, fast approaching a limit on further additions, as almost all
possible frequency space has now been occupied. The submarine tele-
phone cable has come therefore at an opportune time; further growth
in traffic is not limited by traffic capacity.

- Technical developments over the years by the British Post Oﬁice and
Bell Telephone Laboratories have brought continuing improvement in
the quality, continuity and reliability of the radio circuits. The use of
high frequency transmission on a single side band with suppressed
carrier and steerable receiving antenna are-typical of these developments.
Even so, the route, because of its location on the earth’s surface, is
particularly susceptible to ionospheric disturbances which produce
quality deterioration and at times interrupt the service completely.
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Cable transmission will be free of all such quality and continuity limita-
tions. In fact, service of the quality and reliability of the long distance
service in America and Western Europe is possible. This quality and
continuity improvement may well accelerate the growth in transatlan-
tic traffic.

The British Post Office and Bell Telephone Laboratories are contin-
uing vigorous programs of research and development on submarine
cable systems. Continuing technical advance can be anticipated. Broader
transmission bands, lower cost systems and greater insurance of con-
tinuous, reliable and high quality services surely follow.






Transatlantic Telephone Cable System —
Planning and Over-All Performance

By E. T. MOTTRAM,* R. J. HALSEY,T J. W. EMLING*
and R. G. GRIFFITH}

(Manuscript received October 10, 1956)

T'he transatlantic telephone cable system was designed as a link connecting
communication networks on the two sides of the Atlantic. The technical
planning of the system and the objectives set up so that this role would be
fulfilled, are the principal subjects of this paper. Typical performance char-
acteristics tllustrate the high degree with which the objectives have been
realized. Optimum application of the experience of the British Post Office
with rigid repeaters and the Bell System with flexible repeaters, together with
close cooperation among three administrations, have played a large part in
achieving the objectives. ‘

INTRODUCTION

The transatlantic telephone cable system was planned primarily to
connect London to New York and London to Montreal, and thus serve
as an interconnection between continent-wide networks on the two sides
of the Atlantic. Thus, the system has to be capable of serving as a link in
wire circuits as long as 10,000 miles, connecting telephone instruments
supplied by various administrations and used by peoples of many nations.
This role as an intercontinental link has, therefore, been a controlling
consideration in setting the basic objectives for the system.

The end sections of the system utilize facilities which are integral
parts of the internal networks of the United States, Great Britain and
Canada, but the essential new connecting links, extending between
Oban, Scotland, and the United . States-Canada border, and forming
the greater part of the system, were built under an Agreement between
the joint owners — the American Telephone and Telegraph Company
and its subsidiary the Eastern Telephone and Telegraph Company (oper-
ating in Canada), the British Post Office, and the Canadian Overseas

* Bell Telephone Laboratories. 1 British Post Office. ] Canadian Overseas
Telecommunication Corporation.
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Telecommunication Corporation. It is thus the joint effort of three
nations. :

In planning the system, the main centres of interest were, naturally,
the two submarine cable sections, Scotland to Newfoundland, and New-
foundland to Nova Scotia, each of which had to meet a unique combina-
tion of requirements imposed by water depth, cable length and trans-
mitted bandwidth.

OVER-ALL VIEW OF THE SYSTEM

The transatlantic system provides 29 telephone circuits between Lon-
don and New York, six telephone circuits between London and Mont-
real, and a single circuit split between London — New York and Lon-
don — Montreal; this split circuit is available for telegraph and other
narrow band uses. There are also 24 telephone circuits available for local
service between Newfoundland and the Mainland of Canada, and there
is considerable excess capacity over the radio-relay link that crosses the
Maritime Provinces of Canada.

A map of the system is shown in Fig. 1; the facilities used, together
with the approximate route distances are shown in Fig. 2. It will be
seen that the over-all lengths of the London to New York and London to
Montreal circuits are 4,078 and 4,157 statute miles respectively. Seven
of the New York to London circuits are permanently extended to Euro-
pean Continental centres — Paris, Frankfurt (2), Amsterdam, Brussels,
Copenhagen and Berne. The longest circuit is thus New York to Copen-
hagen, 4,948 miles.

Starting at London, which is the switching centre for United Kingdom
and Continental points, 24-circuit carrier cables provide two alternative
routes to Glasgow and thence to Oban by a new coaxial cable. Between
London and Oban the two routes are fed in parallel at the sending ends,
so a changeover can be effected at the receiving ends only. At a later
date, an alternative route out of Oban will be provided by a new coaxial
cable to Inverness.

From Oban a deep-sea submarine link connects to Clarenville, New-
foundland. This link is in fact two parallel submarine cables, one used
for east-to-west transmission, the other for transmission in the reverse
direction. Fach cable is roughly 1,950 nautical-miles in length and lies
at depths varying between a few hundred fathoms on the continental
shelf and about 2,300 fathoms at the deepest point. Each cable incorpo-
rates 51 repeaters in flexible housings which compensate for the cable
attenuation of about 3,200 db at the top frequency of 164 ke. These
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cables carry 36 telephone circuits plus maintenance circuits and estab-
lish the present maximum capacity of the transatlantic system.

At Clarenville, connection is made with Sydney Mines, Nova Scotia,
by a second cable system which goes 63 statute-miles over land to Ter-
renceville, Newfoundland, and thence about 270 nautical-miles in coastal
waters at a depth of about 250 fathoms. Although this system is partly
on land, it is basically a submarine system in design, the two portions
differing only in the protection of the cable. In this link, the two direc-
tions of transmission are carried by the same cable, a low-frequency band
being used from west-to-east and a high-frequency band in the opposite
direction. In addition to the necessary maintenance circuits, a total of
60 two-way circuits are provided, 36 being used for transatlantic service,
and the remainder being available for service between Newfoundland
and the Mainland. Sixteen two-way repeaters in rigid containers provide
close to 1,000 db gain at this system’s top frequency of 552 ke.

From Sydney Mines, transmission is by radio-relay to the United
States-Canada border and thence to Portland, Maine; this system
operates at about 4,000 mec and includes 17 intermediate stations. From
Portland, standard 12-circuit carrier and coaxial cable facilities are used
to connect with White Plains, New York, the American switching center
30 miles north of New York City, where connection is made to the Bell
System network.

The Montreal circuits leave the radio-relay route at Spruce Lake, a
relay station near the Border, from which point a short radio spur con-
nects to St. John, New Brunswick, thence to Quebec on a 12-circuit
open-wire carrier system and thence to Montreal on a 12-circuit cable
carrier system.

BACKGROUND TO THE SUBMARINE CABLE SYSTEMS

The submarine cable sections have been built upon a long background
of experience. Some of the cable laying and design techniques go back to
the early telegraph cables of almost a century ago, and Lord Kelvin’s
analysis of the laying process is still the standard mathematical treatise
on the subject. It is also interesting to note that the firm which provided
most of the cable is a subsidiary of the organization that manufactured
and laid the first successful transatlantic telegraph cable some 90 years
ago. :

In addition to the long experience in submarine telegraphy, the trans-
atlantic system has drawn on over a quarter of a century of experience
of telephone cable work in the British Post Office and the Bell System.
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Experience in these two organizations has been quite different, but each
in its own way has been invaluable in achieving today’s system.

British Experience

In Great Britain, communication to the Continent dominated the
early work in submarine telephony and led to systems providing rela-
tively large numbers of circuits over short cables laid in shallow water.
Early systems were un-repeatered, but the advantages of submerged
repeaters were apparent. Experimental work, started in 1938, culminated
in the first submerged repeater installation in an Anglesey-Isle of Man
cable in 1943. Currently, there are many repeaters in the various shallow
water cables radiating from the British Isles.

These repeaters, although of a size and mechanical structure well
suited to shallow water applications, are not structurally suited to
Atlantic depths. In 1948, the Post Office began to study deep water
problems, and the first laying tests of a deep-water repeater housing were
conducted in the Bay of Biscay in 1951. This housing was rigid, like the
shallow-water ones, but smaller and double-ended so that the repeater
was in line with the cable. Thus the rotation of the repeater, which
accompanies the twisting and untwisting of the cable as tension is in-
creased and decreased during the laying operation could be tolerated.
The housing now used by the British Post Office is basically the same as
this early deep-water design, although minor modifications have been
made to improve the closure and water seals. ;

A serious study of transatlantic telephony was begun by the Post
Office in 1950 when a committee was set up to report on future possibili-
ties of repeatered cables. As a result, it was decided in 1952 to engineer
a new telephone cable to Scandinavia, 300 nautical-miles in length, as a
deep-water prototype, even though the requirements of depth, length,
and channel capacity all could have been met by existing shallow-water
designs.

All of the Post Office submarine systems are alike in that they use but
a single cable, the go and return paths being carried by different frequency
bands. The adoption of this plan was greatly influenced by the conditions
under which the art developed. Because North Sea and Channel cables
were highly subject to damage from fishing operations, it was desirable to
limit the effects of such damage as much as possible. A single cable
system is obviously preferable under these circumstances to a system
using separate go and return cables which could be put out of service by
damage to either cable. Since these systems were designed for shallow
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water use, the additional container size required for two-way repeaters
was of no great moment compared to the advantages of a single-cable
system.

United States Experience

In the United States, the cable art developed under very different
circumstances. There was, of course, need for communication to Cuba,
Catalina, Nantucket and other off-shore locations, some of which in-
volved conditions similar to those existing around the British Isles.
The application of carrier to several of these cables occurred at an early
date, but the repeater art was not directed at these shallow water appli-
cations. , o

For many years, telephone communication to Europe had been an
important goal and some thirty-five years ago a specific proposal was
made by the Bell System to the Post Office for a single, continuously-
loaded, nonrepeatered cable to provide a single telephone circuit across
the Atlantic.

This system was never built, partly because of the economic depression
of the early thirties and partly because short-wave radio was able to
meet, current needs. Cable studies and experiments in the laboratory and
field were continued, however, and largely influenced subsequent devel-
opments. It was at this time that the physical structure of the cable now
used in the transatlantic system was worked out. It was also at this
time that the harmful effects of physical irregularities in the cable were
demonstrated. As cables are laid in deep water, high tensions are devel-
oped which unwrap the armor wires that normally spiral about-the
central structure. As tension changes during the laying process, twisting
and untwisting occurs which is harmless if distributed along the cable.
But obstructions in the cable which prevent rotation, or any other pro-
cess such as starting and stopping of the ship which tends tolocalize twist-
ing, are likely to cause kinking of cable and buckling of the conductors.

By 1932, electronic technology had advanced to a point where serious
consideration could be given to a wideband system with numerous long-
life repeaters laid on the bottom of the ocean and powered by current
supplied over the cable from sources on shore.

The hazardous effects of obstructions in the cable, demonstrated in
early laying tests, indicated that the chances of a successful deep-sea
cable would be greatest if the repeaters were in small-diameter, flexible
housings which could pass through laying gear without stopping the
ship and without restricting the normal untwisting and twisting of the
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cable. The structure ultimately evolved, consisting of two over-lapping
layers of abutting steel pressure rings within a flexible waterproof con-
tainer, was an important influence on the electrical design, since it placed
severe limitations on size and placement of individual components.

Because these repeaters were to lie without failure for many years on
the ocean bottom, it was necessary either to provide a minimum number
of components of the utmost reliability, or to provide duplicate com-
ponents to take over in case of failure. The size limitation favored the
former approach. Similarly, the need for small size and minimum number
of components militated against the use of two-way repeaters with their
associated directional filters.

Out of these considerations grew the Bell System approach to solving
the transatlantic problem by the use of two cables, each with built-in
flexible amplifiers containing the minimum number of components of
utmost reliability and a life objective of 20 years or better.

It was not until the end of World War IT that such a system could be
tried. At this time it was decided to install a pair of cables on the Key
West-Havana route to evaluate the transatlantic design which had
evolved in the prewar years. After further laying trials, this plan was
completed in May, 1950, with the laying of two cables. Each of these
had three built-in repeaters lying at depths up to 950 fathoms. These
cables, each about 120 nautical-miles in length, carry 24 telephone
circuits. They have now been in continuous service for over six years
without repeater failure or evidence of deterioration.

EARLY TRANSATLANTIC TECHNICAL DECISIONS

Early in 1952, negotiations concerning a transatlantic cable were
again opened between the American Telephone and Telegraph Company
and the British Post Office. As indicated above, at that time each party
had been laying plans for such a system. Thus it became necessary to
evaluate the work on each side of the Atlantic to evolve the best techni-
cal solution.

To do this, a technical team from the Post Office visited Bell Telephone
Laboratories in the fall of 1952 to examine developments in the United
States. The work of the preceding 30 years was reviewed in detail with
particular emphasis on the development and manufacture of the 1950
Key West-Havana cables. This was followed by a visit to the Post’
Office by a Bell Laboratories’ team to review similar work in Great Brit-
ain, Again the review was comprehensive, covering shallow-water sys-
tems as well as plans for deep-water repeaters. Each visit was charac-
terized by a frankness and complete openness of discussion that is
perhaps unusual in international negotiations.
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As is apparent from the previous discussion, it was found that the
basic features of a deep-water design had been completed by the Bell
System. Not only had many of the components been under laboratory
test for many years, but a complete system had been operating for 2%
years between Havana and KKey West. To use a phrase coined at the time,
the design had proven integrity.

Because of the years of proof and the conservative approach adopted
to assure long life, the design was far from modern. The electron tubes,
for example, had characteristics typical of tubes of the late 1930’s, when,
in fact, they were designed. Similarly, other components were essentially
of prewar design.

The Post Office, on the other hand, had pioneered shallow-water
repeaters and were pre-eminent in this field. Their deep-water designs
were still evolving and had not yet been subjected to the same rigorous
tests as the Bell System repeaters. This later evolution, however, made
possible a much more modern design. The electron tubes, for example,
had a mutual conductance of 6,000 micromhos as compared to about
1,000 in the Bell System repeater, and thus had a potentiality for much
greater repeater bandwidths.

It was apparent from these reviews that only the American design was
far enough advanced to assure service at an early date. It also appeared
to have the integrity so essential to such a pioneering and costly effort
as a transatlantic cable. On the other hand, the more modern Post
Office design had many elements of potential value. If deep-water laying
hazards could be overcome and proof of reliability established, it gave
promise of greater flexibility and economy for future systems.

It was on these grounds that Dr. Mervin Kelly for the Bell System
and Sir Gordon Radley for the Post Office jointly recommended that
the Bell System design be used for the long length and great depths of
the Atlantic crossing and the Post Office design be used for the New-
foundland-Nova Scotia link where the shallower water afforded less
hazard and better observation of this potentially interesting design. The
decision to use the Post Office design was subject to technical review after
deep-sea laying tests and further experience with circuits and com-
ponents. This review, made in June of 1954, confirmed the soundness
of the original recommendation.

SYSTEM PLANNING

Planning of the individual systems began as soon as the technical
decision just mentioned had been reached. By the time administrative
agreements had been reached and the contract signed on November
27, 1953, both parties were ready to set up system objectives and an
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over-all system plan. This work, too, was accomplished by a series of
technical meetings held alternately in the United States and the United
Kingdom, with additional meetings in Canada.

At the first of these meetings, a decision of far-reaching importance
was made. It was agreed that each technical problem would be solved
as it arose in so far as possible on the best engineering basis, putting aside
all considerations of national pride. Adhercnce to this principle did
much to forward the technical negotiations.

The initial joint meeting was also responsible for establishing most
of the basic performance objectives of the system. The target date for
opening of service, December 1, 1956, had been settled even earlier and
was, in the event, bettered by nearly 10 weeks.

Service Objectives

A statement of the manner in which the system would be used and the
services to be provided was a necessary preliminary to establishing
performance objectives.

It was agreed that the system should be designed as a connecting
link between the North American and European long distance networks.
As such it should be capable of connecting any telephone in North Amer-
ica (ordinarily reached through the Bell System or Canadian long dis-
tance networks) with any telephone in the British Isles or any telephone
normally reached from the British Isles through the European conti-
nental network. The system would be designed primarily for message
telephone service but consideration would be given to the provision of
other services such as VI carrier telegraph, program (music), and tele-
photograph as permitted by technical and contractual considerations.
It was also agreed that the two submarine cable links should be so
planned that it would be possible to utilize the full bandwidth in any
desired manner in the future. Thus, for example, repeater test signals
should be outside the main transmission band.

All elements in the submarine cable systems were to be planned for
reliable service over a period of at least 20 years.

Transmission Objectives

The term “‘objective” was used advisedly in describing the aims of
the system. It was agreed that such objectives were not ironclad require-
ments but rather desirable goals which it was believed practical to attain
with the facilities proposed. Reasonable departure from these goals, how-
ever, would not be reason for major redesign.
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Since the transatlantic circuits were to connect two extensive net-
works, the broad objective was to add as little loss and other forms of
impairment as practical. To this end, they were to be designed essentially
to the standards of international circuits as defined by the C.C.I.F.*
and of circuits connecting main switching points in national networks,
as for example, “Regional Centers’” in the Bell System network and
“Zone Centers” in the Post Office network.

The possibility of increasing the circuit capacity of the system by
using channel spacings less than 4 ke was obvious. It was decided, how-
ever, to adopt, initially at least, the 4-ke spacing commonly used by
long distance systems on both sides of the Atlantic. This would make
possible the use of standard multiplexing arrangements, and it was
believed that the number of circuits provided would be adequate for
the first few years of operation. It would undoubtedly be desirable to
increase the number of circuits in later years, but a decision on the
method to be used was left until completion of exploratory work on
several methods which promised capacity increases with less degradation
than narrow-band operation.

The decision to use standard terminal equipment led naturally to
acceptance of the principle that the 36 circuits across the Atlantic would
be assembled as three 12-channel groups in the range 60-108 ke and the
60 circuits between Newfoundland and Nova Scotia as five 12-channel
groups and thence as a supergroup in the range 312-552 ke. These are
standard modulation stages in the multiplexing arrangements for broad-
band carrier system on both sides of the Atlantic. T'wo of the 12-channel
transatlantic groups would be connected to New York and the third
would be split to provide 63 circuits to Montreal and 5% to New York in
accordance with the Agreement.

To provide for program circuits, three eastbound and three west-
bound channels in each of the three transatlantic groups would be made
available when required; equipment would be provided to replace either
two or three 4-kc message telephone channels by a music channel. In
order to avoid the agreed group pilot frequencies and to provide service
to Montreal, it was agreed to utilize the frequency bands 68-76 ke and
64-76 ke in the 12-channel groups for this purpose. Terminals of British
Post Office design would be used at all points for translation between
program and carrier frequencies. The normal Bell System terminals
could not be used since they occupy the frequency ranges 80-88 ke and

* The International Consultative Committee on Telephony (C.C.L.F.) bases
its recommendations on a circuit 2,500 km (1,600 miles) in length, with implied
pro rata increases for noise impairment.
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76-88 ke which are not compatible with the split group arrangement or
with the 84.08 ke end-to-end pilot.

Net Loss

The nominal 1,000-cycle net loss objective between London and New
York for calls switched to other long distance trunks at each end (i.e.,
the via net loss) was set at 0.5 db. For calls terminating at either New
York or London, the loss would be increased by switching a 3.5-db pad
in London, as recommended by the C.C.I.F., and a 2-db pad at New
York as standard in the Bell System. Thus a New York to London call
would have a net loss of 6 db.

Variations from these nominal net losses owing to temperature effects,
lack of perfect equalization and regulation, ete., are to be expected and
a standard deviation of 1.5 db was set as the objective for such variations
in the absence of trouble. The allocation of this variation to the various
links is shown in Table 1.

It is interesting to note that a smaller variation was allocated to the
submarine links than to the over-land links. It was believed that the
more stable environment on the ocean floor would make it possible to
meet the rather small variation assigned to these links.

While these loss variations are consistent with normal long distance
trunk objectives, they would not be satisfactory if compandors were
found necessary to meet the noise objectives, and it was agreed that any
of the links lying between such compandors would have to meet ob-
jectives half as large as those in Table I.

Frequency Characteristics

For telephone message circuits, the frequency characteristic recom-
mended by the C.C.L.F., Fig. 3, was adopted with the expectation that
it could. be bettered by a factor of two, since channel equipments would
be included at the circuit terminals only, as deseribed later.

TABLE I — STaNDARD DEVIATIONS OF NET L0oss OBJECTIVE

Link Standard Deviation (db)

New York-Portland.............................. 0.75
Portland-Sydney Mines. ................coouvnnnn 0.75
Sydney Mines-Clarenville........................ 0.5
Clarenville-Oban................................. 0.5
Oban-London.................................... 0.75
Total (Assuming rms addition)

New York-London 1.5

Montreal-London [*= = rrrrr e .
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Fig. 3 — C.C.1.F. objectives for frequency characteristic of voice channel.

No specific objectives were agreed upon for the frequency characteris-
tics of the 12-channel groups as such, but there was an expectation that
+2db could be achieved except for frequencies adjacent to the filters
in the split group.

For program channels, the C.C.ILF. recommendations were also
adopted in respect of the two-band (6.4 kc) and three-band (10 ke)
arrangements. To meet the requirements of these channels and of teleg-
raphy, an overall frequency stability objective of +2 cycles was adopted.

Noise and Crosstall

Noise objectives were established to be reasonably consistent both
with Bell System and C.C.LLF.* objectives for circuits of transatlantic
length.

The objective for the rms circuit noise at a zero level point in the

* The methods specified by these two bodies for the assessment of circuit noise
differ in three respects, the units employed, the frequency weighting employed,
and the fraction of the busy hour for which the specified noise may occur. The
meters concerned are the Bell System 2B noise meter (F1A weighting network)
reading in dba and the C.C.LF. psophometer (1951 weighting network) reading
in millivolts across 600 ohms. The relationship between readings on the two meters
is discussed in a later paper and it will suffice here to note that, for white noise
dbm (CCIF) = dba (Bell) — 84.
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TasLE IT — RMS Noise OBJEcTIVES IN Busy Hour

Link Approx. mileage Noise dba

New York-Sydney Mines
Montreal-Sydney Mines } """"""""" 1,000 31
Sydney Mines-Clarenville................. 400 28
Clarenville-Oban.......................... 2,000 36
Oban-London............................. 500 28
Total

New York-London 38

Montreal-Lomdon f°: - ce rrrrrr it e e

busy hour was agreed as 38 dba (i.e. —46 dbm or 3.9 mv). This was
allocated between the various links as in Table II.

For the program channels, the agreed noise objective was —50 dbm
as measured on a C.C.L.F. psophometer with a 1951 program weighting
network.

Statistical data on probable speech levels and distributions at London
and New York terminals were provided as a basis for repeater loading
studies.

Early planning studies indicated that these objectives would probably
be met on all, or nearly all channels without resort to compandors. If,
as the system aged, the noise increased owing to increasing misalign-
ment, the use of compandors would offer a means for reducing message
circuit noise below the objectives.

The minumum equal-level crosstalk loss between any two telephone
channels was set at 56 db for any source of potentially intelligible cross-
talk. For channels used for VF telegraph, the equal-level crosstalk loss
between go and return directions was set as a minimum of 40 db; for
all program channels the minimum crosstalk attenuation would be 55 db.

Restrictions of Telegraph and Other Services

Since the system was being designed primarily for message telephone
service, it was agreed that a channel used for any other service should
not contribute more to the system rms or peak load than if this channel
were used for message telephone, except by prior agreement between
Post Office, Bell System and Canadian Overseas Telecommunication
Corporation engineering representatives.

Signalling Objectives

In order to conserve frequency space, it was decided to transmit all
calling and supervisory signals within the telephone channel bands and,
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to avoid transmission degradation, it was agreed that the signaling
power and duration would not amount to more than 9 milliwatt-seconds
in the busy hour at a zero level point; this would not contribute unduly
to the loading of the system.

It was agreed that, for initial operation, ringdown signaling would be
employed, but the system design should be such as to permit the use of
dialing at a later date.

LEicho Suppressors

Echo control was considered essential, since the via net loss of the
transatlantic circuits would be only 0.5 db, with a one-way transmission
time of 35 milliseconds. Echo suppressors would be provided initially at
New York and Montreal only, and arrangements made in London to
cut out such suppressors as may be fitted there on Continental circuits,
when these are used for extension of the transatlantic circuits. It was
recognized, however, that other suppressors might be encountered in the
more remote parts of Continental and United States extensions. The
general problem of how best to arrange and operate echo suppressors on
very long switched connections is one which remains for consideration
later.

Mazntenance and Operating Services
Telephone Speaker and Telegraph Printer Circuits

The need for telephone and telegraph circuits for maintenance and
administration was recognized, and it was agreed to provide the fol-
lowing circuits on the submarine links at frequencies immediately out-
side the main transmission bands where inferior and somewhat uncer-
tain characteristics might be expected (Fig. 4):

(a) A 4-kc band, possibly sub-standard in regard to noise, equipped
with band splitting equipment (EB Banks) to provide two half-band-
width telephone (speaker) circuits, and

(b) two frequency-modulated telegraph (printer) circuits.

These circuits would be extended over the land circuits to the terminal
stations by standard arrangements as needed and would be used to pro-
vide the following facilities:

(I) An omnibus speaker circuit connecting the prmmpal stations on
the route, including Montreal.

(IT) A speaker circuit for point-to-point communication between the
principal stations — i.e., non-continuous.

(III) A direct printer circuit between London and White Plains.

(IV) An omnibus printer circuit as (I) above.
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Repeater Test Frequencies

In each submarine cable link, test frequency bands were required for
monitoring repeater performance; and these are indicated in Fig. 4.

Pilot Frequencies

It was agreed to provide pilot facilities throughout the route for line-up
maintenance and regulation purposes. In addition to the usual pilots on
the inland networks, there would be provided:

(a) a 92-ke pilot in each 12-channel group, continuous only in a par-
ticular section of the route and fitted with a recording voltmeter at the
receiving end of that section, and

(b) an 84.08-ke overall pilot in each 12-channel group as recommended
by the C.C.I.F. This would transmit continuously over the entire route
and would be monitored and recorded at every main station.

Connections between Component Links

At the time that the objectives were being established, a far-reaching
decision was made to employ channel equipment at London, New York,
and Montreal only, and to adopt the frequency band 60-108 ke as the
standard frequency for connecting the various parts of the over-all
system. By adopting this band as standard for the transatlantic system,
it also became possible to interconnect readily with land systems at each
end.

This agreement also facilitated decisions on responsibility for design
and manufacture of equipment. For example, it became logical to define
each submarine system as the equipment between points where the
60-108-ke band appeared, i.e., the group connecting frames. Thus, these
systems would include not only the cable, repeaters, and power supplies,
but also the terminal gear to translate between 60-108 ke and line
frequency of the submarine system. It also became logical to assign
responsibility for manufacture of all of this equipment to the administra-
tion responsible for the specific system design, i.e., responsibility for the
Oban-Clarenville link to the Bell System and the Clarenville-Sydney
Mines link to the Post Office.

THE REALIZATION OF THE SYSTEM

With decisions reached on the system objectives and interconnecting
arrangements, it became possible to lay out jointly a detailed over-all
plan and for each administration to proceed with developing and engi-
neering the links under its jurisdiction.
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There was an understanding that there should be no deliberate attempt
to make the characteristics of one link compensate for those of another,
and so it would be incumbent on the administrations to produce the
best possible group characteristic on each link.

The overall plan for the system, as finally developed, is shown in Fig. 2.
Except for the necessity to split one of the three transatlantic groups in
each direction to provide 63 circuits to Montreal and 5% to New York,
which required specially designed crystal filters, no unusual circuit
facilities were required.

Special equipment arrangements were called for at Sydney Mines and
Clarenville to provide security for the Montreal-London circuits where
they appeared in the same office with White Plains-London circuits. In
these cases, a special locked room was constructed tohouse the equipment
associated with the channel group containing the Canadian circuits.

The details of how the two all-important submarine cable links were
designed and engineered to meet their individual objectives are given in
companion papers. The efficiency and integrity of these two links are
the highest that could be devised by engineers on both sides of the
Atlantic.

Finally, each section of the connecting links was lined-up and tested
individually before bringing them all together as an integrated system.

OVER-ALL PERFORMANCE OF THE SYSTEM

The system went into service on September 25, 1956, so soon after
completion of some of the links that it was not possible to include all
the final equalizers. Nevertheless, after completion of the initial overall
line-up, the performance has been found to meet very closely the orig-
inal objectives. The system went into service without the use of com-
pandors on any of the telephone circuits, but compandors are included in
the program equipment. At the time of writing, only the 2-channel
program equipment is available for use.

Frequency Characteristics of 12-channel groups

Fig. 5 shows the frequency characteristic of one of the 12-channel
groups, link by link and over-all, measured at group frequencies corre-
sponding to 1,000 cycles on each channel. In both of the complete
London-New York groups the deviation from flat transmission is within
+1.5 db, and some further improvement is to be expected when the
equalization is finalized. For the split group, the characteristics are
similar except for the effect of the splitting filters.
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Variation of Over-all Transmission Loss

The system has, of course, only been completed for a short time, but
the indications so far are that the standard deviation of the transmission
loss, as indicated by the 84.08-ke group pilots is well within the objective
of 1.5 db. Alarms operate when the received pilot level deviates by 44
db and, so far, these alarms have not operated under working conditions.

Frequency Characteristics of Telephone Circuits

Fig. 6 shows the measured frequency characteristic of a typical circuit
in the two directions of transmission as measured in the through and
terminated conditions. Half the C.C.I.F. limits are met on most circuits.
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Fig. 5 — Frequency characteristic of typical London-New York channel group.
(Measured at group frequencies corresponding to 1,000 cycles.)
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Circuit Noise

The circuit noise, referred to a zero level point is as follows:
London-New York Best 30 dba; worst 36 dba
New York-London Best 29 dba; worst 41 dba,
London-Montreal Best 30 dba; worst 33 dba
Montreal-London Best 30 dba; worst 31 dba
Two circuits at present exceed the objective of 38 dba in the New York-
London direction only; the higher noise levels refer to the high frequency
channels in the Oban-Clarenville cable. After additional data on the
effect of cable temperature variations are accumulated, refinements will
be made in the equalization and adjustment of levels on the Oban-Claren-
ville link. It is expected that the two worst channels can then be made
to meet the objectives — still without the use of compandors.

Frequency Characteristics of Program Channels

Fig. 7 shows the measured frequency characteristic of a London-New
York program channel; this is typical.

Telegraph Channels London-Montreal

In the Agreement it was envisaged that at least six 50-baud telegraph
channels could be provided in each direction in the Canadian half circuit.
In fact, eleven such channels have been provided using carriers spaced
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Fig. 7 — Frequency characteristic of typical program channel, London-New York.

at 120 cycles and frequency modulation. The telegraph distortion due
to the cable system with start stop signals is about 4 per cent in every
case, thus making the circuits suitable for switched connections, without
regeneration, up to the same limits as inland systems.

Tests over the system indicate that the channel speed can be raised
satisfactorily to 80 bauds on at least ten of the channels. By the adoption
of synchronous working, it appears that time division multiplex systems
can be operated on these ten channels to double their capacity at a later
date.

CONCLUSION

The transatlantic cable system has presented unique problems in sys-
tem planning and design. It has been necessary to design the system
to connect the facilities of many countries and to provide for cable com-
munication of unprecedented length. But the stringent design objectives
necessary to meet these requirements have not been the only challenge
to the designer. It has been necessary to meet these objectives with a
system which for over 2,000 miles of its length could not be altered to
the slightest extent once it had been placed on the ocean bottom. Except
for the adjustments which can be made at the shore terminals of the
submarine links it has not been permissible to make any of the multitude
of small design changes, substitutions and adaptations which are so
commonly required in new systems to achieve the design objectives.

The success achieved in meeting the original objectives is a measure of
the realism of the early planning as well as the diligence with which the
project was carried forward to completion and is a tribute to all who
took part in planning, designing and building the system.

The accomplishment of getting into commercial service a working
system with many complex links six weeks after the final splice was
dropped overboard, and nearly ten weeks ahead of schedule, is a further
tribute to the close cooperation of the technical people of three nations.






System Design for the

North Atlantic Link

By H. A. LEWIS,* R. S. TUCKER* G. H. LOVELL* and
J. M. FRASER,*

(Manuseript received September 7, 1956)

The purpose of this paper is to examine the design and performance of
the North Atlantic link, including consideration of faciors governing the
choice of features, a description of the operational design of the facility, and
an outline of those measures available for future application in the event
that faulls or aging require corrective action.

DESCRIPTION OF LINK

That portion of the transatlantic system’ which connects Newfound-
land and Scotland consists of a physical 4-wire, repeatered, undersea
link of Bell Telephone Laboratories design, with appropriate terminal
and power feeding equipment in cable stations at Clarenville and at
Oban.

The various elements comprising the link are shown in block form
in Fig. 1. The termination points at each end of the link are the Group
Distributing Frames (GDF), where the working channels are brought
down in three groups to the nominal group frequency band 60-108 kec.
At the west end, this point provides the interconnection between the
North Atlantic and the Newfoundland-Nova Scotia links. At the east
end, it is the common point between the North Atlantic link and the
standard British toll plant over which the circuits are extended to
London.

Two separate coaxial cables connect Clarenville with Oban, one
handling east-to-west transmission, the other west-to-east. Each is
about 1,940 nautical miles long. A total of 102 repeaters are installed in
the two cables, at nominal intervals of 37.5 nautical miles. The cables
also contain a number of simple undersea equalizers which are needed to
bring system performance within the specified objectives.

The working spectrum of each cable extends from 20 to 164 ke, pro-

* Bell Telephone Laboratories.
29
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viding for 36 4-kc voice message channels. Below this band are assigned
the telephone (speaker) and telegraph (printer) circuits needed for
maintenance and administration of the facility. Above the working band,
between 167 and 174 ke, are the crystal frequencies, which permit evalu-
ation of the performance of each repeater individually from the shore
stations.

The signal complex carried by the cables is derived in the carrier
terminals from the signals on the individual voice frequency circuits by
conventional frequency division techniques such as are employed in
the Bell System types J, K and L broadband carrier systems manu-
factured by the Western Electric Company. (See I'ig. 2.) These signals
are applied to the cable through a transmitting amplifier which provides
necessary gain and protects the undersea repeaters against harmful
overloads. At the incoming end of each cable, a receiving amplifier pro-
vides gain and permits level adjustment.

