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Foreword

Society’s ability to transport its needs from a source to the point of use is
an important measure of its progress. Our standard of living has been improved
through advances in speed, safety, and economy of the transport of people,
food, fuel, and information. This volume focuses on the last of these—trans-
mission, the transport of information, as it evolved in the Bell System during
the middle years of the 20th century.

This is a chapter in an ongoing story. The first half-century of telephone
transmission witnessed the conquest of distance; by the late 1920s calls could
be placed to all points of the United States and to Europe and South America
as well. The period covered in this volume was the era of the conquest of
expense. The cost of transmission was so dramatically reduced by a variety of
technologies that calls could be placed to almost any location within the means
of most Americans. There is every reason to expect that the future of trans-
mission will be equally exciting and important as the technology continues to
advance and the type and amount of information to be carried expands.

The history of transmission development is typical of the progress of tech-
nology in general. It is significant that no single transport method completely
dominated, but rather that each method was adapted to optimize the need it
was to fulfill. Also significant is the fact that some technologies did not achieve
deployment because they were overtaken by the rapid advance of more effective
techniques. An outstanding example is the millimeter waveguide, almost com-
pletely developed after decades of work, being superseded by fiber optics.
Technology does not progress smoothly in a completely predictable and in-
evitable sequence of steps, but still involves some trial and error. Each attempt,
however, leaves a legacy of knowledge gained as a firmer basis for the next
advance,

While the transport of information was not dominated by a single technology
in the past, the future form of transmission appears certain to be predominately
digital. Although for more than two-thirds of the period covered by this volume
analog transmission was the exclusive method, beginning in 1962 with the
introduction of T-Carrier, the digital revolution started. Until the next break-
through in transmission methods (which, based on the record, seems sure to
come), fiber optics and digital transmission will dominate.

Many organizations in different parts of the world contributed to the progress
of transmission technology and the realization of its benefits to society, but an

xi
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extraordinary portion of that advance came from the research and development
work in Bell Telephone Laboratories, as the story told in this volume will make
clear.* The success at Bell Laboratories was due to a close-knit team of research,
systems engineering, and development people, The research organization was
free to follow any line of inquiry that seemed likely to advance basic under-
standing and to apply their knowledge in convincing demonstrations when
these were judged appropriate. The systems engineering and development
groups planned and designed systems based on day-to-day contacts with the
research people. This working relationship of research, engineering, and de-
velopment people was closer in transmission, it is believed, than in any other
branch of communications technology. The equally close working relationship
of the systems designers with Western Electric as the manufacturer and, through
AT&T, with the operating telephone companies ensured that the systems were
designed with the end user’s requirements always in mind. Finally, the con-
fidence of the managers of AT&T and Western Electric, the owners of Bell
Laboratories, that a sustained program of research and development would
ultimately pay high dividends was vital to the success of the work.

Irwin Welber
Vice President, Transmission Systems
August 1985

* As of January 1, 1984 Bell Laboratories adopted the designation AT&T Bell Laboratories
in order to more clearly show its relationship with AT&T.
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PART I

THE DEVELOPMENT OF
ANALOG TECHNOLOGY
(1925-1950)

The improvement and general availability of vacuum tubes in the 1920s had
a major impact on telecommunications. With reliable vacuum tube repeaters
it became possible to interconnect widely separated cities in the United States
network with circuits of low loss and good quality. A policy of making toll
trunks available on demand was a spur to growth. Vacuum tube repeaters were
first used on open-wire lines, but in the late 1920s, repeaters on voice-frequency
four-wire circuits made up of small gauge wires in weatherproof cables were
used to expand intercity trunk capacity. Vacuum tubes and frequency-selective
wave filters also made possible the transmission of multiple circuits on a single
pair by carrier techniques. Carrier was first used in the last years of World War
I and went through successive developments in the early 1920s. The highly
successful three-channel Type C carrier system for open-wire lines was first
used in 1924 and was widely installed from the late 1920s through the 1940s.

Vacuum tubes also made radio transmission of voice signals possible. Radio
appeared to be especially attractive for overseas telephony where wire trans-
mission was not practical. The first transatlantic radio telephone circuit was
established in 1927 with a carrier frequency at about 60 kHz. This was sup-
plemented in 1929 by high frequency (HF) circuits operating in the range from
about 7 to 20 MHz. In the years that followed, HF radio links were established
worldwide, and these remained the basis for intercontinental telephony until
replaced by submarine cable and satellite circuits in the 1950s and 1960s. Bell
Laboratories also played a leading role in the development of broadcast radio
equipment. Development groups produced high quality audio and studio control
equipment and the most linear and efficient transmitters of the early AM era.
Later, they designed FM transmitters to an equally high standard and pioneered
in the design of novel FM antennas.

In 1927, H. S. Black discovered the gain stabilizing and distortion reducing
properties of negative feedback. His work was extended in the 1930s by H.
Nyquist, who established the criterion for stability, and H. W. Bode, who de-
veloped design methods for stable amplifiers. Feedback was basic to the real-
ization of large-capacity multiplexed analog systems. It was used in the late
1930s in amplifiers for 12-channel carrier systems on cable pairs (K carrier).
and on open wire (J carrier). Coaxial cable was proposed as a transmission line
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for broadband telephony in 1929 and developed into a practical transmission
medium in the mid-1930s. An experimental coaxial system with a bandwidth
of 1 MHz was installed between New York and Philadelphia in 1936 and used
to transmit television pictures as well as multichannel telephony. Further de-
velopment extended the band to 3 MHz to keep pace with the rapidly advancing
television technology. The Type L1 coaxial system, with an initial capacity of
480 telephone circuits or one television picture signal, went into service in
1941.

Radio research was extended to higher and higher frequencies in the 1930s
as negative-grid vacuum tubes of advanced design and velocity-modulation
tubes made work above 100 MHz possible. The research included the design
of waveguide components and led to a recognition of the existence of the low-
loss circular-electric mode in cylindrical waveguide. The work also led in 1941
to a proposal for a microwave radio-relay system and was basic to the advances
in microwave radar during World War II. Development toward commercial
microwave radio-relay was started immediately after the war and culminated
in 1947 in a successful demonstration of television and multiplex telephony
transmission over the TDX system, an experimental seven-hop link from New
York to Boston.



Chapter 1

The State of the Technology
(1925-1930)

I. INTRODUCTION

In 1925, it was possible to call almost everywhere in the continental United
States over a circuit of good quality. In most areas, local service was provided
for a flat monthly charge independent of usage. The charge for long-distance
calls was a toll, assessed according to the distance and duration of the call.
Because of this, in telephone usage, the term toll became essentially synonymous
with long distance. Both local and long-distance transmission were entirely
over wire pairs. Toll transmission lines were predominantly open-wire pole
lines, but telephone cables were used in congested urban areas and for some
short toll circuits. In addition to voice, the domestic network provided extensive
capability for telegraph transmission on the same wires used for voice telephony.
Other signals were carried as well. Telephotograph transmission was demon-
strated in 1923 and 1924 and opened to commercial use in 1925. Transmission
of a primitive television picture was demonstrated over an open-wire line be-
tween New York and Washington and over shorter radio links in 1927.

Radio was a new and extremely exciting field in the 1920s, and, in addition
to point-to-point radiotelephone links, the Bell System became actively engaged
in radio broadcasting. Station WEAF (which later became Station WNBC) was
operated from the Bell Laboratories location on West Street in Manhattan,
Western Electric was a leading manufacturer of transmitter components, and
AT&T provided extensive program circuits to interconnect transmitters for net-
working. It was not yet possible to call overseas by radio in 1925, but experi-
mental transmissions had been made to England as early as 1923 with equip-
ment aimed at eventual commercial service. Transatlantic service was first es-
tablished in 1927 by long-wave radio at frequencies around 60 kHz and
extended in 1928 and 1929 by high-frequency radio at frequencies in the 5-
to 25-MHz range. The latter was an important advance because of its much
greater capacity for expansion, It appeared that the whole world was about to
be brought within reach of the telephone.

To many people, the achievements of the time must have appeared to be a
climax in the technology of communications, launched by the invention of the
vacuum tube. (See the first volume in this series, The Early Years (1875-1925),

3
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for a complete discussion of early developments.) But, in many respects, 1925
marked a beginning rather than the culmination of an era. The application of
electronics to telephony had hardly begun. Dialing local calls in large cities
was becoming common, but long-distance calls were still placed by passing
the information to a toll operator, who called back when the connection was
established. The average time required to accomplish a connection had been
steadily reduced from 7 minutes in 1920 to about 2-1/2 minutes in 1925. At
that time, the Bell System management adopted a policy to reduce the time
even further by enlarging the intercity circuit groups, providing a tremendous
spur to network expansion.

It was, indeed, in many ways the culmination of an era—an era in which
the principal objective had been the conquest of distance. But it was also the
threshold of an era—an era to be marked by the multiplication of facilities and
reduction of costs. By 1975, a goal for the Bell System, set in 1907 by T. N.
Vail, then president of AT&T, had been met. The United States had essentially
universal service at affordable rates.

II. OPEN-WIRE TRANSMISSION

In the early 1920s, intercity transmission was almost entirely at voice fre-
quency on open-wire pairs. These pairs consisted of copper wires up to 165
mils (1/6 inch) in diameter, suspended about 12 inches apart on insulators on
the crossarms of a pole line. Up to five pairs could be carried on each crossarm,
and, depending on the traffic, the poles could be equipped with four or more
crossarms. The conductors of each pair were periodically transposed to balance
the capacitive and inductive coupling to other pairs on the same route. In the
absence of such balance, the signals on one pair would induce excessive in-
terference and possibly intelligible crosstalk in the other pairs.

From the early 1900s, the loss of open-wire pairs was often reduced for
voice frequencies by inductive loading in series with the line. With the insertion
of loading coils of an inductance value and at spacings determined by the
capacitance of the pair, the transmission loss was transformed to a characteristic
resembling the passband of a low-pass filter, with lower and more uniform
loss in the useful voice-frequency range than the loss of an untreated line. In
addition to loading to reduce loss, it was common to derive a third circuit from
two 2-wire circuits. With both wires of each physical pair (the side circuit) used
in effect as a single conductor in a balanced bridge arrangement, a third, or
phantom, circuit could be obtained on every four wires,

The limit of long-distance telephony in the pre-electronic era was reached
when a heavy-gauge, loaded, open-wire line was extended from the East Coast
to Denver in 1911. Talking was possible, but just barely possible, over the line;
to go further clearly required some form of signal amplifier. The invention and
subsequent improvements in the high-vacuum tube provided just such an ef-
fective amplifier for the first practical telephone repeater and removed the last
barrier to long-distance transmission within the continental United States. This
event was dramatized by the construction and opening to service of the first
transcontinental line to San Francisco in 1915.! (The terms repeater and amplifier
are used somewhat interchangeably in telephone parlance. Generally, amplifier
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refers to a one-way device supplying signal gain, while repeater is more ac-
curately used for the arrangement of transformers (hybrids) and one or more
amplifiers, capable of amplifying speech in both directions. In time, and espe-
cially in carrier systems where the directions of transmission are separated, the
term repeater was often used, even though only one direction of transmission
was involved.)

The first coast-to-coast line provided three open-wire circuits consisting of
two physical pairs and a phantom. Less than one-half of one percent of the
distance was in cable. Three vacuum-tube repeaters were used at first, with
previously developed mechanical amplifiers available on a standby basis, re-
flecting the somewhat shaky confidence in the new high-vacuum triode. The
vacuum tube quickly demonstrated its superiority; within the first year, three
additional repeaters were added, and, in 1918, two more were added for a total
of eight. Knowledge of the properties of the new device was growing, as was
confidence that it could be designed into an overall circuit and used as an
integral part of the transmission design, rather than as a prop to rescue a faint
signal from total oblivion.

An important additional step was taken in 1920 when the transcontinental
line was unloaded and equipped with 12 improved repeaters using 3000-Hz
filters. Compared to the original heavily loaded line, the transmitted band of
frequencies was doubled from 900 to 1800 Hz, the loss was halved, and the
propagation velocity was increased by a factor of 3.5. All of these factors con-
tributed to a marked improvement in quality. Additional open-wire transcon-
tinental lines along widely separated routes were built in 1923 (Denver, El
Paso, Los Angeles) and in 1927 (Chicago, Minneapolis, Seattle). These, along
with many other long circuits, were not loaded, but were designed and equipped
with repeaters to the new standards from the start. In 1925, AT&T recommended
that loading not be applied to open-wire lines where it was not already in
place. This was intended to improve the flexibility in plant rearrangements and
to make the pairs more readily available for carrier.

III. CARRIER ON OPEN WIRE

It had long been recognized that the widely spaced open-wire pairs were
capable of transmitting a much broader band of frequencies than the 3 kHz or
so required for good-quality voice transmission. Vacuum tubes not only made
voice-frequency repeaters practical, but, along with the electric-wave filter,
opened the door to the wider band at higher frequencies by carrier techniques.
System developers had, in effect, cut their teeth on the earlier Type A (1918)
and Type B (1920) carrier systems. They had learned a great deal about the
pros and cons of single- and double-sideband transmission, carriers transmitted
and suppressed, crosstalk, the problems of using the same or different fre-
quencies for opposite directions of transmission, and a host of other problems
related to the use of higher frequencies on existing open-wire pairs. The lessons
learned from all this early experience were embodied in the Type C carrier
system, first installed between Pittsburgh and St. Louis in 1924.

The Type C carrier provided three 2-way voice channels above the voice
frequencies in the band from 5 to 30 kHz on a single open-wire pair. Trans-
mission for each channel was by single sideband with suppressed carrier, and
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different frequency bands were used for opposite directions of transmission.
A pilot tone, separate from the voice channels, was transmitted so that the
transmission gain or loss for a constant-amplitude signal could be observed
and adjusted at repeaters and terminals.” C carrier embodied no radically new
concept, but it was carefully designed and engineered, and dealt with the real-
world problems of carrier on open wire in a thoroughly practical way. It was
immediately successful, and other installations followed rapidly. C carrier be-
came a workhorse system on open wire and was installed in increasing quantities
and with many improvements, until 1.5 million voice-circuit miles were in
service in 1950. The last system was removed from service about 1980, a tribute
to its durability. A more detailed account of the early development of open-
wire lines, loading, phantoms, and the first carrier systems is given in The Early
Years (1875-1925).

IV. TRANSMISSION ON LONG CABLES

Open-wire lines date back to the first years of telephony; but, at an early
date, the large space required, the need to meet special situations (such as
underwater river crossings), and the unsightliness of heavily equipped open-
wire pole lines led to the development of telephone cables. In cables, a large
number of wire pairs of much smaller diameter (finer gauge) than those used
for open wire were assembled in a compact bundle within a weatherproof
sheath. Although the higher resistance and high capacitance between the wires
of these small-diameter, closely spaced pairs caused much higher losses than
the same length of open-wire line, this was tolerable for short distances, and
cables were widely used between central offices in cities and as entrance links
to long open-wire lines. The wires of each cable pair were twisted together to
reduce crosstalk coupling to other pairs, and the entire sheathed bundle could
be suspended from poles or drawn into an underground conduit.

From an early date, parts of long toll circuits were placed in cable to provide
entrance links to congested urban areas and for river crossings. Widespread
use for longer links was prevented by the high loss of the closely packed pairs.
For the same gauge, at 1000 Hz, a cable pair had about 10 times the loss
compared to open wire; for the finer gauges commonly used, the loss could be
25 to 30 times as great. In addition, before effective loading was developed,
the high capacitance caused a pronounced change in loss with frequency, even
across the few kilohextz of a single voice signal. Because of the high loss and
its variation over the voice frequencies, loading was especially beneficial in
cable, where the pair inductance was much less than the optimum for low-
loss transmission on the high-capacitance pairs. But loading was not a panacea.
Adding substantial inductance (heavy loading) while decreasing the loss nar-
rowed the band and distorted transmission at the band edge. Despite these
handicaps, cable was used on some intercity routes in the Northeast to provide
protection from the weather, especially the sleet and freezing rain that proved
so destructive to open-wire lines in that area.

The first long intercity toll cable was installed between Philadelphia and
Washington in 1912 and was extended through New York to Boston in 1913.
It was made up of loosely packed four-wire quads (twisted pairs twisted together
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to permit the derivation of a phantom on the four wires with crosstalk to other
quads balanced out by the twists) of No. 13 gauge (1.8-mm diameter) and even
No. 10 gauge (2.6-mm diameter) pairs and was heavily loaded. Despite the
massive wires and the loading, the loss was very high, and a mechanical repeater
was used at Philadelphia from the start. When vacuum tubes became generally
available, they were promptly applied to the Boston-Washington and other
early cables. Since the loss in cable was mainly determined by the high ca-
pacitance, loading continued to be used in conjunction with repeaters to provide
a reasonably flat loss over the speech band and to make transmission possible
over smaller-gauge pairs. In the early 1920s, however, even with additional
repeaters, transmission over long cable circuits was not entirely satisfactory. It
was one thing to use a few, or even several, repeaters on the low-loss open-
wire lines; it was quite another to apply them at frequent intervals to the high-
loss pairs within the close confines of a cable.

4.1 Four-Wire Circuits

The first (and most subsequent) amplifiers were unidirectional devices. They
amplified low-level signals at their input to a higher amplitude at the output.
When single wire pairs were used for both directions of transmission, it was
necessary to separate the signals in each direction, amplify them, and recombine
the oppositely directed signals on the single pair. The separation and recom-
bination were done by means of transformers and hybrid coils, in a manner
similar to the separation of transmitted and received signals in a telephone set.
On open-wire lines, repeaters were needed only at about 250-mile intervals,
and the separation and recombination of the directional signals were done at
each repeater. In cable, however, the higher loss required amplifiers at much
closer spacing, typically about every 50 miles. The frequent separation and
recombination of signal directions and the high gain required introduced new
and difficult problems in transmission. The problems of maintaining balance
and crosstalk became overwhelming. As a result, for circuits of more than 100
miles or so in length, it became common to separate the transmission directions
at the terminals of a transmission section and to transmit and amplify each
direction over a separate pair in a four-wire circuit.

The problems of repeatered and loaded cables were difficult, and four-wire
operation, while very helpful, seemed like an extravagant use of copper, even
though the gauges could be smaller than for two-wire transmission. On the
other hand, the need for toll cables was urgent. Not only was the use of long-
distance telephony increasing rapidly throughout the 1920s, but the policy of
upgrading the service added to the pressure. If transmission could be improved
sufficiently, a single 278-pair cable was capable of providing ten times as many
circuits as a fully equipped pole line. In heavily populated areas, the system
had literally outgrown the open-wire line. In addition, the weather immunity
of cable had become essentially a requirement for new facilities.

4.2 The New York-Chicago Cable

In 1921, the combination of effective vacuum-tube repeaters and improved
loading, using compressed powdered-iron core coils, made the use of No. 19
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gauge (0.9-mm diameter) conductors possible (at least on paper) in a cable
from Philadelphia to Pittsburgh. Repeaters were spaced at about 50 miles, but,
even with the cable designed on a four-wire basis, a host of new problems
were encountered. The low level to which the signals were attenuated before
amplification caused severe problems from crosstalk and noisy splices. Non-
uniform spacing and changes in loading-coil inductance caused by lightning
surges distorted transmission. Loading-coil spacings were more carefully ob-
served, and the coils were redesigned with closer tolerances and air gaps to
improve surge resistance. Interference from superimposed telegraph circuits
was a constant problem, alleviated finally by abandoning ground-return tele-
graph on these facilities. All difficulties were finally overcome, and the cable
was successfully extended to New York and Chicago by October 1925. This
marked the beginning of an epoch, as significant as the achievement of the
first transcontinental line ten years earlier.

4.3 Advances in Loading

The importance of finer gauge in cable can be appreciated by noting that a
No. 6 gauge (165-mil diameter) open-wire transcontinental pair required over
1200 tons of copper. A No. 19 gauge pair required only 1/13 as much copper
per pair mile and thus required much less copper, even in four-wire circuits.
Loading was crucial to cable, and the cost of loading itself was not trivial. At
a time when several loading coils can be held in one hand and weigh only a
few ounces, it is difficult to realize what was involved in this earlier period.
The first open-wire iron-core loading coils were over eight inches in diameter
and weighed almost 30 pounds. Loading coils for cable were smaller, but, in
1922, the coil pot for the 108 coils needed to load 54 four-wire circuits was 30
inches in diameter by 52 inches high and weighed 2700 pounds! Furthermore,
for cable, such loading had to be provided every 6000 feet instead of the 8-
mile spacing on open wire. It required a considerable amount of massive hard-
ware to provide and load all the pairs and phantoms in a large cable.? The total
weight of the New York—Chicago cable was over 17,000 tons (almost 11,000
tons in the lead sheath). If all the pairs had been equipped and loaded, several
thousand tons of loading apparatus would have been required in addition.
Intensive economic studies were directed at the optimum trade-offs between
repeaters, wire gauge, and loading in those years.

A significant improvement was achieved in 1928 when powdered-permalloy
coils became available.* A nickel-iron alloy discovered about 1915 by
G. W. Elmen of Western Electric, permalloy provided extraordinarily high per-
meability at the very low flux densities characteristic of the signal levels on
telephone cables.® It had been used in tape form for the continuous loading of
submarine telegraph cables in 1924 and 1925 with spectacular success, the
signaling speeds of the loaded cables being increased by a factor of four or
five. Compressed powdered-permalloy loading coils reduced the cost of tele-
phone cable loading by as much as 40 percent and the size by an even larger
factor. Further research culminated in the mid-1930s in the design and man-
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ufacture of molybdenum-permalloy coils.® These provided a second 40-percent
reduction in size and cost.

4.4 Echo and Echo Suppressors

With four-wire circuits, improved and standardized repeaters, and effective
loading, the cable network expanded rapidly. By 1927, cable facilities were
available from the East Coast to Chicago and St. Louis, and were extended to
Dallas by 1933. As the circuits grew longer, a significant new problem appeared.
Propagation on the loaded pairs was relatively slow, at about 20,000 miles per
second. This was only about one-eighth the velocity on unloaded open wire,
which approached the velocity of light. The echo of a talker’s own voice from
the inevitably imperfect termination at the distant end becomes disturbing when
the delay exceeds about 100 ms, about the round-trip interval over 1000 miles
on the slow lines. (For shorter delays, the echo merges with, and is indistin-
guishable from, the normal sidetone.) Echo suppressors, voice-actuated devices
that opened the return path when the speaker on the near end was talking,
were installed to eliminate the echo on longer circuits. Echo suppressors, in
turn, introduced impairments that were not entirely eliminated for many years,
but they made the long circuits satisfactory by the standards of the day. The
expansion of the voice-frequency cable network was finally inhibited by the
collapse of business during the Great Depression and by the prospect for carrier
on cable.

V. NONVOICE SIGNALS
5.1 Telegraphy

In the early years of telephony, telegraphy was already a well-established
and widely used service. It was recognized that the lines required for telephone
transmission could be used for telegraph transmission as well. Nobody thought
it strange that the new long-distance company should include telegraph in the
name it adopted in 1885. From the start, however, the Bell System companies
restricted their telegraph service to leased private lines. The operating companies
transported the coded signals, but did not furnish the specially trained operators
needed to transmit and receive the signals in the days of manual operation.

Telegraph circuits over telephone lines were derived by either simplex or
composite arrangements. In simplex circuits, both wires of a telephone pair
were used to derive a single, ground-return telegraph circuit, as a pair was
used for one-half of a phantom circuit. The balance between the wires at the
pair terminal helped to separate telegraph and telephone signals. (A discussion
of circuit balance appears in The Early Years (1875-1925), Chapter 4, Section
2.2.) In the composite arrangement, a ground-return telegraph circuit was de-
rived from each wire of the pair. Elementary low-pass /high-pass arrangements
(series capacitors and shunt inductors) were used to separate the low-frequency
telegraph signals from the higher-frequency voice signals. The control of West-
ern Union by AT&T, temporarily achieved in 1910, spurred Bell System interest
in public message service and led to the development of printers and, ultimately,
to teletypewriter service, which became well established in the 1920s.

The common use of conductors for both telephony and telegraphy was not
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without technical problems. Telegraph thump and flutter were caused by cross-
talk from the ground-return telegraph circuits and by interaction with the high-
level telegraph signals in the somewhat nonlinear loading coils. When fine-
gauge, loaded, repeatered cables were introduced in the 1920s, the low levels
to which telephone signals were attenuated at the end of a repeater section
made these problems acute. A major improvement was made early in the de-
velopment of fine-gauge cables by the use of fully metallic telegraph circuits.
The simplex arrangement was extended to occupy the four wires of two pairs,
in a manner essentially identical to that used for a voice-frequency phantom,
to derive one nongrounded telegraph circuit. Telegraph interference into the
telephone channel was further diminished by a reduction in the telegraph line
current from 60 to 5 ma, made possible by the metallic circuit. A large reduction
in interference from power lines was realized at the same time by eliminating
the ground returns. But metallic telegraph circuits were costly. The need for
four wires compared to only one for the composite arrangement, or even two
for a grounded simplex line, was a strong incentive for the development of
multiplexed carrier telegraphy.

5.2 Carrier Telegraph

While cables were becoming common on the dense toll routes of the North-
east, they were not yet much used off these routes or in the more open country
of the West. But voice and telegraph traffic was growing on the open-wire
routes, too. At very nearly the same time as the first use of carrier for telephony,
an open-wire carrier telegraph system was developed.” An early decision was
made not to provide carrier telegraphy and either voice frequency or carrier
telephony on the same open-wire pair. Using vacuum tubes and electric-wave
filters in a way similar to that used for the contemporary carrier telephone
system, 20 one-way channels (10 west-east and 10 east-west) were derived to
make up 10 two-way channels on a pair in the frequency band from 3300 to
10,000 Hz. Carrier frequency spacing varied from 240 to 500 Hz, being roughly
proportional to frequency, to ease the filter and frequency control problems.
A trial system was tested between Pittsburgh and Harrisburg during 1919, and
the trial was extended to Chicago in 1920. A standard system, the Type B
carrier, based on the trial design, with repeaters at 250- to 300-mile intervals,
was widely installed in the following years.

In the early 1920s, a carrier-telegraph system was also developed for cable
using the same techniques as those used on open wire, but, by taking advantage
of advances in the technology, designers created a system providing 10 to 15
(one-way) telegraph channels in the nominal 3-kHz voice-frequency band of
a single telephone channel. (Ten channels were in use in 1925. The total that
could be implemented depended on the weight of loading and hence the band
available.) Channels were spaced at uniform 160-Hz intervals, the carriers
being generated by a rotating machine with 12 carrier-generating rotors on a
single shaft. This was done to assure the proper relative frequencies of the
carriers, but the arrangement was replaced by stable vacuum-tube oscillators
when these became available a few years later.®

The interesting thing about the voice-frequency telegraph carrier system
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was that it used the identical line for telegraph and telephone. This was one
of the first instances in which an essentially unmodified telephone line was
used, by means of appropriate terminal arrangements, to carry signals altogether
different from the ones for which it was originally designed. It was essential,
of course, to confine the frequencies of carrier telegraph in cable to the voice
frequencies under 3 kHz. The wider band used on open-wire carrier telegraph
could not be transmitted over the loaded cable pairs.

5.3 Radio and Program Circuits

In one of its enduring roles in broadcast radio, AT&T furnished, and con-
tinues to furnish, interconnections among the stations of the national networks.
These program circuits were unique and had many special requirements com-
pared to ordinary telephone connections. Satisfactory reproduction of music
required both a wider band and the ability to transmit a greater range of volume
than was needed for ordinary telephone circuits. On the other hand, these
circuits were normally one-way circuits, and problems of balance and echo
were not a factor.

Specially administered circuits with broadband filters and special amplifiers
with the required load characteristics were in use on both open wire and cable
by the end of the decade. Great care was taken that high-level music would
not interfere through crosstalk into the adjacent voice circuits and that crosstalk
from the voice circuits would not be audible during the low volume or silent
intervals in the program channel. These objectives were met by special amplifiers
with higher-power output and, in cable where the crosstalk problem was most
severe, by dedicated No. 16 gauge pairs specially located in the cable bundle.
The early systems provided about a 5-kHz band, and systems for 8 and even
15 kHz were also designed. However, the limitations of other radio components,
especially home receivers, provided little incentive to incur the higher costs
involved in transmitting the broader band, and 5 kHz remained a common
standard for AM radio networking up through the mid-1980s, when this volume
was prepared.

VI. SUMMARY

The impact of the technical developments on the transmission network of
the late 1920s was profound [Table 1-1]. Total network capacity increased by
over 250 percent in only five years. Three-quarters of this astonishing growth
was by cable circuits, a large portion of which was in fine-gauge, loaded, re-
peatered cables. Cable capacity alone increased by a factor of four, and, by

TABLE 1-1: Total Voice-Circuit Miles (Thousands)
1925 1930
Voice frequency on open-wire pairs 1,613 2,121
Voice frequency on cable pairs 1,054 4,310
Carrier on open wire 47 486
Total 2,714 6,917
Vacuum-tube repeaters 7,500 80,000
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1930, it accounted for 62 percent of system capacity, compared to 39 percent
at the start. Carrier on open wire, starting from a small base, increased by a
factor of ten, almost equaling in growth the increase at voice frequency on the
extensive open-wire lines. That the age of electronics had truly begun is perhaps
best indicated by the tenfold increase in the number of vacuum-tube repeaters
in service over those few years.

Underlying the large-scale changes in the external, measurable plant were
a number of fundamental advances in science and technology that made them
possible, and that set the stage for the even more spectacular advances that
lay in the future. In the same few years, J. B. Johnson and H. Nyquist identified
and quantified a basic physical limit to amplification in the thermal noise of
electrons in conductors.”*® O, J. Zobel advanced and systematized the design
of filters and equalizers;'! quartz crystals were first applied to precise frequency
controls'>" and were soon to be used in filters with a new order of discrimi-
nation;'* and H. S. Black invented the negative-feedback amplifier, the basic
discovery on which almost all later carrier development rested.'®

An array of other technology and support activities kept pace with the system
developments and deployments. Measuring equipment for both components
and system transmission was improved in accuracy, speed, and convenience,
and was made smaller and portable for use in the field as well as the laboratory.,
Vacuum tubes became stable, durable components. Standards were developed
and extended. The “mile of standard cable” used as a standard of loss was
replaced by the transmission unit, later renamed the decibel. Standards were
established for noise and distortion. In 1924, the bandwidth objective for ex-
change trunks was increased from 2300 to 2800 Hz. In a series of tests in the
late 1920s and early 1930s, H. Fletcher studied the relationships among band-
width, noise, and the ability of listeners to distinguish words. As a result of
recent developments in telephone instruments and the growing prevalence of
carrier systems for toll transmission, the recommended speech band was in-
creased to 3500 Hz in 1932, In 1925, essentially no toll connections were com-
pleted while the customer was on the line. By 1929, the average setup time
was a little more than one minute, and 82 percent of connections were estab-
lished with the calling customer on line. The system was not only getting larger,
it was becoming faster and providing better speech quality as well.’®
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Chapter 2

Overseas Radio

I. THE FIRST HIGH-FREQUENCY CIRCUITS

The success of early radiotelegraphy at low frequencies and the evidence
that transmission was limited to 50 miles or so at frequencies above a few
hundred kilohertz was such that little work was done above 1 MHz for many
years. However, the intensive use and long distance of transmission at the low
frequencies, coupled with a lack of antenna directivity, imposed severe limits
on the expansion of services within this restricted band. In 1916, Marconi,
working in England and keenly aware of these problems, directed his associate,
C. S. Franklin, to begin experiments at frequencies above 2 MHz. This work
was motivated in part by the desire for secrecy in military use. There was also
some similar military work by others at much higher frequencies at about the
same time, but Marconi was especially interested in antenna directivity and
had broader applications in mind.

In 1921, several amateurs detected transatlantic signals at 1.5 MHz during
the night hours. By 1923, working at 3 MHz during the night, amateurs in
France and the United States were able to exchange messages. In the spring
of that year, Marconi received some signals at 3 MHz up to 1400 miles from
his transmitter during the day and strong signals over 2500 miles at night.
The following year, 9-MHz signals sent from his transmitter at Poldhu, England
were received throughout the day on his yacht harbored in Beirut, Lebanon,
2400 miles away.! Clearly, a new and important propagation mechanism was
at work, and the properties of shortwaves deserved further investigation. Late
in 1921, R. A. Heising and ]. F. Farrington at Western Electric began to study
methods of generating, receiving, and measuring high-frequency signals. In
1922, a program of experimental work at 3.5 to 5 MHz was started in the
Western Electric group that was to become the Bell Laboratories Radio Research
Department. By 1924, early work had led to the conclusion that a larger-scale
program looking toward commercial applications was justified.

In the 1920s, radio research and development in the Bell System was divided
among three groups. Considerable theoretical work was done by the AT&T
Development and Research Department in New York, where laboratory anal-
yses were supplemented with field testing at AT&T working radio stations as
they came into operation. The more experimental research was done by Bell
Laboratories, initially in New York, but later, in locations that were less troubled
by radio noise—at Cliffwood, Deal, and Holmdel, New Jersey. The people
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Fig. 2-1. Engineers in charge of the development of the shortwave radio transmitters
and receivers. Left to right: A. A. Oswald, M. ]. Kelly, W. Wilson, R. A. Heising, J. C.
Schelleng, H. T. Friis.

heading the New Jersey research laboratories worked mainly on transoceanic
radiotelephony [Fig. 2-1]. The third group concentrated on broadcast radio and
the design of equipment for sale and commercial use. They, too, started in
New York at the Bell Laboratories location at West Street, where Station WEAF
was in operation. When work on an experimental station, called Station 2XB,
involved increasing the power far above the level that could be tolerated in a
location where sensitive measurements were also necessary, 2XB and a portion
of this third group were moved to a new radio field laboratory in a dairy barn
of stately proportions at Whippany, New Jersey. This became the center of
commercial radio and broadcasting work in Bell Laboratories.