Shore equalizers next to the transmitting and receiving amplifiers
insert fixed shapes for cable length and level compensation. Adjustable
units provide for equalization of the system against seasonal tempera-
ture changes on the ocean bed, and some aging.

The power equipment at each cable station includes (a) regular
primary power with Diesel standby, (b) rotary machines for driving
the cable current supplies, with battery standby, (¢) battery plants for
supplying the carrier terminal bays, and (d) last but by no means least
in complexity, the cable current supplies themselves. These latter fur-
nish regulated direct current to a series loop consisting of the central
conductors of the two cables, with their repeaters. A power system
ground is provided at the midpoint of the cable current supply at each
cable station.

FACTORS AFFECTING SYSTEM DESIGN
General

A repeatered submarine cable system differs from the land-wire type
of carrier system in two major respects. First, the cost of repairing a
fault, and of the concurrent out-of-service time, is so great as to put
an enormous premium on integrity of all the elements in the system and
on proper safeguards in the system against shore-end induced faults.
Second, once such a system is resting on the sea-bottom it is accessible
for adjustment only at its ends. These two restrictions naturally had a
profound influence on the design of the North Atlantic link.
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Proven Integrity

Assurance of reliability dictated use of elements whose integrity had
actually been proved by successful prior experience in the laboratory
or in the Bell System. This resulted in adoption of a coaxial cable struc-
ture explored by the Laboratories soon after the war, field tested in the
Bahamas area in 1948 and applied commercially on the USAF Missile
Test Range project!® in 1953. It also resulted in specification of a basic
flexible repeater design which had been under test in the Laboratories
since before the war and had been in use on the Key West-Havana
submarine cable telephone system? since 1950.

Cable

The cable adopted was the largest which had actually been success-
fully laid in deep water, and its size afforded an important benefit in
the form of reduced unit attenuation. The structure and characteristics
of this cable are covered in detail in a companion paper.” Suffice it to
point out here that by its adoption for the North Atlantic link, there
were specified for the system designers (a) the attenuation characteris-
tic of the transmission medium, (b) the influence on this of the pressure
and temperature environments, (¢) the unit contribution of the cable
to the resistance of the power loop, and (d) the impedances faced by the
repeaters.

Repeater

The adaptation® of the basic Key West-Havana repeater design to
the present project likewise presented the system designers with cer-
tain restrictions. Most important, the space and form of the long, tubu-
lar structure limited the size of the high voltage capacitors in the power
separation filters, and thus their voltage rating, to the extent that this
determined the maximum permissible number of repeaters. Likewise
the performance of the repeater circuit was at least partially defined
because of several factors. One was the effect of the physical shape on
parasitic capacitances in the circuit, which in turn reacted on the feed-
back and hence on modulation performance, gain-bandwidth and the
aging characteristic. Use of the Key West-Havana electron tube in-
fluenced the above factors and also tended to fix the input noise figure
and load capacity.

'System Design

In similar respects, the principle of proven integrity reacted into the
broad consideration of system design. For instance, in a long system
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having many repeaters in tandem, automatic gain control (gain regu-
lation) in the repeaters provides an ideal method for minimizing the
amount of the total system margin which must be allocated to environ-
mental loss variations. However, this would have required adoption of
elements of unproved integrity which might have increased the proba-
bility of system failure. So the more simple and reliable alternative was
adopted — fixed gain repeaters with built-in system margins.

System I naccessil;ility

The inaccessibility of the undersea system for periodic or'seasonal
adjustment and the decision to avoid automatic gain regulation were
major factors in the allocation of system margins between undersea
and shore locations. To avoid wasting such a valuable commodity as
margin, required the most careful consideration of means of trimming
the system during laying. Equalization for control of misalignment in
the undersea link is a function of the match between cable attenuation
and repeater gain. Generally speaking, these are fixed at the factory.
Very small unit deviations from gain and loss objectives could well add
to an impressive total in a 3,200-db system. Accordingly, it was neces-
sary to plan for periodic adjustment of cable length during laying, and
where necessary, insertion of simple mop-up undersea equalizers at the
adjustment points.

DESIGN OF HIGH-FREQUENCY LINE
Terminology

The high-frequency line, as the term is used here, includes the cable,
the undersea repeaters, the undersea equalizers, and the shore-station
power separation filters, transmitting and line-frequency receiving
amplifiers, and associated equalizers.

Repeater Spacing and System Bandwidth

As in most transmission media, the attenuation of the cable increases
with increasing frequency. Hence the greater the bandwidth of the sys-
tem, the greater the number of repeaters needed.

In this system, powered only from its ends, the maximum permissible
number of repeaters and thus the repeater spacing is determined by a
dc voltage limitation, as explained in a later section.

With the repeater spacing fixed, and the type of cable fixed, the re-
quired repeater gain versus frequency is known to the degree of ac-
curacy that the cable attenuation is known. The frequency band which
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can be utilized then depends on repeater design considerations, includ-
ing gain-bandwidth limitations, signal power capacity and signal-to-
noise requirements. ‘

The early studies of this transatlantic system were based on “‘scaling
up’’ the Havana-Key West system.* In these studies, consideration was
given to extending the band upward as far as possible by using com-
pandors® on the top channels, thus lightening the signal-to-noise re-
quirements on these channels by some 15 db provided they are re-
stricted to message telephone service.

As the repeater design was worked out in detail, however, it became
evident that a rather sharp upper frequency limit existed. This resulted
from the parasitic capacitances imposed by the size and shape of the
flexible repeater, the degree of precision required in matching repeater
gain to cable loss in such a long system, and the feedback requirements
as related to the requirement of at least 20 years’ life.

These limitations resulted in the decision to develop a system with 36
channels of 4-ke carrier spacing, utilizing the frequency band from 20 to
164 kilocycles per second.

Signal-to-Noise Design
Scaling-up of Key West-Havana System

The length of the North Atlantic cable was to be about 16 times that
of the Havana-Key West system. The number of channels was to be
increased as much as practicable. The length increase entailed an in-
creased power voltage to ground on the end repeaters. Increase in length
and in number of channels entailed increased precision in control of
variations in cable and repeaters. Work on these and other aspects was
carried on concurrently, to determine the basic parameters of the ex-
tended system.

Increasing cable size decreases both the attenuation and the de re-
sistance, and in turn the voltage to ground on the end repeaters. It was
soon decided that the largest cable size which could be safely adopted
was the one used in the Bahamas tests. This has a center-conductor sea-
bottom resistance of about 2.38 ohms per nautical mile. It consumes
about 28 per cent of the total potential drop in cable plus repeaters.

Number of Repealers

As indicated earlier, the factor which emerged as controlling the
number of repeaters was the de voltage to ground on the end repeaters.
Considerations which entered into this were: voltage which blocking
capacitors could safely withstand over a life of at least 20 years; volt-
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age which other repeater elements such as connecting tapes between
compartments could safely hold without danger of breakdown or corona
noise; initial power potential and possible need for increasing dc¢ cable
current later in life to combat repeater aging; allowance for repair re-
peaters; and a reasonable allowance for increased power potential to
offset adverse earth potential.

Let B = dc resistance of center conductor (ohms/nautical mile)

L = length of one cable* (nautical miles)

E,., = voltage drop across one repeater at current I

‘I = ultimate (maximum) line current (amperes)

N = ultimate number of submerged repeaters, in terms of
equivalent regular repeaters

n = allowance for repair repeaters, in terms of number of
regular submerged repeaters using up same voltage drop.

E, = maximum voltage to ground at shore-end repeaters at
end of life, and in absence of earth potential.

S = spacing of working regular repeaters (nautical miles)

Then for the ultimate condition _
2E,, = LIR — 2S8IR + NE,., (1)

in which the term 28IR accounts for the sum of the cable voltage drops
on the two shore-end cable sections; the sum of their lengths is assumed,
for simplicity, to equal 28. This equation also neglects a small allow-
ance (less than 0.6 volt per mile) for the voltage drop in cable added to
the system during repair operations. Also

SN —n+ 1)=1L 2)

because the repeater spacing is determined by the number of working
regular repeaters. From (1) and (2),

9B, = LIR + NE,., — 2LIR/(N — n + 1) 3)

The allowance n for repair repeaters was determined after studies of
cable fault records of transoceanic telegraph cables, including average
number of faults per year and proportion of faults occurring in shallow
water. If the fault occurs in shallow water — as is true in most casest
— the net length of cable added to the system and the resulting attenua-
tion increase, are small. Several shallow-water faults might be permis-

* The length of a cable is greater than the length of the route because of the
need to pay out slack. The slack allowance, which averages 5 per cent in deep
water on this route, helps to assure that the cable follows the contour of the

bottom. . .
T Because of trawler activity, ship anchors and icebergs.
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sible without adding a repair repeater. Therefore it was decided to let
n = 3. Since the repair repeater is a 2-tube repeater while the regular
repeater has 3 vacuum tubes, n = 3 corresponds to about 5 repair re-
peaters per cable. '

To determine the maximum voltage %, , it was necessary to consider
blocking capacitors and earth potentials.

Based on laboratory life tests, the blocking capacitor developed has an
estimated minimum life of 36 years at 2,000 volts. It is estimated that
life varies inversely as about the fourth power of the voltage. The po-
tential actually appearing on these capacitors is determined by the dis-
tance of the repeater from shore, the power potential applied to the sys-
tem, and the magnitude and polarity of any earth potential.

Earth potential records on several Western Union submarine tele-
graph cables were examined. These covered a continuous period from
1938 to 1947, including the very severe magnetic storms of April, 1938,
and March, 1940. It was judged reasonable to allow a margin of 400
volts (200 volts at each shore station) for magnetic storms during the
final years of life of the system.

With an assumed maximum voltage of 2,300 volts on the end repeaters
due to cable-current supply equipment, and 200 volts per end as allow-
ance for the maximum opposing earth potential which the system would
be permitted to offset without automatic reduction of the cable current,
the voltage across the end repeater in late years of life (i.e., after line
current had been increased to offset aging) would normally be 2,300 and
would infrequently rise to 2,500. On the rare occasions where earth po-
tential would rise above twice 200 volts, the cable current would be some-
what reduced and the transmission affected to a reasonably small extent.
In the early years of life when the cable-current supply voltage would
normally be about 2,000 volts, an opposing earth potential of twice 500
volts could be accommodated without affecting cable current; according
to the telegraph cable records this would practically never occur. With
conditions changing in this way over the years, the life of the blocking
capacitors in the end repeaters was calculated to be satisfactory.

Accordingly E,, was established as 2,300 volts.

The system length I was estimated as about 1,985 nautical miles and
the ultimate current I was estimated as 0.250 amperes, with a correspond-
ing ultimate F,., of about 62.8 volts.

Substituting in (3),

N =55
N-n = 52 working repeaters

S = 37.4 nautical miles.
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From a later estimate of L = 1,955 nautical miles, S calculates to be
36.9. The repeater design was based on this spacing in the deep sea tem-
perature and pressure environment. Subsequently, after better knowl-
edge had been obtained of the cable attenuation in deep water, the actual
repeater spacing for the main part of the crossing was changed to about
37.4 nautical miles for the eastbound (No. 1) cable and 37.6 for the west-
bound. Only 51 repeaters were required in each cable.

Number of Channels

The number of channels which could be transmitted was determined
by the upper and lower boundary frequencies. In this system, the bot-
tom frequency was established at 20 ke, primarily because of the loss
characteristics of the power separation filters.?

Preliminary studies were made to estimate the usable top frequency.
For a system having a fixed number of repeaters, this frequency falls
where the maximum permissible repeater gain equals the loss of a re-
peater section of the cable — which varies approximately as the square
root of frequency. The repeater gain is the difference between the re-
peater input and output levels. The minimum permissible transmission
level at the repeater input depends on the random noise (fluctuation
noise) contributed by cable and repeaters, and on the specified require-
ment for random noise. The maximum permissible transmission level at
the repeater output may depend on the modulation noise contributed
by the repeaters below overload, or on overload from the peaks of the
multi-channel signal complex. In this system, overload was found to be
the controlling factor.

An important consideration was to provide enough feedback in the
repeater so that at the end of 20 years the accumulated gain change
(Mu-Beta effect) in all the repeaters would not cause the signal-to-noise
performance to fall outside limits. The usable feedback voltage was
scaled from the Havana-Key West design according to the relation that
this voltage varies inversely as the § power of the top frequency. Electron
tube aging was estimated from laboratory life tests on Key West-Havana
type tubes.

Concurrently, detailed theoretical and experimental studies were be-
ing conducted on the transmission design of a repeater suited to trans-
atlantic use with the chosen type of cable, as discussed in a companion
paper.? Intimate acquaintance with the repeater limitations led to a de-
cision in 1953 to develop a system with a working spectrum of 144 ke
(36 channels) and a top frequency of 164 ke. Use of compandors would
not increase this top frequency appreciably.
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Computed Noise

When the repeater design was established, the remaining theoretical
work on signal-to-noise consisted in refining the determination of the
repeater output and input levels; computations of system noise, and com-
parison of this with the objectives to establish the margin available for
variations; and determination of the necessary measures in manufactur-
ing and cable laying so that these margins would not be exceeded by the
deviations from ideal conditions which would occur. These deviations
assumed great importance, because they tended to accumulate over
the entire length of the system, and because many of them were unknown
in magnitude before the system was actually laid.

The repeater levels and the resultant system noise were computed as
follows:

It was recognized that the output levels of different repeaters would
differ somewhat at any given frequency. The maximum allowable output
level of the highest-level repeater was computed by the criterion that the
instantaneous voltage at its output grid would be expected to reach the
load-limit voltage very infrequently. This is the system load criterion
established by Holbrook and Dixon.® It premises that in the busy hour,
the load-limit voltage (instantaneous peak value) should be reached
0.001 per cent of the time, or less. It is probable that the level could be
raised 2 db higher than the one computed in this way without notice-
able effect on intermodulation noise.

An important factor in the Holbrook-Dixon method is the talker
volume distribution. Because of the special nature of this long circuit,
a careful study was made of the expected United States talker volumes.

First, recent measurements of volumes on long-distance circuits were
examined for the relation between talker volume and circuit length.
They showed a small increase for the longer-distance circuits. This rela-
tion was extrapolated by a small amount to reach the 4000-mile value
appropriate to the New York-London distance.

Second, an estimate was made of the probable trends in the Bell Sys-
tem plant in the next several years, which might affect the United States
volumes on transatlantic cable calls.

The result of this was a “most probable U. S. volume distribution”.
This distribution, which had an average value of —12.5 vu at the zero
level point, with a standard deviation of 5 db, agreed very well with one
furnished by the Post Office and based on calls between London and the
European continent. A further small allowance was then made for the
contribution of signaling tones and system pilots which brought the
resultant distribution to an average value of —12 vu at zero level of the
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system (the level of the outgoing New York or London or Montreal
switchboard), and a standard deviation of 5 db. It is approximately a
normal-law distribution (expressed in vu), except that the very infre-
quent high volumes are reduced by load limiting in the inland circuits.

The other data needed for system load computations are the number
of channels, and the “circuit activity’, i.e., the per cent of time during
the busy hour that the circuit is actually carrying voice in a given direc-
tion (eastbound or westbound). The circuit activity value used in design-
ing United States long-distance multi-channel circuits is 25 per cent;
for the transatlantic system, 30 per cent was used.

The peak value of the computed system multi-channel signal is the
same as the peak value of a sine wave having an average power of +17.4
dbm at the zero transmission level point of the system.

This value, together with the measured sine-wave load capacity of the
undersea repeater, determines the maximum permissible output trans-
mission level of the repeater. The measured sine-wave load capacity is
about +13.5 dbm at 164 ke. Hence the maximum permissible output
transmission level for the 164-ke channel is +13.5 — 174 = —3.9 db.

If the relative output levels of the various submarine repeaters were
precisely known, the highest-level repeater could have an output trans-
mission level of —3.9 db at 164 ke. An allowance of about 2 db was made
for uncertainty in knowledge of repeater levels, giving —6 db as the de-
sign value for the maximum repeater output level at 164 ke.*

The repeater has frequency shaping in the circuit between the grid of
its output tube and the cable. The maximum repeater output at lower
frequencies is smaller than at 164 ke, but the maximum voltage on the
output grid, from an overload standpoint, is approximately constant
over the 20 to 164 ke band.

The transmission level of the maximum level repeater output is thus
determined, based on load considerations. Another factor which might
limit this level is modulation noise. This was found to be less of a re-
striction than the load limitation, however.

With the output level determined, the random noise and the modula-
tion noise for the system can be computed. The random noise computa-
tion is made on the assumption that all repeaters are at the same level,
and then a correction is made for the estimated differences in levels of
the various repeaters. The equation is

No = Nin+G— TL + 1010gn—l—d,
* At the time of writing, the No. 1 cable (eastbound) is set up with a somewhat

lower maximum output level than this; the safe increase in level will be deter-
mined later.
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where Ny = system random noise, in dba,* referred to zero transmis-
sion level
N, = random noise per repeater in dba, referred to repeater
input level
G = repeater gain in db
TL = transmission level of repeater output
n = number of undersea repeaters
d, = db increase in noise due to differing output levels of the
various repeaters as compared to the highest level repeater.
At the top frequency of 164 ke, TL = —6 db as seen above, G = 60.7
db, and N, is about —55.5 dba, which corresponds to a noise figure of
about 2 db. Hence for 52 repeaters,

No= —55.5 + 60.7 — (—6) + 10log 52 + d, = 28.4 + d,

At lower frequencies, the noise power referred to repeater input is
greater because part of the equalization loss is in the input circuit; the
repeater gain is less, to match the lesser loss of a repeater section of
cable; and the repeater output level is lower on account of the equaliza-
tion loss from output grid to repeater output. This is shown in Table I.

TaBLe 1
Nin = Approx. G = Approx. | TL = Approx. " No = Resulting
Channel Input Noise, Repeater Gain, { Output Trans Noise
dba db Level, db dba
Top Freq.......... —55.5 60.7 —6 28.4 + d.
Middle. ............ —53 45 —11 20.2 + d.
Bottom Freq....... —46 22 —19 12.2 4 d,

In order to estimate d. (which is a function of frequency) before the
cable was laid, the factors were studied which might contribute to differ-
ences between the levels of the various repeaters. Estimates were made
of probable total misalignment — by which is meant the level difference
between highest-level and lowest-level repeaters. These values together
with estimates of the resulting noise increases, are shown in Table II.
This is based on the assumption that the repeater levels would be dis-
tributed approximately uniformly between highest and lowest. The posi-
tion of a repeater along the cable route is not significant.

W” is a term used for describing the interfering effect of noise on a speech
channel. Readings of the 2B noise meter with F1A weighting may be converted
to dba by adding 7 db. dba may be translated to dbm (unweighted) by noting that
flat noise having a power of 1 milliwatt over a 3,000-¢ycle band equals approxi-

mately +82 dba, and that 1 milliwatt of 1,000- cycle single- frequency power equals
-85 dba.
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TasLe I1
M = Estimated dr = Resulti No = Resulting
Channel ’ Misalisgﬁ:mgni Noise Ieli.(l:lre:;g Sy stem( I{Qpa];lr%(;s Noise
Top......... e 12 db 7.4 db 36 dba
Middle................ 10 db 6.0 db 26 dba
Bottom. ............. 6 db 3.4 db 16 dba

A study was made of the expected intermodulation noise. This noise
is affected by repeater level differences, by talker volumes, and by circuit
activity. It has a time distribution, the most attention being given to
the root-mean-square modulation noise in the busy hour.

Modulation noise was computed in two ways: by the Bennett method,’
and by the Brockbank-Wass method.® Results by the two methods are
in fairly good agreement. The values computed by the Bennett method
are shown in Table III.

Because noise powers, not dba, are addltlve these Values of modula-
tion noise would contribute only a very small amount to the total noise
in the deep-sea cable system, as previously stated.*

Other possible contributory sources of noise in the deep-sea cable sys-
tem are noise in the terminals, noise picked up in the shore lead-in cables,
and corona noise in the repeaters. The system has been designed so that
the expected total of these is small. Hence the estimate of total deep-
sea cable system noise, made before cable-laying, gave the values shown
in Table IV, to the nearest db.

Misalignment Control
Objective

Since the noise objective for the deep sea cable link was set as 36 dba
in the joint meetings of the British Post Office and Bell System Repre-
sentatives!, the above estimate of system noise led in turn to the objec-
tive that the system be manufactured and laid in such a way that the
misalignment, including effects of seasonal temperature change, should
be no greater in the top channel than the value assumed in the estimate,
which was 12 db. Half of this was alloted to initial misalignment and
half to effects of temperature change. Greater misalignments were per-
missible at lower frequencies.

* The following table for adding two noises expressed in dba shows the magni-
tudes of the increases:

db dlfference between larger and smaller 2 4 6 8 10 15 20
noises

Resulting db to be added to larger noise to 2.1 1.4 1.0 0.6 0.4 0.1 0+
get sum of the two
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Tasue III
Weighted Noise in dba at Zero Transmission Level
Channel
S d Ord Third Ord
“Products Products Total
Top..ooooviiiiiii 8.2 8.5 11.3
Middle................ 0.2 3.8 5.4
Bottom. ............. —1.8 2.5 3.9
TaBLE IV
Channel Estimated System RMS Noise at 0 db Transmission Level
dba dbm (Psophometert)
Top. ..o, 36 —48
Middle.................. 26 —58
Bottom. ................ 16 i —68

1 The psophometer is the C.C.I.F. circuit noise meter. On message telephone
circuits, dom (psophometer) 4+ 84 = dba using C.C.I.F. 1951 weighting and Bell
System F1A weighting.

Control of this misalignment required extensive consideration in the
equalization design of the system.

Causes of M isalignment

The basic causes of misalignment can be grouped as follows: those
producing unequal repeater levels when the system is first laid; those
resulting from changes in cable loss produced by changes in sea-bottom
temperature; and those from aging of the cable or repeaters.

There are a large number of possible causes of initial misalighment.
While the cable and repeaters were manufactured within very close
tolerances to their design objectives, they could not exactly meet those
objectives. In addition, the cable loss as determined in the factory must
be translated to the estimated loss on sea-bottom, and the length of each
repeater section must be tailored in the factory so that its expected sea-
bottom loss will best match the repeater gain. Possible sources of error
in this process include: uncertainty in temperature of the cable when it
is measured in the factory, and in its temperature on the sea-bottom;
uncertainty in temperature and pressure coefficients of attenuation;
changes in cable loss between factory and sea-bottom conditions, not
accounted for by pressure and temperature coefficients.

These latter changes in cable loss were called “laying effect’’. The
determination of the magnitude of laying effect, and its causes, are dis-
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cussed in the paper on cable design.? Suffice it to say here that after meas-
uring the loss of a length of cable in the factory and computing the sea-
bottom loss, the computed result was a little greater than the actual
sea-bottom loss. The difference, i.e., the laying effect, was approxi-
mately proportional to frequency, and was greater for deep-sea than for
shallow-water conditions. Its existence was confirmed by precise mea-
surements on trial lengths of cable, made early in 1955 in connection
with cable-laying tests near Gibraltar.

Laying effect had been suspected from statistical analysis of less pre-
cise tests of repeater sections of cable generally similar to transatlantic
cable, as measured in the factory and as laid in the vicinity of the Baha-
mas. However, the repeater design had of necessity been established
before the Gibraltar test results were known. The consequence was a
small systematic excess of repeater gain over computed cable loss, ap-
proximately proportional to frequency, and amounting at the top
frequency to about 0.04 db per nautical mile on the average, for deep-
sea conditions, and about 0.025 db per mile for shallow-water condi-
tions. While this difference appears small, it would accumulate in a
transatlantic crossing of some 1,600 miles of deep sea and 350 miles of
relatively shallow sea, to about 75 db at the top frequency. This would
be enough to render almost half of the channels useless if no remedial
action were taken.

After the system is laid, changes in cable loss or repeater gain may
occur. These may be caused by temperature effects and by aging of cable
or repeaters.

Comprehensive studies* of the expected amounts of temperature
change were made both before and after the 1955 laying. These gave an
estimate of 0 to 2=1 degree I annual variation in sea-bottom temperature
in the deep-sea part of the route (about 1,600 nautical miles) and per-
haps +5° F on the Continental shelves (about 330 nautical miles). Use
of these figures leads to a £5-db variation in system net loss at 164 ke
from annual temperature changes. If the deep-sea bottom temperature
did not change at all, the estimated net loss variation due to temperature
would be about half of this.

Conirol of Misalignment

The first line of defense against variations leading to misalignment was
the design and production of complementary repeaters and cable. This
is discussed in companion papers.

* Factual data on deep sea bottom temperatures are elusive. Many of the exist-
ing data were acquired by unknown methods under unspecified circumstances,
using apparatus of unstated accuracies. Statistical analysis of selected portions
of the data leads to the quoted estimates.
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Signal-to-noise changes from undersea temperature variations were
minimized by providing adjustable temperature equalizers at both the
transmitting and the receiving terminals, and devising a suitable method
of choosing when and how to adjust them.

Partial compensation for laying effect was carried out at the cable
factory by slightly lengthening the individual repeater sections. In the
1955 cable, where the factory compensation was based on early data,
the increased loss compensated for about two-fifths of the laying effect
at the top frequency. In the 1956 cable, which had the benefit of the
1955 transatlantic experience, the compensation was increased to nearly
twice this amount. Since the loss of the added cable is approximately
proportional to the square root of frequency and the laying effect is
approximately directly proportional to frequency, the proportion of
laying effect compensated varied with frequency, and a residual remained
which had a loss deficiency rising sharply in the upper part of the trans-
mitted band.

The remainder of the laying effect, which was not compensated for in

the factory, as well as other initial variations, were largely compensated
by measures taken during cable laying at intervals of 150 to 200 miles.
The whole length of the cable was divided into eleven ‘“ocean blocks”,
each either four or five repeater sections long. At each junction between
successive ocean blocks, means were provided to compensate approxi-
mately for the excess gain or loss which had accumulated up to that
point. :
These means were twofold. The first means was adjustment of the
length of the repeater section containing the junction. For this purpose,
the beginning of each block, except the first, was manufactured with a
small excess length of cable. This was to be cut to the desired length as
determined by shipboard transmission measurements.

The second means was a set of undersea equalizers. These equalizers
were fixed series networks, encased in housings similar to the repeater
housings but shorter.

Before the nature of the laying effect was known, it had been planned
to have equalizers with perhaps several shapes of loss versus frequency;
but to combat laying effect, nearly all were finally made with a loss curve
sloping sharply upward at the higher frequencies, as shown in Fig. 3.*
Because the equalizer components had to be manufactured many months
in advance and then sealed into the housings, last minute designs of
undersea equalizers were not practical. The proven-integrity principle
prevented use of adjustable units. Because the equalizers were series-

* This characteristic was based on a statistical analysis of the data on some
similar cable laid for the Air Force project.
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type, each block junction was located at approximately mid-repeater
section to minimize the effects of reflections between equalizer and cable
impedances.

The actual adjustments at block junctions were determined by a series
of transmission measurements during laying, as described in the com-
panion paper on cable laying.? Six equalizers were used at block junctions
in the 1955 (No. 1) cable, and eight in the 1956 (No. 2) cable.

The result of all the precautions taken to control initial misalignment
was, in the 1955 cable, to hold the initial level difference between highest
and lowest-level repeaters to about 6 db near the top frequency and to
values between 4 and 9 db at lower frequencies, the 9 db value occurring
in the range 50 to 70 ke where there is noise margin. In the 1956 cable,
the level difference was about 4 db at the top frequency, and from 2 to
7 db elsewhere in the band.

Shore Equalization

The equalization to be provided at the transmitting and receiving ends
of the North Atlantic link had these primary functions:

1. For signal to noise reasons, to provide a signal level approximately
flat with frequency on the grid of the third tube of the undersea repeaters.

2. To equalize the system so that the received signal level is approxi-
mately constant over the transmitted band.

3. To keep the system net loss flat, regardless of temperature varia-
tions in the ocean. (A change of 1° F in sea-bottom temperature would
cause the cable loss to change by 2.8 db at 160 ke and less than this at
lower frequencies. The amplifiers are relatively unaffected by small
temperature changes.)

4. To provide overload protection for the highest level repeater.

5. To incorporate some adjustment against possible cable aging.
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Fig. 3 — Undersea equalizer — loss-frequency characteristic.
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Fig. 4 — Transmitting equalizers — block schematic.

A portion of the transmitting terminal is shown in block schematic
form in Fig. 4. All of the equalizers are constant resistance, 135 ohm un-
balanced bridged-T structures. Their functions are as follows:

Transmatting Temperature Equalizer — It was estimated that the cable
loss change from temperature variations would not exceed =45 db at the
top of the transmitted band. The change in cable loss versus frequency
due to temperature variations is approximately the same as if the cable
were made slightly longer or shorter, and so the temperature equalizer
was designed to match cable shape. Temperature equalizers are used
both in the transmitting and receiving terminals to minimize the signal-
to-noise degradation caused by temperature misalignment. Each equal-
izer provides a range of about 5 db at the top of the band, the loss
being adjustable in steps of 0.5 db by means of keys. See Fig. 5.

This range might appear to be more than necessary, but it must be
borne in mind that the sea bottom temperature data left much to be
desired in precise knowledge of both average and range.

Transmetting Equalizer — The transmitting equalizer was so designed
that with the temperature equalizer set at mid-range and with repeaters
that match the cable loss, the signal level on the grid of the output tube
of the first repeater would be flat with frequency. The loss-frequency
characteristic is shown on Fig. 6.

L.P. Filter — This filter transmits signals up to 164 ke and suppresses
by 25 db or more, signals in the frequency range from 165 to 175 ke. Its
purpose is to prevent an accidentally applied test tone from overloading
the deep sea repeaters should such a tone coincide with the resonance

Fig. 5 — Transmitting temperature equalizer.
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Fig. 6 — Transmitting equalizer — loss-frequency characteristic.

of the crystal used in a repeater for performance checking. The gain of
a repeater to a signal applied at the resonance frequency of its crystal is
about 25 db greater than at 164 ke.

Deviation Equalizer — The transmitting deviation equalizer is used to
protect the highest level repeater from overload. The design is based on
data obtained during the laying indicating which repeater was at the
highest level at the various frequencies. The characteristic of this equal-
izer is shown on Fig. 7.

A portion of the receiving terminal is shown in block schematic form
on Fig. 8. The generalized function of the equalizers is to make the signal
level flat versus frequency at the input to the receiving amplifier No. 2.
The specific functions of the various equalizers are as follows:
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Fig. 7 — Transmitting deviation equalizer — loss-frequency characteristic.
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Cable Length Equalizer — In planning the system, an estimate was
made of how far the last repeater (receiving end) would be from the
shore. Considerations of interference and level dictated a maximum dis-
tance not exceeding approximately 32 miles. For protection against wave
action, trawlers and similar hazards, the repeater should be no closer
than about five miles. To take care of this variation, a cable length equal-
izer was designed that is capable of simulating the loss of 10 miles of
cable, adjustable in 0.5 db steps at the top of the frequency band. Two
of these could be used if needed. Once the system is laid, this equalizer
should require no further adjustment unless it is used to take care of
cable aging or a cable repair near shore.

Recewving Fized Equalizer — This is the mop-up equalizer for the sys-
tem. A final receiving equalizer, Fig. 9, has been constructed for the first
crossing. Another, tailored to the No. 2 cable, will be designed on the
basis of data taken after completion.

PAD PAD
_— TEMPERATURE LENGTH RECEIVING -
CABLE EQUALIZER BUILD-OUT EQUALIZER
RECEIVING RECEIVING
AMPLIFIER AMPLIFIER
NO.1 NO. 2

Fig. 8 — Receiving equalizers — block schematic.

Receiving Temperature Equalizer — The receiving temperature equal-
izer is identical with the transmitting temperature unit.

OPERATIONAL DESIGN
General

The operational design of a transmission system considers the supple-
mentary facilities which are needed for operation of the main transmis-
sion facility, for its supervision and for its maintenance. In the present
instance, these facilities include the cable station power plants for driving
the carrier terminals and high frequency line, the carrier terminals them-
selves and their associated carrier supply bays, the telephone and tele-
graph (speaker and printer) equipments needed for maintenance, super-
vision and administration of the overall facility, the pilots, protection
devices and alarms and the maintenance and fault locating equipment.

Power Supplies

With the exception of the plants for cable current supply, the power
plants at Clarenville and Oban are relatively conventional, and follow
telephone office techniques which are standard for the telephone adminis-
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tration of the particular side of the Atlantic on which they are located.
They will not be discussed here, although it might be well to point out
that the equipment supply for the Bell equipment is direct current, ob-
tained from floated storage batteries, while the supply for the Post Office
equipment is alternating current from rotary machines driven normally
from the station ac supply, with storage battery back-up.

The cable current supplies for the North Atlantic link!® are complex
and highly special. It is pertinent to discuss here briefly the requierments
which beget this complexity. To assist in this, an elementary schematic
of the cable power loop is shown in Fig. 10.

The following main requirements governed the design of these plants:

1. Constant maintenance of uniform and known current in the power
loop.

2. Protection of HF line against faults induced by failures in power
bays. '

3. Protection of HF line against damage from power voltage surges
caused by faults in the line itself.

Maintenance of constant and known operating current in the line is
very important from the standpoint of system life because of the de-
pendence of the rate of electron tube aging on the power dissipated in the
heaters.t

The principal factor which tends to cause variations in the line current
is the earth potential which may appear between the terminals of the
system. This potential may be of varying magnitude and of either po-

M\
[
|
I

16

R

N

\ N
\ \\
\

o] 20 40 60 80 100 120 140 160 180
FREQUENCY IN KILOCYCLES PER SECOND

INSERTION LOSS IN DECIBELS
[ [

(

Fig. 9 — Receiving fixed equalizer — loss-frequency characteristic.
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larity. Consequently, it may either aid or oppose the driving potential
applied to a particular cable. The power circuit regulation is such that
the presence of an aiding potential will be completely compensated,
while opposing potentials will be compensated only to the degree possible
with the maximum of 2,500 volts applied by the terminal plants. Beyond
this point, the line current will be allowed to drop, so as to avoid exces-
sive potential across the power filter capacitors in the shore end repeaters.