In 1925, many of the people in the research group who eventually contrib-
uted to shortwave radio were caught up in the establishment of long-wave
telephony using the Radio Corporation of America (RCA) telegraph antenna
at Rocky Point, Long Island. The demonstration of transoceanic speech trans-
mission in 1915 and the known reliability of the propagation of long-wave
radio* naturally led to a concentration of effort on these frequencies for the
first transatlantic radiotelephone link. The long-wave work had stretched the
group’s ingenuity in getting sufficient bandwidth for a single speech channel

* The early terminology of frequency and wavelength had not been standardized, and terms
used sometimes conflict with later usage. The term long waves generally referred to frequencies
up to about 300 kHz. The first transatlantic telephone system used carriers at about 60 kHz.
Before 1924, the term high frequency usually meant frequencies in the 500- to 3000-kHz range.
In the early 1920s, the term shortwaves was often used for the 2- to 10-MHz range and later,
for perhaps the 3- to 30-MHz range. All frequencies above about 30 MHz were grouped as
ultrahigh frequencies (UHF) or ultrashort waves.
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through amplifiers and into a mile-long, 410-foot-high, multiply tuned antenna
on a (suppressed) carrier at 60 kHz and in solving the problem of how to handle
the unprecedented 60,000 to 100,000 w of radio-frequency (RF) power. This
work culminated in the establishment of the successful circuit to England in
19272 (See another volume in this series, The Early Years (1875-1925),
Chapter 5, Section 4.3.) But, even before the long-wave circuit went into service,
the developers were aware that long-wave transmission would be inadequate.
A single circuit could not be expected to satisfy the communications needs of
the world, and there was very little room for expansion in the long-wave spec-
trum. In addition, thunderstorm activity in the summer would create very bad
static conditions. Consequently, as soon as it was realized that shortwaves
might serve for communications between the United States and Europe, work
was directed toward developing circuits in the new range.

When established, the shortwave systems quickly took most of the traffic,
but long-wave radio proved surprisingly durable. The two systems comple-
mented each other. The long waves were seriously impaired by thunderstorm
static while the shortwaves were not; the shortwaves were interrupted by dis-
turbances of the ionosphere during magnetic storms, which had little effecton
the long waves. A project to build a second long-wave link was well started
in 1929, but was suspended by the onset of the Great Depression. In 1940, the
first circuit was moved off the RCA antenna to a new transmitter at Bradley,
Maine, and a second circuit was added. Long-wave operation continued until
1957, when submarine-cable circuits were established.

For shortwaves, the problems of stability, efficiency, and RF heating were
serious, but understanding the vagaries of shortwave propagation and designing
high-directivity antennas were the major new challenges. By the middle of
1925, a shortwave transmitter using newly developed tubes had been con-
structed at Deal and installed in an outlying building [Fig. 2-2). Originally, the
transmitter operated at the lower end of the band, but, by October, it was
operating at frequencies up to 6.8 kHz and a little later at 9.1 MHz. Within a
year, it was operating at frequencies up to about 20 MHz. This transmitter had
a crystal oscillator followed by a harmonic generator for the various radio
frequencies to be transmitted. This was closely coupled to a pair of 250-w tubes
operating in the push-pull configuration as a plate-modulated controlled os-
cillator.

In the early Deal transmitter, the 250-w stage drove water-cooled push-pull
stages with two 10-kw tubes in the output. This transmitter was later replaced
by a prototype of the commercial version with six 10-kw water-cooled tubes
in the final stage [Fig. 2-3]. This approach, the generation of a modulated signal
at a fairly low level, followed by linear amplification, was to be a feature of
Bell Laboratories radio designs for many years.

Hourly field-strength measurements were made in New Southgate, England
on transmissions from Deal one day a week for about two years [Fig. 2-4]. The
results were cabled to New York, analyzed, and subsequently published. They
were supplemented later by data collected at the receiving station at Netcong,
New Jersey, and by measurements made on signals received at Buenos Aires
from the United States. Transmission was also tracked by ship from New York
to Bermuda and later, aboard the SS Leviathan, to England. In some of the
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Fig. 2-2. A general view of the transmitting station and antenna at Deal in the 1920s.

Fig. 2-3.  Final stage of radio amplification for engineered
model, shortwave transmitter, May 1930.
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Fig. 2-4. The shortwave receiving laboratory at New Southgate, England.

tests, modulating the carrier with several audio tones showed clearly that se-
lective fading within a voice band did indeed occur as a result of multipath
transmission.’

As aresult of these tests, and the work of the Marconi Co. and many others,
a fairly clear picture emerged of the mechanisms governing high-frequency
propagation. As a wave front entered the ionosphere at an angle, the portion
that first entered the higher-altitude region of greater ion density was propagated
more rapidly than the portion in the lower regions. As a result, the wave was
refracted and redirected back to the earth. Only waves within a certain range
of angle of approach would be returned, and that range depended in turn on
the time-varying altitude and composition of the ionosphere [Fig. 2-5]. This
mechanism explained the skip effect and the observed daily and seasonal
changes in propagation.* To be useful, however, these results had to be reduced
to an applicable form. At an early stage of the work, it had become apparent
that, for reasonably continuous transmission, frequencies would have to be
changed at least twice and perhaps as often as three or four times a day. Field-
strength measurements of summer and winter shortwave-radio propagation
characteristics, made in the late 1920s and early 1930s, provided the most
comprehensive information available on the subject for some years [Fig. 2-6].
They indicated the diurnal and annual changes of frequency that were nec-
essary, as well as the time when no transmission could be obtained.
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(b)

Fig. 2-5. Shortwave propagation mechanisms. (a)
Wavefronts, symbolized by the axle, are refracted
back to earth when the portion in a region of higher
ion density is propagated more rapidly (larger wheel)
than the rest of the wave. (b) The angle of return,
and hence the skip distance, depends on the angle
of incidence and composition of the ionosphere (1
and 3). Waves too close to the vertical may not return
at all (2).

During the Deal tests, any of four frequencies (6.6, 9, 13.6, and 18.7 MHz)
were used according to the momentary propagation conditions. The inductance
coils (tank coils) in the high-power amplifiers had to resonate with the inter-
electrode, stray capacitance, and whatever trimming capacitors were added.
This meant carrying hundreds of amperes in the coils, and, because of the high
frequencies, the current was confined to a skin depth of about 20 um. Polished-
copper tubing, sometimes larger than 1 cm in diameter, was used, making the
transmitter resemble an alcohol still. Changing wavebands in the early short-
wave transmitters was a strenuous exercise involving bolting and unbolting a
number of the heavy copper-tubing coils and manually retuning the high-
power stages. This activity actually became a sort of competitive sport—a race
against time with occasional odd results, as when one engineer left his loaded
tobacco pipe in the high-power tank circuit, fumigating the entire station.

In the spring of 1927, a transportable 500-w shortwave transmitter was
assembled in two large moving vans to explore sites for commercial stations.
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Fig. 2-5.  (c) The day-to-night changes in the com-
position and structure of the ionosphere change the
refraction and attenuation of different wavelengths.
During the day, wave A of, for example, 25 m, is
refracted to reach Chicago, but is not returned at all
at night. (d) Wave B, of 100 m, is strongly attenuated
during the day, but at night, when the jons in the
lower atmosphere have disappeared, it is returned,
with much less loss, to reach Chicago.

In the fall, this equipment was taken to Houlton, Maine, where it was used to
transmit to collaborators in England for several weeks on an alternate schedule
with Deal to determine their relative merits as transmitting sites. It was found
that the Maine site gave signals that were on the average 9 dB stronger, but it
was eventually decided that the advantage was not worth the cost of the 800
miles of wire lines necessary to connect the more remote location. During the
same period, a number of possible sites for receiving stations were examined
using portable field-strength measuring equipment [Fig. 2-7]. A plateau just
south of Netcong was chosen as a receiving site because of its freedom from
local noise sources and the absence of potential sources of interference along
the great-circle radio path toward England. A temporary building was erected
in May 1928 to house the equipment for the first channel, and a receiving
antenna was erected in front of this building. A site west of Lawrenceville,
New Jersey was selected for transmitting.
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Fig. 2-6. Relative field strength, as measured from the
United States to England, 1926 and 1927. (a) Summer.
(b) Winter.
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Fig. 2-9. The Lawrenceville transmitting station. (a) Arrangement of antennas. (b) General
view of antennas.

Meanwhile, events on the business front were moving rapidly. The success
of the first long-wave circuit resulted in a rapid growth of traffic. Early in 1928,
an agreement was reached with the British Post Office to proceed with com-
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mercial shortwave service across the North Atlantic, Frequency allocations were
obtained from the Federal Radio Commission, the predecessor of the Federal
Communications Commission, and weekly conferences were started among
the engineers at Bell Laboratories, the AT&T Development and Research De-
partment, and the Long Lines Department. It was established that the equipment
was not to be considered experimental but should be the best feasible in the
existing state of the art.

The initial objective was to establish three high-frequency (HF) links to
England, to be followed immediately by one to Buenos Aires. The Deal trans-
mitter was pressed into service as a backup to the long-wave circuit on the
west-east link even before the station in Netcong was ready. When the first
Netcong antenna and receiver were in place in June 1928, two-way shortwave
service was established to England just in time for the summer season, when
transmission on long waves was disturbed by high static. Since the antennas
were tuned and therefore usable over only a small frequency range, each chan-
nel had to be provided with three separate antennas operating at the low,
middle, and high end of the band and suitably spaced to prevent detrimental
interaction. By February 1929, the three antennas for the first channel had
been completed at Netcong. Separate buildings and antennas were erected
later in the year at three other widely separated places on the property to
handle the other channels. A permanent terminal building was later constructed
just below the west edge of the plateau, where any noise generated would not
interfere with reception [Fig. 2-8].

With Deal available as a transmitter site, work at Lawrenceville proceeded
more deliberately. Permanent masonry buildings were designed, requiring some
months longer than the Netcong station for completion. Twenty-eight steel
towers 180 feet high were erected and antennas suspended from them. Each
antenna consisted of an array suspended from three towers. One antenna array
was required for each frequency and transmitter—a total of 13 antennas, each
roughly 180 by 500 feet [Fig. 2-9]. (One channel was equipped with four an-
tennas for operation at a frequency as low as 6.8 MHz, waves 44.4 m long.)
Transmissions from the experimental station at Deal continued until the three
channels were put in operation at Lawrenceville in June, September, and De-
cember 1929,

Work on high-frequency radiotelephony was progressing rapidly in Europe
as well as in the United States, and a number of circuits were established within
a year or so of the first HF transmissions. In September 1929, a demonstration
was held in conjunction with the British Post Office, in which Bell System
officials in New York talked with Australia via London, a total circuit length
of 15,000 miles. Considering that overseas telephony was only two years old,
this was an historic event.

II. SHORTWAVE ANTENNAS

The theory of multielement antenna arrays had been worked out by G. A.
Campbell in 1919, but it was not until the HF work at meter wavelengths that
highly directional arrays became practical. The basic element of the early tuned
antennas was the half-wave dipole. The problem of exciting array elements
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was eased with the realization that an element slightly longer than a half wave-
length acts as a reflector to incident energy, and a shorter element acts as a
director. The early shortwave transmitting antennas consisted of simple vertical
half-wave dipoles with center inductive loading or two dipoles in parallel in
the form of an H, with or without reflectors. Four coplanar dipoles separated
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Fig. 2-10. High-frequency receiving antennas at Netcong. (a) Schematic of Bruce Array
antenna. (b) Receiving antenna, with its supporting structure, 1929.
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by a half wavelength, with reflectors—or, alternatively, a single dipole with
three passive reflectors forming a rudimentary cylindrical parabolic reflector—
were also used. Thermocouple ammeters were placed in the centers of the
driven dipoles and were read from the ground using field glasses.

The antennas used at Netcong were of a form originally called the Grecian
Key, but subsequently called the Bruce Array, after its inventor.® This was a
broadside array of vertical half-wavelength elements, each connected to the
adjacent element, spaced a quarter wavelength away, by bending the upper
and lower eighth-wavelength sections horizontally [Fig. 2-10]. The currents
generated in the vertical elements by a wave of the correct frequency arriving
perpendicular to the array were all in phase and added in the receiver by
connecting the elements alternately at the top and bottom. No reradiation oc-
curred from the horizontal connecting elements, because currents were op-
positely phased about their center point. A reflector of similar character, spaced
a quarter wavelength behind the first array, made it unidirectional and increased
the gain by 3 dB. The directional pattern of the antenna was measured by
circling it with a small transmitter at a range of about 1000 feet [Fig. 2-11]. The
gain of the Netcong antenna was 40 times that of a single vertical half-wave
antenna (16 dB). K. G. Jansky, using a smaller, but steerable, antenna of this
type, discovered radio-frequency interstellar radiation from the Milky Way in
the early 1930s.”®

Because of the mechanism of high-frequency propagation and its variability,
sharp vertical directivity was not desirable in the receiving antenna. Less concern
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Fig. 2-11. Directional characteristic of
Netcong antenna.
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was felt about launching waves in a narrow vertical pattern, and in the trans-
mitting antenna, vertical as well as horizontal stacking of elements was used.”
The basic element was a so-called Sterba Array, consisting of one half-wave
(1/2) and two quarter-wave (1/4) elements in a vertical lineup, paralleled by
an identical, adjacent, three-element vertical line displaced horizontally a half
wavelength away [Fig. 2-12]. The horizontal links acted as feeders for the
vertical elements and radiated essentially no energy because of the oppositely
phased currents in the closely adjacent pairs. These panels were replicated in
a larger horizontal array to increase the horizontal directivity and were backed
by a reflector to make them unidirectional [Fig. 2-13]. A gain of about 17 dB
was realized. One virtue of the Sterba Array was that each panel or, indeed,
several of them, could be formed from a continuous conductor. By the use of
small capacitors (open circuits at 60 Hz, but short circuits at RF) and RF quarter-
wave lines (short circuits at 60 Hz, but open at RF), it was possible to pass 150
kw of 60-Hz power through the No. 6 gauge conductors to melt sleet, even
with the transmitter in operation.

e

]

Fig. 2-12. Multielement trans-
mitting antenna structure of the
type used at Lawrenceville in
1928. A single conductor was
bent to form one section of a di-
rectional antenna. Solid lines are
conductors; dotted lines show
current direction and amplitude.
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Fig. 2-13. A complete Sterba Array antenna with reflectors for one wavelength,

About the time the first antennas were placed in operation, E. Bruce had
observed that a wire tilted toward the source of a wave could act as an effective
antenna over a much broader range of frequencies than the rather sharply
tuned simple vertical half-wave dipole. He then further observed that an even-
broader-band (less-tuned) antenna could be achieved by connecting a second
tilted wire to the first in an inverted V. Finally, working with H. T. Friis, he
recognized that his vertically disposed, inverted V was completed to a double
V, or diamond, by its reflected image in the ground.' It remained to turn the
V on its side, and physically complete the four sides with actual conductors,
to make a horizontal, broadband, HF, rhombic antenna [Fig. 2-14]. Unlike the

TRANSMITTER

Fig. 2-14. Experimental rhombic antenna showing arrangement for jron-
wire, high-power termination when used as a transmitter.
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Fig. 2-15. Rhombic antennas near Miami for HF radio links to Colombia and Venezuela.

earlier arrays, the antenna was responsive to horizontally polarized waves.
Working at 75 MHz so that models scaled to the shorter wavelength were
easier to build and test, Bruce showed how to design such antennas for a wide
range of horizontal and vertical directive patterns. He demonstrated gains of
about 14 dB and achieved a response flat to +1 dB over a four-to-one frequency
range."

The rhombic antenna became immensely popular, both within and outside
the Bell System, largely because of its simplicity and the fact that a single
antenna could be used over nearly the entire HF band [Fig. 2-15]. Many papers
were written on the subject, and although it was shown that the antenna had
shortcomings and was frequently used under conditions where it should not
be, it did not have a rival for HF use until the development of certain forms
of the log-periodic antenna 25 years later. The rhombic antenna turned gigantic
wire nets and many large towers into junk when it replaced the large arrays
used earlier. (For a research perspective on shortwave antennas, see Commu-
nications Sciences (1925-1980), Chapter 5, Section 1.)

2.1 Multiple-Unit Steerable Antenna

The first receiving antennas were not made highly directional in the vertical
plane because of the varying direction of arrival of the ionospherically confined
waves. By the mid-1930s, considerable research had been done on the angle
of arrival of HF radio waves in both the vertical and horizontal planes, and on
the rate and range of variation.'? The simultaneous arrival of waves at different
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vertical angles over paths of different lengths could cancel each other (inter-
fere) and was the principal cause of fading at HF. It occurred to Friis that an
antenna with sharp discrimination in the vertical plane would be very advan-
tageous if it could be steered to track only one of the incoming waves
[Fig. 2-16]. A single rhombic antenna was sensitive over a fairly broad vertical
angle. With a linear array of antennas along a line toward the transmitting
station and with the outputs combined in the correct phase relationship, a
higher gain and more directive vertical pattern could be maintained. The array
beam could be steered in the vertical plane by varying the phase of the signals
received from each element of the array before combining them. In 1935, Friis
built an array of six rthombic antennas at Holmdel and demonstrated an increase
in gain of 6 or 7 dB over a single antenna and the ability to steer the narrow
lobe by adjusting the relative phase shift between the units.'® This design was
named the multiple-unit steerable antenna (MUSA) [Fig. 2-17].

Something of an heroic apex in HF transatlantic technology was reached in
1939 with the design and construction of a commercial MUSA receiving station.
This station at Manahawkin, New Jersey featured a two-mile-long array of 16
rhombic antennas deployed along the great-circle path toward the transmitter
in Rugby, England. The highly directional and vertically steerable array was
built in anticipation of a poor period of HF transmission due to a sunspot
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Fig. 2-16. Paths of shortwaves over long distances, determined by the angle of reflection
from the jonosphere. (a) Idealized wave paths. (b) Vertical-plane directive patterns.
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maximum in the early 1940s.'* The station building was located at the ninth
antenna to reduce the total amount of interconnecting coaxial cable required.
All the cables were buried to reduce the phase changes that would otherwise
occur with changes in temperature. The Manahawkin site was a flat marshland
with lots of room, ideal for the purpose.

In a further elaboration, three banks of adjustable phase shifters connected
in parallel permitted training the array on as many as three incoming rays and
combining the outputs, with suitable delay correction, to realize a form of
angle-of-arrival diversity. An additional bank of phase shifters was continuously
rotated to provide an output that scanned the vertical-angle range once a second,
and furnished information on incoming-wave directions needed to adjust the
other banks [Fig. 2-18]. It had been observed that, while fading due to inter-
ference from multipath transmission might be rapid, the direction of arrival of
the various wave paths changed rather slowly. However, monitoring and man-
ually adjusting for the constantly changing transmission paths would have
been exceedingly tedious and susceptible to errors that could easily negate the
advantages of the array. Automatic setting of the angles of reception and the
delay adjustment of the diversity branches solved the problem.

Since the array was broadband and capable of receiving signals over the
entire HF band at all times, it could be used for more than one receiver at a
time. At Manahawkin, a second receiver at a different frequency, with its own

Fig. 2-18. Manahawkin MUSA receiver bays. Left, phase
shifters for three beams.
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banks of phase shifters, was connected and used simultaneously. (See Com-
munications Sciences (1925-1980), Chapter 5, Section 1.5.)

Performance tests indicated a substantial improvement in quality over a
single receiver, and, during World War II, a number of channels of encrypted
digital signals were successfully transmitted using the MUSA. But the improve-
ment in the signal-to-noise ratio was appreciably less than the number of an-
tennas would indicate, and performance was somewhat disappointing. It was
observed that selecting the best received audio signal gave essentially the same
performance as delay compensation and combining, with much less mainte-
nance. A simple selection of the best branch was used most of the time.

III. RECEIVERS AND TRANSMITTERS

3.1 Double-Sideband Operation

The receivers at Netcong were of the double-detection or superheterodyne
type; that is, they had tuned RF stages followed by a frequency conversion to
an intermediate frequency, where most of the gain was supplied, followed by
the final recovery of the audio signal (the second detection). The circuits were
calibrated and controlled, so that quantitative measurements of signal char-
acteristics could be made. A volume indicator and shelf for telegraphic order
wire were also provided.

At long wavelengths, receiving sensitivity was limited by atmospheric dis-
turbances caused by lightning, auto ignitions, and other sources of interfer-
ence, 5o that noise internal to the receiver was not a problem. Above 10 MHz,
the noise limiting reception was that generated in the receiver rather than in
the medium. Consequently, considerable attention was given to obtaining a
high signal-to-noise ratio in the receiver. These receivers are believed to be the
first commercial equipment to be rated with respect to thermal noise, which
later became the recognized standard of reference. As part of the effort to
approach the thermal-noise limit, multiple input circuits were provided, one
for each frequency to be used, which were permanently connected to their
respective antennas. DC-heated filamentary triodes were used, except in the
RF stages where screen-grid tubes, which were just coming into use, were used
to avoid the troublesome grid-plate capacitance of the triodes. In this and other
respects, the new receivers were better than anything available on the com-
mercial market. Automatic gain control, which adjusted the gain of the receiver
according to the strength of the incoming RF signal, was at first used only in
the intermediate-frequency stages, but was later applied to the RF stages as
well to reduce intelligible intermodulation from strong interfering signals. It
was a continuing problem to obtain gain control of sufficient speed to track
the fading without cutting into the lower-frequency speech components.

A number of double-sideband receivers were supplied to the International
Telephone & Telegraph Company (ITT) as well as to AT&T. These receivers
gave excellent service for more than 20 years and were removed from service
only when single-sideband transmissions completely superseded double-side-
band transmissions in the 1950s.

3.2 Single-Sideband Operation

All the early work on HF radio used double-sideband amplitude modulation.
Single sideband promised a signal-to-noise advantage of 9 dB, 6 dB by using
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the entire power capacity of the transmitter for one sideband instead of the
carrier plus both sidebands and 3 dB by halving the noise bandwidth. (See
Communications Sciences (1925-1980), Chapter 1, Section 2.1.1.) But the problem
of frequency stabilization required for carrier suppression and recovery was
beyond the capability of the equipment of that early date. Single-sideband
equipment was built and tested as early as 1929, but the required manual
frequency synchronization was not practical even for tests.

In 1931, a receiver was built and installed at Netcong that could be used
for receiving double-sideband signals but that could also remove one sideband
and keep, reject, or recondition the carrier to simulate single-sideband reception
of incoming double-sideband transmissions. This receiver was used to deter-
mine, without having to build and test a complete single-sideband system,
whether there was anything peculiar about single-sideband shortwave prop-
agation that would prevent the successful exploitation of this means of trans-
mission. The receiver consisted of seven 6-foot bays of equipment and, so far
as is known, included the first crystal band filters to be used in any radio
equipment. The filters were used at the 150-kHz intermediate frequency to
obtain sharp discrimination against closely adjacent frequencies. Tests went
on for several years (it was the Great Depression) and showed no insurmount-
able obstacle to single-sideband operation.

In 1935, designs went forward for commercial single-sideband operation.
The equipment used crystal filters in both transmitter and receiver, and had
two 6000-Hz passbands, one on each side of the carrier. A carrier 20 to 26 dB
below normal was transmitted and used for automatic volume control and
automatic frequency control at the receiver. The carrier was filtered out and
amplified separately (reconditioned) and then reinserted at greater than normal
amplitude in a balanced demodulator to give low distortion.

The first single-sideband equipment was manufactured at the Bell Labora-
tories model shop at West Street in Manhattan. Later, in the 1940s, large num-
bers were manufactured by Western Electric and sold to foreign customers of
AT&T, government departments, and others. They set a standard of excellence,
with performance far better than that of any previous HF radio equipment.
They promoted the worldwide shift from double-sideband to single-sideband
operation, with substantial savings in frequency spectrum, reduced interference,
and increased transmission efficiency.

3.3 Multichannel Operation

With the advent of single-sideband operation, it was recognized that, if
intermodulation could be kept low enough, it would be feasible to put an
independent second channel on the opposite side of the carrier from the first
channel. For economical operation of radio transmitters, however, it was nec-
essary to drive them so hard that the distortion products could be too high for
more than single-channel operation. In December 1936, tests at Lawrenceville
showed it was possible to get acceptable two-channel operation by transmitting
one band next to the carrier, and one on the other side of the carrier, but
separated from it by one speech bandwidth (3 kHz). This avoided interference
from the largest third-order intermodulation products, those that extend only
one speech bandwidth on either side of the transmitted band. Two-channel
operation was used extensively in the period before World War I1.*°
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During the war, the Long Lines Department obtained another channel by
using the frequencies adjacent to the carrier, previously left vacant, and com-
bining the multichannel transmission with privacy equipment. The privacy
equipment split the voice band into five subbands and transmitted them with
the order scrambled and with some of the subband frequencies inverted. (In
more elaborate arrangements, the scrambling-descrambling order was peri-
odically changed synchronously at the transmitter and receiver.) In the three-
channel transmission, the 15 privacy bands were intermixed on both sides of
the carrier. At a still later date, with more linear transmitters having lower
intermodulation, four 3-kHz channels were transmitted in a 12-kHz band.

When more highly directive and steerable antenna systems were proposed
in the mid-1930s, it appeared that a much higher-capacity multichannel system
could become possible. Studies were made of the possibility of obtaining band-
width in the equipment capable of handling up to 48 voice channels, and
experimental receivers were designed for such possible broadband use. In the
late 1930s, investigation focused on the more modest objective of transmitting
up to 12 channels simultaneously in the HF range. At Deal, a 20-kw amplifier
was successfully tested in which sufficient feedback was applied directly at
radio frequency to keep distortion within permissible limits for 12-channel
operation, but further development was interrupted by the war. After the war,
nationalistic considerations opposed transmission of a large block of channels
through one nation for distribution to others, and for this reason, as well as a
general withdrawal in Bell Laboratories from work on high-power apparatus,
the project was not resumed.

3.4 Voice~Control Terminals

In 1932, a new transmitter was introduced that, to save power, suppressed
the carrier when no speech was present. A new receiver was designed to work
with this transmitter, using the new AC heater-type tubes then becoming avail-
able, and equipped with a CODAN (carrier-operated device, antinoise) to control
the receiver when working with the intermittent carrier. Considerable trouble
was experienced with the CODAN operation, and various parts of the system
were rebuilt from time to time in an effort to improve operation. When the
carrier was off for long periods during the time when no speech signals were
being received, the automatic tuning control would drift so that the signal
sometimes would not be received when the carrier reappeared. Finally, in the
summer of 1936, it was agreed that future circuits to England would use single-
sideband, reduced carrier operation, and the development of the CODAN and
improved double-sideband equipment was dropped.

The CODAN was only one of an entire family of radio-terminal devices
designed to cope with the difficult problem of associating the highly variable
overseas radio link with the wire lines of the continental networks. The con-
necting land lines between the subscriber and the radio terminal had a wide
range of loss and, as always, talkers spoke with a wide range of speech volume.
In time, the terminals were elaborated with VOGADs (voice-operated, gain-
adjusting devices), compandors (contraction for compressor-expandors) for
syllabic-rate, speech-volume range compression and expansion, VODASs
(voice-operated devices, antisinging), and privacy equipment [Fig. 2-19]. VO-
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Fig. 2-19. Schematic of high-frequency radio terminal showing location of voice-operated
devices (VOGAD, compandor, VODAS, and CODAN) and primary circuit.

GADs were relatively slow gain controls that pushed the transmitter to full
modulation, regardless of the connecting line loss or basic talker volume. Com-
pandors operated by compressing the speech-volume range at the transmitter
and restoring the range at the receiver. Compression offered the advantage of
reducing the level of high-volume talkers, making it possible to operate the
transmitters closer to their maximum output for average talkers, but most of
the signal-to-noise advantage was realized by raising the level of the weak
signals for transmission over the noisy radio link. When the weak signals were
reduced in level in the expandor, the noise was reduced with them. Compandors
gave a substantial improvement in the perceived signal-to-noise ratio and found
application in several later transmission systems.'* VODASs opened the return
circuit to prevent singing under some of the high-gain conditions. A number
of privacy devices were developed, including one that periodically inverted the
frequencies of the speech band, restoring them synchronously at the receiving
terminal. Most of these gadgets were props, of course, to improve transmission
that was, by current standards, not very good. However, there were no alter-
natives. It should be remembered that radio was the sole means of overseas
voice communications for almost 30 years.

IV. THE SPREAD OF HIGH-FREQUENCY SERVICE

Shortly after the start of service to England, Bell Laboratories, in collaboration
with ITT, engineered an HF link to a station near Buenos Aires. Service began
in April 1930. Within the next few years, additional links were established to
South and Central America via an AT&T station near Miami. West Coast stations
in California at Dixon (transmitting) and Point Reyes (receiving) were built for
circuits to Hawaii and beyond. By 1939, there was a substantial worldwide
network [Fig. 2-20].

In addition to the overseas circuits, ship-to-shore HF service was also es-
tablished, with a transmitter at Ocean Gate, New Jersey and a receiving station
at Forked River, New Jersey. The transmitting station at Ocean Gate was like
that at Lawrenceville in most respects. In fact, in the course of time, the Ocean
Gate and Manahawkin stations were often used interchangeably for high-seas
mobile and transoceanic point-to-point operation. The service to ships was
considered experimental for several years, but the growth in traffic, except for
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an interruption at the beginning of World War II, was rapid, reaching 200,000
messages per year by 1946.

During the war, no new HF equipment was designed, but following the
war, a number of improvements were made. In 1946, a smaller receiver, coded
LD-R-1, with much more convenient frequency-changing provisions was tested
at Netcong. Substantial numbers were manufactured by Western Electric starting
in 1948. In about 1950, a transmitter with sufficient linearity for four-channel
operation went into service. Four-channel operation became widely accepted,
and a number of manufacturers subsequently produced similar equipment.

Some other relatively minor developments continued, both in the Bell System
and elsewhere, but the prospect of submarine-cable circuits and, later, of sat-
ellites, inhibited major changes. Shortwave radiotelephony was still used for
communication to a few remote areas in the mid-1970s, but it had been com-
pletely replaced by high-capacity submarine cables across the Atlantic and
Pacific Oceans and, even in remote areas, was rapidly being displaced with
the ubiquitous satellite circuits. A sentimental reunion ceremony was held for
the many engineers who contributed to the development of the shortwave art
upon the occasion of closing the Lawrenceville station in February 1976. Most
of the people had already retired, but history would have been kinder to them
if it had taken a bit longer for the shortwave radiotelephony art to become
obsolete.
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Chapter 3

Broadcast Radio

I. THE SITUATION IN THE LATE 1920'S

The Bell System entered broadcasting as a natural extension and application
of the technology it was developing for point-to-point radiotelephone com-
munications. At one time or another, AT&T was engaged in almost every aspect
of the broadcasting business, including station operation, program development,
network interconnection, equipment manufacture, and the underlying research
and development in propagation and measurements. (The Bell System'’s earliest
activities in broadcast radio are covered in more detail in another volume of
this series, The Early Years (1875-1925).) AT&T withdrew from the station op-
eration and programming business with the sale of its New York station, WEAF,
to the Radio Corporation of America (RCA) in 1927. It continued as a major
equipment supplier for 20 more years and provided program network inter-
connection on an ongoing basis.

In the equipment area, Western Electric concentrated on transmitters and
studio equipment; little work was done on home receivers beyond the earliest
years of broadcasting. Many basic improvements were made in Western Elec-
tric’s transmitters; Station WEAF was crystal controlled at its assigned frequency
of 610 kHz as early as June 1924. In the mid-1920s, however, home-receiver
selectivity was improved, permitting discrimination between high-power sta-
tions on different frequencies. As field-strength surveys showed the need for
more transmitter power to provide adequate received-signal levels in large
urban areas, higher power became a major objective of the transmitter designers
[Fig. 3-1]. The power of Station WEAF was increased from the initial 500 w in
several increments to 5 kw by September 1925.

The early transmitters used glass-envelope radiation-cooled tubes for power
output up to several hundred watts. By using the copper-to-glass seal developed
by W. G. Houskeeper in Bell Laboratories (Western Electric, prior to 1925) and
water cooling, designers were able to advance from 500 w to 5 kw in 1925,
and to 50 kw a few years later. The first of the 50-kw designs, the No. 7A
radio transmitter, was placed in service in 1929 at Station WLW, the Crossley
station near Cincinnati. In the 74, as in all the later high-power Western Electric
transmitters, the design featured a low-level modulator and a linear power
amplifier, in contrast to the radio-frequency (RF) output stage plate modulation
used in most other transmitters at the time. Low-level modulation was accom-
plished in tubes and components of moderate size and power, with many
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Fig.3-1. Portable field-strength measuring equipment
in use in the 1920s.

consequent advantages. A frequency response flat to +1 dB from 30 to 10,000
Hz was provided with audio distortion less than 5 percent, and with RF har-
monics only 0.03 percent of the carrier. Finally, with low-level modulation,
the output stages could be driven to 100-percent modulation, that is, the RF
envelope was varied from twice its unmodulated amplitude to zero, with little
distortion. Since in early plate-modulated transmitters, distortion became ex-
cessive above about 50-percent modulation, this benefit alone was as effective
as a four-to-one increase in carrier power. For all these advantages to be realized,
it was, of course, necessary to provide high-power output stages of sufficient
linearity to satisfy the exacting requirements of radio broadcasting with its
broader band, greater dynamic amplitude range, and more critical signal content
(e.g., symphonic orchestra music) than single-sideband telephony. However,
the intensive research and development program on power amplifiers for over-
seas telephone transmission also provided the understanding that permitted
the designers to meet the needs of broadcast radio." The knowledge gained
from single-sideband, suppressed-carrier transmitters carrying telephony of
limited-volume range was successfully applied to broadcast radio’s double-
sideband, carrier-transmitted AM signal with its wide-volume range.