Line faults caused by failures or misoperation of the power supplies
must be carefully guarded against. Such failures might result in surges
on the line, or excessive voltage or current. Protection against surges
takes the form of retardation coils in the terminal power separation fil-
ters, which limit the rate of current change to tolerable values.

Failure of the capacitors in these filters could also create dangerous
surges. The protection here takes the form of a large voltage design mar-
gin.

Faults in the HF line of importance from the power feed standpoint
are short circuits to ground, and opens. The former tend to result in
excessive currents, the latter, excessive voltages. Very fast acting pro-
tection in the terminal power bays is required to cope with these, and
series electron tube regulators provide the means.

Terminal Plan

The plan of design of transmission terminal equipment, shown in Fig.
2, was based on the following objectives:

(a) Use of standard, or modified standard equipment as far as possible.

(b) To facilitate supply and maintenance of standard equipment,
use of Bell System equipment in North America and Post Office equip-
ment in the United Kingdom.

(¢) Provision of full duplicate equipment and means for quick shift
between regular and alternate.

(d) Provision of special equipment to fit Canadian requirements.

(e) Provision for ample order-wire (speaker and printer) equipment,
partly because there is no alternate undersea route.

(f) Provision of no automatic loss regulation, because the loss changes
are so slow; provision of three link pilot frequencies as a basis for manual
regulation. '

Much of the equipment is standard. This includes group modems,
group connectors, pilot supply, frequency-shift telegraph equipment for
printer circuits, ete. Supergroup modulators are modified standard co-
axial carrier equipment. The channel modems for speaker and printer
circuits are a combination of Type-C open-wire carrier active equipment,
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Fig. 11 — Splitting filters — loss frequency characteristic.

and filters designed for a military carrier system. The transmitting out-
put amplifier is a modified version of one used in the Havana-Key West
submarine cable system terminals; the modifications include broader
frequency band, lower modulation and sharper overload cutoff. As in the
coaxial carrier system, hybrid coils are provided at points in the Bell
equipment where quick patching is needed.

The agreed Canadian bandwidth quota is 26 ke,! correspondlng to six
and one-half message telephone channels. The split between the 6%
Canadian channels and the remaining 53 U.S. channels in the “split
group” was accomplished by specially-designed group-frequency splitting
filters, with very sharp cutoff. The loss-versus-frequency characteristics
of these filters are shown in Fig. 11. The resulting Canadian half tele-
phone channel next to the cut-apart was broad enough to accommodate
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twelve frequency-shift telegraph channels with 120-cycle carrier tele-
graph spacing. It is planned to use one of these for automatic regulation
of the other eleven. The U.S. half channel is at present unassigned.

Two telephone order wires (speakers) and two teletype order wires
(printers) are provided for maintenance and administration purposes.

The two speakers occupy a 4-ke telephone channel which is the lower
sideband of 20 ke on the line. The 4-ke¢ band is divided into halves by
Bell Type-EB split-channel equipment, which yields two narrow-band
telephone channels. One of these is reserved for a “local” Clarenville-
Oban circuit, available at all times to the personnel at these terminals.
It constitutes a cleared channel which could be of great benefit in
emergencies which might arise. The other narrow-band telephone chan-
nel, the “omnibus speaker”, is extended through to other control points
including the system metropohtan terminals.

The two printer circuits are frequency-shift V01ce-frequency telegraph
channels, occupying line frequencies just below 16 ke. These are both
brought to de at Clarenville and Oban, and extended by carrier tele-
graph to the metropolitan terminals. One is normally a ‘“through” eircuit
with teletypewriters at the metropolitan terminals only, and the other
is an “omnibus” circuit with teletypewriters connected at Oban, Claren-
ville and other control points, permitting message interchange be-
tween all connected points.

92-ke group frequency pilots are transmitted over the Clarenville-
Oban link only, and blocked at its ends. The line frequencies correspond-
ing to the 92-ke group frequencies are 52, 100 and 148 ke. These pilots
are used for manual regulation and maintenance of the Clarenville-Oban
link. Information derived from them governs the manual setting of the
temperature equalizers. The sending power of the 92-ke pilots is regu-
lated to within =4=0.1 db variation with time.

84.080-ke group frequency pilots also appear on this link. These, how-
ever, are system pilots applied at the metropolitan terminals. They are
useful for evaluation of overall system performance and for quickly
locating transmission troubles.

Alarms are provided in the manner usual for multi-channel telephone
systems. A special feature of the pilot alarm system is the “alarm relay
channel”, a third voice-frequency carrier telegraph channel just below
the printer channels in line frequency. If all three eastbound 92-ke pilots
fail to reach Oban, a signal is transmitted over the westbound cable which
brings in a major alarm at Clarenville, and vice versa. This major alarm
would provide news of a cable failure immediately to the transmitting
cable terminal station. Failure of the pilot supply would, of course, give
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the same alarm. The alarm relay channel circuit is arranged so that 1f 1t
fails it does not give the major alarm.

A special alarm system for the cable current supply is descrlbed in the
companion paper on that equipment.!?

Fault Location

Length and inaccessibility have always imposed difficult requirements
on fault locating techniques for undersea cable systems., Before the ad-
vent of repeatered systems, much effort was expended on use of imped-
ance methods —i.e., those involving resistance and electrostatic capaci-
tance measurements to locate a fault to ground, or a break.* Some work
has been done also on magnetic pickup devices towed along the route by
a ship.

With the advent of undersea repeaters, the problem has become even
more difficult, both because of the effect of the repeater elements on
impedance measurements, and because a fault may interrupt trans-
mission without affecting the de loop.

It has been necessary, therefore, to reassess the whole problem of
fault location.

Location of Faults Affecting the DC Power Loop

Three types of measurement are made on submarine cables at present:

(a) Center conductor resistance, assuming a short circuit or a sea
water exposure at some point, which might be either a fault or a break.

(b) Dielectric resistance, assuming a pinhole leak through the dielec-
tric and a sea water exposure.

(c) Electrostatic capacitance, assuming a center conductor break insu-
lated from sea water.

By these methods, faults and breaks in non-repeatered cables can be
located although the accuracy of determination, and indeed the practical
success of the operation, is dependent on the nature of the fault, the
situation with respect to earth potential, the skill of the craftsman and
many other factors.

The presence of cold repeaters in the circuit adds considerably to the
difficulty, both because of the resistance/temperature characteristic of
the electron tube heaters (153 in series with each cable) and because of
polarization effects exhibited by the castor oil capacitors in the trans-
me literature, ‘“fault location’ is a generalized term encompassmg the
field. A “fault” is an exposure of the cable conductor to the sea without a break

in the conductor. A “break’ is an interruption of the conductor with or without
exposure to the sea.
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atlantic repeaters. These capacitors have a storage characteristic which
varies with the magnitude of applied voltage, duration of its application
and the temperature.

Because of this, the usual methods of fault location are expected to
give results of doubtful accuracy and so a new approach is being made
to the problem. The results of the work to date are beyond the scope
of this paper.

Location of Transmission Faults

The previous section deals with the situation where the de power loop
has been opened or disturbed. Of equal importance is the location of
transmission faults when the power loop is intact.

For this purpose, use is made of the discrete frequency crystal pro-
vided in each repeater.? This crystal is effectively in parallel with the
feedback circuit of the amplifier, and at its resonant frequency the ampli-
fier has a noise peak of the order of 25 db, with an effective noise
band of about 4 cycles. When one repeater fails, it is possible to recognize
the noise peak of each amplifier from the receiving end back to the failed
unit. The noise peaks from the faulty unit and all preceding amplifiers
will be missing, indicating location of the trouble. Noisy amplifiers can
be singled out by an extension of the technique.

Testing and M aintenance

Routine testing and maintenance activities at Oban and Clarenville
can be divided into four parts: for the carrier terminals, for the station
power equipment, for the cable current power units and for the high
frequency line. Usual methods apply and the usual types of existing test
equipment were provided with one exception.

The exception is a newly designed transmission measuring system.
The system employs a decade type sending oscillator with continuous
tuning over the final 1-ke range. Provision is built-in for precise calibra-
tion of output level. The receiving console contains a selective detector
functioning as a terminating meter of 75-ohm input impedance, and can
mesasure over the range — 120 to 0 dbm. Coils are supplied to permit
measuring over 135-ohm circuits. The detector can be calibrated for
direct reading when used as a terminating meter.

The system covers a frequency range of 10 ke to 1.1 me. It is useful,
therefore, for measuring much of the standard British and U.S. designed
carrier terminal equipment as well as for normal line transmission meas-
urements over both' the North Atlantic and Cabot Strait (Newfound-
land-Nova Scotia) submarine lines.
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A special transmission measuring set is provided in the receiving con-
sole which facilitates measurements in the crystal frequency region
166-175 ke. This set is used for evaluating the performance of individual
repeaters from shore. As an oscillator, it is capable of delivering an
output of up to +8 dbm into a 75-ohm load, with exceptional frequency
stability and finely-adjustable, motor-driven tuning. This is useful in
locating and measuring the narrow-band response peaks of individual
repeater crystals. The oscillator frequency is varied in the region of a
particular peak, and the received power is measured at the peak fre-
quency and at nearby frequencies. At the peak frequency, the crystal
removes nearly all feedback in the repeater. Changes in repeater internal
gain can thus be determined from shore.

As a detector, the set can measure from —110 to —60 dbm in a band-
width of about 2 cycles. This enables it to measure crystal noise peaks
which may be spaced as closely as 50 cycles apart. To reduce the random
variations in such narrow-band noise, a “slow integrate’ circuit, of the
order of 10 seconds, is provided. Thus the crystal noise peaks can be
compared in magnitude with the system noise level at closely adjacent
frequencies.

ASSEMBLY AND TEST OF SYSTEM
General

Assembly and initial testing of the North Atlantic link occupied a
span of about three years. Because of the geographical and political
factors involved the job was a difficult one and required close coopera-
tion among individuals in many different organizations on both sides of
the ocean. i

Clarenville

The cable station at Clarenville houses the carrier terminal, cable
terminating and power equipment at the junction of the North Atlantic
and Cabot, Strait links. It was designed by United States architects
from requirements furnished by A. T. & T. engineers and was approved
by the other parties to the enterprise. The building was constructed by
a Canadian firm under the supervision of a Canadian architect.
The equipment was put in place and connected by installers of
the Northern Electric Company and tested by representatives of Bell
Telephone Laboratories, Eastern Telephone and Telegraph Company,
Northern Electric Company and the British Post Office.

As Newfoundland is an island, shipments of equipment and supplies
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to Clarenville were carried by sea or air to St. John’s where they were
trans-shipped by rail to Clarenville.

Oban

The cable station at Oban was executed by British contractors from
designs drawn up by the British Post Office. Its equipment was installed
by a British electrical contracting firm. Two Western Electric Company
installers were present at Oban during the installation of the American-
made cable terminating equipment and cable current supply bays to
provide necessary liaison and interpretation of drawing requirements.
The Oban equipment was tested by representatives of the British Post
Office, Bell Telephone Laboratories and the firm that did the installing.

Here too, it was necessary to ship by boat or air, with subsequent
trans-shipment by train and by truck.

Undersea Link

Perhaps the most interesting phase of all was the handling of the under-
sea section. The actual laying is described elsewhere, but much effort
was required before the cable ship ever left the dolphins at the cable
manufacturing plants.

Most of the cable was manufactured at the plant of Submarine Cables,
Litd., at Erith, on the Thames about fifteen miles downstream from
London. A smaller quantity of cable was manufactured by Simplex
Wire and Cable Corporation at its plant in Newington, N.H. As the
cable was completed it was coiled in repeater section lengths in huge
tanks. The ends of each repeater section were left available at a “splic-
ing platform” where the repeaters, manufactured at Hillside, N.J.,
were spliced in. Spliced repeaters were located in water filled troughs
for protection against overheating while testing.

All repeaters were armored by Simplex at Newington. This involved
their transportation by truck from the Western Electric shop at Hillside
where the flexible repeaters were manufactured, to Newington. While
this sounds simple it was actually a very carefully planned and controlled
operation because of the need to avoid subjecting the units to any but
the most necessary and unavoidable hazards. Consequently, the truck
used for the purpose was specifically selected for size and construction
and was provided with a heating unit in the body. The route was care-
fully surveyed in advance for unusual hazards and the truck speed was
limited to a very modest value.

After the repeaters were armored, those to be incorporated in Simplex-
made cable were spliced at Newington. Those destined for application in
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British-made cable were shipped by truck, following the same precautions,
to Idlewild Airport in New York. From there they proceeded by special
freight plane — one or two at a time — to London Airport. Here they
were again trans-shipped by truck to FErith.

The repeaters were housed in shipping cases!? of a very strange shape
and considerable size. These cases were provided with max-min thermom-
eters and with impactograph devices that would record the maximum
acceleration to which the repeaters had been subjected.

‘When ship loading time arrived, the cable and its contained repeaters
were transported over a system of sheaves from the tanks of the cable
manufacturer to the tanks on shipboard. This process offered no particu-
lar obstacle so far as the cable itself was concerned, but the requirement
against unnecessary bending of the repeater meant that a great deal of
special attention had to be given to avoiding unnecessary deviations
from a straight run, and to lifting the repeaters around sheaves where
the direction of the loading line changed materially. Auxiliary protection
was provided on each repeater in the form of angle irons with flexible
extensions on each end which served to restrict any bending to the core
tube region of the repeater and safely limited the magnitude of the bends
in thisregion.’ One further precaution was observed — that of energizing
the repeaters during the loading process. This accomplished two things.
First, it permitted continuous testing; second, it reduced the hazards of
possible damage to the electron tubes during loading, as the tungsten
heaters are much more ductile when hot and the glassware of the tube
is more resistant to shock and vibration.

SYSTEM PERFORMANCE

General

At the time of this writing, the No. 2 cable has just been laid, but the
No. 1 cable has had eleven months of successful life under test, a pre-
service period of probably greater duration than has been granted to
any land system of comparable length and cost. It has been under con-
stant observation and test, largely by the people who will operate it
when it goes into service. The pre-service measurements have been much
more extensive, in quantity and scope, than the routine tests which will
be made after the system goes into service.

Net Loss Tests

Net Loss versus Frequency

Results of measurements in June, 1956, on the No. 1 cable are shown
in Figs. 12 and 13. The former covers the equalized high-frequency line.
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Fig. 12 — Gain versus line frequency — No. 1 cable.

Fig. 13 gives the corresponding group-to-group frequency response of the
deep-sea link. These frequency characteristics will vary a little from time
to time, depending partly on the change since the last adjustment of the
temperature equalizer.

Note that while the slope in gross cable loss between 20 and 164 ke
is about 2,100 db, the net loss of the equalized high frequency line over
this band varies only about 1 db.

Net Loss versus Time

The net loss of the undersea system (cable plus repeaters) has de-
creased slowly since the system was laid. The decrease is approximately
cable shape, proportional to the square root of frequency. In a year it
has amounted to about 5 db at the top frequency. In the early months
the change was almost directly proportional to time, but later the rate
slowed, as shown in Fig. 14.

The changes shown in the figure are due partly to change in cable
temperature and partly to slow aging of the cable. Detailed studies of
repeater crystal frequency changes have resulted in only an approximate
separation into temperature effects and aging. However, it seems reason- -
able to assume that at the end of a one-year cycle there would be little
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Fig. 13 — Group to group frequency response — No. 1 cable.
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if any net change in the cable temperature averaged over the whole cable
length. The greatest possibility of change would be in the shallow-water
sections, and crystal measurements indicate that at the end of a year
the average temperature of the shallow-water sections returned nearly
to its initial value. Hence about 5 db seems chargeable to one year’s
aging. Extrapolation into the future, however, is uncertain. Theoretical
considerations lead to the idea that the rate of cable aging should
decrease.

Information on long-term change in transmission loss of previous
cables is very limited. The Havana-Key West cables were accurately
measured just after laying, and again five years later. The change in
that system due to aging is very small, if indeed there is a change. That
cable is generally like the transatlantie, though it is smaller and has a
perhaps significant difference in construction of the central conductor.

The above applies to the net loss of the undersea part of the system
only. The group-to-group net loss variation with time of the Clarenville-
Oban link has been held within a much smaller range by temperature
equalizer adjustments. Practices have been worked out which it is be-
lieved will hold the in-service variation with time to a fraction of a db.

Net Loss versus Carrier Frequency Power Level

Single-frequency tests of carrier frequency output power versus input
power were made, up to a test power a little below the estimated overload
of the highest-level repeater. An increase of 0.1 db in system net loss oc-
curs at a power 2 to 3 db below the load limit of the transmitting am-
plifier. This is about 15 or 16 db above the expected rms value of the
in-service system busy hour load. The 0.1 db change is presumably due
to the cumulative effect of smaller changes in several of the undersea
amplifiers.
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Fig. 15 — Effect of cable current on system gain — No. 1 cable.

Net Loss versus DC Cable Current

Changes in cable current affect the repeater gain to a slight extent,
the amount depending on the magnitude and phase of the feedback in the
repeater as a function of frequency. Measured changes in the loss of the
2,000-mile system, for currents of 5 and 10 milliamperes less than the
normal value of 225 milliamperes, are shown in Fig. 15. Under normal
conditions the automatic control will hold the cable current variation
within 40.5 milliampere.

The shape of the curve on Fig. 15 is almost the same as that computed
in advance from laboratory measurements on model repeaters.

System Noise

Shown in Fig. 16 are values of noise on the No. 1 cable system meas-
ured in the Fall of 1955 and again in the Spring of 1956. The noise increase
is compatible with the decrease in undersea system net loss during this
period. To prevent overload, the loss in the transmitting temperature
equalizer has to be increased as the undersea loss decreases; this lowers
the levels of the various parts of the undersea system by various amounts.

The noise shown in the top channel exceeds the 36 dba objective by
a small amount. The excess can be recovered, if necessary, by certain
changes in the terminals without recourse to compandors.

Fig. 16 shows also the noise on the No. 2 cable system shortly after
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Fig. 16 — System noise.

completion of laying. The noise is lower than on the No. 1 cable. This is
because results of experience on the No. 1 cable were utilized in better
choice of cable repeater section lengths and in better equalization while
laying the 1956 cable.

Modulation Tests

Two-tone modulation tests of second and third order products were
made, using a large number of successive frequency combinations. The
highest level modulation products were at least 60 db below the 1-milli-
watt test tones, at zero transmission level. This is approximately the
value computed before the system was laid. Most of the modulation
products were down substantially more than 60 db. Probably various
causes contributed to the good performance, including the effect of mis-
alignment in lowering repeater levels, and small propagation-time dif-
ferences which minimize in-phase addition of third-order products from
successive repeaters.

Telegraph Transmission Tests

At present writing, telegraph tests have been made only on the printer
(telegraph order wire) channels, and without a system multi-channel
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load. With the proposed specific telegraph level (STL) of —30 db (i.e.
telegraph signal of —30 dbm per telegraph channel at 0 db telephone
transmission level), the telegraph distortion was too low to measure
reliably; it was possible to send clear messages under test conditions with
a signal 36 db weaker than this.

Crystal Tests

All of the peaks of noise at the crystal resonance frequencies were
easily discernible. .

The crystal gain values all lay in the range from 23.6 to 27.2 db, with
60 per cent of them lying in the range from 25 to 26 db. Crystal gain, as
used here, is the difference between the system gain at a repeater crystal
frequency and the average of the gains at 50 cycles above and below this
frequency; the latter value is approximately the gain if the crystal were
absent. No significant changes in crystal gain have occurred in eleven
months of system life, and none were expected. These measurements are
to be continued over the years, as an indication of electron tube aging,
as explained in the companion paper on the repeater.?

A series of measurements of the frequency of each of the 51 repeater
crystals versus time has been made. (Any of these frequency determina-
tions can be checked on the same day within =0.1 cycle with the special
test apparatus and techniques used.) The crystals were designed to be
extremely stable in frequency, so that measurements on one repeater,
made at the land terminal, would not be affected by the combined effect
of 50 other crystals at 100-cycle spacings. The crystal frequency varies

only about —% cycle per degree Fahrenheit increase in sea-bottom

%173.403 —
x /\.ﬂ/\/
['% Y 1
173.401 7
0 EASTERNMOST
- | RePEATER (NO.51)
[Y) P
5 173.399 v
3 /’ L~
X
2 173.397 | ——
e} MID-OCEAN
Z 170.702 REPEATER (NO.26)
& J— . il -
g |
@ 170.700
w

(o] 20 40 60 80 100 120 140 160 180 200
DAYS AFTER COMPLETION

Fig. 17 — Resonant frequency versus time — shore and deep sea qrystals.
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temperature. The change in frequency due to crystal aging in 11 months
under the sea is considered to lie in the range 0 to —0.4 cycle.

Although the crystals were not designed as sea-bottom temperature
indicators and are within a repeater housing, it seems likely that with
precise techniques and, after some further stabilization, some uniquely
accurate information on change of sea-bottom temperature will be ob-
tainable. ‘

In accordance with previous oceanographic knowledge of sea-bottom
temperature, the frequency changes have been larger in the crystals
near shore. The greatest change has been in the repeater nearest Oban.
This is about 17 miles from shore and in water only about 50 fathoms
deep. Its frequency change, and that of a typical deep-sea repeater, are
shown in Fig. 17.

FUTURE CONSIDERATIONS

Spare Equipment for Cable Stations

In a system as far-flung geographically as this one, and as important,
much thought must be given not only to the supplies needed for routine
replacement of expendable items, but also to major replacements neces-
sitated by fire or other causes. Accordingly, a schedule of spare equip-
ment has been established, divided into two groups — ‘“‘shelf” and
“casualty”.

Shelf spares are carried in the station itself, and include items such as
dial lights, electron tubes and dry cell batteries, which have limited life
in normal service. These are maintained in the cable station in quantity
estimated as adequate for two years of operation.

Casualty spares embrace those major, essential frames and equip-
ments without which the system cannot be operated. There are two sub-
divisions: those which are in common use in the telephone plant and are,
therefore, available by “cannibalization’, and those which are special
to the project, like the cable current supplies and the cable terminating
bays. The common-use items are not stocked as casualty spares. Spares
of the special items have been built and are stored in locations remote
from the cable stations. In event of catastrophe, these can be drawn out
and flown as near the point of need as possible, for onward-shipment by
available means.

Spare Equipment for the Undersea Link

Although every effort has been made to produce a trouble-free system,
the underwater link is still subject to the hazards of trawlers, icebergs,
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anchors and submarine earthquakes or land slides. There must be con-
sidered, too, the possibility of fault from human failure.

So it is necessary to contemplate the replacement of a length of cable,
or a repeater or equalizer. For such contingency, spare cable of the vari-
ous armor types has been stored on both sides of the Atlantic. Spare
repeaters and equalizers are also available.

In addition, a spare called a “repair repeater” has been stocked. Need
for this arises from the fact that except in very shallow water, a repair
cannot be effected without the addition of cable over and above the
length which was in the circuit initially. The amount of cable which
must be added is a function of water depth, condition of the sea at the
time of the repair, and the amount of cable slack available in the im-
mediate vicinity of the point in question.

When excess cable is introduced in amount sufficient to significantly
reduce the system operating margins, its loss must be compensated.
Hence, the repair repeater.

A repair repeater is a two-tube device, essentially like a regular re-
peater although its impedances are designed to match the cable im-
pedances at input and output ends. However, its gain is sufficient to
offset only about 5.3 miles of cable. A second type of repair repeater is
under consideration, to compensate for about 15 miles of cable.

Long-Term Aging
General

In a system with some 3,200-db gross loss at its top frequency between
points which are accessible for adjustment, a long-term change in loss
of only one per cent would have a profound effect on system performance.

For this reason, the repeater design included careful consideration of
net gain change over the years.? The degree of control over aging is such
that in a period of at least 20 years, and perhaps much longer, the esti-
mated change in 51 repeaters might total 8 db added gain at the top
frequency. The gain variation with frequeney would be proportional
to either curve of Fig. 15, and the rate of aging would be slower in earlier
than in later years.

Estimates of cable aging are discussed in the section on “Net Loss
Tests.”

Means of Combatting Aging

The effects of aging would become important on the top channels first.
Remedial measures to improve signal-to-noise, especially in the top
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channels, include: possible increase of transmission level at input of the
final transmitting and load limiting amplifier in the transmitting termi-
nal; pre-distortion ahead of this amplifier; compandors; increase of de
current; and undersea re-equalization in later years. This last would be
very expensive, and so it is necessary to examine fully the possibilities
of the other measures.

The penalty for increasing the transmission level at the input of the
transmitting amplifier is more peak-chopping and modulation-noise
peaks. The improvement that could be realized in this way is probably
fairly small.

Pre-distortion is accomplished by inserting ahead of the transmitting
amplifier a suitable shaping network adjusted for gain in the top part
of the band and loss at lower frequencies. A complementary network
(restoring network) is placed at the receiving terminal. This measure
would improve signal-to-noise in the uppermost part of the band and
reduce it in lower channels which have less noise. Some 3-db improve-
ment might be thus realized in the top channel.

Compandors would give an effective signal-to-noise improvement of
up to about 15 db for message telephone service, but none for services
such as voice-frequency telegraph. Compandors would be applied only
to those channels needing them. They halve the range of talker volume,
but also double the transmission variations between compressor and
expandor, and thus tend to require some increase in the overall channel
net loss. The program (music) channels are already equipped with ¢om-
pandors which use up a part of the obtainable advantage.

If the combination of such measures netted an effective message sig-
nal-to-noise improvement of 20 db in the top channel, this would counter-
balance aging of some 28 db in this channel, if the aging were uniformly
distributed along the system length. Thus considerable aging could be
handled without undersea modification.
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Repeater Design for the North Atlantic Link

T. F. GLEICHMANN,* A. H. LINCE,* M. C. WOOLEY* and
F.J. BRAGA*

(Manuscript received October 8, 1956)

Some of the considerations governing the electrical and mechanical de-
stgn of flexible repeaters and their component apparatus are discussed in
this paper. The discussion includes description of the feedback amplifier
and the sea-pressure resisting container that surrounds it. Examples are
given of some of the extraordinary measures taken to ensure continuous per-
formance in service.

INTRODUCTION

Repeaters for use in the transatlantic submarine telephone cable sys-
tem had to be designed to resist the stresses of laying, and to withstand
the great pressures of water encountered in the North Atlantic route.
In anticipation of the need for such a long telephone system in deep
water, development work was started over 20 years ago on the design
of a flexible repeater that could be incorporated in the cable and be
handled as cable by conventional cable ship techniques. Successful com-
pletion, in 1950, of the design and construction of the 24-channel Key
West, Ilorida-Havana, Cuba system,® led to the adoption of similar
repeaters designed for 36 channels for the North Atlantic link discussed
in companion papers.!:

Repeater transmission characteristics determine, to a large extent,
the degree to which system objectives can be met. In this repeater, sig-
nificant characteristics are:

(a) Noise and Modulation. These were established by the circuit con-
figuration and by the use of the conservative electron tube® developed
for the Xey West-Havana project.

(b) Inztial Misalignment, or mismatch of repeater gain and cable loss
throughout the transmitted band of frequencies. A match within 0.05
db was the objective. This affected both the desxgn and the precision
required in manufacture.

* Bell Telephone Laboratories.
69
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(c) Aging. As electron tubes lose mutual conductance with age, re-
peater feedback decreases, repeater gain changes, and misalignment is
affected. Decrease in feedback increases the gain at the higher frequen-
cies so that the signal input must be reduced to prevent overloading,
resulting in a signal-to-noise penalty. Gain increase is inversely propor-
tional to the amount of feedback; in these repeaters, 33 to 34 db of feed-
back was the objective to keep this source of misalignment in bounds.

Because repeaters are inaccessible for maintenance, facilities are pro-
vided to enable the individual repeater performance to be checked from
the shore end. This feature also permits a defective repeater to be identi-
fied in the event of transmission failure.

REPEATER UNIT

The repeater, for the sake of discussion, may be divided into two parts,
(1) the repeater unit, which contains the electron tubes and other cir-
cuit components and (2) the water-proof container and seals which house
the repeater unit.

Circutt

The circuit of the repeater unit is shown in Fig. 1. It is a three-stage
feedback amplifier of conventional design with the cathodes at ac ground.
The amplifier is connected to the cable through input and output cou-
pling networks. Each coupling network consists of a transformer plus
gain-shaping elements and a power separation inductor.

The coupling networks directly affect the insertion gain as do the two
feedback networks. The design of these networks controls the insertion
gain of the amplifier. The required gain (inverse of cable loss) is shown
in Fig. 2. The 39 db shaping required between 20 and 164 ke is divided
approximately equally among the input and output coupling networks
and the feedback networks.

The interstage networks are of conventional design. The gain of the
first interstage is approximately flat across the band. The second inter-
stage has a sloping characteristic, the gain increasing with frequency.
The gain shaping of these networks offsets the loss of the feedback net-
works so that the feedback is approximately flat across the band.

Plate and heater power is supplied to the repeater over the cable.*
The plate voltage (approximately 52 volts) is obtained from the drop
across the heater string. The de circuits are isolated from the container
by the high voltage blocking capacitors C;, C, and C; .
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Fig. 2 — Required insertion gain.

Gain Formula

The circuit of Fig. 1 may be represented by a simplified circuit con-
sisting of an input coupling network, a three stage amplifier, an output
network and a feedback impedance Zz as shown in Fig. 3. From this
figure it can be shown that the insertion gain of the repeater is given
by :¢

(1

_ 2eo‘e”2Zc,: pipogmrZiZaZg :l
Zﬂ 1 — PipongZ1Z2Zﬁ

when Zy K gmrZ,Z,2:7Z2 > (Zo + Z,) and where

Zy

= Zp
T TT 7,

d = _“%» _
s m=7 1z,

are ‘“‘potentiometer terms’. The gain of the input network is defined as
¢! = V/E;; where V is the open circuit voltage of the input network
with E; as the source, and the gain of the output network is defined as
¢"* = i/I,. This expression may be put in familiar form by recognizing

that pipogmrZ1Z:Zs is uf, the feedback around the loop. Hence
8, 02
0 2% chi uB ]
e = (2)
Zg 1 — u

Equation (2) shows that the insertion gain of the repeater is the prod-
uct of five factors, namely:
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(1) ¢’ — the gain of the Input Network
(2) ¢** — the gain of the Output Network
(3) Z, — the cable impedance

(4) Zs— the feedback impedance

(5) (uB/1 — uB) — the up effect term

It should be noted that a number of simplifying assumptions have
been made. For example, the effect of grid plate capacitance has been
neglected. In addition the g circuit has been assumed to be a two termi-
nal impedance whereas it is actually a four terminal network. However,
in the pass band and over a large part of the outband of the repeater
these simplifications give a very good approximation to the true gain
of the repeater. ,

In the passband (uB/1 — uB) is very nearly unity so that the gain con-
trolling factors are ¢’ €’?, and 1/Z; assuming that Z, is fixed.

Coupling Networks

The input and output networks are essentially identical. The net-
works are of unterminated design and therefore do not present a good
‘termination to the cable at all frequencies which results in some ripple
in the system transmission characteristic at the lower edge of the band
and makes the repeater insertion gain sensitive to variations in the cable
impedance. However, this arrangement has the advantage of maximum

2
1
1 gmT Z12Z3 { 1 I, L
| e e —_—
T — 1
7. o7 D < T
e INPUT OUTPUT
COUPLING |Zg=—> <—2Zp| COUPLING gz
NETWORK NETWORK ¢
O | s

V = OPEN CIRCUIT VOLTAGE OF INPUT COUPLING NETWORK
WITH E{ AS THE SOURCE

8, = GAIN OF INPUT COUPLING NETWORK DEFINED AS €% =V/E{
6, = GAIN OF OUTPUT COUPLING NETWORK DEFINED AS €%2 = /1,
Z,Z,= INTERSTAGE IMPEDANCES
gmT = PRODUCT OF gy OF THREE AMPLIFIER TUBES

Fig. 3 — Simplified amplifier circuit.
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Fig. 4 — Coupling network.

signal to noise performance, highest gain, and most effective shaping
with a minimum of elements. A minimum of elements is important in
view of the space restrictions imposed by the flexible repeater structure.
The sensitivity of the gain to variation in impedance is minimized by
close manufacturing control of the cable and networks.

The schematic of a coupling network is shown in Fig. 4 and the equiva-
lent circuit in Fig. 5. Capacitor C; and inductor L, are part of the power
separation circuit. The effect of L, in the transmission band is negligible
and it has been omitted from the equivalent circuit. However C; is in
the direct transmission path and has a small effect at the lower edge of
the band so that it becomes a design parameter. The combination R,
L, controls the low-frequency gain shaping of the network. Inductor L;

R Cy Ra1 Ls Lay Ln Ryu 4
D00 1%
Cg \Y
Ra :_]: ]
i
GM? Lm G T\C:,
Lz
O
T 3
Cy—HIGH VOLTAGE BLOCKING CAPACITOR Ly — MUTUAL
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R, —RESISTANCE OF C, T - IDEAL TRANSFORMER
Rit Rz2] Low FREQUENCY SHAPING
Ry, [ “RESISTANCE OF LEAKAGE Lol ELEMENTS

L LEAKAGE (LOW SIDE)
Lay

Fig. 5 — Equivalent circuit of coupling network.



FLEXIBLE REPEATER DESIGN 75

builds out the leakage inductance of the transformer and together with
capacitor C; controls the shaping at the top end of the band. These ele-
ments are adjusted during manufacture of the networks to provide the
desired shaping.

The equivalent circuit is an approximation to the true transformer
circuit. By standard network analysis techniques the ratio V/E;, the
gain of the network, can be obtained. The agreement between measure-
ments and computation is sufficiently close, several hundredths of a db,
to insure that the representation is good.