From the 1920s until after World War II, Western Electric also manufactured
a wide range of studio audio and studio-to-transmitter equipment. This was
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important, not only to the radio-broadcast business, but, in the 1920s, was also
linked to the pioneering work that led to talking pictures and, a little later, to
the first high-fidelity stereo disc recordings. Equipment manufacture of radio
transmitters and in related areas continued until 1948, when Western Electric
withdrew from the business, and the designs and manufacturing facilities were
sold to other suppliers.

Work in radio propagation, at least on terrestrial paths, has always been a
somewhat arcane art compared to engineering in guided transmission. Trans-
mission on wire pairs, especially after the most extreme effects of weather were
excluded by the widespread use of sheathed cables, became a highly quantitative
and precise technology. In the early years, radio propagation, in contrast, re-
mained in many ways a mystery. There were large variations in loss over paths
where none were expected. Even more baffling, reception was reported over
paths where the accepted view held transmission to be impossible (e.g., the
amateur reception of transatlantic shortwaves in 1921). In addition, arc lamps,
automobile ignition, and nature itself contributed static from a variety of sources
that varied in little-understood ways. Given the limited knowledge of the nature
of the atmosphere as a radio-transmission medium, and that the existence,
complex structure, and variations of the ionosphere were just beginning to be
dimly perceived, it is little wonder that radio propagation remained more of
an art than a science through the 1920s.

Bell Laboratories and its predecessor organizations in Western Electric led
the field in quantitative radio measuring techniques and in their application in
radio field-strength surveys. Work on improved radio field-strength measuring
gear was begun in 1920 at the Cliffwood, New Jersey laboratory by C. R.
Englund and H. T. Friis.> A portable loop antenna that could be transported
in a car or light truck and readily calibrated in the field with an accompanying
oscillator and attenuator made detailed measurements of absolute field strength
possible. Field-strength measurements were first carried out at the low fre-
quencies used for long-wave overseas radio, but they were later extended to
the frequencies of the AM broadcast band and to much higher frequencies
[Fig. 3-1]. Field surveys in the AM band in the New York City area showed
that groups of large steel-frame buildings caused interference fading at night
in the shadow zones of such clusters. This work led to an understanding of
the need for higher transmitter power to provide adequate field-strength levels
over a large metropolitan area. It also revealed the need for tight frequency
control to prevent a fluttering type of fading in the interference patterns of the
shadow zones. The exacting work on quantitative measurements in radio be-
came characteristic of Bell Laboratories research in the field. The objective, as
stated at the time by Friis, was “to demystify radio.”

Despite the many problems inevitable in a new field, broadcast radio had
advanced a long way in the 1920s and, by the end of the decade, both its
technical nature and its business nature were much better understood than
they had been in the earliest years. The functions needed for broadcasting were
recognized by all parties, and organizational roles had been sorted out. The
general view around 1930 in broadcast engineering was that there was little
opportunity for progress.’ Frequency response in radio transmitters was sub-
stantially uniform over the range of 30 to 10,000 Hz, even though commercial
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receivers were not responsive over this range. As far as could be determined
from available measuring techniques (harmonic analyses of traces from string
oscillographs), nonlinear distortion of the modulated wave did not exceed a
few percent. Noise was about 60 dB below a fully modulated signal. Harmonic
radiation at RF had been well suppressed by suitable filtering in the coupling
networks leading to the antenna system. Temperature-controlled, quartz-crystal
oscillators had satisfied all needs for carrier frequency stability.** Few thought
that powers greater than 50 kw would be used. Business was headed into the
Great Depression, but the depressed economy of the 1930s did not quench the
enthusiasm of the budding broadcast industry. New technical advances made
the decade a historic period in the growth of radio broadcasting.

II. THE QUEST FOR HIGHER POWER

Whatever radio engineers did or did not understand about radio propagation
in the early days, they understood one thing very well—the more power trans-
mitted, the higher the signal level received. In radiotelephony, higher power
was used to overcome the large path losses of the overseas links and to override
static. In broadcasting, designers knew that the received signal diminished
roughly inversely as the square of the distance from the transmitter. To double
the range and quadruple the area over which an adequate signal was received
meant quadrupling the power. Interference between stations, of course, was
another matter, but that problem was at least temporarily solved when the
Federal Radio Commission increased and stabilized the band assigned to AM
broadcasting. When clear channels were assigned, free of interference from
nearby stations on the same frequency, broadcasters eagerly embraced the
higher-power approach to increasing their coverage.

In overseas radio, the success of the first transatlantic radio links had greatly
stimulated traffic, and most of the increase was served of necessity with the
newly established shortwave high-frequency (HF) links. But shortwave trans-
mission was complex and uncertain. In the early stages, circuit availability was
not better than about 80 percent, and during periods of magnetic storms trans-
mission might be interrupted for days at a time. The low-frequency transatlantic
circuits on the other hand, although subject to severe static in the summer,
were unaffected by the solar-induced magnetic storms. As a result, in 1929, it
was judged advisable to provide additional long-wave circuits to supplement
the existing HF circuits. In 1930, tubes with a peak power output in excess of
100 kw at a plate potential of 18,000 v became available. Work on a new long-
wave transmitter was started with a plan for six such tubes in the final stage,
having a combined peak power of 600 kw, the highest ever realized. The tubes
were to be used in push-pull pairs. In this arrangement, each tube of the pair
was biased at cutoff, with one tube polarized to handle positive signal excursions
and the other negative swings. In the absence of a driving signal, little or no
output current flowed, making the stage highly efficient. Three such push-pull
pairs in parallel were to make up the output stage. It was planned that two
such transmitters, separated in frequency by a few kilohertz in the 60-kHz
range, would operate into a common antenna. At the same time, it was con-
templated that two such tubes might compose the final stage for a new design
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of a 50-kw broadcast transmitter with a peak envelope power of 200 kw, al-
though no such broadcast transmitter was then scheduled for development.
The radiated-power limits of all the high-power tubes were governed by
the ability to dissipate the power that was not radiated. Efficiency, besides
reducing power utility bills, was therefore as important as any other charac-
teristic in achieving high radiated power. Exhaustive experiments at various
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Fig. 3-2. (a) Typical dynamic characteristic of experimental
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for high-power stage under different load-impedance and
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imately 1200 . Observed grid failure was for sustained out-
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grid biases and load impedances were carried out in the mid- and late 1920s
to determine the best operating conditions for the output stages. Characteristics
for grid bias and load impedance were selected for good linearity as well as
high efficiency [Fig. 3-2]. The important load impedance for the output stage
was the impedance of the anfenna at the fundamental radio frequency, since
the impedance at RF harmonic frequencies was made very low by the shunt
capacitances of the tuned output circuit. The DC grid current into the output
stage was important to the circuit designer, since it determined the required
driving power from the previous stage. The nonlinear variations in the output-
stage input impedance were made negligible by a shunt-resistance load for the
driving stage low enough to avoid distortion of the input envelope. This or-
dinarily meant that the driving stage required an output power capacity five
to ten percent of that of the final stage. Further improvements in HF radio and
the onset of the Great Depression ended the work on the long-wave transmitter,
but enough had been learned to ensure that the new high-power tubes, under
appropriate operating conditions, would perform admirably in any new gen-
eration of broadcast equipment.

III. NEGATIVE FEEDBACK AND DIRECTIONAL ANTENNAS—
STATION WOR

At this time, transmitter designers became beneficiaries of a bonanza deriving
from multiplex-wire telephony, the invention of negative feedback. Conceived
by H. S. Black in 1927 to reduce nonlinear effects in multichannel repeaters,
the negative-feedback principle came to the radio broadcast field at an auspicious
time. (See Chapter 4.) E. B. Ferrell, of the Radio and Vacuum Tube Research
Department at the Deal laboratory, first proposed inclusion of a radio transmitter
in a feedback loop, a rectified sample of the final RF output being fed back in
opposition to the audio input [Fig. 3-3].5

Ferrell showed that by including the phase shift due to the limited band of
the RF interstages and output stage in the same way as the phase of the audio
stages, a stable design could be achieved. The negative-feedback principle was
first applied to broadcast transmission in the new 50-kw transmitter built for
Station WOR at Carteret, New Jersey.” The new equipment, placed in service
early in 1935, though basically similar to other 50-kw transmitters built earlier,
ushered in a new era in high fidelity and embodied other innovations. The
radio circuit had crystal-controlled carrier generation, a low-level modulation
stage, a push-pull parallel power-output stage, and a rectifier for feedback to
the audio input [Fig. 3-4].

Located about 16 miles southwest of New York City, the new Station WOR
was planned to give strong coverage along the northeast-southwest Philadel-
phia-New York axis and relatively low signal strength toward the more sparsely
populated areas of northwestern New Jersey and toward the ocean. Thus, an
hourglass-shaped radiation pattern was desired.® The antenna array chosen
consisted of three radiators, each a quarter wavelength high (tower height was
limited by proximity to established airways) and approximately a quarter
wavelength apart, on a line at right angles to the major axis of the desired
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Fig. 3-3. Envelope feedback, as applied to a radio broadcast transmitter.

pattern [Fig. 3-5]. Each radiator was fed by coaxial transmission lines and driven
in phase with approximately equal currents [Fig. 3-6].

Station WOR also embodied pioneering ideas in antenna line-branching
transformers, ground system design, phase and amplitude adjustment and
phase-monitoring arrangements.” A method of protecting against damage to
antenna coupling circuits from high-power RF follow-up surges caused by
lightning hits on the towers was used for the first time in this station. The
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Fig. 3-4. Circuits for the 50-kw transmitter used in Station WOR in 1935. [Poppele,
Cunningham, and Kispaugh, Proc. IRE 24 (1936): 1072.]
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method, devised during the long-wave transatlantic development, involved a
continuous monitoring of the impedance seen from the plates of the power
tubes.'® The carrier supply was momentarily interrupted, halting the RF drive,
to allow clearing of the arc any time an impedance change due to flashover at
any of the towers was detected. The method proved invaluable, especially with
multielement arrays, and was later incorporated in all high-power transmitters.
Station WOR was also one of the early transmitters to employ mercury-vapor
tubes (developed by General Electric) in the high-voltage rectifier in place of
the water-cooled, high-vacuum rectifiers previously used. The relatively low
drop—about 15 v instead of 1000 v or more—contributed appreciably to op-
erating economy.

IV. SUPER POWER AND THE QUEST FOR EFFICIENCY

As these improvements were evolving in the early 1930s, interest continued
in the use of higher power. In May 1934, Station WLW in Cincinnati started
operation with an authorized transmitter power of 500 kw. Such power levels
placed an even higher premium on more efficient ways of operating the final
amplifier stage. The 500-kw transmitter at Station WLW, built by RCA, used
a highly efficient Class C (biased below cutoff in the absence of RF grid drive)
RF output stage. This was plate modulated by a Class B (biased at cutoff)audio
amplifier, which drew little power except in the presence of a strong audio

-signal. With this high-level Class B system, particularly at 500 kw, an extremely
large audio transformer and choke were necessary so that the balanced Class
B stage could work into the single-sided load presented by the RF stage. To a
generation to whom high power in an audio amplifier means 50 or 100 w, and
where device dimensions are often measured in micrometers, the numbers are
astounding. The high-level audio transformers were 11 feet high, weighed 19
tons each, and were immersed in oil. Two were required! The choke, needed
to bypass the DC plate current from the audio transformers, weighed 12 tons.
The high capacity to ground of such massive components made both RF and
broadband audio designs difficult. The initial expense and the cost of the power
consumed were very high. These difficulties and other problems led Bell Lab-
oratories engineers to look for other ways to achieve high power and high
efficiency. A most ingenious solution was discovered late in 1933 by W. H.
Doherty at the Whip?any radio laboratory, which had become the center for
high-power work.'"!

The day-long efficiency of an AM transmitter is essentially that realized with
little or no audio signal modulating the carrier. The trick was to make this
idling efficiency very high, while still retaining the capability of delivering the
much higher peak power required at the maximum audio level (100 percent
modulation). Doherty’s amplifier achieved high efficiency by obtaining the un-
modulated carrier from one of two output stages operating into a load impedance
twice as high as the optimum for a fully modulated carrier. Power above the
unmodulated level—that is, on the positive swings of the audio signal—was
then obtained by bringing into play on a dynamic basis the second stage, which,
in the absence of audio, was biased well beyond cutoff. Had the two tubes
been simply connected in parallel or push-pull, this supplementary action would
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not have been possible, since the contribution of power by the second tube
would only have raised the apparent impedance into which the first tube was
working and thus reduced its maximum possible output power by an equal
amount. Doherty’s stratagem was to employ a quarter-wave impedance-in-
verting network to reverse this effect, reducing the impedance seen by the first
tube. While still operating close to its maximum possible plate-voltage swing,
the first tube could deliver more current, and hence more power, to the load.
At the instantaneous peak of modulation, the two tubes shared the load equally,
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Fig. 3-7. The Doherty amplifier. (a) At the instantaneous peak of a fully
modulated wave, each tube faces its optimum impedance R and, at its
maximum voltage swing E, delivers its maximum power E?/R as in a
conventional linear power amplifier. At lower instantaneous outputs, the
contribution of tube 2 is reduced, and at unmodulated carrier output
(one-fourth of the peak power), the impedance-inverting network finds
itself terminated in R/2 @ and thus presents to tube 1 an impedance of
2R, which enables tube 1 to deliver the carrier power E*/2R at its full
voltage E, and consequently full efficiency. [Doherty, Proc. IRE 24 (1936):
1173.] (b) Envelope waveforms in the Doherty amplifier at unmodulated
carrier output and with a fully modulated wave.
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each working into its optimum impedance [Fig. 3-7]. Since the quarter-wave
impedance-inverting network shifted the phase 90 degrees, another network
was inserted in the grid circuit so that the grid excitations on the two tubes
would also be 90 degrees apart. In other respects, the system operated as a
conventional linear power amplifier. It was applicable to single-sideband te-
lephony, as well as to AM broadcast transmitters, and lent itself to the use of
negative feedback for achievement of high fidelity.

The Doherty principle was immediately adopted for a new line of transmitters
beginning with a 50-kw AM broadcast radio transmitter, the No. 407A-1, em-
ploying two of the new 100-kw tubes in the output stage [Fig. 3-8]. The power
stage achieved the expected 60-percent efficiency compared to 33 percent in
conventional linear transmitters. With 30 dB of negative feedback, it was pos-
sible for the first time to reduce AC filament hum in the high-power tubes to
a level where separate DC generators for filament and grid-bias supply were
no longer necessary. Two transmitters made by the Northern Electric Company
from the Western Electric design were installed in Canada in late 1937 and
early 1938. Western Electric’s first production set was placed on the air a few
months later at Station WHAS in Louisville.”> Many others went into service
in the next few years. Meanwhile, the principle was applied in new 5-kw and

Fig. 3-8. The two-tube output stage of a Doherty am-
plifier for a 50-kw AM broadcast transmitter. The in-
ventor is at the right.
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1-kw transmitters, and was adopted by several other transmitter manufacturers
under Bell System license. For the 1-kw transmitter, of which large numbers
were sold, a modification of the high-efficiency scheme was devised, in which
the two tubes were subjected to a constant RF drive and their grid biases varied
at the audio frequency, reducing the number of stages in the feedback loop.™*

During this time, interest in super power (500 kw or more) continued. Much
of the preliminary design work on a 500-kw Doherty amplifier was carried out
at the Whippany laboratory, including testing of early models of a new tube
having a peak power capacity of over 250 kw. This was the most powerful
sealed-off vacuum tube that had ever been made, with a three-phase tungsten
filament consuming 17 kw. Several of these tubes, coded the No. 320A vacuum
tube, were successfully made at the Bell Laboratories West Street laboratory
and eight were installed in a 500-kw transmitter using the Doherty circuit
under license. This transmitter, built in Mexico by the Continental Corporation,
operated for several years with no tube failures. The market for the No. 320A
vacuum tube disappeared, however, when the FCC decided to limit broadcast
power in the United States to 50 kw, requiring Station WLW in Cincinnati to
cut back to that level and ending the quest of the clear-channel stations to
augment their coverage by this means.