Each coupling network is designed to provide approximately one-
third of the total shaping required, or 13 db. While these networks are
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F1a. 6 — Gain of input coupling network.

outside the feedback path, the impedances which they present to the
amplifier are important factors in the feedback design. It can be seen
from Fig. 3 that at the amplifier input the proportion of the feedback
voltage which will be effective in producing feedback around the loop
is dependent upon the potentiometer division between the grid-cathode
impedance of the first tube and the impedance looking back into the
coupling network. The greater the gain shaping of the network, the
greater the potentiometer loss. The maximum gain which can be ob-
tained from the coupling network is limited by the capacitance across
the circuit. This capacitance cannot be reduced without increasing the
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Fig. 7 — Input potentiometer term.

potentiometer loss, and seriously limiting feedback. In this design an
acceptable compromise is made when the ratio of network capacitance
to grid-cathode capacitance has been fixed at 1.2 as suggested by Bode.®
The gain through the input network and the deviation from one-third
cable shape is shown in Fig. 6. A typical potentiometer term is shown
in Fig. 7

Similar considerations apply to the output network with the further
restriction that the impedance presented to the output tube should be
about 40,000 ohms at the top edge of the band for optimum modulation
performance. .

The coupling networks have a temperature characteristic which must
be taken into account in the insertion gain of the repeater. The charac-
teristic is due to variations in the resistance of C; and R, with tempera-
ture. This amounts to 0.005 db per degree I at 20 ke, decreasing with
frequency, becoming negligible above 80 kec.

Beta Circuit

The beta or feedback network is designed to complement the combined
characteristics of the input and output coupling networks and mop-up
residual effects, such as those due to uB effect and coupling network
temperature coefficients. The network also provides the de path for the
output tube plate current.
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The configuration of the beta circuit is shown in Fig. 8. In the pass
band it is a two terminal network whose impedance varies from about
300 ohms at 20 ke to 70 ohms at 164 ke. It consists of essentially two
parts. The elements to the left of the dotted line provide the major por-
tion of the shaping. With these the repeater is within +0.7 db of the
required gain. The series resonant circuits to the right of the dotted line
reduce this to the 4£0.05 db set as the objective.

The mopping up elements are connected to the main portion of the
beta circuit through a resistance potentiometer R;, Ry and Rs. This
scales the elements of the resonant circuits to values which would meet
mounting space and component restrictions.

Built-in Testing Features

The crystal Y and capacitor C, Tig. 1, in the feedback path provide the
means for checking the repeater from the shore station. The crystal is a
sharply tuned series-resonant shunt on the feedback path which reduces
the feedback at the resonant frequency and produces a narrow peak in
the insertion gain characteristic of the repeater. The feedback reduction,
and hence the peak gain, is controlled by the potentiometer divider
formed by the reactance of the capacitor and the series resonant resist-
ance of the crystal. The crystal and capacitor are chosen so that sub-
stantially all the feedback is removed from the repeater. With no feed-
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back the peak gain is proportional to the mutual conductance of the
three tubes. ‘

‘At frequencies well off resonance the impedance of the crystal is high
so that no reduction in feedback results. Periodic measurements of gain
at the resonant frequency relative to measurements made at a frequency
off resonance will show any changes in the tubes. The crystal frequency
is different for each repeater so that by measuring the gain from the
shore stations at the various crystal frequencies it is possible to monitor
the performance of the individual repeaters.

The increase in gain at the peak is approximately 25 db. The crystal
frequencies, spaced at 100-cycle intervals, are placed above the normal
transmitted band between 167 and 173.4 ke.

Thermal noise always present at the input to the repeater, is also am-
plified over the narrow band of frequencies corresponding to the peak
gain in each repeater so that at the receiving end of the line there are a
series of noise peaks, one for each repeater. Should a repeater fail, the
noise peaks of all repeaters between the faulty repeater and the receiving
end will be present and those from repeaters ahead will be missing. By
determining which peaks are missing the location of the failed repeater
can be determined. It is obvious that to locate a faulty repeater the power
circuit must be intact. To guard against power interruption owing to
an open electron-tube heater, a gas tube V4, Fig. 1, is connected across
the heater string as a bypass.

Loop Feedback

The design of the feedback loop follows conventional practice. The
restrictions that limit the amount of feedback that can be obtained in
the transmitted band are well known.® Broadly speaking, the figure of
merit of the electron tubes and the incidental circuit capacitances de-
termine the asymptotic cutoff which limits the amount of feedback that
can be obtained in the band. With the flexible repeater circuit, capaci-
tances are rather large because of the severe space restrictions and physi-
cal length of the structure. Transit time of 1.8° per megacycle per tube
and a like amount for the physical length of the feedback loop reduced
the available feedback by 2 db.

Margins of 10 db at phase cross-over and 30° at gain cross-over were
set, as design objectives. While these may seem to be ultraconservative
in view of the tight controls placed on components and the mechanical
assembly, it should be borne in mind that the repeaters are inaccessible
and repairs would be costly.

Modulation and tube aging considerations require a minimum feed-
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1 INPUT TERMINAL 10 VACUUM TUBE (THIRD STAGE)
2 INPUT BLOCKING CAPACITOR 11 OUTPUT NETWORK

3 GROUNDING CAPACITOR 12 BETA NETWORK (1}

4 CRYSTAL 13 BETA NETWORK (2)

5 INPUT NETWORK 14 GAS TUBE

6 VACUUM TUBE (FIRST STAGE) 15 DRYER

7 FIRST INTERSTAGE NETWORK 16 OUTPUT BLOCKING CAPACITOR
8 VACUUM TUBE (SECOND STAGE) 17 OUTPUT TERMINAL

9 SECOND INTERSTAGE NETWORK

Fig. 9 — Repeater make-up.

back of 33-34 db. With the restrictions noted above and the effect of
the potentiometer terms on the available feedback, the top edge of the
band is limited to about 165 ke with the desired feedback.

Mechanical Design

To provide a flexible structure the repeater unit is assembled in a
number of longitudinal sections mechanically coupled by helical springs
and electrically interconnected by means of bus tapes. The assembly is
composed of 17 sections. Figs. 9 and 10 show the repeater make-up and
an assembled unit.

The sections consist of the circuit component, or components, mounted
in machined plastic forms and enclosed in a plastic container which in
turn is enclosed in a housing of the same material.* The sections contain
circuit components grouped functionally such as input coupling net-
work, interstage, electron tube, or high voltage blocking capacitor. In
the case of the feedback network it was necessary to mount the network
in two sections because of the large numbers of components involved.
A typical network, container and housing are shown in Fig. 11.

The bus tapes are placed in grooves milled in the outer surfaces of the

* The material used is methyl methacrylate which was chosen for its physical
and chemical stability and good machinability.

Fig. 10 — Overall view of the repeater unit.
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Fig. 11 — Network section.

section containers. Wiring spaces are machined into the ends of the con-
tainers for connecting network leads to the bus tapes. The housing is
placed over the container and the buses and is closed by a plastic coupler
plate which also forms part of the intersection couplers. The coupler
plates are fastened to the housing with plastic pins.

Between sections the bus tapes are looped toward the longitudinal
axis of the repeater unit. The dimensions of the loop are rigidly con-
trolled so that as the unit is flexed during bending of the repeater, the
loops always return to their original location between sections and do
not short to each other or the metal outer container. The bus tapes
have either an electrical connection or lock at one end of each section
to eliminate any tendency of the tapes to creep as the repeater unit is
flexed. ‘

The buses consist of two copper tapes in parallel to guard against
opens should one tape break. The design of the connections to the buses
is such that once the section is closed there can be no disturbance of the
tapes or network leads in the vicinity of the electrical connections. The
bus-type wiring plan was chosen as the best arrangement for the long
structure in keeping with the stringent transmission requirements. Elec-
trically adjacent but physically remote components can thus be inter-
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connected with careful control of the parasitic capacitances and cou-
plings to insure reproducibility from unit to unit in manufacture.

COMPONENTS

The development of passive components for use in the flexible repeater
presented a number of unusual problems, the most important being: (1)
the extreme reliability, (2) the high degree of stability, (3) the limita-
tions on size and shape and, (4) an environment of constant low tempera-
ture.

The repeaters for the transatlantic system contain a total of approxi-
mately 6,000 resistors, capacitors, inductors and transformers. If we are
to be 90 per cent certain of attaining the objective of 20 years service
without failure of any of these components, the effective average annual
failure rate for the components must be not more than 1 in a million.
To assure this degree of reliability by actual tests would require more
than 400 years testing on 6,000 components. Obviously some other ap-
proach to insure reliability is required. The most obvious avenue, that
of providing a large factor of safety, was not open because of space
limitations.

Fortunately, with only one exception, the passive components do not
wear out. Thus the approach to reliability could be made by one or
more of the following:

1. The use of constructions and materials which have been proved by
long use, particularly in the Bell System.

2. The use of only mechanically and chemically stable materials.

3. The use of extreme precautions to avoid contamination by materials
which might promote deterioration.

4. Special care in manufacture to insure freedom from potentially
hazardous defects.

The philosophy of using only tried and proved types of components
dictated the use of wire wound resistors, impregnated paper and silvered
mica capacitors and permalloy cores for inductors and transformers.
While newer and, in some ways, superior materials are known, none of
these possessed the necessary long record of trouble-free performance.
In some cases, particularly in resistors, this approach resulted in more
difficult design problems and also in physically larger components. While
the ambient conditions in the repeater, i.e., low temperatures and ex-
treme dryness, are ideal from the standpoint of minimizing corrosion or
other harmful effects of a chemical nature, the materials used in the fab-
rication of components were nevertheless limited to those which are in-
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Fia. 12 — Accelerated life tests on paper capacitors with various impregnants
at room temperature (60° to 80°F).

herently stable and nonreactive. In addition, raw materials were care-
fully protected from contamination from the time of their manufacture
until they were used, or, wherever possible, they were cleaned and tested
for freedom from contaminants just prior to use. Unusually detailed
specifications were prepared for all materials.

The effort to achieve extreme reliability also influenced or dictated a
number of design factors such as the minimum wire diameters used in
wound apparatus, the use of as few electrical joints as possible and the
use of relatively simple structures. These limitations resulted in the use
of unencased components in most instances. Wherever possible, the ends
of windings were used as terminal leads to avoid unnecessary soldered
connections. This injected the additional hazard of lead breakage owing
to handling during manufacture and inspection. This hazard was mini-
mized in most instances by providing the windings with extra turns
which were removed just before the component was assembled in the
network. Thus, the lead wires in the final assembly had never been sub-
jected to severe stress. Where this technique was impracticable, special
fixtures and handling procedures were used to prevent undue flexing or
stressing of lead wires.

As mentioned above there was one type of passive component in which
life is a function of time and severity of operating conditions. These are
the capacitors, especially those subject to high voltages. Because of this
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and the fact that the physical and electrical requirements dictated the
use of relatively high dielectric stress in these capacitors, a program of
study covering a wide range of dielectric materials was undertaken about
1940. This study showed that none of the usual solid or semisolid materi-
als used to impregnate paper capacitors were suitable for continuous use
at sea bottom temperatures. Typical results of this program are shown
in Figs. 12 and 13. These curves show the performance of capacitors
operating at approximately 1.8 times normal dielectric stress at both
sea bottom and room temperatures. It is evident that even semisolid im-
pregnants are inferior to liquids at the lower temperature. The need for
the maximum capacitance in a given space restricted the field still fur-
ther, so that the final choice was a design using castor-oil-impregnated
kraft paper as the dielectric.

It is well established that the life of impregnated paper capamtors 18
inversely proportional to the fourth to sixth power of the voltage stress;

or
L _ (V2
L, Vi
where p ranges from 4 to 6. This fact permits the accumulation of a large
amount of life information in a relatively short time. In order to insure
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that the capacitor design selected would provide the degree of reliability
required, a number of capacitors were constructed and placed on test
at voltage stresses ranging from 13 to 2% times the maximum stress ex-
pected in service. From the performance of these samples, a prediction
of performance under service conditions can be made as follows:

The total equivalent exposure in terms of capacitor years at the maxi-
mum service voltage can be computed for the samples under test by the
following summation:

— Vi’ Va\” .\
T = N:Th <VS> + N2T2<T/—s> + o+ NTTT<.V_S> 1)

where N1, N2, --- N, are the number of samples on test at voltage
stresses Vi, Voand V, , Ty, Ts, - -+ T, are the total times of the individ-
ual tests and V, is the maximum voltage stress under service conditions.

If, as has been the case in the tests described above, there has been
only one failure in the total exposure T, we can estimate from probability
equations the limits or bounds within which the first failure will occur
in a system involving a given number of capacitors operating at a volt-
age stress V. These equations are:

probability of no failuresin exposure 7' = ¢ *'¥ 2)

probability of more than one failure in exposure time 7 =
T —T/L
1 <1 + E) (4 (3)

where T is obtained from (1) and L is the total exposure in the same
units as T for the service conditions. The solutions of (2) and (3) for
L using any desired probability give the maximum and minimum ex-
posures in capacitor-years, within which the first failure may be ex-
pected to occur under service conditions.

However, since the voltage on the capacitors varies from repeater to
repeater, it is necessary to determine the equivalent exposure of the sys-
tem in terms of capacitor-years per year of operation at the maximum
service voltage in order to estimate the time to the first failure in the
system. This is obtained from (1) for one-half of one cable by substitut-
ing the supply voltage at each repeater for V;, Vs, ete., the maximum
service voltage for V, and the number of capacitors per repeater for N.
The total exposure for a two cable system is then 4 times this figure.
With the data which has been accumulated and the number of capacitors
and voltages of the transatlantic system, we estimate with a probability
of being correct nine times in ten that the first “wear-out’ failure of a
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capacitor in the transatlantic system will not occur in less than 16 years
nor more than 600 years.

There is, of course, the possibility of a catastrophic or early failure due
to mechanical or other defects not associated with normal deterioration
of the dielectric. Such potential failures are not always detected by the
commonly used short-time over-voltage test. Thus, for submarine cable
repeaters, all capacitors subjected to de potentials in service are sub-
jected to at least 13 times the maximum operating voltage for a period
of four to six months before they are used in repeaters. Experience indi-
cates that this is adequate to detect potential early failures. The results
of this type of testing on submarine cable capacitors is an indication of
the care used in selecting materials and manufacturing the capacitors.
Only one failure has occurred in more than 3,000 capacitor-years of
testing. -

An important aspect of the control of quality of components is the
control of the raw materials used in their manufacture. For the trans-
atlantic project, this was accomplished by rigid specifications, thorough
inspection and testing, supplemented in some cases by a process of se-
lection.

This can be illustrated by the procedure used for selecting the paper
used as the dielectric in capacitors. The Western Electric Company
normally inspects many lots of capacitor paper during each year. Those
lots which were outstanding in their ability to stand up under a highly
accelerated voltage test were selected from this regular inspection proc-
ess. These selected lots were then subjected to a somewhat less highly
accelerated life test. Paper which met the performance requirements of
this test was slit into the proper widths for use in capacitors. Sample
capacitors were then prepared with this paper and so selected that they
represented a uniform sampling of the lot at the rate of one sample for
approximately each three pounds of paper. These samples were impreg-
nated with the same lot of oil to be used in the final product. Satisfactory
completion of accelerated life and other tests on these samples consti-
tuted final qualification of the paper for production of capacitors. Rela-
tively few raw materials were adaptable to such tests or required such
detailed and exhaustive inspection as capacitor paper. But the attitude
in all cases was that the material be qualified not only as to its primary
constituents or characteristics but also as to its uniformity and freedom
from unwanted properties.

To a considerable extent, stability of components is assured by the
practice of using only those types of structures which have long records
of satisfactory field performance. However, in some cases, a product far
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more stable than usual was required. This was true of the high voltage
capacitors where other requirements dictated the use of impregnated
paper as the dielectric but where the degree of stability required was
comparable to that expected of more stable types of capacitors. In so
far as possible, stability was built into the components by appropriate
design but, where necessary, stabilizing treatments consisting of re-
peated temperature cycles were used to accelerate aging processes to
reach a stable condition prior to assembly of the repeaters. Temperature
cyecling or observation over periods up to six months were used also to
determine that the components’ characteristics were stable.

Exceptional inspection procedures followed to insure reliability and
stability are described in detail in a companion paper.”

As mentioned earlier, the design and construction of components was
simplified by omitting housings or containers, except for oil impregnated
paper capacitors. Adequate mountings for the components were obtained
in several ways. Mica capacitors were cemented to small bases of methyl
methacrylate which were in turn cemented in suitable recesses in net-
work structures. Inductors and transformers were cemented directly
into recesses in the network housings. Fig. 14 illustrates some of these
structures and their mounting arrangements. On the bottom is a molyb-
denum permalloy dust core coil in which a mounting ring of methyl

Fig. 14 — Mounting for molybdenum permalloy dust core coils.
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Tig. 15 — Capacitor and resistor capacitor combinations.

methacrylate provided with radial fins is secured around the core by
tape and the wire of the winding. Such inductors were mounted by ce-
menting the projecting fins into slots arranged around a recess in the
network housing. On top 1s an inductor which, for electrical reasons,
required a core of greater cross-section than could be accommodated in
the network when made by the usual toroidal construction. In this case,
the effective cross-section of two cores was obtained by cementing the
cores in a ““figure-8”’ position and by applying the winding so that it
threads the hole in both cores. With these constructions, the cement used
to secure the inductors does not come into contact with the wire of the
winding which is thereby not subject to strains produced by curing of
the cement.

TFor economy of space and also to reduce the number of soldered con-
nections, many of the components’ structures contain two or more ele-
ments. Inductors and resistors were combined by winding inductors with
resistance wire. Separate adjustment of inductance and resistance were
obtained by adjusting turns for inductance and the length of wire in a
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small “non-inductive” winding for resistance. The inductor on the bot-
tom in Fig. 14 illustrates one type in which the non-inductive part of
the winding is placed on one of the separating fins. In some cases, capaci-
tors and resistors were also combined. Fig. 15 shows two of these. The
capacitor at the bottom right contains three capacitances and a single re-
sistance in the same container. This construction requires that the re-
sistor parts be capable of withstanding the capacitor drying and impreg-
nation process and also that the resistor contain nothing which would
be harmful to the capacitor. The capacitor on the left in this figure is
housed in a ceramic container on which is wound a resistor. The capaci-
tor at the top is a high-voltage type which, aside from electron tubes,
represents the largest single component used in the repeater. In this ca-
pacitor, the tape terminals which contact the electrodes are brought out
through the ceramic cover and are made long enough to reach an ap-
propriate point so as to avoid additional soldered connections. Such
special designs introduced many problems in the manufacture of the
components. However, the improved performance of the repeater and
the increase in the inherent reliability of the overall system fully justified
the greater effort which was required for the production of such special-
ized apparatus.

POWER BY-PASS GAS TUBE*

The fault locating means, referred to previously, requires that the
power circuit through the cable be continuous. To protect against an
open circuit in the repeater, such as a heater failure, an additional de-
vice is required to bypass the line current. This bypass must be a high
resistance under normal operating conditions since any current taken
by this device must be supplied through preceding repeaters. If an open
circuit occurs the bypass must carry the full cable current. At full cur-
rent, the voltage drop should be small to avoid excessive localized power
dissipation in the repeater. The device should recover when power is
removed so that false operation by a transient condition will not perma-
nently bypass the repeater.

A gas diode using an ionically heated cathode has been used to meet
these requirements. By making the breakdown voltage safely greater
than the drop across the heater string, no power is taken by the tube
under normal repeater operation. In the event of an open circuit in the
repeater, the voltage across the tube rises and breakdown occurs. Full
cable current is then passed through the gas discharge. Removal of power

* Material contributed by Mr. M. A. Townsend.
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from the cable allows the tube to deionize and recover in the event of
false triggering by transients. The cathode is a coil of tungsten wire coated
with a mixture of barium and strontium oxide. A cold cathode glow dis-
charge forms when the tube is first broken down. This discharge has a
sustaining voltage of the order of 70 volts. The glow discharge initially
covers the entire cathode area. Local heating occurs and some parts of
the oxide coating begin to emit electrons thermionically. This local emis-
sion causes increased current density and further increases the local
heating. The discharge thus concentrates to a thermionic arc covering
only a portion of the coil. The sustaining voltage is then of the order of
10 volts.

Mechanically the tube was designed to minimize the possibility of a
short circuit resulting from structural failure of tube parts. Fig. 16 shows
the construction of the tube. The glass envelope and stem structure which
had previously been developed for the hot cathode repeater tubes were
used as a starting point for the design. The anode is a circular disk of
nickel attached to two of the stem lead wires. To provide shock resistance
the supporting stem leads are crossed and welded in the center. To pro-
tect against weld failure, a nickel sleeve is used at each end of the cathode

Fig. 16— The power by-pass gas tube.
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coil. It is crimped to hold the coil mechanically in place and then welded
at the end for electrical connection. At the end of the coil as well as in
all other places where it is possible, a mechanical wrap is made in addi-
tion to spot welding. An additional precaution is taken by inserting an
insulated molybdenum support rod through the center of the cathode
coil. The filling gas is argon at a pressure of 10 mm Hg. To provide ini-
tial ionization, 1 microgram of radium in the form of radium bromide
was placed on the inside of the tube envelope. All materials were pro-
cured in batches of sufficient size to make the entire lot of tubes and care-
fully tested before being approved for use. The tubes were fabricated in
small groups and a complete history was kept of the processing of each
lot.

For detailed study of tube performance, a number of electrical tests
were made. These involved measurements of breakdown voltage, operat-
ing voltage as a glow discharge at low current, current required to cause
the transition to a thermionic arc, the time required at the cable current
to cause transition to the low voltage arc, and the sustaining voltage at
the full cable current.

All tubes were aged by operating at 250 milliamperes on a schedule
which included a sequence of short on-off periods (2 min. on, 2 min. off)
followed by periods of continuous operation. A total of 150 starts and
300 hours of continuous operation were used. Following this aging
schedule the tubes were allowed to stabilize for a few days and then sub-
jected to a 2-hour thermal treatment or pulse at 125°C. It was required
that no more than a few volts change in breakdown voltage occur during
this thermal pulse before a tube was considered as a candidate for use
in repeaters.

After aging and selection as candidates for repeaters, tubes were
stored in a light-tight can at 0°C. Measurements were made to assure
stability of breakdown voltage and breakdown time.

The quality of each group of 12 tubes was further checked by continu-
ous and on-off cyecling life tests. The fact that none of these tubes has
failed on the cycling tests at less than 3,500 hours and 1,500 starts and
no tube on continuous operation has failed at less than 4,200 hours gives
assurance that system tubes will start once and operate for the few hours
necessary to locate a defective repeater. Long-term shelf tests of repre-
sentative samples at 70°C and at 0°C give assurance of satisfactory
behavior in the system.

CONTAINER AND SEALS

The design of the flexible enclosure for the flexible repeater unit is
basically the same as it emerged from its development stages in the
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1930’s. It is virtually identical to the structure of the repeaters manu-
factured by the Bell Telephone Laboratories for the cables laid in 1950
between Key West and Havana.?

The functions of the enclosure are to protect the repeater unit from
the effects of water at great pressure at the ocean bottom; to provide
means of connecting the repeater to the cable before laying; and to be
slender and flexible enough to behave like cable during laying. How these
functions are met in the design may be more readily understood by refer-
ence to Fig. 17.

The repeater unit, described earlier, is surrounded by a two-layer
carcass of steel rings, end to end. The rings are surrounded in turn by a
copper tube 12 inches in diameter and having a s5-inch wall.

When a repeater is bent during laying by passing onto the cable-ship
drum, the steel rings separate at the outer periphery of the bend and the
copper tube stretches beyond its elastic limit. As the repeater leaves the
drum under tension the rings separate and the copper stretches on the
opposite side, leaving the repeater in a slightly elongated state. At the
ocean bottom, hydraulic pressure restores the repeater to its original
condition with rings abutted and the copper tube reformed.

The system of seals in each end of the tube consists of (1) a glass-to-
Kovar seal adjacent to the repeater unit, (2) a rubber-to-brass seal sea-
ward from the glass seal, and (3) a core tube and core sleeve seal sea-
ward from the rubber seal.

The glass seal, although capable of withstanding sea bottom pressures,
is primarily a water vapor barrier and a lead-through for electrical con-
nection to the repeater circuit. In service it is normally protected from
exposure to sea pressures by the rubber seal.

The rubber seal, capable of withstanding sea bottom pressures, is in-
deed exposed to these pressures for the life of the repeater, but is not
exposed to sea water. It is likewise a lead-through for electrical connec-
tion from the cable to the glass seal.

The core sleeve seal is an elastic barrier between sea water on the out-
side and a fluid on the inside. This fluid, polyisobutylene, is a viscous
honey-like substance, chemically inert, electrically a good insulator, and
a moderately good water vapor barrier. It fills the long thin annular
space outside the cable core and inside a copper core tube and thus
becomes the medium of transmitting to the rubber seal the sea pressure
exerted on the core sleeve. It can be seen that the core sleeve seal has
nominally no pressure resisting function and no electrical function.

The same fluid is also used to fill the space between the glass and rub-
ber seals. Voids at any point in the system of seals are potential hazards
to long, trouble-free life. Empty pockets, for instance, lying between the
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central conductor and the outer conductor, or container, are capable of
becoming electrically conducting paths if filled with water vapor. As
pointed out in companion papers,? ¢ the voltage between the repeater
(and cable) central and outer conductors is in the neighborhood of 2,000
volts at the ends of the transatlantic system.

The filling of the seal interspace with a liquid would defeat one func-
tion of the rubber seal if special features were not provided in the rubber
seal design. Very slight displacement of the rubber seal toward the glass
seal because of sea pressure, or resulting from reduction in volume owing
to falling temperature, would otherwise build up pressure in the liquid
and on the glass seal. We avoid this by providing a kind of resilience in
the interspace chamber. Three small brass bellows, partly compressed,
occupy fixed cavities in the chamber. They can compress readily and
maintain essentially constant conditions independent of external pres-
sures and temperatures.

The entire repeater assembly enclosed in copper is approximately 23
feet long. Tails of cable at each end make the total length about 80 feet
before splicing. The central conductor of each cable tail is joined to the
rubber seal central conductor, with the insulation molded in place in
generally the same manner as in cable-to-cable junctions elsewhere in
the system. The outer-conductor copper tapes of the cable tails are
electrically connected to the copper core tubes.

The copper region is coated with asphalt varnish and gutta percha
tape to minimize corrosion. Over this coating bandage-like layers of
glass fabric tape are built up to produce an outer contour tapering from
cable diameter at one end up to repeater diameter and back down to
cable diameter at the opposite end. The tape covering is saturated with
asphalt varnish. This tape is primarily a bedding for the armor wires
that are laid on the outside of both cable tails and repeater to make the
repeater cable-like in its tensile properties and capable of being spliced
to cable.

In the region of the repeater proper where the diameter is double that
of cable, extra armor wires are added to produce a layer without spaces.
Also, to avoid subjecting the repeater to the torque characteristically
present in cable under the tensions of laying, a second layer of armor
wires of opposite lay is added over the first layer. This armoring process
is so closely related to the armoring of cable core in a cable factory that
it is performed there.

Materials

Following the same design philosophy applied to the repeater compo-
nents, the materials of construction of the repeater container and seals
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were chosen for maximum life, compatibility with each other, and for
best adaptability to the design intent. Specifications particularly adapted
to this use were set up for all of the some 50 different metals and non-
metals employed in the enclosure design. In general, the methods es-
tablished for proving the integrity of the materials are more elaborate
than usual commercial practice. In most instances, such as that of cop-
per container tubes, the extraordinary inspection for defects and weak-
nesses with its resulting rejection rate, resulted in high cost for the usable
material.

TESTING

A substantial part of the development work on the repeater enclosure

. was concerned with devising tests that give real assurance of soundness

and stability. It is beyond the scope of this paper to discuss how each

part is tested before and after it is assembled but certain outstanding
tests deserve mention.

Steel Ring Tests

Each of the inner steel rings, before installation, is required to pass a
magnetic particle test to find evidence of hidden metallurgical faults.
Bach ring is later a participant in a group test under hydraulic pressure
simulating the crushing effect of ocean bottom service but exceeding
the working pressures. The magnetic particle test is repeated.

Helium Leak Tests

Both glass and rubber seal assemblies, before being installed in re-
peaters, are required to undergo individual tests under high-pressure
helium gas. Helium is used not only because its small molecules can pass
through smaller leaks than can water molecules but because of the ex-
cellent mass spectrometer type of leak detectors commercially available
for this technique. While helium is applied at high pressure to the
outer wall of the seal, the inner wall is maintained under vacuum in a
chamber joined with the leak detector. The passage of helium through a
faulty seal at the rate of 10~ milliliters per second can be detected.
Stated differently, this is 1 milliliter of helium in 30 years. The relation
of water-leak rate to helium-leak rate is dependent on the physical na-
ture of the leak, but if they were assumed to be equal rates, the amount
of water which might enter a tested repeater in 20 years would be 0.66
grams. A desiccant within the repeater cavity is designed to keep the
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relative humidity under 10 per cent if the water intake were five times
this amount.

After glass seals are silver brazed into the ends of the copper tube of
the repeater the helium test is repeated to check the braze and to re-
check the seal. For this test the entire repeater must necessarily be sub-
merged in high pressure helium. Obviously, in order to sense a possible
passage of the gas from the outside to the inside, the leak detector vae-
‘uum system must be connected to the internal volume of the repeater.
TFor this and other reasons a small diameter tube that by-passes the seal
is provided as a feature of the seal design. After the leak integrity of the
repeater is established by this means for all but the access tube, this
tube is then used as a means of vacuum drying the repeater and then
filling it with extremely dry nitrogen. Following this, the tube is closed
by welding and brazing. This closure is then the only remaining leak
possibility and is checked by a radioisotope leak test.

Radioisotope Leak Test

Of various methods of detecting the passage of very small amounts of
a liquid or a gas from the outside to the inside of a sealed repeater, a
scheme using a gamma-emitting radioisotope appeared to be the most
applicable.

The relatively small region of the welded tube referred to above is
surrounded by a solution of a soluble salt of cesium?®*. With the entire
repeater in a pressure tank, hydraulic pressure in excess of service pres-
sures is applied for about 60 hours. The repeater is removed from the
tank, the radioactive solution is removed and the test region is washed
by a special process so as to be essentially free from external radioac-
tivity. A special geiger counter is applied to the region. If there has been
no leak the gamma radiation reads a low value. If an intake has occurred

_of as much as one milligram of the isotope solution, the radiation count
is about four to five times greater than that of the no-leak condition.
The rate of leak indicated is an acceptable measure of soundness of the
repeater closure.

The helium and subsequent isotope leak tests are made on a repeater
not only when its glass seals are installed but are performed again on
each rubber seal after it is brazed in place.

Electrical Tests

Prior to assembly into the repeater the various networks are tested
under conditions simulating as nearly as is feasible the actual operating
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Fig. 18 — Mu Beta gain and phase.

conditions of the particular network. The input and output coupling
networks and the beta networks enter directly into the insertion gain
and hence are held to very close limits. To ensure meeting these limits
elements which go into a particular network are matched and adjusted
as a group before assembly into the network.

Repeater units are tested for transmission performance both before
and after closing. These tests consist of ; mu-beta measurements (simul-
taneous measurements of gain and phase of the feedback loop); noise;
modulation; insertion gain at many frequencies; exact frequency of the
fault location crystal and crystal peak gain. Modulation and erystal
frequency measurements are made with the repeater energized at 225
milliamperes cable current and also at 245 milliamperes as a check on
the ultimate performance of the whole system initially and after aging.

PERFORMANCE OF REPEATERS

The phase and gain characteristics of the feedback loop of the repeater
are shown in Fig. 18. It will be noted that at the upper edge of the band
the feedback is a little less than the 33-34 db set as the objective. Addi-
tional elements could have been used in the interstages to increase the
feedback but the return per element is small. Since any element is a
potential hazard, the lower feedback is acceptable.
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The deviation of the insertion gain of the repeater from the loss of
36.9 nautical miles of design cable® at sea bottom is shown in Fig. 19.
This is well within the objective of 40.05 db. '
It has been pointed out that the repeater input and output impedance
do not match the cable impedance. This results in ripples in the system
frequency characteristic due to reflections at the repeater. These are
shown in Fig. 20.
The noise performance of the repeater is determined by the input tube
and the voltage ratio of the input coupling network. Amplifier noise
referred to the input is shown in Fig. 21. At the upper frequencies the
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repeater contribution to cable noise is very small. At the lower frequen-
cies, while the repeater noise is considerably greater than thermal noise,
this does not degrade performance because of the lower cable attenua-
tion at these frequencies.

MANUFACTURING DRAWINGS

Because of the extraordinary nature of many of the manufacturing
problems associated with undersea repeaters it was determined at the
outset that a so-called single-drawing system would be used. For this
reason, considerably more information is supplied than is normal. The
effect is illustrated best in the rather large number of drawings that
consist of text material outlining in detail a specific manufacturing
technique. Such drawings specify the devices, supplies and work ma-
terials needed to perform an operation, and the step-by-step procedure.
Of course, these papers are by no means a substitute for manufacturing
skill. Primarily they insure the continuance of practices proved to be
effective with the Havana-Key West project.

REPAIR REPEATER

The “repair repeater,” used to offset the attenuation of the excess
cable which must be added in making a repair, is basically the same
general design as the line repeater. It employs a two-stage amplifier,
designed to match the loss of 5.3 nautical miles of cable to within 40.25
db. The larger deviation compared to the line repeater is permissible
since few repair repeaters are expected to be added in a cable. The input
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and output impedances match the cable. As in regular repeaters a crys-
tal and gas tube are provided for maintenance testing. The crystals give
approximately 25 db increase in gain and are placed between 173.5 and
174.1 ke so as not to duplicate any frequencies used in the line repeaters.
The crystal frequency spacing is 100 ¢ycles.

Wherever possible the same components and mechanical details are
used in the repair repeaters as in the line repeaters. When changes in
design were necessary, these were modifications in the existing designs
rather than new types. Capacitors are like those of line repeaters. Ex-
cept for the length of the container, the enclosure is identical to the line
repeater.

Noise and overload considerations restrict the location of a repair
repeater to the middle third of a repeater section.

UNDERSEA EQUALIZERS

Even though the insertion gain of the line repeater matches the nor-
mal loss characteristic of the cable rather closely, uncertainties in the
knowledge of the attenuation of the laid cable can lead to misalignment
which, if uncorrected, would seriously affect the performance of the
system. Misalignment which has cable loss shape can be corrected by
shortening or lengthening the cable between repeaters at intervals as the
cable is laid. Other shapes, however, require the addition of networks or
equalizers in the line.