V. FREQUENCY-MODULATION RADIO

The late 1930s and early 1940s saw another radio-broadcasting development
that was to prove of major importance—the advent of wideband FM. Interest
in FM was almost as old as radiotelephony. J. R. Carson of AT&T had shown
mathematically in 1922 that modulation of the frequency of a carrier wave,
even by very small amounts, could not conserve frequency space, an important
objective in his time. What was not then foreseen was the possibility, or even
the desirability, of improving transmission through the expenditure of frequency
space. This was the great and imaginative contribution of the inventor E. H.
Armstrong. Armstrong deduced and demonstrated that by employing wide
frequency swings, easily accommodated in the relatively unused very-high-
frequency (VHF) band above 30 MHz, interference could be suppressed to a
high degree.!® The key to Armstrong’s discovery was the fact that, as long as
a disturbing signal is weaker than the desired signal, the phase of their resultant
can scarcely be disturbed by more than about one radian, while the phase shift
due to modulation can be many radians. Thus, if an audio signal of 1 kHz is
allowed to swing an RF carrier £75 kHz—the swing that was finally stan-
dardized upon as a maximum—then the deviation ratio and consequent
suppression of phase disturbances are on the order of 75 to 1. Amplitude dis-
turbance can be removed by an instantaneous limiter and the original modu-
lating signal recovered by a discriminator. A discriminator is a simple network
in which the output signal amplitude varies linearly with the input frequency
within the deviation range, thus furnishing, when rectified, the original am-
plitude and frequency variations of the audio input.

Armstrong’s revelations, supported by many tests by himself and others,
were something of a sensation in the broadcast field, offering a method of
greatly improving the quality of local broadcast coverage with relatively low
power. There were many advantages. The short wavelengths in the VHF band
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permitted high antenna directivity in the vertical plane with small structures
and with consequent enhancement of effective radiated power. The absence
of sky-wave transmission (reflections from the ionosphere) made it possible to
duplicate channel assignments at relatively short distances. Perhaps most ex-
citing to a generation just becoming aware of the possibilities of high fidelity,
was the prospect of low-noise, wider-audio-band programs, since the RF spec-
trum occupancy required was determined primarily by the deviation of the
radio-frequency carrier rather than by the highest audio frequency.

Bell Laboratories engineers quickly recognized the potential advantages of
wide-swing FM for broadcasting, and Western Electric promptly negotiated
with Armstrong for rights to build FM equipment for the 40-MHz range. Ex-
perience with shortwave transmitters for transoceanic service had already pro-
vided some of the necessary tube and circuit background. (See Chapter 2.) FM,
however, presented a new problem in stabilization of the mean carrier fre-
quency, since it was not possible to vary the frequency of a crystal oscillator
over the range required for modulation. Armstrong had handled this problem
by phase modulating the output of an oscillator, then heterodyning down to
low frequency (shifting the mean frequency, but not the frequency swing) to
increase the phase deviations. Multiplying up again (that is, multiplying both
the mean frequency and the deviation) increased the consequent total phase
multiplication thousands of times. Another approach involved direct modulation
of a high-frequency oscillator and frequency determination and control by a
precise, temperature-controlled discriminator with an auxiliary crystal oscillator
as a reference.

The Bell Laboratories approach was to separate completely the functions of
modulation and of carrier frequency control. A circuit to achieve this was in-
vented by J. F. Morrison in the late 1930s [Fig. 3-9].° In this scheme, a vacuum-
tube oscillator operating at one-eighth of the final carrier frequency was fre-
quency modulated by a reactance-control tube. (In a reactance-control tube,
the capacitive reactance of the tube varied in proportion to the magnitude of
an input signal.) The oscillator frequency was made to follow the signal am-
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Fig. 3-9. System block diagram for synchronized FM frequency control.
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plitude by making this reactance part of the tuned circuit. The circuits were
carefully designed to pive extremely low distortion and wide frequency response.
A sample of the oscillator output was then divided down by a factor of 2°
(= 1024) in a series of simple frequency dividers.'” This large division trans-
formed the character of the wave spectrum to one having, in effect, almost a
single frequency in the 5-kHz range with only small phase excursions. This
frequency was then compared with that of a crystal oscillator, and their dif-
ference, if any, was fed to a small two-phase synchronous motor actuating a
variable capacitor in the primary frequency-modulated oscillator circuit. The
small phase excursions were suppressed by the inertia of the mechanical system
and a deadbeat synchronism achieved, in contrast to the inevitable small fre-
quency error characteristic of other control systems. Morrison's system, named
Synchronized Frequency Modulation by Western Electric, was incorporated in
a 1-kw FM transmitter, the No. 503A-1, 15 of which went into broadcast service
before World War II. All 15 were destined for conversion, by means of an
added frequency-doubler stage, to the new FM band (88 to 108 MHz) after
the war. Before full-scale hostilities broke out, diverting the energies of most
broadcast engineers to urgent military work, a 10-kw amplifier was designed
for addition to this set.

VI. THE POSTWAR YEARS

The wavelengths of the FM band, about 3 m long, made it possible to design
directional antenna arrays of relatively small dimensions. What was desired
was an antenna with a uniform pattern in azimuth, but high concentration in
the vertical plane. However, even the moderate size of a multielement FM
band array made these structures inconveniently large for laboratory work.
The utility of higher-frequency, physically scaled-down models had been dem-
onstrated in the earlier testing of the rhombic antenna for shortwave overseas
transmission. (See Chapter 2, Section 2.1.) By taking advantage of skills acquired
during the war in a new frequency domain at thousands of megahertz (the
microwave range), P. H. Smith constructed and measured models of an antenna
he invented for the new FM band at 88 to 108 MHz on a scale of one-tenth.'®*
Earlier forms of radiating systems for giving azimuthally uniform patterns of
horizontally polarized waves had been based either on the “turnstile” or ro-
tating-field principle involving quadrature-fed dipoles, or on attempts to es-
tablish rings of uniform current as elements in a vertical array. These approaches
were electrically and mechanically complex, a complexity which Smith elimi-
nated with the cloverleaf antenna, constructed of galvanized steel throughout
and employing no insulators [Fig. 3-10]. Designated No. 54A, the antenna used
a one-foot-square lattice tower as the outer conductor of a skeleton coaxial
transmission line, the inner conductor being a three-inch pipe. The latter was
rigidly supported at half-wavelength intervals by clusters of radiators in the
form of a four-leaf clover. Each leaf consisted of a two-inch-diameter curved
pipe securely attached at one end to the central pipe, and at the other end to
one of the corners of the tower. These pipes behaved somewhat like quarter-
waves lines terminated only by the radiation resistance of the outermost portion
of the leaf. Thus, the structure was extremely rugged and lent itself to easy
erection.
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Fig. 3-10. The No. 54A antenna for FM broadcasting, shown in
the process of installation. Insert indicates current flow in the four
‘leaves’ of each radiating element or cluster. [Smith, Proc. IRE 35
(1947): 1557.]

In accordance with transmission-line theory, the half-wavelength spacing
of the clusters assured equal potentials at all the connecting points. The phase
was also identical, except for the phase reversals, which were taken care of by
reversing the leaf direction at successive clusters. The currents flowing in the
outermost or radiating portions of the clusters were then all identical, irrespective
of mutual impedances between clusters, since the current at the terminating
end of a quarter-wave line is a function of the driving-end potential only. As
a result, the power gain was a linear function of the number of elements. In
azimuth, the field strength was uniform within +0.2 dB [Fig. 3-11]. The rug-
gedness and simplicity of design and the freedom from insulators resulted in
a structure that would withstand high wind velocities and heavy icing loads,
with full protection against lightning surges. Sleet melting was easily accom-
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Fig. 3-11. Vertical radiation pattern of a five-element cloverleaf antenna, as measured on a
precise one-tenth scale model. The five-element array provided three times the gain of a single
element.

plished with heating cables inside the tubular radiating elements, requiring no
filters. The No. 54A antenna, with deliveries beginning in mid-1946, proved
a popular choice in the rapidly expanding market for FM broadcast equipment.

Smith had originally been a member of the Radio and Vacuum Tube Research
Department, where he took part in the early development of transmission lines
and directional antennas for the shortwave overseas circuits. In 1931, he had
devised a transmission-line calculator that gave the input impedance of a trans-
mission line of any length for any terminating impedance. In a more advanced
form, this became universally used and known as the Smith Chart [Fig. 3-12].%

A high-priority project in the post-World War II program was a new 10-
kw transmitter for the new FM band at 88 to 108 MHz. Coded the No.
506A-2 transmitter, it made its appearance in mid-1946. This transmitter used
forced air instead of water cooling of the anode of its single output tube, a
thoriated-filament triode operating at 8500 v. In a conventional circuit, the
large capacitance to ground of the anode fin structure of a high-power, air-
cooled tube entailed high circulating currents with high losses and some band-
width limitation. These effects were reduced in the new circuit in which the
anode was at RF ground, with the output taken from cathode terminals.”

In conventional circuitry, if the cathode of a vacuum-tube amplifier was
made the output terminal, the stage was known as a cathode follower and had
no voltage gain because of the feedback action. In the new circuit, this feedback
action was circumvented by running the grid drive up through the inside of
the tubing of the cathode output tuning inductance, which in the range from
88 to 108 MHz was the center conductor of a short-circuited coaxial line [Fig.
3-13]. Thus the circuit behaved as a normal triode amplifier with full gain. As
an additional advantage, since the anode was at RF ground, the inductance to
neutralize the grid-plate capacitance also consisted simply of a grounded coaxial
stub. The No. 506A-2 transmitter had an audio-frequency response flat to less
than 0.5 percent and an FM noise level 65 dB below the carrier.

As part of the FM transmitter work, Bell Laboratories engineers developed
amethod for accurate power and impedance monitoring for use by FM broadcast
station operating personnel. An assembly of two directional couplers sampled
the current and voltage in the antenna-feed coaxial line and provided a direct
reading of the power flow in the forward direction. A similar pair, poled to
measure the reflected power, gave a simple indication of the impedance match
to the antenna. The power and impedance monitor filled a serious need and
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Fig. 3-12. The Smith chart transmission-line calculator. By means of the chart, the input
impedance and standing-wave ratio may be determined for a transmission line of any length
terminated in any impedance, [Smith, Electronics 12 (1939): 31.]

was made available to the field generally, as well as in association with the 10-
kw transmitter.”>*

The RF grounded-anode, air-cooled approach was also used for a new AM
transmitter in the 5- to 10-kw range. This transmitter also had built-in means
to cope with a long-standing problem. The impedance of a broadcast antenna,
especially an array, often varied widely over the transmission band, adversely
affecting the performance of the transmitter. The new “5-10" transmitter in-
cluded a variable phase shifter or “line stretcher” in the output circuit to permit
reorientation of the impedance-frequency characteristic of any sharply tuned
load.* From a Smith chart plot of the measured impedance into the coaxial
antenna feed, the station could be furnished with the data for setting the op-
timum phase shift, even under power [Fig. 3-14]. This method of coping with
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Fig. 3-13. The grounded-plate amplifier, invented for the original 40-
MHz FM band. It became especially simple for the band from 88 to 108
MHz, where all tuning was done with coaxial stubs. The grid drive was
given a ‘free ride’ up to the high-RF output potential of the cathode by
running it up through the center tubing of the output tuner.

the antenna impedance problem, the last major Bell contribution to the tech-
nology of broadcast transmission, was to serve AM transmitter designers and
antenna system designers for many years.

When the years 1947 and 1948 brought a buildup instead of a decline in
military work, it became necessary to re-examine the Bell System’s position as
a supplier of commercial products, of which broadcast transmitters and broad-
cast studio equipment were the prime examples. Urgent developments, such
as microwave radio and the deep-sea telephone cable, were also in need of
experienced engineers. It was determined that Bell Laboratories should hence-
forth concentrate its research and development resources on Bell System work
and government-sponsored projects whose nature pointed to Bell Laboratories
and Western Electric as especially qualified participants. A factor in the decision
was the expected replacement of the Bell System’s high-power HF radio by
multichannel, deep-sea, repeatered cables as the primary medium of trans-
oceanic telephony.

A small group of engineers was selected to carry on with Western Electric’s
broadcast installation and servicing responsibilities as members of Western
Electric’s Field Engineering Division. The prototype models of the new ““5-10"
AM transmitters, with parts already purchased for a quantity of these, were
sold to the Continental Corporation, which was to become the world’s leading
manufacturer of high-power radio transmitters. Western Electric’s high-power-
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tube designs were turned over to Machlett Laboratories; microphone, loud-
speakers, and disc-reproducing equipment to the Altec Co.; and studio control
equipment to Daven. Thus ended an era of more than 25 years of the Bell
System'’s vigorous promotion of high-power broadcast radio.
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Chapter 4

Negative Feedback

I. THE INVENTION

“ Although many of Harold Black’s inventions have made great impact, that
of the negative feedback amplifier is indeed the most outstanding. It easily
ranks coordinate with [L.] de Forest’s invention of the audion as one of the
two inventions of broadest scope and significance in electronics and commu-
nications of the past 50 years. . . . Without the stable, distortionless amplifi-
cation achieved through Black’s invention, modern multichannel transconti-
nental and transoceanic communications systems would not be possible.” The
quotation is from a 1957 speech by M. . Kelly, President of Bell Laboratories,
on the occasion of the presentation of the American Institute of Electrical En-
gineers (AIEE) Lamme Gold Medal to H. S. Black [Fig. 4-1].

This epochal invention was not ““a solution looking for a problem.” It was
the outcome of years of effortby an inventive engineer, first to understand the
problems of long-distance transmission and then to find ways to solve them.
In 1921, Black, newly employed in the Engineering Department of Western
Electric, was looking beyond the three-channel carrier telephone systems then
being designed for use on open-wire lines. He foresaw future systems carrying
many more channels over greater distances with many more repeaters in
tandem.

One characteristic of vacuum-tube amplifiers was looming as a major prob-
lem. The plot of output plate current versus input grid voltage was not a straight
line, but was curved-—that is, the tubes were inherently nonlinear [Fig. 4-2}.
As a result, the output waveform was not an exact amplified replica of the
input. With a single frequency input, it contained harmonics of the input fre-
quency, as well as the amplified original. With a speech signal input, there
would be harmonics and many other intermodulation products of all its many
components, With a single voice signal, if the signal was not too large and was
confined to the more linear portion of the curve, these unwanted products
were not too troublesome. When several voice signals were applied simulta-
neously in a common amplifier, the nonlinearity produced a great many prod-
ucts that fell into all the channels to varying degrees. Some of these were
noiselike, but some appeared as transfers of completely intelligible voice signals
from one channel to another. All products, noiselike or intelligible, had to be
held to very low levels to meet the standards of high-quality transmission.

Clearly, the more voice channels that were applied, the more products pro-
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Fig. 4-1. H.S. Black holding one of the condensers from a negative-feedback amplifier being
tested in 1930.

duced. Also, as more channels were carried, higher frequencies were needed
with higher line losses and hence more closely spaced repeaters [Table 4-1].
The implication is clear. If a system can tolerate only a certain total accu-
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TABLE 4-1: Toll Repeater Development
Channels Loss in dB Repeaters
System Date per Pair (3000 Miles) (3000 Miles)
1* Transcontinental 1914 1 60 3-6
2™ Transcontinental 1923 1-4 150-400 6-20
Open-wire Carrier 1938 16 1,000 40
Cabile Carrier 1936 12 12,000 200
First Coaxial 1941 480 30,000 600

[Bode, Proc. Symp. Active Networks and Feedback Systems 10 (1960): 5.]

mulation of undesired modulation products, then each repeater can contribute
only its pro rata share. As system channel capacity and loss increase, the re-
peaters must become more and more linear,

In 1921, Black wrote a memorandum evaluating the effect of both more
channels and more amplifiers. Although only three-channel carrier systems
had been used by that date, he carried his analysis to systems with thousands
of channels and transcontinental lengths. Intrigued by the problem of achieving
ultralinearity, he asked to be allowed to work on improved amplifiers. His
supervision was understandably somewhat bemused by the scale of his thinking,
given the difficulties they were having making a system with only 3 channels
and 10 or 12 amplifiers work, but he was granted permission to work on im-
proved amplifiers, providing it did not interfere with his other assigned work.

The problem was even tougher than Black first thought. In his analysis, he
had assumed that the distortion products from successive amplifiers would add
in random phase. If this were so, he would get a root-mean-square addition
of the distortion products. Thus, if there were 1000 amplifiers in tandem with
random phase, each could contribute 1/30 the total permitted distortion. His
associate, R. V. L. Hartley, quickly pointed out that a very important class of
products, those arising from third-order distortion of the amplifier's transfer
characteristic, would add in phase. Under this condition, each repeater could
be permitted to contribute only 1/1000 the allowable total. If, under his original
assumption, he was seeking a 30-dB reduction in the third-order distortion, he
would now need a 60-dB improvement.

Of course, designers at the time were not thinking in terms of systems with
1000 amplifiers. The amplifiers available were barely adequate for the systems
in use, requiring only 10 or 20 amplifiers, and attempts to improve them by
straightforward means were not proving fruitful. By the late 1920s, the proposal
for a multichannel system on paired cable, with its high loss and consequent
large number of repeaters, confronted them with the need for an improvement
by a factor of 100 (20 dB). This was far beyond any prospect in view with the
technologies of 1925.

1.1 Feedforward and Feedback

Black later described events in a private letter to A. C. Dickieson, his associate
in the 1920s:
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. . . The job as I well knew required an amplifier vastly superior to any then existing.
Many other researchers were aware of this need. Like the others my first approach was
to try to linearize the tube characteristic. Dr. Kelly cooperated with me closely in an
endeavor to provide an adequately linear tube characteristic but all to no avail.

In the course of this work I attended a lecture by C. P. Steinmetz at an AIEE meeting
and was impressed by the Steinmetz way of getting down to the fundamentals of a
problem. As a result I restated my assignment as being that of removing distortion
products from the amplifier output. I immediately observed that by reducing the output
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to the same amplitude as the input and subtracting one from the other, the distortion
products only would remain which could then be amplified in a separate amplifier and
used to cancel out the distortion products in the original amplifier output. . . Thus, the
Feedforward Amplifier came into being.!

The feedforward amplifier was reduced to laboratory practice in March 1923,
and worked as expected [Fig. 4-3]. However, it called for precise balances and
subtractions that were hard to achieve and even harder to maintain, especially
over a wide band of frequencies. The feedforward amplifier reenters this history
in a most extraordinary way in the development of single-sideband microwave
radio in the 1970s, but in the 1920s, it was only a step on the way, not the
solution. (See Chapter 11, Section IV.)

Black continued to wrestle with the problem for several years with little
success. Finally, on August 2, 1927, while on the Lackawanna Ferry crossing
the Hudson River on the way to work, he had a flash of insight, famous in the
annals of Bell Laboratories. He suddenly realized that by employing “negative
feedback,” that is, by inserting part of the output signal into the input in reversed
phase, virtually any desired reduction in distortion could be obtained by a
sacrifice in amplification. He sketched the diagram and scribbled the basic
equations on a page of the New York Times he was carrying. He had it witnessed
upon arrival at his office; negative feedback had been invented [Fig. 4-4].

The circuit invented was deceptively simple, with some extremely valuable
properties. All that Black had time to sketch on the ferryboat was the circuit
and basic equations. An amplifier with a forward gain of u has the output fed
back to the input through a network with the loss 8. The gain is shown to be
reduced by the factor 1/(1 — pf). By itself, the equation was not very illumi-
nating, but in subsequent analysis, Black showed it was the key to the whole
matter [Fig. 4-5]. The gain with feedback becomes u/(1 — pug). This gain re-
duction is the price paid for two extremely important advantages. If u8 is large
compared with 1 (and for 40-dB feedback, u8 = 100), the amplification factor
reduces to 1/-@. That is, the net gain is dependent only on the 8 network. If
this is passive and stable, as it usually is, the variation in the active amplifier
gain caused by power-supply voltage variations or by aging in vacuum tubes
is virtually eliminated. Also, the overall gain-versus-frequency characteristic
can be shaped by the designer in the 8 network by the techniques of passive
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Fig. 4-5. Feedback relations and the reduction
of distortion.

network design to match, for example, the loss characteristics of the transmission
line. The second term in Equation (3) shows that, at a given output signal level,
the distortion introduced by the amplifying element is also reduced by the
factor 1/(1 — u@). This was the key to ultralinear amplification, the prize sought
by Black.*

The soundness of his insight was quickly demonstrated, and in the next few
months he and his coworkers were able to demonstrate reductions in distortion
on the order of 50 dB (100,000 to 1). The big advantage of feedback over
feedforward was that it was self-correcting. Any change in the g amplifier was
automatically corrected by a corresponding change in the feedback signal. Black
recognized that the invention had far-reaching implications, extending much
beyond telephone amplifiers. An elaborate patent application, consisting of 52
pages with 126 claims and hundreds of figures, was drawn up and submitted
in 1928. There were long, drawn-out dealings with the United States Patent
Office because the principles seemed diametrically opposed to much of the
accepted theory of the time. Black persisted, however, refusing to back down
on a single claim, and the patent was granted in December 19372

* Strictly speaking, nonlinear circuits cannot be analyzed precisely by the dodge of introducing
“distortion generators,” such as D, and carrying out an otherwise linear analysis. Feeding
back the distortion products, along with the amplified input signal, generates additional dis-
tortion products in the nonlinear elements. The feedback is slightly less effective than the
linear analysis indicates.
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II. REALIZATION

That was the inspiration; then came the perspiration. The path from the
insight and initial demonstrations to the realization of practical amplifiers was
a long and arduous one. For one thing, the conclusions drawn from Black’s
discoveries assume a stable system, that is, one that would not oscillate. But
experience showed that when the output of an amplifier was connected back
to the input, the system usually broke into violent oscillation. The conditions
controlling stability, or nonoscillation, were of primary importance and were
not fully understood in 1927. Designers did understand that both x and 8 are
vector quantities, that is, they have a phase value as well as amplitude. What
they wanted was a large negative uf over the useful band, that is, feedback in
such phase that 1 — u8 would be a large positive quantity. As long as this was
true, the circuit was useful and stable. If an amplifier with 30 dB of net gain
was needed, with distortion 20 dB better than a nonfeedback circuit, it was
necessary to design a u circuit with 50 dB of gain and a § circuit with 30 dB of
loss. Under these conditions, the uf loop gain (the amount of feedback) was
20 dB. But a large gain around the uf loop could not be maintained over an
infinite band of frequencies. Inevitably, because of the physical limitations of
the components, the gain dropped, and the phase shifted at higher frequencies.
In practical multistage amplifiers, the phase shift ultimately reached and ex-
ceeded 180 degrees. That is, the so-called negative feedback became positive.
If at such frequency the magnitude of p8 = +1, then 1 — B = 0 and the gain
became infinite—obviously an unstable condition.

Designers of oscillators knew from experience that the transmission around
the loop did not have to be exactly unity (u8 = +1) for sustained oscillations.
Ordinarily, if at the frequency of a 180-degree phase shift there was loop gain
(uf > 1), oscillations would start and grow until the system started to overload,
that is, until the tube gains were reduced. At some amplitude, this would reduce
the loop gain to unity, producing a stable and sustained oscillation. Black pos-
tulated that, if the gain around the loop could be reduced to a loss (u8 < 1)
before the phase shift reached 180 degrees, the system would not oscillate.

It was not difficult to meet this condition in a simple single-stage amplifier,
but much more gain was required than was available in a single stage, since a
large amount of gain had to be sacrificed to improve the linearity by feedback.
When circuits were designed to reduce the large gain above the useful band,
large phase shifts resulted, with instability as a frequent consequence. Black
and his early coworkers did not have the knowledge of network theory relating
the changes in phase and gain of the g8 loop with frequency. That was to
await H. W. Bode’s work in the last half of the 1930s. It was clear, however,
that, if the cutoff was too rapid, the phase quickly exceeded 180 degrees; the
reduction in gain had to be gradual, over an extended frequency range. Feed-
back-amplifier designers would have to control transmission around the feed-
back loop to well above the useful passband—perhaps to frequencies 10 or 15
times higher than the top of that band. In the search for this design, they
encountered a host of problems.

For one thing, the device, component, and assembly techniques of that time
were ill suited to such broadband applications. The vacuum tubes in common
telephone-repeater use were filamentary triodes with very low gain per stage
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and with large grid-plate capacitance, which introduced an unwanted local
feedback loop in addition to the one desired. Designers experimented with
4-, 5-, and 6-stage amplifiers, trying to achieve enough gain so they could
sacrifice the desired amount to feedback. They were continually defeated by
the inevitable large phase shifts associated with so many stages, plus a mul-
tiplicity of unwanted couplings caused by grounding and shielding problems.

Operating the filaments of four vacuum tubes in series on the 24-v office
battery added one more very annoying and unwanted coupling. The telephone-
transmission designers pressed the vacuum-tube designers for more gain per
stage and better high-frequency performance. In this they were joining hands
with other amplifier designers pushing for vacuum-tube applications in radio
systems, such as home receivers in the range from 500 to 1500 kHz, and high-
frequency radio in the range from 3 to 25 MHz. Improvement came first with
the indirectly heated cathode—an absolute requirement for home radio receivers
to permit AC operation and to get rid of storage batteries to heat filaments—
followed by the invention and development of a great variety of tetrodes and
pentodes to reduce plate-grid feedback. The passive components (resistors,
capacitors, inductors) in use in 1927 were mostly carryovers from the mechanical
switching technology—-large, cumbersome, and suited only to DC and low
frequencies. Grounding and shielding were primitive. Components were
mounted on equipment panels in an orderly array; wiring was in formed cables
laid along the panels and racks. Much of this had been worked out as an
advance over the hodgepodge assemblies of 1918 through 1920, but it was
deadly for high-frequency design. Feedback paths were often yards long, with
the inevitable accompanying phase shift.

III. DESIGN THEORY—NYQUIST’S CRITERION AND BODE'S
SYNTHESIS

During this struggle on the hardware side, the theorists were advancing the
understanding of negative feedback. (See another volume in this series, Com-
munications Sciences (1925-1980), Chapter 1, Section IV.) In a classic 1932 paper
called “Regeneration Theory,” H. Nyquist, using the concepts of complex-
function theory, made a landmark contribution to feedback theory by estab-
lishing the conditions under which a transient would grow (instability and
oscillation) or decay (stability and nonoscillation).? Nyquist's criterion is typically
used by designers in the form of a vector plot of ug@ [Fig. 4-6]. If the plot
encloses the point 1,0, the circuit is unstable and will oscillate; if it does not,
the circuit is stable. (It is interesting to note that there is a class of circuits in
which the gain may be greater than unity and the phase zero, that are nev-
ertheless stable [Fig. 4-7]. These conditionally stable circuits actually offer the
possibility of more feedback than the unconditionally stable class but are tricky
to design and have found little application in telephony.) With Nyquist’s cri-
terion in hand, designers knew at last exactly what they were trying to do, and
had an ironclad analytic test to determine whether they had succeeded or not,
This knowledge was most helpful, but still left them with no straightforward
method to synthesize circuits to specified conditions, getting the most feedback
obtainable with prescribed margins against instability. The great advance on
that front was the contribution of Bode.
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Fig. 4-6. The Nyquist criterion—a vector plot of 8 for
a stable loop. [Bode, Proc. Symp. Active Networks and Feed-
back Systems 10 (1960): 8.]

During the early 1930s, work was started on the first carrier telephone system
on coaxial cable involving a passband of 1 MHz or more, with the prospect of
several hundred repeaters in tandem. (See Chapter 6.) This was by far the most
ambitious feedback-amplifier design of its time. In 1934, as part of this project,
Bode was asked to design a variable equalizer to compensate over a considerable
range for the effect of temperature variations in the coaxial line. This was a
fairly difficult problem in itself, but it was also proposed that the equalizer be
inserted in the feedback path (8 circuit) of a feedback amplifier, which was
otherwise already designed, without causing instability. Bode wrestled with
this difficult problem for a long time, concentrating on his equalizer, without

Fig. 4-7. The Nyquist criterion—a, stable; b, unstable; c,
conditionally stable. {Bode, Proc. Symp. Active Networks and
Feedback Systems 10 (1960): 9.]
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success. He then began to tinker with the input and output circuits and inter-
stages of the amplifier. Finally, he found a solution, but only by redesigning
the complete feedback loop. There was no other way to meet the equalization
and stability requirements simultaneously.

As aresult, Bode addressed his attentions to “several simple relations between
the gain around an amplifier loop, and the phase change around the loop,
which impose limits to what can and cannot be done in a feedback design.”*
Bode not only defined these limits, but showed how the powerful tools of
network theory can be used in the synthesis of stable amplifiers designed to
meet desired objectives. In the final analysis, the very-high-frequency gain of
a vacuum-tube amplifier is determined by the shunting capacitance of its ele-
ments to ground. There is a high frequency above which the amplifier will
have less than unity gain (0 dB) working into its own parasitic capacitances.
Working back from this asymptote, Bode showed exactly how to design to
meet specified margins in gain and phase to prevent oscillation and, given
those margins, how much feedback could be realized for any bandwidth.’
Designers were at last on solid ground.

Bode’s analysis confirmed and quantified the earlier realization concerning
the wide frequency band that must be controlled. If the phase shift may not
exceed 150 degrees (30-degree phase margin) until the loop has the desired
loss margin, then the rate of cutoff cannot exceed 10 dB per octave. If the
desired loss margin is 10 dB and the in-band feedback desired is 40 dB, then
the cutoff must extend over five octaves—a factor of 32 [Fig. 4-8]. The designers
of a so-called 1-MHz amplifier found themselves required to design and control
performance from very low frequencies to about 30 MHz, no easy task with
the instruments and components then available, but inescapable with the con-
straints their hard-won knowledge placed on the art.

Negative feedback has become ubiquitous in all fields of communications,
and its use in other areas, such as industry, military, and consumer electronics,
far exceeds the use in telephone communications. Black recognized early on
other fields of applications. He foresaw that the understanding developed in
connection with electronic amplifiers could be carried over and applied to me-
chanical or acoustical systems as well. After all, feedback systems were not
new to the world—there were examples all around: the sailor steering a ship
by compass, the whirling balls controlling a steam engine. It was because of
this perception that he insisted that the claims in his patent be written very
broadly, and why he worked so tenaciously with the United States Patent
Office to keep the broad applicability as granted.

Since the invention, applications have grown in a spectacular way. Modern
control systems, essential to automation in an enormous variety of fields, would
not be possible without the application and understanding of feedback. Within
Bell Laboratories, the principles have been extended and applied to fields as
diverse as military gun control and rocket guidance. All these systems must be
carefully designed to prevent them from becoming dynamically unstable. The
necessary theory and design techniques were developed mainly at Bell Labo-
ratories and were made freely available to the electronics and control industries.
The invention has endured as a major technical milestone for almost 60 years,
and seems certain to rank as one of the major inventions of the 20th century.
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Chapter 5

Carrier on Cable

I. INTRODUCTION

The invention of negative feedback could not have come at a more auspicious
time. During the last half of the 1920s, system growth was extraordinarily
rapid; the major growth facility in these years was voice-frequency, loaded,
repeatered cable. By the end of the 1920s, circuits in cable accounted for over
60 percent of the network voice-circuit mileage. This growth in capacity was
accomplished partly by extension of the cable network to new areas, but also
by enhancements in the capacity of existing routes. The increase in traffic along
the busiest routes constantly pressed on the capacity of the facilities. Just as
the increase in traffic had outgrown the capacity of the earlier open-wire lines,
it now threatened to outgrow the capacity of the recently installed cables. Since
carrier had proven so useful in increasing the capacity of open wire, it was
only natural that system designers should consider carrier as a means to increase
the capacity of cable. As early as November 1927, Bell Laboratories and AT&T
engineers analyzed the possibility of adding one or two carrier channels over
voice on the side circuits in a cable quad (four wires, two twisted pairs twisted
together). The difficulties were formidable. Not only did amplifiers of the re-
quired stability and linearity not exist (this was before the general availability
of feedback amplifiers), but the designers, fresh from their struggle to deal with
cable crosstalk at voice frequency, recognized that crosstalk, perhaps more than
any other factor, would set a limit to the frequencies available. They concluded,
however, that if it were technically feasible, carrier did indeed promise savings
over the simple addition of wires to a route,

The studies continued. Early in 1928, designers considered the possibility
of deriving two voice circuits from the 8-kHz program channel for cable, then
in development. In May 1928, a report was issued on the prospect for carrier
on nonloaded or lightly loaded cable pairs. No. 16 gauge pairs were considered
necessary to offset the higher loss that would be met without the usual loading,
The loss of unloaded No. 16 gauge cable pairs was about 1.5 dB per mile at
20 kHz. There appeared to be no prospect of coping with the loss over the
normal 50-mile spacing between voice-frequency repeaters. Intermediate re-
peaters would be required at least at the 25-mile midpoint. On May 19, 1928,
a key meeting took place: H. Nyquist and others conferred with H. S. Black
on the properties of his improved amplifier with the objective of applying it to
the cable carrier problem. It indeed proved to be the key. In November 1928,

73
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a specific proposal was made for a field trial of carrier on nonloaded No. 16
gauge pairs in cable. One thousand miles of two-way circuit was to be derived
by looping pairs in 25 miles of cable. Repeaters would be spaced 25 miles apart,
and the system was initially planned for eight carrier channels in the band
from 4 to 36 kHz. Acceptance was prompt. Early in 1929, a complete devel-
opment program was outlinecd by A. B. Clark of Bell Laboratories that included
extensive work on cable as well as electronics. As recorded in the notes of a
conference at AT&T headquarters in April, it was agreed that the development
should proceed as soon as possible “on a class A basis.”

Many problems had to be considered, especially about the cable itself. The
wonderful new amplifier had done nothing to alleviate the problem of crosstalk.
Ideally, it would have been best to accomplish two-way transmission within
single existing cables, but at an early stage, it was recognized that this was not
possible with the cables and technology of that time. Near-end crosstalk, the
coupling of the high-level, high-frequency output signals of an amplifier in
one direction into the low-level input circuits of the oppositely directed amplifier,
within the close confines of a single cable, ruled this out. Even if it were phys-
ically possible on a few specially prepared and located pairs, it would prove
unduly restrictive on every other system parameter. The useful band, the num-
ber of channels, the number of pairs that could be used, and repeater spacing
would all be severely restricted. It was necessary to use separate cables with
the shielding provided by metallic sheaths for the opposite directions of trans-
mission.