"With these factors in mind a series of undersea equalizers were de-
signed. The loss shapes were chosen on the basis of a power series analy-
sis of expected misalignments. The designs were restricted to series im-

(@)
N
- ——— IR [ I E
n
A
(b)

Fig. 22 — (a) Schematic of Type IV equalizer. (b) Schematic of Type V equalizer
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Fig. 23 — Iiqualizer loss characteristics.

pedance type equalizers to avoid the necessity for shunt arms and the
accompanying high-voltage blocking capacitor required to isolate the
cable power circuits. This restriction confines the ultimate location of
the equalizers to the middle portion of repeater sections to minimize the
reaction of the poor repeater impedance on the equalizer characteristic. *:
The de resistance of equalizers is low so that material increase of the
system power supply voltage is not required.

The configuration of two of the equalizers are shown in Fig. 22. The
loss characteristics are shown in Fig. 23. Each equalizer has a maxi-
mum loss spread in the pass band of about 4 db which represents a com-
promise between keeping the number of equalizers low and at the same
time keeping the misalignment within tolerable limits.

The components used are modifications of the repeater components.
The mechanical construction is identical to the repeater except that with
the smaller number of elements, the container is materially shorter than
a repeater.
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Repeater Production for the

North Atlantic Link

By H. A. LAMB* and W. W. HEFFNER*
(Manuseript received September 20, 1956)

Production of submarine telephone cable repeaters, designed to have a
manimum trouble-free life of twenty years, required many new and refined
manufacturing procedures. Care in the selection and training of personnel,
manufacturing environment, inspection, and testing, were of great tmpor-
lance in the successful atiainment of the ultimate objective. Although quality
of product has always been of major significance in Western Electric
Company manufacture, building electronic equipment for use at the bottom
of the ocean, where maintenance is impossible and replacement of apparatus
extremely expensive, required unusual manufacturing methods.

MANUFACTURING OBJECTIVE

Late in 1952, the manufacture of flexible repeaters for the North
Atlantic Link of the transatlantic submarine telephone cable system
was allocated to the Kearny Works of Western Electric Company.

In accordance with established practice in initiating radically new
products and processes, production of these repeaters was assigned to
the Engineer of Manufacture Organization rather than to regular manu-
facture in the telephone apparatus shops. The job — to produce 122
thirty-six channel carrier repeaters and 19 equalizers capable of operat-
ing satisfactorily at pressures up to 6,800 pounds per square inch on the
ocean floor, with minimum maintenance, for a period of at least twenty
years. Initial delivery of repeaters was required for March, 1954, less
than a year and a half after the project started.

GENERAL PHILOSOPHY

Quality has always been the prime consideration in producing appara-
tus and equipment for the Bell System. There is an economical breaking
point, however, beyond which the return does not warrant the abnormal

* Western Electric Company.
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expenditures required to approach theoretical perfection. The same
philosophy applies to all manufactured commodities, be they auto-
mobiles, airplanes or telephone systems. In general, all of these products
are physically available for preventive and corrective maintenance at
nominal cost. With electronic repeaters at the bottom of the ocean, main-
tenance is impossible and replacement would be extremely expensive.

The general philosophy adopted at the inception of the project was
to build integrity into the product to the limit of practicability. To do
this, a number of fundamental premises were established, which form
the foundation of all operations involved:

1. Manufacturing environment would be provided which, in addition
to furnishing a desirable place to work, could be kept scrupulously clean
and free from contamination.

2. The best available talent would be screened and selected for the
particular work involved.

3. Wage payments would be based on day work, rather than on an
incentive plan basis, because production schedules and the complexity
of the operations did not permit the high degree of standardization
essential to effective wage incentive operation.

4. A sense of individual responsibility would be inculcated in every
person on the job.

5. Training programs would be established to thoroughly prepare
supervisors, operators, and inspectors for their respective assignments
before doing any work on the project.

6. Inspection, on a 100 per cent basis, would be established at every
point in the process which could, conceivably, contribute to, or affect
the integrity of the product.

PREPARATION FOR MANUFACTURE
Manufacturing Location

It appeared desirable to set up manufacture in a location apart from
the general manufacturing area. Experience gained to date has satisfied
us that this was the correct approach, since it provided a number of
advantages:

1. Administration has been greatly facilitated by having all necessary
levels of supervision located in the immediate vicinity of the work.

2. It was necessary for the people on the job to acquire and maintain
a new philosophy of perfection in product, rather than a high output
at an ““acceptable quality level.” This was easier at a separate location,
since only one philosophy was followed throughout the plant.
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3. Engineering, production control, service and maintenance organi-
zations were located close to actual production and had no assignments
other than the project.

4. The small plant, due to its semi-isolation, tends to produce a very:
closely knit organization and good teamwork.

A large number of manufacturing locations were examined and the
one selected was a one-story modern structure in Hillside, New Jersey,
which provided a gross area of 43,700 square feet.

The entire plant was air conditioned; in most cases, the temperature was
controlled to minimum 73 degrees I', maximum 77 degrees I'. The air was
filtered through two mechanical and one electrostatic filters. Relative
humidity was maintained at maximum 40 per cent in all but one area —
the capacitor winding room — in which it was necessary to maintain
maximum 20 per cent humidity to avoid mechanical difficulty with
capacitor paper. While most of the air was recirculated, the air from the
cafeteria, cleaning room, locker and toilet rooms was exhausted to the
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Fig. 1 — Plant layout.
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outside atmosphere. Two separate air conditioning systems were in use.
One, of 300 tons capacity, provided for most of the plant, while a smaller
unit of 30 tons capacity served the capacitor winding, testing, and im-
pregnating rooms. Each installation had its own air filtering and condi-
tioning equipment.

Plant Layout

The plant layout is illustrated in Fig. 1. All working areas, with the
exception of the repeater enclosure area, were individually enclosed,
and walls from approximately four feet above the floor were almost
entirely of reinforced glass. This arrangment facilitated supervision by
other than first-line supervisors, who were located with the groups, and
provided a means of viewing the operations by the many visitors at
Hillside, without contaminating the critical areas or disturbing the
operators.

Analysis of Design for Facilities and Operations

In analyzing the design for manufacture there were, of course, numer-
ous instances where conventional methods and facilities were entirely
adequate for the job. Since their inclusion would contribute little to this
article, we shall confine the description to those cases which are new or
unusual.

Collaboration with Bell Telephone Laboratories tn Preparation of Manu-
factoring Information

Early in 1953 a coordination committee was established, consisting
of representatives from the various Laboratories design groups and
Western engineers, which met on a bi-weekly basis during the entire
period preceding initial manufacturing operations. These meetings
provided a clearing house for questions and policies of a general nature
for this particular project and served to keep all concerned informed as
to the progress of design and the preparations for manufacture.

It is customary, during the latter stages of development of any project
at the Laboratories, for Western engineers to participate in the prepara-
tion of manufacturing information as an aid in pointing the design to-
ward the most economical and satisfactory production methods and
facilities. Since the decision to use the Bell System repeater in the Trans-
atlantic system was based on the performance of the Key West-Havana
installation, and the fact that changes in design would require further
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trials over an extended period of time, only minor changes to facilitate
manufacture were made. Further, since some experience had been gained
by the Laboratories in producing repeaters for that installation, it was
decided to “pool” effort in preparing the manufacturing process informa-
tion, which is normally Western’s responsibility. Close cooperation of
the two groups, therefore, has resulted in the production of repeaters
which are essentially replicas of those in the initial installation except
for the internal changes necessary to increase transmission capacity
from 24 to 36 channels.

Other Western Electric Locations and Qutside Suppliers

During the development work on the Key West-Havana repeaters,
the Hawthorne Works of Western Electric had furnished the molyhb-
denum-permalloy cores for certain inductors, the Tonawanda Plant
had furnished mandrelated resistance wire, and the Allentown Plant
had fabricated the glass seal subassemblies. Since the experience gained
in this development work was extremely valuable in producing the
additional material required for the Transatlantic system and since
the facilities for doing the work were largely available, these various
locations were asked to furnish similar material for the project. Although
the Kearny Crystal Shop had not been involved in the Key West-Havana
project, arrangements were made there to make the crystals for this
project, since facilities were available, along with considerable experience
in producing precision units.

Subcontracted Operations

While it was believed, initially, that all component parts for repeaters
should be manufactured by Western Electric, critical analysis indicated
that it was neither desirable nor economical in certain cases. One of the
outstanding examples in this category is the hardened and ground
chrome-molybdenum steel rings that constitute the strength members
in the repeater and sustain the pressures developed on the ocean bottom.
Purchasing the many large and varied machine tools and associated
heat treating equipment necessary to produce these parts would have
required a substantial capital expenditure and additional manufacturing
space. Arrangements, therefore, were made with a highly qualified and
well equipped supplier to produce the rings, using material furnished by
Western, which had been previously inspected and tested to very strin-
gent requirements.
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The situation attending the manufacture of a relatively small number
of comparatively large copper parts used in the rubber and core tube
seals was much the same. Here, again, the large size machine tools and
additional manufacturing space, required for only a short time, would
have increased the over-all cost of the project considerably. These parts,
therefore, were subcontracted in the local area and inspection was per-
formed by Hillside inspectors.

A safeguard, in so far as integrity is concerned, was provided by the
fact that these were individual parts that could be reinspected at the
time of delivery. No subassembly operations that might possibly result
in oversight of a defect, were subcontracted.

Manufacturing Conditions

Two major problems confronted us in planning the manufacture of
repeaters. I'irst, to produce units that were essentially perfect; and
second, to prevent the contamination of the product by any substance
that might degrade its performance over a long period of time. In ap-
proaching both of these objectives, it was realized that the product had
a definite economic value which the cost of production should not
exceed. In many cases, therefore, it was necessary to rely on judgment,
backed by considerable manufacturing experience, in determining when
the “point of no return” had been reached in refining processes and
practices.

The initial approach to this phase of the job was to classify, with the
collaboration of Bell Telephone Laboratories, all of the manufacturing
operations involved as to the degree of cleanliness required. In setting
up these criteria, it was necessary to evaluate the importance of contami-
nation in each area and the practicability of eliminating it at the source
or to insure that whatever foreign material accumulated on the product
was removed.

A representative case is the machining of piece parts. While the shop
area is cleaner, perhaps, than any similar- area in industry, the very
nature of the work is such that immediate contamination cannot be
avoided since material is being removed in the form of chips and turn-
ings, and a water soluble oil is used as a coolant. In this instance, however,
the parts can be thoroughly cleaned and their condition observed before
leaving the area. Conversely, in the case of an operation such as the
assembly of paper capacitors into a container which is then hermetically
sealed, it is vitally necessary to insure that both the manufacturing
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area and the processes are free from, and not conducive to producing,
particles of material which are capable of causing trouble.

The various classifications established for the production areas include
specific requirements as to temperature, relative humidity, static pres-
sure with respect to adjacent areas, cleanliness in terms of restrictions
on smoking and the use of cosmetics and food, and the type and use of
special clothing.

Spectal Clothing

Employees’ clothing was considered one of the most important sources
of contamination for two reasons; first, for the foreign material that
could be collected upon it and carried into the manufacturing areas, and
second, that various types of textiles in popular use are subject to con-
siderable raveling and fraying. '

After considerable study of many types of clothing for use in critical
areas, the material adopted was closely woven Orlon, which has proved
to be acceptably lint-free. The complete uniform — supplied at no cost
to employees — consists of slacks and shirts for both male and female
employees, Orlon surgeon’s caps for the men and nylon-visored caps
for the women. In addition shoes, without toecap seams, were provided.
Nylon smocks were furnished to protect the uniforms while employees
moved from locker rooms to the entrance vestibule. Two changes of
clothing were provided each week, and the laundering was done by an
outside concern.

Employees to whom this special clothing was issued were paired for
locker use. Both kept their uniforms and special shoes in one locker and
their own clothes and shoes in the other. This prevented the transfer
to the uniforms of any foreign material that might exist on the street
clothing. At the entrance vestibule to the A, B, and C areas (Fig. 1)
the employees were required to clean their shoes in the specially designed
facilities provided and to wash their hands in the wash basins installed
for this purpose. Smocks were then removed and hung on numbered
hooks that line the walls at the end of the vestibule. Employees were
then permitted to go to their work positions within the inner areas. At
any time that it was necessary for employees to leave the work areas
for any purpose, they were required to put on their smocks in the vesti-
bule and upon their return, to go through the cleaning procedure again.

Employees in the other areas were provided only with smocks, mainly
for the protection of their clothes since the work involved could soil or
stain them but could not be contaminated from the clothing.
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Cleaning

Schedules were established for cleaning the areas at regular intervals,
the frequency and methods depending upon the type of manufacturing
operations and the activity. Usually, the vinyl plastic floors were ma-
chine scrubbed and vacuum dried. Walls, windows and ceilings were
cleaned by hand with lint-free cloths. Manufacturing facilities such as
bench tops, which were linoleum covered, were washed daily. Test sets,
cabinets, test chambers and bench fixtures were also cleaned daily.
Hand tools were cleaned at least once a week by scrubbing with a solu-
tion of green soap, rinsing in distilled water, followed by alecohol and
then dried in an oven.

Dust Count

Since it was impossible to determine what contaminating material
in the form of air-borne particles might be encountered from day to day,
and what the effect might be during the life of the repeaters, the general
approach to this problem was to control, so far as possible, the amount
of dust within the plant.

In order to verify, continuously, the over-all effectiveness of the vari-
ous preventive measures, dust counts were made in each classified area
at daily intervals, using a Bausch and Lomb Dust Counter. This device
combines, in one instrument, air-sampling means and a particle-counting
microscope. Over a two-year period it has been possible to maintain, in
certain areas, a maximum dust count of between 2,000 and 3,500 particles
per cubic foot of air with a maximum size of 10 microns. Control checks,
taken outside the building at the employees’ entrance, generally run
upwards of 25,000 particles per cubic foot, a good portion of which are
of comparatively large size.

PRODUCTION AND PERSONNEL

Equipping the plant, obtaining and installing facilities, and selecting
and training personnel proceeded on a closely overlapped basis with
receipt and analysis of Bell Telephone Laboratories’ product design
information. Because of the critical nature of the product, provisions
were made not only for the most reliable commercially available utilities
and services, but also for emergency lighting service in some areas.
Maintenance and service staffs had to be built up rapidly as the super-
visory and manufacturing forces were being developed.
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“Qualification” of All Personnel

Before employees were assigned to production work they were re-
quired to pass a qualification test established by the inspection organi-
zation to demonstrate satisfactory performance. Programs were, there-
fore, set up for “vestibule’ training and qualification of new employees.
This activity was carried on by full-time instructors who had been trained
by Western and Bell Laboratories engineers. Training was carried out
in two stages:

1. (a) The employee received instruction and became acquainted
with equipment and requirements. (b) A practice period in which the
employee developed techniques and worked under actual operating
conditions, with all work submitted to regular inspection.

2. A qualification period in which the employee was required to
demonstrate that work satisfactory for project use could be produced.

The main objective during stage 1 was progressive quality improve-
ment and in stage 2 the maintenance of a satisfactory quality level over
an extended period of time. Employees made a definite number of units
at acceptable quality levels in order to qualify. The number of units
required for training varied with the type of work and the ease with
which it was mastered.

All personnel were required to pass qualification tests before being
assigned to production work and were restricted to that work unless
trained and qualified for other work. Employees trained on more than
one job were requalified before being returned to a previous assignment.

Records of the performance of individual operators started in the
training stage were continued after the employees were assigned to
production work. The performance record of the operators was based on
results obtained during the inspection of their work, while that of the
inspectors was based on special quality accuracy checks of their work.

Personnel Selection

It was apparent that the new manufacturing techniques, including
the cleanliness and quality demands, would necessitate that all shop
supervisors and employees be very carefully selected. It also appeared
(and this was subsequently confirmed) that after the careful selection
and training of supervisors, long training periods would be required for
specially selected shop employees.

In selecting first line shop supervisors, such factors as adaptability,
personality, and ability to work closely with the engineers were of para-
mount importance. For the parts and apparatus included in their re-
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sponsibility, they were required to thoroughly learn the design, the
operations to be performed, the facilities to be used, the data to be
recorded, the cleanliness practices to be observed — and in most cases,
prepare themselves to be able to do practically all of the operations, be-
cause subsequently they had to train selected operators to perform criti-
cal operations to very high quality standards under rigidly controlled
manufacturing conditions. As shop supervisors and employees were
assigned to the manufacture of repeaters, they were thoroughly indoc-
trinated in the design intent and the new philosophy of manufacture.

Standard ability and adaptability tests were used in a large number
of cases to assist in proper selection and placement of technicians. Tests
for finger and hand dexterity; sustained attention; eyes, including per-
ception and observation; and reaction time of the right foot after a visual
stimulus. (The latter test was relatively important for induction brazing
operations.) Other requisite considerations were a high degree of de-
pendability and integrity, involving intellectual honesty and conscien-
tious convictions; capability of performing tedious, frustrating, and
exasperating operations against ultra-high quality standards, verifying
their own work; perseverance and capability to easily adapt to changes
in assignment and occupation or the introduction of design changes.
We considered whether or not they would stand up under ‘““fishbowl”
operations, wherein they would receive a considerable amount of ob-
servation from high levels of Western Electric Company and Bell Sys-
tem management and other visitors. Also, could they duplicate high
quality frequently after qualifying for a particular operation?

During the period of repeater manufacture, the number of employees
rose from less than 50 in January, 1954, to a maximum of 304 by Feb-
ruary, 1955, after which there was a gradual reduction to a level of about
265 employees for six months and then a gradual falling off as we were
completing the last of the project. In the period from May to December,
1954, between 30 and 45 employees were constantly in training prior to
being placed on productive work. During 1955 this decreased to prac-
tically no employees in training during the midpart of the year and there-
after training was required merely to compensate for a small labor turn-
over and employee reassignment. It is significant that labor turnover
was very low and attendance was exceptionally good during the life of
the Hillside operations.

Personnel Training

The original plan, which was generally followed, was to prove in the
tools for each phase of the job, followed by an intensive program of train-
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ing. Indoctrination of laboratory technicians could be considered as
‘“vestibule training’ in that they were acclimated to the area and con-
ditions, given oral instruction in the work, then given practice materials
and demonstrations and, when qualified, were started on making project
material. To do this, extra supervisors were required at the beginning
of the job. A supervisor trained a few employees, qualified some of them,
and began work on the project. Another supervisor was then required
to train additional employees who, as they became qualified, were trans-
ferred to the supervisor responsible for making project apparatus. Addi-
tional testing of the employees, instruction and reinstruction and, in
some cases, retraining were required. In practically all cases, we were
able to fit an employee selected for work at Hillside into some particular
group of operations. The extra emphasis on selection and training cre-
ated a well-balanced team that later resulted in considerable flexibility.
During all of this training our supervisors worked closely with engineers
and inspectors who understood the design intent and the degree of per-
fection required.

At the beginning, each technician was trained for only one operation
of a particular job, such as (1) winding Type X capacitors or (2) im-
pregnating all paper capacitors or (3) winding Type Y transformers and
S0 became an expert on this one operation. Later, the tours of duty for
many technicians were broadened to cover several operations.

Communications

To keep employees informed, we occasionally assembled the entire
group, presenting informative talks on current production plans and
our future business prospects. Motion pictures were shown of the cable
laying ships and the operations of cable splicing and cable laying. A dis-
play board, showing all of the repeater components, was mounted on
the wall of the cafeteria. This informed the operators just where the
parts were used in apparatus; also, just where their products went into
the wired repeater unit, and how all electrical apparatus was enclosed
against sea pressure in the final repeater. In small groups, all of the em-
ployees at Hillside were given a short guided tour of the plant to see the
facilities and hear a description of the operations being performed in
each area. These communications were extended to everyone at the
Hillside Plant, including those who did not work directly on the product.
It was our conviction that the maintenance men, boiler operators, oilers,
station wagon chauffeur, janitors, and clerical workers in the office were
all interested and could do a better job if kept informed of the needs and
progress of the project. '
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Scheduling

Capacity was provided at the Hillside Shop to manufacture a max-
imum of 14 repeaters in a calendar month. This envisioned 6-day opera-
tion with some second and third shift operations; due allowance was
made for holidays and vacations, so that the annual rate would be ap-
proximately 160 enclosures per year. (An enclosure is either a repeater
or an equalizer.)

Some of the facilities and raw materials were ordered late in 1953.
This ordering expanded early in 1954 and continued through 1955 to
include parts to be made by outside suppliers and the parts and appara-
tus to be made at Hillside. Apparatus designs were not all available at
the beginning of the job, and the ultimale quantities required were also
subject to sharp change as the project shaped up, thus further compli-
cating the scheduling problem.

Because of the time and economic factors involved, coupled with the
developmental nature of the product and processes, one of the most
difficult and continuing problems was the balancing of production to
meet schedules. For this task, we devised ‘“tree charts” for the apparatus
codes and time intervals in each type of repeater or equalizer for each
project. Each chart was established from estimates of the time required
to accomplish the specified operations and the percentage of good prod-
uct each major group of operations was expected to produce.

RAW MATERIALS

Many of the specifications were written around the specific needs of
the job and embodied requirements that were considerably more strin-
gent than those imposed on similar materials for commercial use. As a
result, it was necessary for many suppliers to refine their processes, and,
in some cases, to produce the material on a laboratory basis.

One example is the container, or repeater enclosure, which consists,
in part, of a seamless copper tube approximately 12 inches in diameter
having a #5-inch wall and approximately 8 feet long. This material was
purchased in standard lengths of 10 feet. The basic material was re-
quired to be phosphorous deoxidized copper of 99.80 per cent purity.
The tubing, as delivered, had to be smooth, bright, and free from dirt,
grease, oxides (or other inclusions including copper chips), scale, voids,
laps, and slivers. Dents, pits, scratches, and other mechanical defects
could not be greater than 0.003 inch in depth. The tubing had to be
concentric within 0.002 inch and the curvature in a 10-foot length not
exceed 1 inch to facilitate assembly over the steel rings.
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Only one supplier was willing to accept orders for the tubes, and only
on the basis of meeting the mechanical requirements on the outside sur-
face. To establish a source of supply, it was necessary to accept the sup-
plier’s proposal on the basis that some of the tubes produced could be
expected to meet requirements on the inside as well as the outside sur-
face. Inspection of the inside surface was performed with a 10-foot Bore-
scope.

The supplier then set aside, overhauled, and cleaned a complete group
of drawing facilities for this project. In addition, a number of refinements
were made in lubrication and systematic maintenance of tools. After all
refinements were made and precautions taken, however, the yield of
good tubes in the first 400 produced was less than 1.0 per cent. Consulta-
tions with Western and Bell Laboratories’ engineers, and with the sup-
plier’s cooperation, raised the yield to approximately 50 per cent.

Procurement of satisfactory mica laminations for capacitors intro-
duced an unusual problem. The best grade of mica available in the world
market was purchased which the supplier, under special plant condi-
tions, split and processed into laminations. Despite care in selection and
processing, only 50 per cent of the 250,000 laminations purchased met
the extremely rigid requirements for microscopic inclusions and delam-
inations, and less than 8 per cent survived the capacitor manufacturing
processes.

A large number of the parts, and the most complex, are made from
methyl-methacrylate (Plexiglass). At the time manufacture began, there
was little, if any, experience or information available on machining this
material to the required close tolerances and surface finish. Consequently,
considerable pioneering effort was expended in this field before satis-
factory results were obtained.

The methacrylate parts cover a wide range of size and complexity —
from 1i-inch diameter by 4%-inch long tubular housing to tiny spools
2-inch diameter and {-inch long. Most of the parts are cylindrical in
shape with some semicylindrical sections that must mate with other
sections to form complete cylinders. Others have thin fins, walls, flanges
and projections. Five representative parts are shown in Fig. 2.

Methyl-methacrylate has a tendency to chip if tools are not kept sharp
and care is not used in entry or exit of the tool in the work, particularly
in milling. In some cases, it is necessary, with end-milling, to work the
cutter around the periphery of the area for a slight depth so that sub-
sequent cuts will not break out at an unsupported area. Normally, with
a sharp cutter and a 0.010-inch finish cut, and a slow feed, chipping will
not result. High-speed steel tools with zero rake were used for turning
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Fig. 2 — Methyl methacrylate parts.

and boring operations. Standard high-speed milling cutters and end
mills were used for milling except for the cutting edges, which are honed
to a fine finish. A clearance angle of 7 degrees for milling and 10 degrees
to 15 degrees for lathe work was found most satisfactory. In lathe work,
the general rule was light feeds (0.003 inch—0.005 inch) and small depth
of cut. However, the depth of cut could be safely varied over a wide
range depending upon many factors, such as type of part, quality of
finish, machine and tool rigidity, effective application of coolant, and
tooling to support and clamp the part. In one operation of boring a
135-inch diameter by 43-inch deep blind hole within 4+0.002 inch, the
boring terminates in simultaneously facing the bottom of the hole square
with its axis. A cut 33-inch deep with a light feed was taken with a spe-
cially designed borlng tool with the coolant being fed through the shank
to the cutting edge. All completely machined parts were annealed for
12 hours at 175° F.

HIGHLIGHTS IN ASSEMBLY AND BRAZING

Repeater units are encased in hardened steel rings which previously
had been tested at 10,000 pounds per square inch hydraulic pressure.
This pressure is approximately 50 per cent higher than the greatest pres-
sure expected at ocean bottom. The steel rings were encased in a copper
sheath and closed at each end with a glass-to-Kovar seal, with the cen-
tral conductor coming through the glass to the outside. The copper sheath
was then shrunk to the steel rings and glass seals using 6000 pounds per
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square inch hydraulic pressure, and the glass seal was then high-fre-
quency brazed to the copper sheath.

To keep the ocean bottom pressure off the glass seals and also to ter-
minate the cable insulation, a rubber seal is brazed in to the copper con-
tainer tube adjacent to each glass seal. This rubber seal consists of rub-
ber bonded to brass, which has been brazed to the copper portion of the
seal. The rubber terminates in polyethylene through five steps of com-
pounds containing successively less rubber and more polyethylene. The
polyethylene can be readily bonded by molding to the polyethylene in-
sulation of the cable. The central conductor passes through a central
brass tube in the rubber seal, which is also bonded to the rubber.

To protect the rubber seals from the deleterious effects of salt water
immersion for long periods of time, a copper core tube is brazed over
each rubber seal. The core tube is arranged to equalize the pressure in-
side and out when submerged at ocean bottom pressure. This is accom-
plished with a bulge of neoprene filled with polyisobutylene, on the far
end of the core tube, which transmits the pressure to the inside of the
core tube seal. ~

To make doubly sure that no salt water reaches the rubber seal, a
copper cover is brazed into the container outside the core tube connector
on each end. This cover is also brazed to the core tube connector. The
interstice between each of the above four seals is filled with polyiso-
butylene, which is viscous and inert and has very good insulating
qualities.

Each end of the repeater closure (Fig. 3) contains five suceessive brazed
joints. Any one of these ten brazes, if not perfect, could cause the loss
of the repeater closure and jeopardize the entire repeater. All of these
brazes were made with the repeater in a vertical position to insure an
even distribution of the brazing alloy fillet around the joint.

An upending device was provided at the pit brazing location to raise
the repeater on its carrier to a vertical position with either end up and
move it into position for brazing. The repeaters were brought into the
brazing area on an overhead monorail and an electric hoist. The shorter
repeater assemblies, before core tube and cable stub assembly, were up-
ended by hand and brazed from a raised platform.

It was necessary to make all of these brazes by high-frequency induc-
tion heating, since the heat must be intense, contained within a very
narrow band, evenly distributed, and the area protected from oxidation
by a somewhat reducing atmosphere. The heat must be very intense
since the time interval for the shortest braze was 10 seconds maximum
and the longest was 30 seconds. A large part of the heat was dissipated
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by being conducted at a high rate from the copper parts to the water
in the cooling jackets used to contain the heat in a very narrow band.

Circulating cooling water within a jacket prevented heat from being
conducted down the copper container tube to the preceding seals or to
the repeater unit. This water-cooled jacket was positioned only £ inch
below the inductor, and the water was in intimate contact with the con-
tainer tube, which is sealed off at both ends with rubber “O” rings. In
addition, for the glass seal braze, the glass inside the seal cavity was kept
covered with water during the heat cycle. The water was fed in and si-
phoned out to a constant level which was kept under observation by
the operator and the inspector to make sure that the glass was covered
at all times. The rubber seal was also water jacketed on the inside of
the seal to prevent deleterious effects of the heat on the rubber insulation
around the central conductor. The inner cover braze was quenched before
the 10-second maximum interval had expired to insure that the heat did
not penetrate to the polyisobutylene at a sufficient rate to deteriorate
it or the rubber inside.

Distribution of the heat around the container tube at the braze area
was controlled by locating the work in the inductor so that the color
came up essentially evenly all the way around and at the proper level to
bring a fillet up to the top of the braze joint within the allowable time
limit. The time limit was determined by experiment so that none of the
previously assembled parts were damaged by the heat. This determina-
tion of the proper heat pattern and the prevention of overheating re-
quired the development of considerable skill on the part of the operator.
The variables encountered made it essential to rely on an operator to
control the heat rather than to utilize the timer with which the induction
heating equipment is normally controlled.

The area to be heated for brazing was protected from oxidation by
enclosing it in a separable transparent plastic box and flooding the in-
terior with a gas consisting of 15 per cent hydrogen and 85 per cent nitro-
gen.. This atmosphere is somewhat reducing and not explosive. The
brazing surfaces of the parts were chemically cleaned immediately before
assembly and extreme care was exercised to keep them clean until brazed.

The container tube was shrunk to the respective glass, rubber, core
tube, and cover seals using hydraulic pressure so that the surfaces to be
brazed and the brazing alloy were in intimate contact within the brazing
area. If the parts were clean and kept from oxidizing by the protective
atmosphere, the alloy would flow upward by capillary action and form
a fillet around the top of the seal, impervious to any leak.

The braze in each case was then leak tested with a helium mass-spec-
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trometer type leak detector. A gas pressure of helium at least 25 per cent
greater than the maximum pressure to be encountered at ocean bottom
was used. In addition, a radioisotope was used to test the effectiveness
of the final tubulation pinch welds and overbrazes which were kept open
for the leak tests under high pressure helium. These tests were made
with water pressure about 25 per cent greater than the maximum ocean
bottom pressure.

The completed repeater was inserted in a chamber 80 feet long; the
chamber was then filled with water and the pressure raised to 7,500
pounds per square inch and held at that pressure for at least 15 hours.
At the end of this period the closure had to show no sign of crushing or
leaking.

The repeater unit sealed in the closure must be extremely dry to func-
tion properly. Any water vapor which might remain after the closure is
sealed, or enter during the estimated 20-year minimum life, must be
scavenged. A sealed desiccator with a thin diaphragm was, therefore,
assembled into the repeater unit sections. After completely drying and
sealing the repeater unit except for one tubulation, the diaphragm of
the desicecator was ruptured by dry nitrogen pressure and with the en-
closure filled with dry nitrogen the final tubulation was immediately
sealed off. To insure that the diaphragm was actually broken, a micro-
phone was strapped to the outside of the repeater over the location of
the desiccator and a second microphone arranged at the end of the
closure to pick up background noises. A pen recorder was used to record
the sound from the two microphones and also the change in nitrogen
pressure. Three simultaneous pips on the chart gave definite indication
that the diaphragm had ruptured and that the desiccant had been ex-
posed to the internal atmosphere of the repeater.

QUARTZ CRYSTAL UNITS MANUFACTURED AT KEARNY

The primary purpose of the crystal unit is to provide the means of
identifying and measuring the gain of each repeater in the cable. This
basic crystal design is in common usage. The exacting specifications for
this application, however, imposed many problems and deviations from
normal crystal manufacturing processes.

Raw Quartz was specially selected for this crystal unit. The manu-
facturing process of reducing the quartz to the final plate followed the
recognized methods through the roughing operations. Due to the rigid
end requirements, the finishing operations were performed under labora-
tory conditions. Angular tolerances were one-third of normal limits. No
evidence of surface scratches, chipped edges or other surface imper-



FLEXIBLE REPEATER MANUFACTURE 121

fections visible under 30X magnification were permitted. This resulted
in a process shrinkage five times that experienced in normal crystal plate
manufacture.

In this use, the crystal units were required to meet performance tests
at currents as low as one-thousandth of a microampere — far below the
current values usually encountered. Improved soldering techniques had
to be developed for soldering the gold plated phosphor bronze and nickel
wires used, because it was found that the electrical performance of the
units was directly related to the quality of soldered connections.

Although one-seventh of Western’s production of quartz crystal units
are in glass enclosures, the applicable techniques in glass working re-
quired a complete revision. Glass components such as the stem and bulb
purchased from established sources were found to be far below the stand-
ard required for this crystal unit. For example, the supplier of the glass
tubing used in the manufacture of stems was required to meet raw mate-
rial specifications that embodied coefficient of thermal expansion, soften-
ing point of glass, density, refractive index, and volume resistivity. The
glass stems made from this tubing by regular manufacturers were found
unacceptable and the processes used by these sources could not be readily
adapted to meet the desired specifications. The glass stems contained
four lead wires made from 30-mil Grade ‘A’ nickel wire butt welded to
16-mil light borated Dumet wire. To assure the quality of the metal to
glass seal, each wire was inspected under 30X magnification for tool
marks and other surface imperfections. The finished stem assemblies
were inspected under 30X magnification for dimensions, workmanship,
cleanliness and minute glass imperfections, then individually stored in a
sealed plastic envelope.

The glass bulb in this crystal unit is known as the T921 design com-
monly used in the electron tube industry. The high quality required,
however, made 100 per cent inspection necessary. Examination under
30X magnification resulted in rejected bulbs for presence of scratches,
open bubbles, chips and stones. Physical limits for inside and outside
diameters as well as wall thickness were causes for additional rejects.
Only one per cent of the commercial bulbs were found acceptable, and
these were also stored in a sealed plastic envelope.

The final major assembly operation consisted of sealing the glass bulb
to the stem which had had the crystal sub-assembly welded to the nickel
wires. The techniques for “sealing in” used in quartz crystal or electron
tube manufacture were unsuited. Two important factors in this crystal
unit, which required the development of new processes, were the prox-
imity of soft soldered connections to the sealing fires and the demands
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that the glass seal contain a minimum of residual tensile stress. These
two problems were resolved collectively by performing the sealing opera-
tion on a single spindle glass sealing machine. Accurate positioning of
the glassware and sealing fires, together with precise timing and tem-
perature controls, achieved the desired results.

Evaluation of residual stresses were made by inspections using a
polarimeter and by a thermal shock test. The maximum safe stress was
established at 1.74 KG/mm?. The thermal shock test required successive
immersion of the unit in boiling water and ice water. The electrical char-
acteristics of these units exceeded all others made previously by Western
FElectric. The ratio of reactance to effective resistance (“Q’’) was greater
than 175,000 — twice that ever previously produced and 17 times that
required in the average filter crystal.

Stability for frequency and resistance was assured by a 28-day aging
test. During this period, precise daily resonant frequency and resistance
measurements were recorded against temperature within 0.1° C. The
maximum permissible change was 0.0005 per cent in frequency and +5
per cent to —10 per cent in resistance.

GLASS SEALS MANUFACTURED AT ALLENTOWN

The glass seal used to close each end of the container for the repeaters
and equalizers is manufactured at the Allentown Works of the Western
Electric Company.

The unit is essentially a glass bead-type seal. It insulates the central
conductor of the repeater from the container and serves as a final vapor
barrier between the cable and the interior of the repeater. As such, it
backs up several other rubber and plastic barriers as shown in Fig. 3.

Fig. 4 shows the various components, subassemblies, and a cross-sec-
tion of the unit. The unit consists of the basic seal brazed in the Kovar
outer shell, to which is brazed a copper extension provided with two
brazing-ring grooves. One of these grooves is used in brazing the seal,
along with support members, into a length of container tubing in the
same manner as the seal is ultimately brazed into the repeater. Packaging
of the seal in this manner was necessary to pressure test the seal. Under
test, in a specially constructed chamber 10,000 psi of helium gas pressure
was applied to the external areas of the packaged glass seal and a mass
spectrometer type leak detector was connected through the tubulation
to the internal cavity of the packaged unit. In this manner, the interface
of the glass to metal seal, the brazed joints, and the porosity of the metal
were checked for leakage. The unit is left in this package for delivery
to provide protection during shipment. Before the seal could be used,
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it was machined from the package by cutting the copper extension to
length, leaving the second groove for use in brazing the seal to the re-
peater and removing the container tubing and the support members.

The basic seal consists of the cup, central conductor and glass. The
cup (smaller cylindrical item in the upper lefthand corner of Fig. 4)
was machined from Kovar rod. The wall of the cup is tapered from a
thickness of 0.025 inch at the base to 0.002 inch at the lip. The last 0.006
inch of the lip is further tapered from this 0.002 inch to a razor edge.
The internal surface is better than a 63-micro-inch turned finish and
was also liquid honed to give it a uniform matte finish. The central con-
ductor (slim piece in the upper right-hand corner of Fig. 4) was also
machined from Kovar rod. Both the cup and central conductor were
further processed by pickling, hypersonically cleaning in deionized water, .
and decarburizing. The glass, a borosilicate type of optical quality, was
cut from heavy walled tubing. The glass tubing was hand polished,
lapped and etched to remove surface scratches, and to arrive at the spe-
cified weight. It was also fire polished and hypersonically cleaned to
remove all traces of surface imperfections and to assure maximum clean-
liness.

In order to make the basic glass seal, the metal parts had to be oxidized
under precisely controlled conditions. For the oxidizing operation, a
suitable fixture was loaded with brazed shell-cup assemblies, central
conductor assemblies, and a Kovar disc, which had been prepared in
precisely the same manner as the cups and central conductors. The
disc was carefully weighed before and after oxidizing and the increase in
weight divided by the area involved yields the weight gain due to oxida-
tion for each run. Limits of 1.5 to 2.5 milligrams per square inch of oxide
were set. This operation was performed by placing the loaded, sealed
retort, through which passed a metered flow of dried air, into a furnace
for a specified time-temperature cycle.

In the glassing operation the oxidized shell assembly, the carbon mold
and the central conductor were placed in a fixture and held in the proper
relationship. The carbon mold served to support the glass, while it was
being melted, in that section between the cup and central conductor
where the glass was normally unsupported. The prepared cut glass tubing
was loaded into the Kovar cup and the fixture was sealed into the retort.
During the glassing ceycle, a constant flow of nitrogen passed through
the retort to provide an atmosphere which minimized any reduction or
further oxidation of the already carefully oxidized parts. After the proper
purging period, the retort was placed in the furnace. In the furnace, the
glass melted and formed a bond with the oxidized Kovar of the cup and
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central conductor to form the seal. After the specified temperature-time
cycle, the retort was removed from the furnace, allowed to partially
cool and then placed into an annealing oven.

Vertical furnaces and retorts were used for brazing, decarburizing,
oxidizing and glassing. By varying the type of gases flowing into the
retorts, atmospheres which are reducing, oxidizing, or neutral were ob-
tained. To provide maximum uniformity of process, separate retorts
and holding fixtures were provided for operations involving hydrogen
and for air-nitrogen operations, so that a retort or a fixture used for
hydrogen treatments was never used for oxidizing or glassing.

PILOT AND REGULAR PRODUCTION

We called our first efforts Practice Parts and Training; the next we
called Pilot Production. Next, certain items identified as Trial Laying
Repeaters and Oscillators were manufactured for use in “‘proving in”
the ship laying gear. To prove in manufacturing facilities, a few un-
equipped housings were made without the usual electrical components
normally in a repeater. Similarly, each of the apparatus components
and parts required exploratory and pilot effort before regular production
could be undertaken.

As might be expected, the manufacturing yield of components meeting
all requirements was very low during the early stages of the undertaking.
However, substantial improvement was brought about as experience
was gained. Comments on some of the production problems, highlights,
and yield results, follow.

Paper Capacitors were manufactured only after painstaking qualifying
trials and tests had been performed on each individual roll of paper.
Cycling and life testing, procurement of acceptable ceramic parts and
gold-plated tape and cans, selection and matching of rolls of paper for
winding characteristics, and similar problems, all had to be completely
resolved to a point of refinement previously unattempted for telephone
apparatus.

Composite percentage yield for all operations on paper capacitors is
shown in Fig. 5. Yield is shown as the ratio of finished units of acceptable
quality to the number of units started in manufacture.

Mica Capaciiors were made from only the most meticulously selected
laminations, as mentioned earlier. Even the best mica is particularly
susceptible to damage in processing. In spite of experience and knowl-
edge of this, the multiple handling of the laminations contributed an
unusually high material shrinkage as each separate lamination needed
to be cleaned, then handled individually many times through the proc-
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Fig, 5 — Paper capacitor yield.

esses. The art of silk screening was applied to deposit silver paste in a
specific area or areas on each side of a lamination. A sharply defined
rectangular area was required so that when superimposed one over an-
other the desired capacitance would be obtained. Cementing of mica
laminations onto machined methacrylate forms presented some addi-
tional problems through the bowing of the mica laminations as the ce-
ment cured. Obtaining screens that would give the proper length and
width dimensions for the coated area, was another problem. A silk screen
woven of strands of silk obviously limits, by the diameter of the threads,
the extent to which the dimensions of an opening may be increased or
decreased. Beryllium copper U-shaped terminals were used to clamp

“the layers of mica together into a stack. Control of the pressure used in
crimping these terminals was found to be very critical in view of the
exceptionally tight limits on capacitance and stability. Fig. 6 shows the
composite yield at various times for all mica capacitors.

Reststors. There were three designs of ceramic resistors, which were
resistance-wire wound on ceramic spools. These were intended to be
assembled into the hole inside the core tube on which the paper capaci-
tors were wound. Special winding machines equipped with binocular
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Fig. 6 — Mica capacitor yield.

attachments were necessary to wind these resistors. Other resistors were
hand wound on methyl-methacrylate forms, or on the outside of the
ceramic containers, for certain types of paper capacitors. Rough adjust-
ments were required of the lengths of resistance wire prior to winding,
and close adjustments to resistance values were made after the windings
were completed and before leads were attached to resistors. Again it was
necessary to provide periodic samples that could be placed on life test
by the Laboratories to ascertain that the manufacturing processes were
under control. These samples, in all possible cases, were taken from prod-
uect that would normally be rejected because of some minor defect, but
which would not in any way detract from the validity of the life tests.
The making of hard solder splices between nichrome resistance wire
and gold-plated copper leads, and keeping ceramic parts from coming
in contact with metal surfaces and thereby being contaminated because
of the ceramic’s abrasive characteristics, were two major problems on
resistors. Fig. 7 indicates resistor yields.

Inductors comprised 20 different designs, most of which were air core,
but there were some for which it was necessary to cement permalloy
dust cores into pockets of the methacrylate form, and thereafter using
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Tig. 7 — Resistor yield.

wire on a shuttle, wind by hand the turns required to produce an in-
ductor. These varied from a very small inductor, smaller in diameter
than a pencil, to a fairly large “figure eight”” inductor with turns having
a major diameter of about 1% inches. Each layer of a winding was in-
spected with a microscope to insure that the wire had not been twisted
or kinked, or that the insulation was damaged or uneven. Some of the
shuttles became fairly long so that they could hold the amount of wire
required to make a continuous winding. The operator’s handling of this
shuttle, as she moved it down around the openings in the methacrylate
part, or placed it on a bench to proceed with the interleaving tape, de-
manded considerable dexterity and concentration to insure that the
shuttle was not turned over — which in effect would put a twist in the
wire. Although best known means were used to sort cores for their mag-
netic properties prior to the time a winding was made, the limits on the
inductors themselves were so close that subsequently a large number of
windings were lost. The best cores that could be selected, plus the best
winding practice, could not produce 100 per cent of the inductors within
the required limits. Crazing of the insulation on the wire; cementing
together of two methacrylate parts or of permalloy cores into pockets of
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Tig. 8 — Inductor yield.

methacrylate parts, and handling those inductors having long delicate
leads, were the most troublesome items on this apparatus. Fig. 8 shows
manufacturing yield for inductors.

Networks combined several codes of component apparatus, such as
a mica and a paper capacitor, resistor and an inductor. Six networks
were used in each repeater unit consisting of two interstage networks,
an input, an output, and two beta networks. They demanded a most
delicate wiring job in that stranded gold-plated copper wires had to be
joined in a small pocket in methyl methacrylate,. where a minimum
amount of heat can be applied; otherwise the methacrylate is affected.
After soldering, a minimum amount of movement of the stranded wire
was permitted, inasmuch as the soldered gold-plated copper wire be-
comes quite brittle.

Repeater Units, are wired assemblies consisting of seventeen sections
in which there are six networks, three electron tubes, one gas tube, one
crystal, three high voltage capacitors, one dessicator and two terminal
sections. The successive build-up of these materials left little chance to
make a repair because a splice in a lead was not permissible. It is during
this assembly stage that a repeater received its individual identity be-
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cause of the frequency of the particular crystal assembled into the unit.
A manufacturing yield of 100 per cent was achieved in the assembly and
wiring of repeater units.

It was necessary to calibrate the test equipment for this job very
closely. Bell Telephone Laboratories and Western Electric worked at
length to calibrate the testing details and the test sets for individual net-
works. Adjustments in components apparatus to bring the network to
the fine tolerances required were accomplished by minute scraping of
the silvered mica on a mica capacitor or removing turns from wire-
wound inductors. The cementing of methacrylate parts, which was a
troublesome item on mica capacitors and inductors, also had to be con-
tended with on networks.

PACKING AND SHIPPING COORDINATION

Repeaters were packed in Western Electric specially designed 34-foot
long aluminum containers, weighing 1,000 pounds. Forty of these con-
tainers were made by an outside firm. Fig. 9 shows two containers tied
down in a truck trailer. The repeaters were nested in a pocket of poly-
ethylene bags containing shaped rubberized hair sections in order to
cushion the repeaters during their subsequent handling and transporta-
tion. The instrumentation required with each case was tested, properly
set, and inspected prior to its use on each outgoing case. The instruments
were a shock recorder to register shocks in three planes, and a thermome-
ter to register the minimum and maximum temperatures to which the
repeater had been exposed. Arrangements were made with a commercial
trucking company to provide three specially equipped truck trailers,
which could be cooled by dry ice during hot weather and warmed by
burning bottled gas during cold weather so as to control temperature
within the 20-degree F. to 120-degree I. called for in the repeater spe-
cification.

Appointment of a shipping coordinator supervisor added tremendously
to the smooth functioning of services and provided the continuing vigi-
lance required to protect repeaters and deliver them to the right place
at the right time. His responsibility was to coordinate all the shipping
information and arrangements from the time the item was ready for
packing at the Hillside plant, through all trucking arrangements to the
armoring factory, to the airport, to England, and to follow, with sta-
tistical data and reports, each enclosure until we were able to record
the date on which the repeater was laid or stored in a depot.
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Fig. 9 — Shipping containers.

INSPECTION PLAN AND PROCEDURES

General

It is axiomatic that quality is not obtained by inspection but must be
built into the product. However, the Inspection Organization does have
the responsibility of certifying that the desired quality exists. Our eval-
uation indicated that the ordinary inspection ‘‘screening’” would be
inadequate to insure the high degree of integrity demanded and that
additional safeguards would have to be provided. These controls were
achieved, in a practical way, by:

(1) Selective placement, intensive training and subsequent qualifica-
tion testing of all personnel.

(2) Inspection during manufacturing operations in addition to in-
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spection of product after completion, and regulating inspection so that
critical characteristics received repetitive examination during the process
of manufacture and assembly.

(3) A maintenance program for inspection and testing facilities which
provided checks at considerably shorter intervals than is considered
normal.

(4) Inspection and operating records and reports that point out areas
for corrective measures.

(5) Records of quality accuracy for all inspection personnel as an aid
in maintaining the high quality level.

(6) Verification of all data covering process and final inspection as a
certification of the accuracy of these data and that the apparatus satis-
factorily meets all requirements.

Selection and Training of Inspection Personnel

The quality of a product naturally depends upon the skills, attitude,
and integrity of the personnel making and inspecting it. It was realized
that in order to develop the high degree of efficiency in the inspection
organization necessary to insure the integrity of the product, personnel
of very high caliber would be required. These employees would have to
be (1) experienced in similar or comparable work, (2) they would have
to be precise, accurate and, above all, dependable, (3) in order to reduce
the possibility of contamination and damage they would have to be neat
and careful, and (4) they would require the ability to work in harmony
with other employees, often as a member of a ‘“‘team,” in an environ-
ment where their work would be under constant scrutiny.

Most of the inspection employees selected to work at Hillside were
transferred from the Kearny Plant and had an average Western Electric
service of twelve years. They were hand-picked for the attributes out-
lined above, and the ‘“‘screening’ was performed by supervision through
personal interviews supplemented by occupational tests given by the
personnel department. These tests, which are in general use, are designed
to evaluate background and physical characteristics, and they were
given regardless of whether the employee had or had not previously
taken them. »

The following group of tests is an example of those given inspectors
and testers of apparatus components:

(1) Electrical — ac-de theory and application.

(2) Ortho-Rater — Eye test for phoria, acuity, depth, and color.

(3) TFinger Dexterity — Ability and ease of handling small parts.
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(4) Special — Legibility of handwriting, ability to transcribe data
and to use algebraic formulae in data computations.

Inspection Plan

The general plan of visual and mechanical inspection consisted of:

(1) Inspection of every operation performed — and in many cases
partial operations — during the course of manufacture. This is of par-
ticular importance where the quality characteristics are hidden or inac-
cessible after completion of the operation.

(2) Repeated inspection at subsequent points for omissions, damage
and contamination.

(3) Rejection of product at any point where there was failure to ob-
tain inspeetion or where the results of such inspection had not been
recorded.

Most of the visual inspection was performed at the operators’ posi-
tions to reduce, to a minimum, the amount of handling that could result
in damage and contamination.

Visual inspection covered three general categories:

(1) Inspection of work after some or all operations had been com-
pleted, such as the machining of parts.

(2) Inspection at those points where successive operations would cover
up the work already performed. An example of this is the hand winding
of toroidal inductors where each layer of wire was examined under a mi-
croscope for such defects as twists, cracks, and crazes in enamel insula-
tion, spacing and overlapping of turns, and contamination before the op-
erator was allowed to proceed with another layer. While being inspected,
the work remained in the holding fixture, which was hinged in such a man-
ner as to permit inspection of both top and bottom of the coil. Inductors
received an average of 13 and a maximum of 26 visual inspections during
winding.

(3) Continuous ‘“‘over-the-shoulder’ inspection, where strict adher-
ence to a process was required or where it was impossible to determine,
by subsequent inspection, whether or not specific operations had been
performed. In these cases, the inspector checked the setup and facilities,
observed to see that the manufacturing layouts were being followed,
that the operations were being performed satisfactorily, and that spe-
cifications were being met.

ELECTRICAL TESTING

The electrical testing, in itself, was not unusual for carrier apparatus
and runs the gamut from de resistance through capacitance, inductance,
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and effective resistance, to transmission characteristics in the frequency
band 20-174 ke. What was unusual were the extremely narrow limits
imposed and the number and variety of tests involved as compared to
those usually specified for commercial counterparts.

The following two examples will serve to illustrate the extreme meas-
ures taken to prove the integrity of the product:

(A) One type of Resistor was wound with No, 46 mandrelated nichrome
wire to a value of 100,000 ohms plus or minus 0.3 per cent. This resistor
received six checks for de resistance, five for instantaneous stability of
resistance and two for distributed capacitance, at various steps in the
process which included six days’ temperature cycling for mechanical
stabilization. This resistor was considered satisfactory, after final anal-
ysis of the test results, if: (a) The difference in any two of the six resist-
ance readings did not exceed 0.25 per cent. (b) The change in resistance
during cycling was not greater than 0.02 per cent. (¢) The “instantaneous
stability” (maximum change during 30 seconds) did not vary more than
0.01 per cent. In addition, it was required that the distributed capaci-
tance, minimum 7, maximum 10 mmf, should not differ from any other
resistor by more than 2 mmf,

(B) For high voltage paper capacitors, the 0 004-1nch thick Kraft
paper, which constitutes the dielectrie, was selected from the most
promising mill lots which the manufacturers had to offer. This selection
was based on the results obtained from tests that involve examination
for porosity, conducting material and conduectivity of water extractions.
These tests were followed by the winding and impregnation in Halowax
of test capacitors. The test capacitors were then subjected to a direct
voltage endurance test at 266 degrees F for 24 hours.

Samples of prospective lots of paper, which have passed the above
test, were then used to wind another group of test capacitors that were
subsequently impregnated with Aroclor and sealed. 1,500-volt de¢ was
then applied to the capacitors at 203° F for 500 hours. In case of failure,
a second sampling was permitted.

After the foregoing tests had been passed, the supplier providing the
particular mill lot was authorized to slit the paper. Upon receipt, six
special capacitors were wound, using a group of six rolls of the paper
being qualified. These capacitors were then impregnated, checked for
dielectric strength at 3,000-volt de, and measured for capacitance and
insulation resistance. The capacitors were then given an accelerated life
test at 2,000-volt de, temperature 150° F, for 25 days. Fach lot of six
satisfactory test capacitors qualified six rolls of paper for use.

Product capacitors were then wound from approved paper, and the
dry units checked for dielectric strength at 300-volt de. Capacitance
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was checked and units were then assembled into cans and ceramic covers
soldered in place. Assemblies were pressurized with air, through a hole
provided for the purpose, while the assembly was immersed in hot water
to determine if leaks were present. Capacitors were then baked, vacuum
dried, impregnated, pressurized with nitrogen, and sealed off. The com-
pletely sealed units were then placed in a vacuum chamber at a tem-
perature of 150° F, 2 mm. mercury, for 3 hours to check for oil leaks.
Capacitance was rechecked and insulation resistance measured.

After seven days, capacitors were unsealed to replenish the nitrogen
that had been absorbed by the oil, resealed and again vacuum leak tested.
An X-ray examination was then made of each individual unit to verify
internal mechanical conditions. Capacitors were then placed in a tem-
perature chamber and given the following treatment for one cycle:

16 hours at 150°F; 8 hours at 75°F; 16 hours at 0°F; 8 hours at 75°F.

At the end of ten days, or 5 cycles, the insulation resistance and con-
ductance was measured and a norm established for capacitance.

Capacitors were then recycled for ten days, and, if the capacitance
had not changed more than 0.1 per cent, they were satisfactory to place
on production life test. If the foregoing conditions had not been met,
the capacitors were recycled for periods of ten days until stabilized.

At that time, 10 per cent of the capacitors in every production lot
were placed on “Sampling Life Test”, which consisted of applying 4,000-
volt de in a temperature of 150°F for 25 days. At the same time, the
balance of the capacitors in the lot were placed on production life test
at 3,000-volt de in a temperature of 42°F for 26 weeks. At the end of
this time, the insulation resistance was measured and the capacitance
checked at 75°F and at 39°F. The difference in capacitance at the two
temperatures could not exceed +0.001, —0.005 mf, and the total ca-
pacitance could not exceed maximum 0.3726, minimum 0.3674 mf. The
capacitance from start to finish of the life test could not have changed
more than plus or minus 0.1 per cent.

If all of the preceding requirements had been satisfied, the particular
lot of capacitors described was considered satisfactory for use.

The foregoing examples are typical of the procedures evolved for
insuring, to the greatest degree possible, the long, trouble-free life of all
apparatus used in the repeater.

Radioisotope Test

There were many new and involved tests which were developed and
applied to the manufacture of repeaters. One of the most unique is the
use of a radioisotope for the detection of leaks under hydraulic pressure.
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The initial closure operations consisted of brazing into each end of
the repeater housing a Kovar-to-glass seal. These seals are equipped
with small diameter nickel tubulations which were used to flush and
pressurize the repeaters with nitrogen. After these operations had been
performed, one of the tubulations was pinchwelded, overbrazed and
coiled down into the seal cavity. The repeater was then placed in a pres-
sure cylinder with the open tubulation extending through and scaled to
the test cylinder. A mass spectrometer was then attached to the tubula-
tion and the test cylinder pressurized with helium at 10,000 psi. At the
conclusion of this test the repeater was removed from the test cylinder
and, after breaking the desiccator diaphragm, the remaining open tubu-
lation was pinchwelded and overbrazed. At this point, it became neces-
sary to determine whether the final pinchweld and overbrazing would
leak under pressure.

Since there was no longer any means of access to the inside of the
repeater, all testing had to be done from the outside. This was accom-
plished by filling the glass seal with a solution of radioisotope cesium
134, which was retained by a fixture. The repeater was then placed in a
test cylinder and hydraulic pressure applied, which was transmitted to
the radioisotope in the fixture. After 60 hours under pressure, the re-
peater was removed from the cylinder and the seal drained and washed.
An examination was then made with a Geiger counter to determine if
any of the isotope had entered the final weld.

The washing procedure, after application of the isotope solution, in-
volved some sixty operations with precise timing. In the case of the re-
peater at the rubber seal stage where both ends were tested, it was
desirable that these operations be performed concurrently. This was
accomplished by recording the entire process on magnetic tape which,
when played back, furnished detailed instructions and exact timing.

RAW MATERIAL INSPECTION

As might be expected, raw materials used in the project were very
carefully examined and nothing left to chance. Every individual bar,
rod, sheet, tube, bottle or can of materials was given a serial number and
a sample taken from each and similarly identified. Each sample was
then given a complete chemical and physical analysis before each corre-
sponding piece of material was certified and released for processing. In
many cases, the cost of inspection far exceeded the cost of the material.
However, the discrepancies revealed and the assurance provided, more
than justify the expense.

Detailed records of all raw material inspection were compiled and
furnished to the responsible raw material engineer who examined them,
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critically, as an additional precaution before the material was released
to the shop. '

INSPECTION RECORDS

To eliminate, as much as possible, the human element in providing
assurance that all preseribed operations had been performed satisfac-
torily, inspected properly and the results recorded, means were estab-
lished to compile a complete history of the product concurrent with
manufacture. This was accomplished through the provision of permanent
data books of semilooseleaf design, which require a special machine for
removing or inserting pages.

Each of these books covered a portion of the work involved in pro-
ducing a piece of apparatus and contained a sequential list of pertinent
operations and requirements prescribed in the manufacturing process
specifications. Space was provided, adjacent to the recorded information,
for both the operator and inspector to affix their initials and the data.
A reference page in the front of each book identified the initials with
the employees’ names. All apparatus was serially numbered and the
data were identified accordingly. If a unit was rejected, that serial num-
ber was not reused.

These data books, in addition to establishing a complete record of
manufacture, provided a definite psychological advantage in that people
were naturally more attentive to their work when required to sign for
responsibility.

QUALITY ACCURACY

As pointed out previously, every precaution was exercised in selecting
and training inspection personnel assigned to the project. However, it
was realized at the outset that human beings are not infallible and that
insurance, to the greatest degree possible, would have to be provided
against the probability of errors in observation and jugment. Quality
accuracy evaluation procedures were, therefore, established for deter-
mining the accuracy of each inspector’s performance.

Quality accuracy checking was performed by a staff of five Inspection
Representatives and involved an examination of the work performed
by inspectors to determine how accurately it was inspected. Materials
which the inspector accepted and those which had been rejected were
both examined.

VERIFICATION AND SUMMARY OF DATA

As an added measure of assurance as to the integrity of the product,
procedures were established for verifying and summarizing the inspec-
tion records for each serially numbered component, up to an including
complete repeaters.
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Verification involved a complete audit of the inspection records to
provide assurance that all process operations were recorded as having
been performed satisfactorily, that the prescribed inspections had been
made, and that the recorded results indicated that the product met all
of the specified requirements. This work was performed by a group of
six Inspection Representatives who had considerably experience in all
phases of inspection and inspection records.

As the verification of a particular piece of apparatus proceeded, a
verification report was prepared which, when completed, contained the
most pertinent inspection data, such as:

(1) Recorded measurements of electrical parameters.

(2) Values calculated from measurements to determine conformance.

(3) Confirmation that all process and inspection operations had been
verified.

(4) Identification (code numbers and serial or lot numbers) of mate-
rials and components entering into the product at each stage of manu-
facture.

The verification report usually listed the data for twenty serial num-
bers of a particular code of apparatus along with the specified require-
ments. Included, also, was a cross-reference to all the inspection data
books involved so that the original data could be located easily. These
verification reports were prepared for all apparatus up to and including
the finally assembled and tested repeaters.

The following gives an indication of the number of items examined
in the verification of one complete repeater:

Items verified in data books. ................... ... 17,593
Items verified on recorder charts. . ................. 1,142
Calculations verified.............................. 1,580

. 20,315
Number of entries on verification reports............ 4,070

Verification reports, in addition to presenting the pertinent recorded
data, provided a “field”’ of twenty sets of measurements from which it
was easily possible to spot a questionable variation. For example, it was
the adopted practice on this project to examine, critically, any charac-
teristic of a piece of apparatus, in a universe of twenty, which varied
considerably from the rest, despite the fact that it was still within limits.

While the number of cases turned up in the verification process which
have resulted in rejection of product are relatively few, we believe that
the added insurance provided, and the psychological value obtained,
considerably outweigh the cost.



Power Feed Equipment for the

North Atlantic Link

By G. W. MESZAROS* and H. H. SPENCER*
(Manusecript received September 20, 1956)

Precise regulation of the direct current which provides power for the
undersea repealers tn the new transatlantic telephone cable ts necessary to
maintain proper transmission levels and to assure maximum repeater
tube life. The highest possible degree of protection is needed against excessive
currents and voltages under o wide variety of possible fault conditions.
Furthermore, to minimize the dielectric stresses, a double-ended series-aiding
power feed must be used and the balance of these applied voltages must be
maintained in spite of substantial earth potentials. This paper describes the
design features which were employed to attain these objectives simulla-
neously, while eliminating, for all practical purposes, any possibility of
even a brief system outage due to power failure.

INTRODUCTION

The principal objectives in the power plant design for the Trans-
atlantic cable system were as follows:

1. To stress reliability in order to guarantee continuous d¢ power to
the electron tubes that form an integral part of the submerged repeaters.
This is essential, not only to be able to maintain continuous service,
but to prevent cooling and contraction of the repeater components,
especially the tubes. '

2. To provide close de cable current control to ensure constant
cathode temperature and regulated plate and screen potentials for the
repeater tubes. These operating conditions are essential both for ob-
taining maximum life from these tubes and for maintaining constant
transmission level.

3. To control and limit the applied de cable potentials in order to
minimize the dielectric stresses. The life of certain capacitors in the re-
peaters is critically dependent upon these stresses. Moreover, momen-

* Bell -Telephone Laboratories.
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tary high potentials increase the chances of corona formation and insu-
lation breakdown.

4, To protect the cable repeaters from the excessive potentials or cur-
rents to which they might be subjected after an accidental open or short
circuit in the cable.

5. To compensate for earth potentials up to 1,000 volts, of either po-
larity, that may develop between the grounds at Oban and Clarenville
during the magnetic storms accompanying the appearance of sun spots
and the aurora borealis.

6. To provide adequate alarms and automatic safety features to en-
sure safe current and voltage conditions to both the cable and the
operating personnel.

DESIGN REQUIREMENTS
Reliable Cable Power

The first basic problem of design was to select a reliable source of de
power for energizing the cable repeaters. Although a string of batteries,
on continuous charge, is perhaps the most dependable source of direct
current, such an arrangement is not attractive here. A complex set of
high-potential switches would be required for removing sections of bat-
teries for maintenance and replacement purposes. Protection of the
repeater tubes from damage during a cable short circuit would be dif-
ficult. Ifacilities to accommodate changing earth potentials would be
cumbersome. Furthermore, the problem of hazards to personnel would
be serious.

The use of commercial ac power with transformers and rectifiers to
convert to high potential de would expose the cable to power inter-
ruptions even with a standby diesel-driven alternator, because of the
time required to get the engine started. A diesel plant could be operated
on a continuous basis, but this prime power source would also present a
considerable failure hazard even with the best of maintenance care.
The two-motor alternator set, used so successfully in the Bell System’s
type “L” carrier telephone system, was adopted asrepresenting the most
reliable continuous power source available. This set normally operates
on commercial ac power, but when this fails, the directly-coupled
battery-operated de¢ motor quickly and automatically takes over the
drive from the induction motor, to prevent interruption of the alter-
nator output. Here the storage battery is still the foundation for con-
tinuity, but at a more reasonable voltage.

As described later, the possibility of a system outage resulting from fail-
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ure of this two-motor alternator set has been essentially eliminated by
using two such sets, cross-connected to the rectifiers supplying power to
the two cables, with a continuously operating spare for each set, auto-
matically switched in upon failure of the regular set.

The regulating features of the rectifiers will be described in a later
section. In the present discussion of reliability it is sufficient to note
that series regulating tubes are used, which are capable of acting as high-
speed switches, through which two rectifiers can be paralleled. Thus
either rectifier can accept instantaneously the entire load presented by
the cable. In each regulator the series tubes carrying the cable current
are furnished in duplicate and connected in parallel to share the cable
load, a single tube being capable of carrying the entire load. These cur-
rent, regulators are operated from separate ac sources to protect against
loss of cable power because of failure of one of the sources of ac power.

Cable Potentials

To minimize the cable potentials, half of the dc¢ power is supplied
at each end of each cable, the supplies being connected in series aiding.
With this arrangement, as shown in Fig. 1, the de cable potential at one
end of each cable is positive with respect to ground while at the other
end the potential is negdative. This places the maximum potential and
risk on the repeaters near the shore ends, which are more readily re-
trieved, while the repeaters in the middle of the cable, in deeper water,
have potentials very near to ground. The power equipment would be
simpler with a single-ended arrangement, but at the penalty of doubling
the dielectric stresses in the entire system, which would be prohibitive.
A balanced power feed could have been attained at the expense of
power separation filters in the middle of the cable or a shunt impedance
of appropriate size at the midpoint. The resulting complications, in-
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cluding difficulty in the location of a cable fault, could not be justified
for the sake of simplification of power-plant design and operation.

The requirement that minimum cable potentials be maintained during
and after severe earth potential disturbances necessitates variable out-
put voltages from the supplies at both ends, and this introduces problems
in continuous voltage balance and regulation stability. The design
features which yield the required performance are described in a later
section.

DC Cable Current Regulation

The salient requirements in performance of the constant current
regulator are listed below:

a. The regulator must have extremely fast response to hold the cable
current within a few milliamperes of its nominal value should a short
circuit develop in the cable. Thus damage to the heaters of the re-
peater tubes, as well as excessive induced transient voltages in the re-
peater transformers is avoided. The probability of a short circuit is higher
near the shore ends where the water is shallow and sea traffic a factor.
The regulator must be capable of absorbing the reduction in power to
the cable, while maintaining current control under normal conditions.
This sudden exchange in power from cable to regulator may be as much
as 2,000 volts at 0.25 ampere.

b. The cable current should be maintained constant within 0.2 per
cent of its nominal value for normal variations in ac supply, gradual
earth potential changes, and ambient temperature changes. This degree
of regulation allows an adequate safety factor in maintaining a
constant transmission level.l

¢. The regulators, in conjunction with the power separation filters
and the rectifier filters, must limit the power supply noise at the cable
terminals to a peak-to-peak valueless than 0.02 per cent of the de supply
potential.

d. The cable current must be adjustable over a range of 225 to 245
milliamperes to compensate for repeater tube aging.?

e. The regulators must operate in parallel in such a way as to ensure
continuity of power should one fail or be removed from service for main-
tenance. This of course implies that regulators can be switched in and
out of service without causing surges in the cable current or voltage.

f. The series-aiding arrangement, with rectifiers at each end of the
same cable, must be stable.

g. The regulators should be capable of being serviced at low poten-
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tials, when in the test position, in order to protect maintenance
personnel.

h. The current regulator should be of the fail-safe type so that im-
pairment of any of the regulator components will not permit excessive
rise in cable current. In the event of component trouble, an aural or
visual alarm should occur.

It was decided that a high speed electronic constant-current regu-
lator backed up by a slower speed servo system, as shown in Fig. 2 and
discussed in detail later, would best meet the above requirements. In
this way, fast response with high gain is combined with wide regulating
range, yet the efficiency is high and the load-handling capacilities of
the various components are held to a minimum. With regard to sim-
pler alternatives, the electromechanical type of current regulator, using
relays and a motor-driven rheostat, is too slow to protect the repeater
tubes from a cable short circuit and its accuracy is insufficient to meet
the regulation requirements. The all-magnetic type of regulator is pos-
sibly most dependable but it does not readily provide either the speed
of response or the wide regulating range needed.

GENERAL DESCRIPTION

Prime and Standby Power Source

Commercial service is considered the normal prime source of power
for the cable, although at the Clarenville terminal commercial power
was not available at the time of installation. Anticipating this condi-
tion, a reserve plant consisting of three 60-kw diesel alternators was
installed and the distribution circuits were arranged, as shown in Fig. 3,
to provide partial or total use of the commercial service. Initially all
cable power was supplied by diesel operation, alternating the prime
movers on a weekly basis. These sets are paralleled manually when they
are interchanged, to prevent an interruption in the 60-cycle supply.
It may be noted that FEngine No. 1 is arranged as an automatic standby
whether prime power is provided by diesels. or by commercial service.

The switching and distribution arrangements are designed to be es-
sentially failure-proof. At Clarenville, for example, two ac distribution
cabinets, each capable of being fed from two sources, were provided in
separate locations. The normal source through Engine No. 1 control
bay can be readily by-passed directly to the manual diesels, should En-
gine No. 1 control bay be disabled. IFurthermore, allocation of charging
rectifiers, control circuits, ac motors for continuity sets, etc., has been
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made in such a manner that loss of one cabinet alone will have minimum
effect on the cable power supplies or office loads. At Oban, where 50-
cycle commercial service is normally used, special distribution ar-
rangements have been provided to give maximum power supply relia-
bility, with three manually operated 50-cycle, 90-kw, diesel-alternator
sets arranged for standby service. The diesels at this terminal are larger
to care for greater local power loads.

Continuous AC Power From Two-Motor Alternators

At both cable terminals, two reliable ac buses supply power to the dc
cable regulating bays. Each of these buses is fed from a continuously
operated, self-excited, single-phase, 230-volt alternator normally driven
by a 3-phase induetion motor on the same shaft with a 130-volt de motor.
Each regular alternator is backed-up by a similar emergency alterna-
tor running at no load. A fifth motor-alternator is provided which can
be used whenever any other set is out of service for routine maintenance
or repair.

As alternator loads are essentially constant, and since induction motor
speeds are fairly insensitive to power supply voltage variations, alter-
nator outputs are set by fixed adjustments of their field rheostats. Supply
voltages are monitored to control automatic transfer to d¢ motor drive
whenever the supply voltage drops below 80 per cent of the normal
value. Fig. 4 shows the normal running circuit for an alternator set,
with the de motor connected to the battery through a resistance of 75
ohms inserted in the armature circuit. The field resistance FR is preset
so that when the battery is driving the set, the speed matches that of

ALTERNATOR
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% - LOAD
—_—
AC DC
- MOTORS:
AC
AR GENERATOR
%_‘ ALTERNATOR
VOLTAGE
! . 130V MONITOR
' ——o ” ALARM &
DC MOTOR TRANSFER
— CONTROLLER = CONTROL

Fig. 4 — Two-motor alternator set.
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the ac drive when the battery voltage is at the mean discharge value.
During ac drive, the EMT generated in the de motor armature is a few
volts below that of the battery. Accordingly, when the fast acting con-
tactor AR shorts the 75-ohm resistance in the armature circuit, the
motor finds itself essentially at the desired operating flux condition and a
smooth pickup of drive occurs. Oscillograms indicate that the interval
between failure of ac power and operation of contactor AR is less than
0.1 second. During the transfer from ac to de drive, the change in the
nominally 230-volt output is less than 5 volts.

Return to ac drive is delayed approximately 20 seconds after the
ac supply voltage has returned to normal to allow time for the ac to sta-
bilize. Fixed field settings for both de motor and alternator fields provide
simple control arrangements without the overspeed or overvoltage
hazards which automatic regulators might add. Alternator output is
monitored, however, to give alarms for voltage changes exceeding =45
per cent and to control transfer to de drive if the output should drop
more than 10 per cent for any reason. When the latter occurs, the ma-
chine locks on de drive. This feature guards against ac motor failure
or low ac drive speed because of low supply frequency without low
supply voltage.

Failure of the alternator output after transfer to de drive causes the
set to stop and automatically transfer the load to its emergency alter-
nator. This transfer causes a break in the alternator supply to its bus,
but cable power is maintained constant by the parallel de regulating bay
fed from the other alternator bus.

Battery Plants and Distribution

Battery power for de motor drive is supplied from a 66-cell, 1,680-
ampere-hour battery at Clarenville and from two 68-cell, 1,680-ampere-
hour batteries at Oban. The latter station has double capacity to pro-
vide stand-by power for the ac supplies to the inland transmission
equipment.

At both cable terminals, control battery for the small alternator plants
and the cable dc regulating equipment provides 24 volts and is split
so that a fuse or a battery failure on either supply will not interrupt cable
power. To guard against so remote a hazard as loss of a common battery
for this vital control, two separate 24-volt power plants have been pro-
vided with one half of the critical control circuits furnished from each
plant.

In addition to supplying de motor power, the 130-volt battery at
Clarenville supplies current to the carrier terminal and test equipment
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through voltage dropping resistors which are normally in the circuit
to hold the load voltages below a maximum of 135 volts. These resistors
are automatically shorted to maintain a minimum load voltage of 125
volts when the battery voltage drops. A voltage detecting relay also
steps the fixed field adjustment of each de¢ motor when the battery
nears its final discharge voltage so that de motor speed is kept within
about 3 per cent of normal ac drive speed during battery operation.
The 66-cell battery is floated at 143 volts by means of voltage regulated
rectifiers and, after a discharge, is recharged by automatic operation of
a regulated 100-ampere motor-generator set. As indicated in Fig. 3, the
rectifiers for this plant are connected so that loss of one service cabinet
will still leave sufficient charging capacity to float the load from the
other cabinet.

Rectifiers and Associated Controls

As mentioned carlicr, each cable is supplied at all times by two regu-
lating bays in parallel, each operating from a separate ac source and each
capable of taking over the cable load should the other fail. Thus failure
of an alternator supply or of a regulating bay itself will not interrupt the
cable power. A spare regulating bay for each cable is arranged for re-
placing either of the two regular bays and may be connected in parallel
with the other two without overloading the associated 2.5-kva alternator.

As shown schematically in I'ig. 2, the ac supply to the rectifiers is con-
trolled by a continuously-tapped variable autotransformer, operated
normally by a two-phase low-inertia reversible motor, with provision
for manual adjustments also. The autotransformer output is stepped up
and rectified by a series arrangement of five rectifiers, each to give a
maximum of 550 volts for a total of 2,750 volts when the autotrans-
former is at the upper limit. The high voltage rectifier output is filtered
and supplied to the cable through the current regulating unit, cable con-
necting switch, and common cable control circuit. The cable current is
regulated by controlling the plate to cathode drop across the electron
tubes through which this current flows. A de amplifier, which derives its
signal from a resistance in series with the total cable current, varies the
grid bias of the series regulating tubes. The series tubes have a control-
drop range from about 150 volts to the full supply voltage, the dc am-
plifier being capable of driving the regulating tubes to cut-off. However,
to protect the series tubes and to keep them operating at practically a
constant plate voltage of 300 volts, a servo system automatically raises
and lowers the output from the autotransformer by means of the motor-
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driven ac control unit whenever the series tube plate voltage varies
more than 25 volts from the normal value. For example, a 2 per cent
change in input ac would change the rectifier output of 2,300 volts
(corresponding to a cable supply voltage of 2,000 volts) by 46 volts,
which would increase the series tube drop to 346 volts. This increase in
voltage would raise the signal current through the control winding of a
saturable reactor which forms one leg of a balanced bridge in the ac
motor control circuit, and thus cause the autotransformer to be driven
down, lowering the rectifier output until the series tube drop is restored
again to approximately 300 volts.

Overvollage and Overcurrent Protection and Alarms

While the power for the cable is electronically regulated, protective
features are provided to guard against abnormal cable current or volt-
age. The first order of protection is a =42 per cent cable current alarm
given by a voltage relay which operates from the drop across a resistor
in the ground return circuit to the de bays. A second voltage relay, set
for 5 per cent high cable current, also monitors the current in the ground
return side and in conjunction with the current-monitors in the high
voltage side, limits the cable current by operating the motor-driven
autotransformers until the current is within 5 per cent of normal. The
voltage of the ungrounded side, however, is much too high for direct
connected voltage or current relays. Therefore, magnetic amplifiers have
been used to obtain isolated metering of the cable current. Two of these
devices measure the current in the ungrounded side of the common
power supply lead to the cables. Of the three current-monitors available,
two must operate before turndown functions, to prevent false turndown
because of faulty metering.

Voltage protection is provided by means of magnetic amplifiers in
shunt across the common power supply to the cable. Here, three monitors
are arranged so that any two can reduce power, by means of the turn-
down control, if the voltage rises to the maximum allowable value for
which the voltage relays are adjusted. These monitors draw about 1.5
milliamperes each, but are connected on the supply side of the cable-
regulating resistance so as not to affect cable regulation. They guard
against excessive voltage resulting from an open circuit where voltages
around 4,000 volts could otherwise occur. They also guard against high
voltage caused by earth potentials or unbalance between voltages at op-
posite ends of the cable. When set for a ceiling voltage of 2,600 volts, a
maximum of 3,000 volts occurs on open circuit on the first rise, after
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which the voltage holds within 2,600 %= 200 volts as the turndown relays
operate and release to maintain the ceiling voltage. A fourth magnetic-
amplifier voltage detecting relay provides an alarm for 4=5 per cent ex-
cursions in cable voltage from the normal value. Other alarms are pro-
vided to indicate low output in either of the two parallel regulating bays,
relay troubles, loss of magnetic amplifier ac control voltage, and fuse
failures.

To limit the rate of change in the cable current under short circuit
conditions and to reduce the rise in voltage at the repeaters on open cir-
cuit failure, an inductance of about 36 henries is connected in series
with the cable circuit, and physically close to the cable termination, so
that any failure in the power supply would have the advantage of this
surge-limiting element.

Metering

Metering of the cable current is a very important part of the power
plant design. Not only are the cable current ammeters needed to set the
value of current desired, but their ability to indicate absolute current
values assists in obtaining stable regulation between the two ends of the
cable. The meters provided for this purpose are suppressed-zero, mag-
netically and statically shielded 150-300 milliampere, large scale amme-
ters, with 0.5 per cent accuracy. One of these meters is connected in the
ungrounded side and another in the grounded side of the cable supply
circuit to provide an accuracy check and to indicate any ground leakage
current in the supply circuit. They are connected to highly accurate
1-ohm four-terminal shielded resistors acting as shuntsin the cable current
circuits with their shunt leads arranged for switching to a calibration

.box for checking accuracy and for adjustment. This box employs a
Weston laboratory standard cell, essentially a single-point potentiometer
with the usual galvanometer, acting as a calibration standard at the 225-
milliampere point. Meters calibrated at Oban for 225 milliamperes were
expected to be within 0.2 per cent or 0.5 milliampere of those similarly
calibrated at Clarenville, and at present are within about 0.2 milliampere.

The cable current is also indicated by a recording ammeter. Meters in
each regulating bay indicate the division of current between paralleled
regulators. These meters have only 1 per cent accuracy but are satis-
factory for adjusting load balance between parallel bays and also are
used in turnup of power on a particular bay.

Cable voltage is read on a large scale voltmeter reading 0-3,000 volts
and having #+0.25 per cent accuracy. Since the accuracy is not critical,
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this meter is not arranged for calibration. However, the series resistors
incorporate 6,000-volt components for an extra degree of reliability. The
voltmeter with its series resistor is normally connected across the com-
mon cable power supply ahead of the cable current regulating point. It
can, however, be switched to read the cable voltage nearer the cable
termination. In the latter position, it reduces the cable current by about
1 milliampere, causing an unbalance in cable regulation, and therefore
is not normally left in this position. The cable supply voltage is also
indicated by a recording voltmeter.

Other meters are provided to indicate series tube plate voltages, dc
rectifier voltages, ac input voltages, series tube currents, test currents
for adjusting mag-amp operating limits, and the difference in current
between the positive and negative power supplies to ground. Since
many of these instruments operate at high potential, a spectal design
was used with the operating mechanism and scale depressed in the in-
strument case approximately 1 inch. This both eliminated possible
electrostatic effects on the instrument pointers and served as a safety
measure.

DC REGULATION

DC Amplifier

The direct-coupled two-stage amplifier shown in Fig. 5 is characterized
by potentiometer coupling and cold-cathode gas-tube voltage stabilizers.
The biases are selected high enough so that linear operation is assured
even for a short circuit at the cable terminal. As is apt to be the case in
a direct-coupled amplifier, cathode temperature in the low-level stage
is critical. In this amplifier, a § per cent change in heater voltage results
in a 0.5 milliampere change in the cable current.

The required preeision of current regulation in these power supplies
can be expressed as representing a source impedance of not less than
100,000 ohms. To meet this requirement, the gain of the de amplifier
was made as large as practicable with the plate and screen potentials
available from gas-tube regulators. Interstage network impedances are
high to reduce the shunt losses, and are proportioned to provide the
large biases mentioned above. Gain adjustment is provided by a variable
resistance in series with the cathode of the first stage.

Shaping of the loop gain and phase characteristics to obtain margins
for stable operation is accomplished by means of the RC shunt (R¢C:)
across the plate resistor for the first stage. The amplifier gain and phase
characteristics without this compensation are shown in Fig. 6. These
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data were obtained by opening the feedback loop at the control grid of
the first stage, applying normal de bias plus a variable frequency ac
signal to the grid of the tube, and measuring the magnitude and relative
phase of the return signal.

The corresponding characteristics with the compensating network in
place are also shown in Fig. 6. The compensating network effectively
puts a relatively low-impedance shunt across the interstage network at
the higher frequencies, resulting in a ‘“‘step” in the gain characteristic.
A secondary effect is the phase shift in the transition region. The calcu-
lated ‘‘corner frequencies” are 2,800 and 195 cps, respectively, chosen on
the basis of the criteria (1) little effect on regulator gain at 100 or 120
¢ps, the most prominent rectifier ripple frequency, and (2) a gain step
of something above 20 db with no appreciable contribution to the phase
shift at frequencies above 30 ke. The calculated loss at 120 eps is 1.2 db
with a maximum phase shift of about 60 degrees at the median frequency.
These results agree quite well with the measured data plotted in Tig. 6.

Asindicated in I'ig. 6, the phase margin at the gain crossover frequency
of 55 ke was somewhat over 100 degrees for the experimental model on
which these measurements were made. The gain margin could not be
measured readily but is clearly substantial. On production units, larger
wire sizes and longer lead lengths resulted in lesser, but still satisfactory
stability margins, as shown in TFig. 7, the phase margin being somewhat
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over 60 degrees. I'ig. 7 also shows the characteristics at the extremes of
gain control, the range of control being about 8 db.

Fig. 8 shows the measured performance of the de regulators, the servo
system being disabled in order to obtain a plot of the performance of the
de amplifier and associated ecircuits. Twenty-two regulator units were
manufactured and measured and the curves of Ifig. 8 show the extreme
limits observed, the differences between individual regulators being due
primarily to differences between electron tubes. The measured range of
source impedance, 130,000 to 170,000 ohms, allows margin for regulator
tube aging above the 100,000-chm objective.

AC Servomechanism

As noted earlier, the servo system shown in Fig. 2 is part of the cur-
rent regulating scheme and holds the series tube plate potential within
reasonable limits by adjusting the rectifier input voltage. In an emer-
gency, a ‘“‘turndown” feature, operated from several remote points,
either manually or automatically, will reduce the autotransformer output
to zero in less than two seconds. For simplicity, only the manual turn-
down feature is shown in Fig. 2. It operates simply by switching one end
of the motor control winding from one corner of the bridge to the other,
thus applying half of the input voltage to the control winding.

Manual operation of the autotransformer tap is provided to raise the
cable current slowly, either initially or after a turndown. In manual
operation a dynamic brake, consisting of a short circuit on the motor
control winding, prevents the motor from creeping or coasting when the
operator releases the handwheel, as it otherwise would since the fixed
phase of the two-phase motor is always energized. The turndown feature
takes precedence over the short circuit of the motor control winding,
automatically, to energize the motor should the operator inadvertently
cause abnormally high cable voltage or current.

One essential feature of the servo design is the dead band of the series
tube plate voltage in which the servo remains stationary, even though
there are small changes in the incoming signal. This band can be varied
from 10 to 100 volts under control of a gain-adjust potentiometer across
the control winding of the two-phase motor. Without this dead band,
the servo would be constantly in operation correcting for small random
variations in line voltage or earth potentials. Furthermore, since it is
extremely difficult to set the current regulators at the two ends of a
cable to exactly the same current, the servo dead band permits some
margin of error. Otherwise the servo associated with the current regu-
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lator trying to regulate for a slightly higher cable current, would drive
its rectifier voltage to its stop or maximum output, unbalancing the
cable voltages.

System Stability*

A complete analysis of system stability represents an exceedingly
formidable, if not impossible, task. It has been established analytically
that for a linear network the two de regulators in parallel and the system
as a whole are unconditionally stable. The details of this proof are too
long to be presented here but the line of reasoning with respect to the
overall system is as follows. The system of I'ig. 1 is symmetrical about a
vertical plane through the middle of the figure. Under these conditions,
the system will be stable if, and only if, the following three simpler sys-
temst are stable:

(a) A power supply short-circuited;

(b) A power supply feeding an impedance equal to twice that of the
half cable short-circuited; and

(¢) A power supply feeding an impedance equal to twice that of the
half cable open-circuited.

The transfer function of the servomechanism was measured over the
frequency range of principal interest, 0 to 1 ¢ps, the behavior near zero
frequency being determined from the asymptotic slope of the unit step
response.f In this frequency range the de amplifier gain is a real constant,
flat gain and negligible delay as previously shown, therefore only the ac
servo feedback loop characteristic has to be known to predict the sta-
bility of condition (a). The Nyquist loop for this transfer function shows
that condition (a) above is satisfied. A similar examination of the Nyquist
plot, including the readily computed cable impedance shows that condi-
tions (b) and (c) above are satisfied. Thus the linear analysis indicates
stable operation for the system of Fig. 1. This result was confirmed by
tests of conditions (a), (b), and (¢) individually and by the behavior of
the system as a whole, both in the laboratory with a simulated power
network for the cable and in the final installation.

One of the most obscure aspects of the power system behavior is that
of equilibrium conditions after one or a series of large earth potential

* The analysis briefly summarized here was made by C. A. Desoer.

t In this discussion of simpler systems a power supply consists of only the
elements shown in Fig. 2.

i In the course of these time-domain measurements, it was quite apparent that
the ac control loop could be considered as a linear network only in an approximate
sense and thus that the analytical results were primarily useful in interpretation
of observed behavior of the system,
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disturbances. While the system is stable in the sense that the transient
due to a perturbation will disappear in a finite time once the disturbance
has been withdrawn, the range of possible equilibrium positions (disre-
garding the overvoltage protective feature) is extremely wide — from
perhaps 1,300 to 2,500 volts at the cable terminals. The upper limit of
2,500 volts is set by the maximum output available from one power
plant; this also sets the lower limit of the associate power plant at the
far end of the cable. This situation is illustrated diagrammatically in
Fig. 9.

The behaviors of the servomechanisms at the two ends of a given cable
are nearly enough alike that the repeated introduction of simulated earth
potential in the laboratory was found not to disturb substantially the
equilibrium point. This was true for earth potentials of either polarity
up to 1,000 volts and with these potentials introduced at any point along
the artificial cable. A rate of change of earth potential of 20 volts per
second was adopted in these tests with the thought that such values
would be realistic.

With regard to the long-term stability of the equilibrium condition
described above, it is, of course, important that the controls which es-
tablish the cable current at the two ends of the same cable be adjusted
for very nearly the same value. Unless this is done, the cable voltage at
one end will gradually increase or decrease and the voltage at the other
end will move equally in the opposite direction. This would eventually
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bring in alarms and necessitate manual readjustment. In this connection,
the voltmeters which indicate the drop through the series regulating
tubes provide a very convenient magnification of any drift in cable cur-
rent. The multiplying factor is the effective de impedance of the regu-
lated system, that is, more than 100,000 ohms. Thus 25 volts, which is
an appreciable fraction of the nominal 300 volts across the series regu-
lating tubes, is equivalent to less than 0.25 ma., which is of the order of
0.1 per cent of normal cable current. As a matter of fact, the behavior of
this voltage provides the final criterion for precise adjustment of cable
current to assure long-term stability.

EQUIPMENT DESIGN
Description

Fig. 10 shows the complete de¢ equipment for supplying one polarity
of power to one cable. Similar equipment provides the opposite po-
larity to the other cable. The two equipments are located facing each
other across a common aisle with their common control bays directly
opposite. Regulator 1 on the right is normally operated in parallel with
Regulator 2. Regulator 3 on the left is the spare regulator, normally off.
The common bay, between Regulators 1 and 2, includes the cable

Fig. 10 — DC regulator and common control bays.
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termination and power separation filter. This equipment and all the live
parts of the circuit, back to the common point to which the switches in
the individual regulator bays are connected, is enclosed in a high voltage
compartment.

The paralleling control switches are mounted in high voltage compart-
ments in their respective regulating bays and must remain completely
enclosed, as their common cable connections are alive during cable
operation. These switches have an interrupting capacity of 1 ampere at
3,000 volts, thus providing a large safety factor over the 0.245 ampere
maximum load current.

Fig. 11 illustrates some of the special design features built into the
equipment to facilitate maintenance. The high voltage compartment
shown open at the top is locked whenever the cable is in operation and
this protection feature will be described below. Pull-out drawers at the
bottom contain metering shunts, a test unit for adjusting voltage and
current protection limits, a voltage protection unit, a current protection
unit, and an alarm unit. While only one of these compartments is to be
pulled out at a time, they are arranged so as not to endanger personnel
or to affect service during adjustment when open. Doors are provided
on all bays to prevent accidental disturbance of adjustments and to
protect against damage to controls.

Corona

The high voltage ac elements of the complete regulator bays were
tested for corona with 4,000 volts ac applied, and furthermore, if corona
was observed on increasing the applied rms voltage to 5,000 volts, it was
required to extinguish when the voltage was reduced to 3500 volts. The
maximum acceptable leakage was 20 microamperes at 4000 volts across
the circuit (200 megohms). A dec corona requirement of 4000 volts was
applied to the dec elements of the regulator bays and 5000 volts for the
common bay, with a maximum permissible leakage of 5 microamperes.
The higher corona requirements on the common bay were intended to
eliminate the necessity for turning down the entire system for repair. A
high standard of workmanship is required to provide such performance.
There can be no sharp projections and no loose strands of wire. Solder
must be applied in such a manner as to obtain a rounded smooth joint
and high voltage wiring must be dressed away from exposed grounded
metal, bus bars, etc., so that the outer braid (other than polyethylene)
does not come in contact with metal.
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Fig. 11 — Common control bay.
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Crosstalk and Outside Initerference

In order to meet the severe crosstalk requirements between receiving
and transmitting circuits and to guard against feeding office noise po-
tentials into the carrier transmission system, arrangements were made
so that office grounds are carefully separated from the outer conductor
of the cable and from all circuit elements within the power separation
filter. Pickup of external radio-frequency fields by the power separation
filters was greatly reduced by completely enclosing in a copper shield
the cable terminal and the power separation filter elements nearest to
the terminal. The shielding itself and the cans of PSF capacitors and
oil-filled coils are connected to the return tape of the cable which is
insulated from office ground until it reaches sea water, thus reducing the
coupling to the other cable as compared to tying both tapes together at
the office or bay frame ground.

Protection of Personnel

A key locking system is provided to safeguard against any hazard to
personnel from high voltages. In the common bay, the high voltage com-
partment can be entered only by operating a switch which shorts the
cable to ground and releases a key for the compartment doors. In each
regulating bay, the key system assures that the bay is disconnected from
the cable and hence from the paralleling power supplies. Where access
is required to the interior of any compartment, the key system insures
that the ac power to the bay also be switched off.

The test compartment contains pin jacks, provided for maintenance
operations which are always performed with the regulator bay con-
nected to a low resistance load. Access to this compartment can be ob-
tained with ac power connected to the bay. However, for such access,
the key system enforces the operation of the output disconnect switch,
which also transfers the bay to a low-resistance load. Moreover, a me-
chanical interlock with the autotransformer assures that the test voltages
are reduced to safe values.

In addition to its function in protecting personnel, the key system
also insures that no more than one regulating bay is disconnected at one
time so that continuity of service is protected at all times by two parallel
regulators.

FACTORY AND SHIP CABLE POWER

In addition to the above cable power supplies at the ocean terminals,
similar de cable current regulating equipment was designed for use at
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the cable factory and abroad the cable ship Monarch. Well protected and
closely regulated reliable power was considered essential during the
cable loading and laying operations. It was nceessary to have power on
the cable continuously, except when splices were made, in order to detect
a fault immediately, to measure transmission characteristics for equali-
zation purposes and finally to alleviate the strain on the glassware and
tungsten filaments of the repeater tubes during the difficult laying
period.?
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Electron Tubes for the Transatlantic

Cable System

By J. 0. McNALLY,* G. H. METSON,} E. A. VEAZIE* and
M. F. HOLMES+}

(Manusecript received October 10, 1956)

Electron tubes for use in repeatered underwater telephone cable systems
must be capable of operating for many years with a reasonable probability
of proper functioning. In the new transatlantic telephone cable system the
section of the cable between Nova Scotia and Newfoundlond contains re-
peaters developed by the British Post Office Research Station at Dollis Hill.
These repeaters are built around the type 6P12 tube developed at that re-
search station. The repeaters contained tn the seciion of the cable system be-
tween Newfoundland and Scotland are of Bell System design and depend on
the 175HQ tube developed at Bell Telephone Laboratories.

In this paper the philosophy of repeaier and tube design is discussed, and
the fundamental reasons for arriving at quite different tube designs are
potnted out. Some of the tube development problems and the features intro-
duced to eliminate potentral difficulties are described. Electrical characteris-
tics for the two types are presented and life lest data are given. Fabrication
and selection problems are outlined and reliability prospects are discussed.

INTRODUCTION

Electron tubes suitable for use in long submarine telephone cables
must meet performance requirements that are quite different from those
imposed by other communication systems. In the home entertainment
field, for example, an average tube life of a few thousand hours is gen-
erally satisfactory. In the field of conventional land-based telephone
equipment, where the replacement of a tube may require that a mainte-
nance man travel several miles, an average life of a few years is considered
reasonable. In deep-water telephone cables such as the new transatlantie
system, the lifting of a cable to replace a defective repeater may cost
several hundred thousand dollars and disrupt service for an extended

* Bell Telephone Laboratories. 1 British Post Office.
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period of time. These factors suggest as an objective for submerged re-
peaters that the tubes should not be responsible for a system failure for
many years, possibly twenty, after the laying of the cable. Such very
long life requirements make necessary special design features, care in the
selection and processing of materials that are used in the tubes, unusual
procedures in fabrication, detailed testing and long aging of the tubes,
and the application of unique methods in the final selection of individual
tubes for use in the submerged repeaters.

As indicated in the foreword and discussed at length in companion
papers, the British Post Office developed the section of the cable system
between Clarenville, Newfoundland, and Sidney Mines, Nova Scotia.
This part of the transatlantic system uses the 6P12 tube which was devel-
oped at the General Post Office (G.P.0.) Dollis Hill Research Station.
The submerged portion of this system contains 84 tubes in 14 repeaters.
Bell Telephone Laboratories developed the part of the system between
Clarenville, Newfoundland, and Oban, Scotland. This section requires
102 repeaters, including 306 tubes, of a type known as the 175HQ.
Although a common objective in the development of each of the two
sections has been to obtain very long life, the tube designs are quite dif-
ferent.

The Bell System decided on the use of a repeater housing that could be
treated as an integral part of the cable to facilitate laying in deep water.
The housing is little larger than the cable and is sufficiently flexible to be
passed over and around the necessary sheaves and drums. In such a
housing the space for repeater components is necessarily restricted. This
space restriction, combined with the general philosophy that the num-
ber of components should be held to an absolute minimum and that each
component should be designed to have the simplest possible structural
features, has resulted in the choice of a three-stage, three-tube repeater.
In this design, each tube carries the entire responsibility for the con-
tinuity of service. ;

The Post Office Research Laboratories, prior to the development of
the transatlantic cable system, had concentrated their efforts on shorter
systems for shallow water. The placing of the repeaters on the bottom
did not present the serious problems of deep-sea laying, so more liberal
dimensions could be allowed for the repeater circuit. A three-stage ampli-
fier was developed which consisted of two strings of three tubes each,
parallel connected, with common feedback. The circuit was so designed
that almost any kind of tube failure in one side of the amplifier caused
very little degradation of circuit performance. This philosophy of having
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the continuity of service depend on two essentially independent strings
of tubes has been carried over to the repeater design for the Clarenville-
Sidney Mines section of the transatlantic cable.

In the Post Office system containing 84 tubes in the submerbed re-
peaters, five tube failures randomly occurring in the system will result
in slightly over fifty per cent probability of a system failure; one tube
failure in the 306 tubes in the Newfoundland-Scotland section of the
system will result in certain system failure. 1t is not surprising, therefore,
to find the tube designed for the Newfoundland-Scotland section of the
cable to have extremely liberal spacing between tube elements in order
to minimize the hazards of electrical shorts. Thisresultsin a lower trans-
conductance than is found in the tubes designed for the Nova Scotia-
Newfoundland link. Other factors in the design will be recognized as
reflecting the different operating hazards involved.

Early models of the British Post Office and Bell Laboratories tubes,
together with the final tubes used in the cable system, are shown in
Fig. 1.

TF1c. 1 — The final designs of tubes for the Nova Scotia-Newfoundland section
of the cable (right) and for the Newfoundland-Scotland section (left). Early
madels of each type stand behind the final models,
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TUBES FOR THE NEWFOUNDLAND-SCOTLAND CABLE
Early Development Consideraizons

In Bell Telephone Laboratories, work on tubes for use in a proposed
transatlantic cable was started in 1933. This was preceded by a study of
what type of tube would best fit the needs of the various proposed ampli-
fier systems and by consideration of what might be expected to give the
best life performance.

At the time this project was started, reasonably good tube life had
been established for the filamentary types used in Bell System repeaters.
Some groups of tubes had average lives of 50,000 or 60,000 hours (6 or
7 years). Equipotential cathode tubes were not then used extensively in
the plant, and there was no long life experience with them. However,
there appeared to be no basic reason why inherently shorter thermionic
life should be expected using the equipotential cathode and there were
several advantages in its use. One was the greater freedom in circuit
design afforded by the separation of the cathode from the heater. Also
there was the possibility of operating the heaters in series and using the
voltage drop across the heaters for the other circuit voltages. It was felt,
in addition, that the overall mechanical reliability would be greater if
the cathode were stiff and rigidly supported.

The first equipotential tubes made were triodes. They were designed
for use in push-pull amplifiers wherein continuity of service might be re-
tained in case of a tube failure. This circuit was abandoned in favor of a
three tube, feedback amplifier that was the forerunner of the present
repeater. The pentode was favored over the triode for this amplifier for
obvious reasons, and in 1936 the triode development was discontinued.

Early in the development of the tube three basic assumptions were
made. These were, (a) that operation at the lowest practical cathode
temperature would result in the longest thermionic life, (b) that operat-
ing plate and screen voltages should be kept low, and (c¢) that the
cathode current density should be kept as low as practicable.

The first assumption, concerning the cathode temperature, was based
on the observation of life tests on other types of tubes. While the data
at the time of the decision were not conclusive, there was definite indica-
tion that too high a cathode temperature shortened thermionic life.
Little was known about life performance in the temperature range below
the values conventionally used. '

The second assumption, concerning low screen and plate voltages, had
not been supported by any experimental work available at the time of
decision. Sixty volts was originally considered for the output stage; this
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value was later lowered when other operating conditions were changed.
Subsequent results showed that in this range the voltage effects on
thermionic life were relatively negligible.

The third assumption, that low cathode current density favored longer
thermionic life, affected the tube design by suggesting the use of a large
coated cathode area. This implied the use of relatively high cathode
power. It was decided early in the planning of the repeater that the
voltage drop across the three heaters operated in series would be used
to supply part or all of the operating plate and screen potentials. For a
60-volt plate and screen supply, the heater voltage could be as high as
20 volts. A quarter of an ampere was considered a reasonable cable cur-
rent consistent with voltage limitations at the cable terminals. Thus 5.0
watts were available for each cathode. With this power, a coated area of
2.7 square centimeters was provided. The value of the cathode current,
the cathode area, and the interelectrode spacings define the transcon-
ductance. Very liberal interelectrode spacings were provided consistent
with reasonable tube performance. The original design called for a spac-
ing of 0.040 inch between control grid and cathode. This value was later
reduced to 0.024 inch, and a satisfactory design was produced which
gave 1,000 micromhos or one milliampere per volt at a cathode current
drain of approximately 2.0 milliamperes. The resulting current density
of approximately 0.7 milliampere per square centimeter is in sharp con-
trast with values such as 50 milliamperes per square centimeter used
currently in tubes designed for the more conventional communication
uses. Subsequent data, discussed later, indicate that for current densities
of a few milliamperes per square centimeter, the exact value is not
critical in its effect on thermionic life.

Subsequent Production Programs

The development of the tube was pursued on an active basis through
the years leading up to World War II. During the war development ac-
tivity essentially stopped. It was only possible to keep the life tests in
operation. After the war the development of the tube was completed and
a small production line was set up in Bell Telephone Laboratories under
the direct supervision of the tube development engineers to make and
select tubes for a cable between Key West, Florida, and Havana, Cuba.

This cable turned out to be a “field trial” for the transatlantic cable
which was to come later. A total of 6 submerged repeaters containing 18
tubes were laid and the cable was put in operation in June, 1950. The
cable has been in operation since this date without tube failure, and
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F1c. 2 — Parts used in the stem and a finished stem of the 175HQ tube. The
separate beading of the leads may be noted.

periodic observations of repeater performance indicate no statistically
significant change in tube performance over the 6 years of operation.

Sufficient tubes were made at the same time as the Key West-Havana
run to provide the necessary tubes for a future transatlantic cable. These
tubes were never used principally because the tubes had been assembled
with tin plated leads. Tin plating, subsequent to the laying of the Key
West-Havana cable, was found to be capable of growing “whiskers”.!

In 1953 another production setup was made, also in Bell Telephone
Laboratories, for the fabrication of tubes for the Newfoundland-Scotland
section of the transatlantic cable. On the completion of this job fabrica-
tion was continued to provide tubes for an Alaskan cable between Port
Angeles, Washington, and Ketchikan, Alaska. After a pause of several
months another run was made to provide tubes for a cable to be laid
between California and the Hawaiian Islands.

Mechanical Features

The tube, shown on the left in Fig. 1, is supported in the repeater
housing by two soft rubber bushings into which the projections of the
two ceramic end caps fit. All leads are flexible and made of stranded
beryllium copper which has been gold plated before braiding. Both for
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convenience in wiring in the circuit and to hold down the control-grid to
anode capacitance, the grid lead has been brought through the opposite
end of the tube from the other leads.

A number of somewhat unusual constructional features appear in the
tube. The stem on which the internal structure is supported consists of
a molded glass dish into which seven two-piece beaded dumet leads are
sealed. The parts used in a stem, and also a finished stem, are shown in
Fig. 2. It is usual to embed the weld or “knot” between the dumet and
nickel portions of the lead in the glass seal to provide more structural
stiffness. This has not been done in this stem because it was believed that
a fracture of a lead at the weld could be detected more easily if it were
not supported by the seal. It might be questioned why the modern alloys
and flat stem structure have not been used. It is to be remembered that
one gas leak along a stem lead would disable the system, and experience
built up with the older materials provides greater assurance of satis-
factory seals.

The structure of the heater and cathode assembly is unique, as may
be seen in Fig. 3. A heater insulator of aluminum oxide is extruded with
7 holes arranged as shown. This insulator is supported by a 0.025 inch
molybdenum rod inserted in the center hole. The heater consisting of
about 36 inches of 0.003 inch tungsten is wound into a helix having an
outside diameter of 0.013 inch. After dip coating by well known tech-
niques the heater is threaded through the 6 outer holesin the insulator.
A suspension of aluminum oxide is then injected into the holes in the
insulator so that on final firing the heater becomes completely embedded.

|
% _CATHODE
,~ COATING

END
DENUM . CERAMIC
P '(\ZASTngDE /INSULATOR ™\
,” CORE ROD \

TUNGSTEN

F1c, 3 — Heater, heater insulator and cathode assembly of the 175HQ tube,
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The cathode sleeve, which is necked down at one end as shown in Fig,. 3,
is slipped over the heater assembly and welded to the central molyb-
denum rod which becomes the cathode lead. By this means a uniform
temperature from end to end of the cathode is obtained. Under normal
operating conditions the heater temperature is approximately 1100°C,
which is very considerably under the temperature found in other tubes.

Connection of the heater to the leads from the stem presented a serious
design problem. Crystallization of tungsten during and after welding
and mechanical strains developed by thermal expansion frequently are
the causes of heater breakage. This problem was successfully overcome
by the means illustrated in Fig. 4. Short sections of nickel tubing are
slipped over the cleaned ends of the heater coil and matching pieces of
nickel wire are inserted as cores. These parts are held together by tack
welds at the midpoints of the tubing. The heater stem leads are bent,
flattened and formed to receive the ends of the heater, which are then
fastened by welds as indicated in the drawing,.

@‘V&___ PORTION OF __ N
TUNGSTEN HEATER ‘x@

HEATER
_-~ CORE
Z

_HEATER
SLEEVE

Fi1a. 4 — Heater tabbing arrangement of the 175HQ.
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A serious attempt has been made in the design of the tube to hold the
number of fastenings that depend entirely on one weld to an absolute
minimum. The grids are of conventional form in which the lateral wires
are swaged into notches cut in the side rods or support wires. The side
rods as well as the lateral wire are molybdenum. This produces grids
which are considerably stronger than those using more conventional
materials.

The upper mica is designed to contact the bulb and the bulb is sized
to accurate dimensions to receive and hold the mica firmly. The tube
in its mounting will withstand a single 500g one millisecond shock with-
out, apparent changes in mechanical structure or electrical characteris-
tics. It is estimated from preliminary laying tests that accidental or un-
usual handling would rarely result in shocks exceeding 100g.

Electrical Characteristics and Life

The average operating electrical characteristics for the 175HQ tube
are given in Table I, and a family of plate-voltage versus plate-current
curves for a typical tube is given in Fig. 5 for a region approximating
the operating conditions.

The development of a long-life tube offers good opportunities to ob-
serve effects which are more likely to be missed where shorter lives are
satisfactory. For example, some of the earliest tubes made, after 20,000
hours on the life racks, began to show a metallic deposit on the bulbs.

TABLE I — AVERAGE OPERATING ELECTRICAL CHARACTERISTICS FOR
THE 1756HQ TuBE

?taé[gezs Stage 3
Heater Current................ .. oou.. 220 217 milliamperes
Heater Voltage. . .. ........................... 18.2 18.4 volts .
Heater Power............... ... . ... .. 4.0 4.0 watts
Control-Grid Bias. .. ........ ...l —1.3 —1.4 volts
Screen Voltage. ..., 38 40  volts
Plate Voltage...............coiiii ., 32 51 . volts
Screen Current........... ..., 0.3 0.3 milliamperes
Plate Current. ................................ 1.3 1.4 milliamperes
Transconductance. . ... ......covieiiinennennn.. 980 1010 micromhos
All Stages
Capacitances (cold, with shield)
Input Capacitance........................... 9.2 uuf
Output Capacitance. . .. .................... 15.6 upf
Plate to Control-Grid Capacitance........... 0.03 puf
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Fia. 5 — Typical plate voltage-plate current characteristies for a type 175HQ
tube.

Immediate concern for the lowering of insulation resistance across mica
spacers prompted an investigation. The source was traced to the use of
plates made from a grade of nickel from which magnesium as a contam-
inant was evaporating. A change was made to molybdenum which has
been used successfully since that experience.

The effect on the thermionic life of operating at different cathode cur-
rent densities was of interest. Life tests were started in which the cathode
current drain in one group of tubes was approximately 7.5 milliamperes
(2.8 ma/cm?) and in another group the average cathode current was 0.6
milliamperes (0.2 ma/em?). The results presented in Fig. 6 after 120,000
hours, or approximately 14 years, show that at the cathode temperature
of approximately 710°C* selected for the test, there is practically no
current density effect in this 12 to 1 current range. The circles indicate
average values, while the dots and crosses at each test point show the
positions of the extreme tubes of the group.

Similar life tests set up to show the effect of operating at plate and
screen voltages of G0 volts as compared. to 40 volts indicate no essential
differences in performance after 8 years of operation.

* All cathode temperatures referred to in this paper are ‘“true’” temperatures,
not uncorrected pyrometer temperatures.
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Fra. 6 — Results of life tests on eighteen 1756HQ tubes operating at two differ-
ent current densities.

The cathode temperature is one of the most critical operating vari-
ables affecting thermionic life. As mentioned above, the early develop-
ment objective was a cathode power of 5.0 watts which corresponded
to 710°C for the cathode design used at that time. The results cf op-
erating at this condition are illustrated in Fig. 7. No tubes have been
lost from the test where the direct cause has been failure of emission.
Several tubes were lost because of mechanical failure resulting from
design defects which were subsequently corrected. It will be observed
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F1g. 7 — Results of life tests on sixteen 175HQ tubes operating at a cathode
temperature of 710°C.
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that at the end of 17 years the average transconductance is 80 per cent
of its original value, and the poorest tube has dropped to 69 per cent.
There is reason to believe that test set difficulties may very well account
for a large part of the variation shown in the first three years.

The cathode coatings used in all experimental and final tubes for the
Newfoundland-Scotland link of the transatlantic cable are the con-
ventional double carbonate coatings. The cathode base material is an
International Nickel “220” nickel. The particular melt used for the
transatlantic cable is known as melt 84. A typical analysis for melt 84
nickel cathodes is given in Table II.

TaBLE II — TyprcaL Axavysis oF INco 220 NickeL CatHODE MELT 84
(Analysis made prior to hydrogen firing)

Impurity Per Cent - Impurity Per cent
Aluminum. .............. 0.008 | Manganese.............| '0.11
Boron..................... <0.004 Silicon”. ................. 0.033
Cobalt.................... 0.46 Titanium................ 0.032
Chromium. ............... <0.005 OXygen.................. 0.0001
Copper................. 0.028 Sulphur................] 0.0016
Iron...................... 0.093 Carbon.................. 0.058
Magnesium. .............. 0.046

The relatively high carbon content (0.058 per cent) of melt 84 cathode
nickel is capable of producing excessive reduction of barium in the
cathode coating.?-# A treatment in wet hydrogen, prior to coating, at
925°C for 15 minutes reduces the carbon in the cathode sleeve to about
0.013 per cent.

Melt 84 was as close as was obtainable in composition to melts 60 and
63 previously used for the Key West-Havana tubes. The results of up
to five years of life testing were thus available on materials of very similar
composition.

One common cause of tube deterioration with life is the result of
formation of an interface layer on the surface of the cathode sleeve. It
is known that the rate of development of this layer depends in a complex
way on the chemical composition of the nickel cathode core material.
The effect of such a layer is to introduce a resistance in series with the
cathode. This results in negative feedback and reduces the effective
transconductance. Since the effect of a given feedback resistance in this
location is proportional to transconductance, the relatively low value for
the 175HQ tube tends to minimize this feedback effect. In addition, the
low cathode temperature tends to reduce the rate of formation of inter-
face resistance, and the relatively large cathode area tends to further
minimize the effects. The final decision to use melt 84 was based on ac-
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celerated aging tests which showed it to be superior to melts 60 and
63 from an interface standpoint.

The interface problem will be discussed further in a later section.

As the development of the tube proceeded, both the processing of the
parts and the cleanliness of the mount assembly were improved and the
cathode emission level increased. Life tests indicated that better therm-
ionic life might be obtained by operating at a lower cathode tempera-
ture. Accordingly a cathode power of approximately 4.0 watts was
adopted, which corresponds to a temperature of 670°C. A life test, now
45,000 hours or about 5 years old, shows the results in Fig. 8 of operating
groups of tubes at three different cathode temperatures. This is a well
controlled test in that the tubes for the three groups were picked from
tubes having common parts and identical fabrication histories. It may
be noted that the average of the 725°C lot has lost approximately 5 per
cent of the initial transconductance, whereas the 4.0 watt group after
about 5 years has lost essentially none of its transconductance. The 3.0
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watt (615°C) group shows serious instabilities in its performance. In some
of the tubes the cathode temperature has not been sufficiently high to
provide the required emission levels.

The design of the repeaters in the Newfoundland-Scotland section of
the cable is such that reasonably satisfactory cable performance would
be expericnced if the transconductance in each tube dropped to 65 per
cent of its original value. The life test performance data presented in
Tigs. 7 and 8, and other tests not shown, indicate that operation of the
175HQ tubes in the transatlantic cable at approximately 4.0 watts will
assure satisfactory thermionic performance for well over 20 years.

Mention was made that cleanliness in the assembly of the mounts was
a factor which affected thermionic activity. Interesting evidence sup-
porting this view was obtained during the fabrication of tubes for the
Key West-Havana cable. The quality control type of chart reproduced
in Fig. 9 shows the average change in transconductance between two set
values of heater current for the first 5 tubes in each group of approxi-
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Fra. 9 — Control chart showing the effect of air cleaning on the cathode ac-
tivity level. The per cent change in transconductance for normal heater current
and a value 20 per cent lower is used as the measure of cathode performance.
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mately 28 tubes made. The data were taken after 5,000 hours of aging.
A sharp improvement in thermionic emission was noted at a point on the
chart where about one half of tubes had been fabricated. An examination
of the records, which are very carefully maintained, disclosed that the
windows of the assembly room were sealed and air cleaning and condi-
tioning was put in effect at the point indicated on the chart. No other
changes in processing or materials occurred at this time. A second definite
improvement in thermionic emission occurred when the work was moved
from the location in New York City to the new and better controlled
environment at Murray Hill in New Jersey.

Fabrication and Selection

All assembly operators on the 175HQ tube program wore nylon*
smocks to keep down the amount of dust and lint that might otherwise
leave their clothing and get into the tubes. Rayon acetate gloves were
worn when handling parts as a protection against perspiration. Rubber
finger cots did not prove satisfactory because they covered too little area
and once contaminated they did not absorb the contaminant.

" The tubes for the Newfoundland to Scotland section of the cable were
made at Bell Telephone Laboratories under the extremely close engineer-
ing supervision of many of the original development engineers. All ma-
terials going into the tubes were carefully checked, and wherever possible
they were tried out in tubes. Experience under accelerated aging condi-
tions was obtained before these materials were used. For example, al-
though during the development period all glass bulbs were used as re-
ceived without any failures resulting, less than one-quarter of the bulbs
bought for the actual cable job passed the inspection requirements. Each
batch of heaters was sampled and results.obtained on intermittent and
accelerated tests before approval for use.

The fabrication of the tube was carried out with extreme care by op-
erators especially selected for the job. If normal commercial test limits
were applied to the tubes after exhaust, the yield from acceptable mounts
would have been about 98 to 99 per cent. Yet only approximately one
out of every seven tubes pumped was finally approved for cable use.
All tubes were given 5,000 hours aging and electrical tests were made at
six different times during this period. The results weighed heavily in
the final selection. For example, a correlation between thermicnic
life and gas current had been established during the tube develop-

* Trade name for DuPont polymide fibre.
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ment period, and only tubes having control-grid currents due to gas of
less than 5 X 10~ ampere were acceptable. This corresponds to a gas
pressure of approximately 2 X 107 mm of Hg. Very thorough mechani-
cal inspections after the 5,000-hour aging were made to insure that there
were no observable mechanical deviations that could cause trouble. The
history of each group of 28 tubes, from which prospective candidates for
the cable were selected, was reviewed to see if any group abnormalities
were found. In case a suspected trait was seen, all tubes in the group
were ruled out for cable use.

As an aid in the selection of tubes for the (’:able, all pertinent data were
put on IBM cards. It was then possible to manipulate and present the
data in many very helpful ways that would have otherwise been wholly
impractical from time and manpower considerations. An over-all total
of about half a million bits of information was involved.

Reliability Prospects

Questions are frequently raised concerning the probability of tube
failures in the system. There are two areas into which failures naturally
fall—catastrophic failures and the type of failure caused by cumulative
effects such as the decay of thermionic activity, development of primary
emission from the control-grid, or the build-up of conductance across
mica insulators or glass stems.

The catastrophic failures might include such items as open connections
caused by weld failures or fatigue of materials, short circuits caused by
parts of two different electrodes coming into contact or being bridged by
conducting foreign particles and gas leaks through the glass or along
stem leads. Fortunately these failure rates have been lowered to a point
where there are no sound statistical data available in spite of the sub-
stantial amount of life testing that has been done. In approximately
4,800 tubes made to date, there have been four failures that were not
anticipated by the inspections made. All four of these failures were of
different types and occurred either at or before 5,000 hours of life. All
four were of types more apt to occur during the early hours of aging and
handling.

Of the cumulative types of failure, life testing has indicated no ap-
parent problem with either the growth of insulation conductance or
primary emission from the grids. Asindicated earlier in the paper, therm-
ionic life results are such that there is reason to be optimistic that no
failures will occur in 20 years.
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TUBES FOR THE NOVA SCOTIA-NEWFOUNDLAND CABLE
Trend of Tube Development in British Submarine Repeater Systems
Early Use of Commercial Recetving Tubes

The development of submerged telephone repeaters in Britain has
taken a somewhat different course from that followed in the United
States. Off North America, deep seas are encountered as soon as the
continental shelf has been passed. Consequently emphasis has been
placed from the beginning on the design of repeaters for ocean depths.
In Britain, separated from many countries by only shallow seas, it was
natural for development to start with a repeater specially designed for
shallow water. Such a repeater was laid in an Anglo-Irish cable in 1944.

The tubes used in the amplifier of this repeater were normal high
transconductance commercial pentodes type SP61. These tubes were
known, from life test results, to last at least for two years under condi-
tions of continuous loading. Their performance in the first and subse-
quent early repeaters exceeded all expectations. So far one tube has
failed, and this from envelope fracture, after a period of four years
service. There remain 23 of this type on the sea bed with a service life
of five or six years, and 3 tubes which have survived ten years.

All these SP61 tubes were part of a single batch made in 1942 and
their performance set a high standard. It was, however, found that sub-
sequent batches did not attain the same standard set by the 1942 batch.
In 1946, therefore, the British Post Office was faced with the fact that
future development of the shallow water system of submerged repeaters
was dependent on the production of a tube type which could take the
place of the 1942 batch of SP61 tubes. This situation led to the formation
of a team at Dollis Hill whose terms of reference were, specifically, to
produce the replacement tube and, generally, to study the problems
presented by the use of tubes in submerged repeaters. Apart from
changes in the specific requirements, these terms of reference have re-
mained unchanged from that day to this.

Replacement by the G.P.0. 6P10 Type

Coincident with the rapid exhausting of stocks of satisfactory SP61
tubes for submerged telephone systems, there arose the need for a tube
type for a submerged telegraph repeater. This latter requirement was
complicated by the fact that the telegraph cable was subject to severe
overall voltage restrictions which precluded the 630 ma heater current
required for the 4 watt cathode of the SP61. In order to avoid production
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of one tube type for telephone systems and another for telegraph, it was
decided that the replacement for the SP61 should have a 2 watt cathode
with a 300 ma heater.

During the years 1944 and 1945 a very successful miniature high slope
pentode, the CV138, was produced for the armed services. The electrical
characteristics of this tube were superior to those of the SP61 and, in
addition, it used a 2 watt cathode. It was therefore decided to base the
replacement tubes, electrically, on the CV138, whilst, at the same time,
retaining freedom to amend the mechanical features in any way which
might seem to favor the specific requirements of submerged repeater
usage, in. particular, maintenance of the level of transconductance un-
changed for long periods. Consequently three major mechanical changes
were made at the outset of the project. The miniature bulb of the CV138
was replaced by one of normal size (approximately 1 inch diameter and
2% inches long). This was done to reduce the glass temperature and so
reduce gas evolution. At the same time a normal press and drop seal
were substituted for the button base and ring seal of the CV138, as it
was felt that, with the techniques available, the former would be more
reliable than the latter. With the use of a normal press there immediately
followed a top cap control grid connection, so producing a double-ended
tube in place of the single-ended CV138.

These three modifications and a number of major changes to improve
welding and assembly techniques led to the G.P.O. type known as the
6P10 [A pentode (P) with a 6.3-volt heater (6) of design mark 10]. The
6P10 replaced the SP61 in the 18 shallow water repeaters laid in various
cables after 1951. There are, therefore, 54 tubes type 6P10 in service
on the sea bed with periods of continuous loading ranging from two to
four years. There has been one failure due to a fractured cathode tape,
and one other repeater was withdrawn from service to investigate a high-
frequency oscillation associated with a tube. The oscillation cleared,
however, before the cause could be identified.

The first eighteen 6P10 type tubes used in repeaters had conventional
nickel cathode cores. Appreciation of the problem of interface resistance
led to the use of platinum as a core material for the following 36 tubes.
The steps leading to this radical change of technique will be described
later. '

Development of the 6P12 for Long Haul Systems

Although submerged repeater development started naturally in Brit-
ain with shallow-water systems, it was inevitable that attention should
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ultimately turn towards trans-ocean cables. The tube requirements for
such long haul systems differ from those for short haul shallow-water
schemes in that operation at a lower anode voltage is essential. A new
tube to replace the 6P10 was therefore unavoidable.

By the time emphasis started to shift in Britain from shallow-water
to deep-sea systems some considerable experience had been gained at
Dollis Hill on the production techniques required to fit a 6P10 type tube
having a platinum cathode core for submerged repeater usage. When it
became apparent that a new tube had to be designed for the first long
haul system, it was resolved to retain as much as possible of the 6P10
structure in order to take full advantage of familiar techniques. The
6P10 was therefore redesigned for 60-volt operation simply by a major
adjustment to the sereen grid position and minor alterations elsewhere.
The new tube became known as the 6P12 and was used in seven repeaters
installed in the Aberdeen-Bergen cable. This scheme was regarded as. a
proving trial for the Newfoundland-Nova Scotia section of the transat-
lantic project.

It has always been appreciated that the use of high transconductance
tubes using closely-spaced electrodes will involve a higher liability to
mechanical failure by internal short circuits. Practical experience in
shallow-water schemes, where repeater recovery is a comparatively cheap
. and simple operation, has shown however that such risks seem to be out-
weighed by the economic advantage accruing from a tube capable of
wider frequency coverage. In point of fact a failure by internal short
circuit has not yet materialized on any shallow-water system.

This background of experience explains the British choice of a high
transconductance tube for deep-sea systems, but the greater liability-to
mechanical failure is acknowledged by use of parallel amplifiers. Con-
fidence in this policy has been increased by the successful operation . of
the Aberdeen-Bergen system.

Problems of Development of the 6P12 Tube

The main preoccupation of the thermionics group at Dollis Hill since
1946 has been a study of the electrical life processes of high transcon-
ductance receiving tubes. This effort has led to a conviction that all
changes of electrical performance have their origin in chemical or elec-
tro-chemical actions occurring in the tube on a micro- or milli-micro scale
of magnitude. The form of change of most importance to the repeater
engineer is decay of transconductance and this will be considered in brief
detail as typical of the development effort put into the 6P12 tube.

Transconductance decay in common tubes results from two separate
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and distinet chemical actions oceurring in the oxide cathode itself. Both
actions are side issues in no way essential to the basic functioning of the
cathode and it seems probable that both can be eliminated if sufficient
understanding of their nature is available. The first action is the growth
of a resistive interface layer between the oxide matrix and its supporting
nickel core, discussed briefly in an earlier section. This effect is assumed
to be due to silicon contamination of the nickel core metal.

4 BaO - 8i = BasSiO4 4 2 Ba.

The resistance of the layer of barium orthosilicate rises as it loses its
barium activator and approaches the intrinsic state. The effect of the in-
terface resistance is to bring negative feedback to bear on the tube with
resulting loss of transconductance. The second deleterious action is loss
of electron emission from the oxide cathode by direct destruction of its
essential excess barium metal by oxidizing action of residual gases. Such
gases result from an imperfect processing technology.

These two problems have been approached in the 6P12 tube in a some-
what novel manner. The conventional nickel core is replaced by platinum
of such high purity (99.999 per cent) that the possibility of appreciable
interface growth from impurities can be disregarded. The only factor to
be considered is the appearance of high resistive products of a possible
interaction between platinum and the alkaline earth oxides. Batch tests
over a period of 30,000 hours have failed to show any sign whatever of
such an action occurring and workers at Dollis Hill now regard the pure
platinum-cored tube as free from the interface resistance phenomenon.

The problem of avoiding gas deactivation of the cathode is a more
difficult one and so far has been reduced in magnitude rather than elim-
inated. It is now appreciated that the dangerous condition arises from
“gas generators” left in the tube and not from a true form of residual
gas pressure left after seal-off from the pump. These gas generators are
solid components of the tube which give off a continual stream of gas
over a prolonged period of time. The gas evolution rates are usually so
small that they cannot be detected by reverse grid current measurement
but they tend to integrate gas by absorption on the cathode and to de-
stroy its activity. The gas generators are usually of finite magnitude and,
depending mainly on diffusion phenomena, evolve gas at a rate which
falls in roughly exponential fashion with time. The probability of trans-
conductance failure is therefore highest in early life and tends to lessen
with time as the generators move to exhaustion.

One particularly useful feature of the platinum-cored cathode is its
freedom from core oxidation during gas attack and this leaves the tube
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F1a. 10 — Behaviour of a group of 50 tubes deliberately left with a “‘gas gen-
erator” (tube type 6P12).

free to recover from transconductance failure when the gas attack has
passed. In Fig. 10 is shown the behaviour of a group of 50 tubes which
have been deliberately left in possession of a component capable of gen-
erating carbon-monoxide over a prolonged period of time. The curve
shows the characteristic recovery of a platinum-cored oxide-cathode with
the gradual passing of what is thought to be a typical gas attack.

One problem that has attracted much attention at Dollis Hill is the
actual manner in which a platinum-cored cathode recovers from a gas
attack. The mechanism must involve the dissociation of a small fraction
of the oxide cathode itself with the retention of barium metal in the
oxide lattice and the evolution of oxygen. That such an essential mecha-
nism doesinfactexist hasbeen proved by the slow accumulation of barium
metal in the platinum core. This accumulation takes the form of a dis-
tinctive alloy of barium and platinum and only occurs when the cathode
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is passing current. The barium regenerative process seems therefore to
be electrolytic in nature and, depending only on current flow and a stock
of oxide, would appear to be virtually inexhaustible.

These few remarks are perhaps sufficient to give some idea of the lines
on which the British research effort has run during the past decade. More
detailed descriptions have already been presented elsewhere. 5+ & 7

Electrical and Mechanical Characteristics

Electrical Characteristics

The main electrical characteristics of the 6P12 are shown in Figs. 11
and 12. The heater voltage used for both sets of curves is 5.5 volts, the
same value as that used in the British amplifier.

Fig. 11 shows the change of transconductance with anode current,
with screen voltage as parameter. An anode voltage of 40 volts and a
suppressor voltage of zero correspond with the static operating condi-
tions in the first two stages of both the Aberdeen-Bergen and the British
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6P12 tube (No, 457/6).
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transatlantic telephone (T.A.T.) amplifiers. The screen voltage and
anode current of the first two stages of the British T.A.T. amplifier were
chosen to be 40 volts and 3 ma respectively.

Fig. 12 shows the normal anode voltage-anode current characteristics
for conditions corresponding to the output stage of the amplifier (static
operating point, anode voltage = 90, screen voltage = 60, anode cur-
rent = 6 ma). A final electrical characteristic worthy of comment is the
level of reverse grid current. For all specimens tested at the time of se-
lection, after about 4,000 hours life test, the level is very low, about 100
micromicroamperes per milliampere of anode current.

Lije Performance

The life performance of the 6P12 is still a matter for conjecture. The
only concrete evidence available is the behaviour of a group of 92 tubes
which were placed on life test some three years ago. The change of the
average transconductance of this group (with anode current constant at
6 ma) is shown in Fig. 13. It may be clearly appreciated that there is no
definite trend over the past year which permits any firm prediction of
life expectancy. Examination of other tube characteristics is equally un-
productive from the point of view of prediction of failure.
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years.

In the early stages of the test there were eight mechanical failures.
The cause in all instances was identified and corrected in subsequent
production before the start of the T.A.T. project.

Mechanical Characteristics

The chief mechanical characteristics of the 6P12 have been mentioned
before in that they are, as explained, very similar to those of the 6P10.
A photograph of the interior of the tube is shown in Fig. 14.

Tube Selection Techniques

Not all the tubes, found after production to be potentially suitable for
the British T.A.T. amplifier, remained equally suitable after the life test
period of about 4,000 hours. A brief account of how the best were se-
lected is given below.

The fact that every tube had to pass conventional static specification
limits needs little emphasis here. This test was, however, supplemented
by three additional types of specification. First, every tube was tested
in a functional circuit, simulating that stage of the amplifier for which
the tube was ultimately intended. Here measurements were made of shot
noise (appropriate to first stage usage) and harmonic generation (ap-
propriate to the output stage) in addition to the usual measurements of
transconductance, anode impedance and working point.



ELECTRON TUBES FOR A TRANSATLANTIC TELEPHONE CABLE 187

Second, all tubes were subject to intensive visual scrutiny in which
some 80 specific constructional details were checked for possible faulty
assembly.

Third, the life characteristics of transconductance, total emission and
working point were examined over the test period of about 4,000 hours
for unsatisfactory trends. Although this type of specification is more
difficult to define precisely, its application is probably more rigorous and
exacting than any of the previous specifications.

Only if a tube passed the conventional test and the three supple-
mentary tests was it considered adequate for inclusion in a repeater.

F1g. 14 — View of interior of a 6P12 type tube.
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CONCLUSION

The laying of the present repeatered transatlantic cable represents by
far the most ambitious use to date of long life, unattended electron tubes.
On this project alone there are 390 tubes operating on the ocean bottom.
If to this number are added the ocean bottom tubes from earlier shorter
systems, those used in the Alaskan cable completed a few months ago,
and those to be used in the California-Hawaiian cable to be laid in 1957,
the total number on the ocean bottom will be about one thousand. The
capital investment dependent on the satisfactory performance of these
tubes is probably about one hundred million dollars — strong evidence
of faith in the ability to produce reliable and trustworthy tubes.

It is of interest to note that the two groups working on the tubes on
opposite sides of the Atlantic had no intimate knowledge of each other’s
work until after the tube designs had been well established. As a result
of subsequent discussions, it has been surprising and gratifying to find
how similarly the two groups look at the problems of reliability of tubes
for submarine cables.

The authors would be completely remiss if they did not mention the
contributions of others in the work just described. These projects would
have been impossible if it were not for the enthusiastic, cooperative and
careful efforts of many people working in varied fields. Over the years
chemists, physicists, electrical and mechanical engineers, laboratory
aides, shop supervisors and operators all have made essential contribu-
tions to the projects. It would be impractical and unfair to attempt to
single out for mention the work of specific individuals whose contribu-
tions are outstanding. There are too many.
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Cable Design and Manufacture for the
Transatlantic Submarine Cable System

By A. W. LEBERT,* H. B. FISCHER* and M. C. BISKEBORN*
(Manusecript received September 19, 1956)

The transatlantic cable project required that two repeatered cables be laid
in the deep-water crossing between Newfoundland and Scotland, and one
across the shallower waters of Cabot Strait. The same structure was adopted
for the cables laid in the two locations.

This paper discusses the considerations leading to design of the cable and
describes the method of manufacture, the means and equipment for control
of cable quality, the process and final inspection procedures, the electrical
characteristics of the cable, and factors relating to mechanical and electrical
reliability of the final product.

DESCRIPTION OF CABLE

General features of the cable structure adopted for the transatlantic
cable project! are illustrated in Fig. 1. The cable consists of two basic
parts: (1) the coaxial, or the electrical transmission path, and (2) the
armor or outer protection and strength members.

The coaxial is made up of three parts: (1) the central conductor, (2)
the insulation, and (3) the outer or return conductor. The central con-
ductor is composed of a copper center wire surrounded by three helically
applied copper tapes. The insulation is a polyethylene compound which
is extruded tightly over the central conductor. The insulated central con-
ductor is called the cable core. The outer or return conductor is com-
posed of six copper tapes applied helically over the insulation.

The protection and strength components shown in Fig. 1 for the type
D deep water cable are provided by a teredo tape of thin copper applied
over the outer coaxial conductor, a fabric tape binding, a layer of jute
rove for armor bedding, the textile covered armor wires and finally,
two layers of jute yarn flooded with an asphaltum-tar compound. This
cable is characterized by the extra tensile strength of its armor wires and
by the extra precautions taken to minimize corrosion of these wires.

* Bell Telephone Laboratories.
189
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At the shallow water shore ends, the armor types are characterized by
the use of mild steel wires which are increased in diameter in steps as
the landing is approached. These types are designated A and B and will
be described in greater detail later.

The transmission loss of this cable structure at the top operating fre-
quency of 164 ke is 1.6 db per nautical mile and is 0.6 db per nautical
mile at 20 ke, which is the lower end of the frequency band. The high
frequency impedance of the cable is about 54 ohms.

BASIS OF DESIGN

A coaxial structure was first used for telephone and telegraph service
in a submarine installation in 1921, between Key West and Havana,
Cuba. Three coaxial cables with continuous magnetic loading and no
submerged repeaters were laid. One telephone circuit and two telegraph
circuits were provided in each cable for each direction of transmission.

In 1950, a pair of submarine coaxial cables,? which included flexible
submerged repeaters, was laid between Key West and Havana, Cuba.
Each cable furnished 24 voice circuits. One cable served as the “go’ and
the other as the “return’” for the telephone conversations. The transat-
lantic telephone cable design is similar to this cable except that the
nominal diameter of the insulation is 0.620” instead of 0.460”. An out-
standing difference between the transatlantic and Key West-Havana
systems is cable length — about 2,000 nautical miles as compared with
125. This difference influenced significantly the permissible electrical
and mechanical tolerances applying to the cable structure.

The installation of some 1,200 miles of cable with island based re-
peaters for a communication and data transmission system for the U. S.
Air Force, between Florida and Puerto Rico,® followed the 1950 sub-
marine cable system. The design of this cable is identical with that of
the transatlantic cable, except for differences in the permissible dimen-
sional tolerances on the components of the electrical transmission path.
Data obtained on the electrical performance of the Air Force cable pro-
vided the transmission characteristic to which the repeaters for the
transatlantic project were designed.

The design of this cable installation was the result of many years
of cable development effort, which was guided by the successes and
failures of the earlier submarine telegraph cables. The 1950 Key
West-Havana and the Air Force cables differed from the earlier struc-
tures in one important respect, namely, the lay of the major components.
A series of fundamental design studies during the 1930’s and 1940’s and
extensive field tests in the Bahamas in 1948 demonstrated that having
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the same direction of lay of the major components of a cable was very
important in minimizing kinking and knuckling. In addition, other lab-
oratory tests pointed the direction for the adoption of new materials and
techniques in the manufacture of these cables. These and subsequent
improvements in materials and manufacturing techniques were included
in the transatlantic cable design.

Since the electrical characteristics of a cable have a direct bearing on
the overall system design and performance, considerable emphasis was
placed on this phase of the design of the transatlantic cable. The size of
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Fig. 1 — Structural features of the deep water type of cable.
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