But even with the decision to use separate cables, many issues remained.
Could existing installed cables be used, or were new improved designs required?
Were No. 16 gauge wires required, or was No. 19 gauge satisfactory? (A gauge
increase of three doubled the amount of copper and always raised the simple
alternative of running more pairs.) Should cables of mixed gauges be planned?
Was there any role for loading? Should different structures be considered? The
so-called spiral-four quad (four wires, not paired, but twisted symmetrically)
was widely used in Europe and had 15 percent lower capacity per pair. What
role in the plant expansion would the newly proposed coaxial cable play? All
these, and a host of other problems, were studied and debated at length. The
urgency for speed remained strong, however, and, in February 1930, a decision
was reached to order and place 25 miles of conventional, quadded, paired
cable, including a substantial number of No. 16 gauge pairs sandwiched among
No. 19 gauge pairs for shielding.

Even after that decision, the study of, and experiments with, cable alternatives
continued for a year or two. As business conditions deteriorated in the early
1930s with the onset of the Great Depression, plant growth slowed abruptly.
This brought about renewed interest in the application of carrier to cables
already in place to defer the necessity of expensive new line construction, as
even the slow growth exhausted the capacity of existing lines. The slowdown
effectively ended the speculation about novel cable designs and larger-capacity
systems (up to 23 channels had been considered on carefully manufactured
cables of otherwise conventional design). Most of the experimental special
cables were not made in any appreciable quantity and ultimately the design
objective settled on 12 carrier channels, with application primarily to existing
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cables. A factor in this final position was the growing expectation that coaxial
cable would be equally economical, or even less expensive, for a much larger
number of channels, plus its prospect for carrying a wideband television signal.

Another issue that occupied much attention and was widely debated was
the need for and practicality of unattended repeaters. There was much effort
to avoid the necessity for them, and much of the continued interest in special
loading and novel cables lay in the prospect that unattended electronic equip-
ment might be eliminated, or at least reduced in quantity. Part of the concern
was economic and objective. The repeater stations would be fairly complex
and expensive. They would depend on none-too-reliable local 60-Hz power
and require expensive converters and backup power sources. But part of the
concern also lay in the attitude toward the still relatively new vacuum-tube
technology. By 1930, vacuum tubes had been made quite reliable, but memory
of the first struggling days was still fresh. Tubes were fussy compared to passive
apparatus; they failed and had to be replaced; amplifiers required frequent
adjustment. In system studies as early as March 1929, Nyquist had pointed
out the advantages of two, rather than one, unattended intermediate repeaters.
But in late 1930, alternatives involving continuous loading and very-high-power
repeaters were still being studied in an effort to eliminate unattended auxiliary
repeaters. No doubt the depressed economy was a factor in this as well, but
the success of the trial, which included a test of unattended equipment, finally
settled the issue. Unattended repeaters at about 17-mile spacings, two between
each of the existing attended voice repeater stations spaced at 50 miles, became
the accepted design.

The files on the development of cable carrier do not deal directly with the
collapsing economy of the time, but they bear sadly eloquent witness to the
impact of that disaster on the urgency of telephone developments. In early
1929, the need for speed was emphasized repeatedly. Decisions were promptly
made on cable structures, repeater equipment, and the trial site. In the summer
and fall of 1930, there was a renewed emphasis on total costs and savings,
and studies of light routes and slow growth reappear in the record. Early in
1931, estimates of growth were further reduced. In May 1931, a conference to
consider the site for an initial commercial installation following the trial ended
with the appointment of a committee to study the question. In June, Bell Lab-
oratories notified AT&T that the development of a nine-channel system could
be completed within the original cost estimate, but recommended further de-
velopment before standardization. The recommendation was accepted. An
analysis of the value of early completion showed little profit in having a com-
mercial design earlier than 1934. In the same month, a memo considering the
final configuration of the system suggested that an executive conference to
consider the subject be held in September! Clearly the pressure was considerably
reduced from the buoyant days of early 1929. Nevertheless, the development
work continued.

II. THE MORRISTOWN TRIAL

The site chosen for the first field experiment was Morristown, New Jersey,
located about 25 miles west of New York City on the existing New York-
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Chicago cable route.! Twenty-five miles of cable was installed in existing un-
derground ducts. The cable was looped, that is, both ends were in Morristown
with the two 12-1/2 mile sections laid out to the west, to a doubling-back
point [Fig. 5-1]. The cable, made specially for the test, contained 68 No. 16
gauge pairs in quads, in addition to a complement of No. 19 gauge quads. The
34 No. 16 gauge quads were connected in series to form an 850-mile, two-
way, four-wire circuit on which the carrier circuits were to be transmitted. Nine
carrier channels were derived in the band from 4 to 40 kHz. The modulators
and demodulators (modems) for the frequency translations used techniques
similar to those used in the three-channel carrier system for open wire
[Fig. 5-2]. (See another volume in this series, The Early Years (1875-1925), Chapter
4, Section 4.2.5.) All the repeaters, as well as the multiplexing terminal equip-
ment, were at Morristown.

Although the circuits were true two-way circuits, all transmission through
the cable was in one direction. The two 850-mile one-way pairs of the four-
wire circuit were established by appropriate interconnections (patching) at
Morristown. Connection to a cable end was therefore either high or low level,
but not mixed. Despite this, extreme care was necessary to keep crosstalk within
acceptable limits. Within the repeater station, the high-level transmitted signals
were at voltages and currents 300 times greater (50 dB, a factor of 100,000 in
power) than the low-level received signals. Careful segregation and shielding
were required to keep the in-station crosstalk paths within limits. A great deal
of emphasis and attention was devoted to the crosstalk issue, since, with the
feedback amplifier available, crosstalk, rather than stability or linearity, loomed
as the largest problem.

The experience with repeatered voice-frequency cable led the designers to
consider capacitive coupling between pairs as the principal crosstalk linkage.
To reduce coupling, they sandwiched the No. 16 gauge pairs between No. 19
gauge pairs, which acted as electrostatic shields. Far-end crosstalk was not
aggravated by the high gain of the repeaters, since all signals were treated alike
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Fig. 5-1. Diagram of the Morristown cable-carrier trial.
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and remained approximately alike in level at all points along the cable. But
even with the most carefully constructed new cable, and with the shielding
from the intervening pairs, far-end crosstalk did not meet objectives at the
high carrier frequencies. However, it was known that with unloaded pairs, the
crosstalk components coupled along the line into the disturbed circuit and the
disturbing signals all traveled at the same velocity, reaching the same points
at the same time. This made it possible to reduce the net crosstalk by balancing,
i.e., introducing reverse-phase coupling at a single point. In principle, this could
have been done at any place along the 25-mile section, In the field test, the
balancing was done at the looping site, the midpoint of the repeater section.
Balancing was accomplished by connecting small capacitors between every
pair and every other pair used for carrier. Balancing required a large array of
capacitors, but proved to be effective, to the extent that the intervening pairs
were found to be unnecessary [Fig. 5-3]. It was concluded that balancing could
be made effective over even wider bands than were used on the trial.

2.1 Transmission and Temperature Regulation

The 850-mile circuit had a loss of about 1300 dB in the middle of the band.
This unprecedented loss had to be compensated by the gain of the amplifiers
to within 1 or 2 dB over the entire band. By rigorous measures to exclude all
noise from external sources, the noise on the line was brought close to the limit
imposed by the thermal noise of the conductors and the somewhat greater
tube noise. To provide amplifiers with a power capacity much above 1 w would
have been very expensive and may not have been technically feasible, given
the other performance qualities needed. This was one of the major factors in
the decision to use intermediate repeaters. With the repeater spacing at Mor-
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ristown, it was possible, with triode amplifiers of moderate power, to keep the
signal levels high enough at the repeater input so that noise was not a significant
factor.

A major problem in the cable carrier system was the change in loss caused
by the temperature changes in the cable. For underground cables in the tem-
perate part of the United States, temperature varies by about +18 degrees F
around a mean of 55 degrees F. For a circuit of 1000 miles, this would result
in a loss change of about 100 dB; clearly, some form of transmission regulation
against temperature change was required. To cope with this at Morristown,
the designers included a pilot wire-regulation system, similar in principle to
systems previously used on repeatered voice-frequency cables [Fig. 5-4]. To a
fairly good approximation, transmission loss could be related to the DC resis~
tance of a pair of wires in the same cable as the transmission pairs. This pilot
wire was made one arm of a self-balancing Wheatstone bridge. The regulating
networks were designed so that the change in a single resistance caused the
network transmission loss to vary with frequency in the same way as the line
loss varied with temperature. The relay and motor-drive system was arranged
to rotate the shaft controlling the regulating resistances so that it followed the
shaft, adjusting the self-balancing bridge.

2.2 Results

Nine separate channels were transmitted successfully over the trial link
without difficulty due to intermodulation or excessive crosstalk. With amplitude
equalizers and the temperature regulation, fairly flat transmission over the fre-
quency band was achieved and maintained, although it was noted that the
equalization and regulation “‘presented intricate and difficult problems of de-
sign.””? Terminal multiplexing was accomplished by translating each voice signal
to the assigned line frequency in a single step by means of balanced vacuum-
tube modulators and the appropriate modulating carrier frequency. As in the
open-wire carrier systems, the carrier was suppressed by the balance of the
modulator, and only one sideband, selected by a channel filter, was transmitted.
Single-sideband, suppressed-carrier transmission kept the signal power and
the total frequency band required as low as possible. The translated voice signal
at line frequency was confined to its assigned slot by conventional coil and
capacitor filters.

The objective of the trial was to demonstrate satisfactory transmission over
circuits up to 4000 miles long, with as many as five links (i.e., lines and terminals)
in tandem. Transmission over transcontinental distances was envisioned from
the outset, and conclusions as to satisfactory or unsatisfactory performance
were made with respect to that objective. Tests of transmission over very long
systems, including repeated modulation and demodulation in the terminals,
were possible by connecting the 850-mile, carrier-derived channels end to end.
By such a linking, a voice band of 2500 Hz, from 250 to 2750 Hz, was realized
through five links in tandem. Finally, all nine carrier links were connected in
tandem for 7650 miles of two-way circuit, and the quality was found to be
satisfactory. As a last measure, all the lengths were connected to form a 15,300-
mile, one-way circuit, through which transmission was “not greatly impaired.”
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The line loss of this ultimate tandem link without amplifiers would have been
about 24,000 dB. (A popular occupation in those days was to note that such
ratios transcended other huge ratios, such as the size of the total universe
compared to the size of the smallest known particle of matter.)

The Morristown trials were eminently successful and demonstrated conclu-
sively that carrier on cable was indeed practical. In a sad epilogue, the article
describing the trial concludes, “Under the present economic conditions there
is no immediate demand for the installation of systems of this type,” followed,
however, by the brighter note that development work was being continued in
anticipation of ultimate commercial use.*

L. COMMERCIAL CABLE CARRIER—TYPE K CARRIER

Development did indeed continue toward a commercial system but with
significant changes in objectives from the trial system.” Transmission was to
be primarily over existing installed cable. The system was expanded from the
9 channels of the Morristown experiment to 12 channels, and the frequency
band changed from the 4 to 40 kHz of the trial to 12 to 60 kHz [Fig. 5-5]. The
band choice was an economic judgment, as there was no sharp technical lim-
itation to the frequencies that could be used at either end. Higher frequencies
increased the crosstalk problem and entailed higher loss, which made repeaters
more difficult to realize. A lower bottom frequency would increase the ratio of
bottom-to-top frequency and make the circuits more difficult to design. In par-
ticular, it would increase the problem of accurate compensation for temperature
changes. As in the experiment, the carrier channels were to be transmitted by
single sideband with suppressed carrier, at what was by then the standard
interval of 4 kHz. No voice circuits were applied below the carrier. These
changes intensified some of the old problems and brought some new ones into
prominence.

In the late 1930s, there was about 15,000 miles of cable installed, commonly
made up of No. 19 gauge wires, with repeaters at attended stations at about
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Fig. 5-5. Frequency allocation of Type K carrier and open-wire carrier telephone systems.
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50-mile intervals. With the loss of No. 19 gauge pairs at the carrier frequencies,
the existing amplifier art limited the spacing to a maximum of 19 miles. To
coordinate with the existing stations, two intermediate repeaters about 17 miles
apart, became the usual layout. Furthermore, about two-thirds of the existing
mileage was aerial cable, which was exposed to a temperature range (and cor-
responding change in loss) about three times greater than that for underground
cable [Fig. 5-6]. And, while the temperature of underground cable changed
only slowly with the seasons, the daily variation of aerial cable could be as
much as one-half of its much greater annual change. Regulation to maintain
constant transmission loss, therefore, had to cope with a much larger range
and with a rate of change several hundred times as rapid as was experienced
in the underground cable of the trial.

The overall objective remained—to realize high-quality transmission over
distances up to 4000 miles, and with as many as five links in tandem. Added
emphasis was placed on reducing the cost of the multiplexing terminals, as the
minimum distance at which the carrier system would prove economical was
largely determined by the terminal cost, which was, of course, a constant and
independent of the cost of the intervening carrier line. Low-cost terminals would
not only bring the economy of the carrier system to a broader field of application,
but would also increase the volume of production and help to reduce costs
further.5” Work continued through the 1930s with the new technical and cost
objectives in mind. In 1937, a commercial version was placed in service, on a
trial basis, on 150 miles of cable between Toledo, Ohio and South Bend, Indiana.
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Fig. 5-6. Attenuation of Nos. 16 and 19 gauge nonloaded cable pairs as a function of
frequency. Change in loss for No. 19 gauge pairs is shown for a typical range of aerial-
cable temperature.
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3.1 Crosstalk and Noise

Thermal and tube noise set an absolute lower limit to the level to which
signals could be allowed to fall. At the repeater output, the high linearity of
the feedback amplifiers kept intermodulation between channels satisfactorily
low, even at levels close to overload. The system was roughly in balance with
respect to the major parameters of bandwidth, noise, intermodulation, and
crosstalk, but the eatly state of system-design technology, and the relatively
uncharted territory of the existing cable plant in the new frequency range pre-
vented a truly quantitative optimization. Crosstalk, in particular, continued to
be a major concern. It required a great deal of effortand some special measures
to keep it within tolerable bounds.? Careful shielding at repeater stations, and
special filters where branch cables or open-wire lines connected to the main
cable were always required. As in the experiment, the primary defense against
crosstalk was the use of separate cables for the opposite directions of trans-
mission, At each repeater, the transmission path was transposed to the opposite
cable [Fig. 5-7]. By this means, each cable was either low level or high level at
the repeater, but not both. This prevented the otherwise high crosstalk coupling
that would have resulted via the metallic voice pairs that passed directly through
the repeater station in the same cable with the carrier channels.

With the use of existing cables and higher frequencies, crosstalk balancing
became more necessary and more difficult. The approach was basically the
same as that used in the earlier trial; the crosstalk due to the cable structure
was balanced out by introducing a small inverse coupling from every carrier
pair to every other carrier pair in the same cable. In Type K carrier, this was
done at every repeater and by small mutual inductances, rather than with
capacitors as used on the Morristown trial [Fig. 5-8]. With the coupling units
in a matrix array, it was possible to associate every pair with every other pair
through simple wiring paths. The shift to balancing by inductors was a fruitful
one. At voice frequency, capacitive coupling between cable pairs was the prin-
cipal crosstalk path, and much care had been taken in cable design to minimize
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Fig. 5-8. Crosstalk balancing in Type K carrier. (a) Balancing with mutual inductance
between pairs. (b) Schematic arrangement of coupling units in the complement for 20
circuits.

capacitive imbalance. When carrier was applied to cable, both capacitive and
inductive coupling increased directly with frequency, but unloading the pairs
lowered the line impedance from about 800 to 135 . Capacitive coupling
decreased in direct proportion to the lower line impedance, while inductive
coupling increased by the same ratio. Compared to a voice-frequency line, the
combination of impedance change and higher frequency for Type K carrier
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increased capacitive coupling by a factor of 2.5, while inductive coupling was
increased by a factor of 90. As a result, the inductive linkage, instead of being
the minor component, was about three times as significant for crosstalk as
capacitive coupling. The use of small mutual inductors gave 5 dB more reduction
than would have been possible with capacitors.

But balancing alone was not sufficient, and several other measures were
necessary to keep crosstalk within acceptable limits. An extensive program of
testing and upgrading the cables was launched. If the many pairs in a cable
were spliced in a systematic pattern, as was often the case, pairs that were poor
from the standpoint of crosstalk coupling, become proportionally worse for
longer cable lengths. In preparation for carrier application, the cable pairs were
respliced at all the old loading points (about every 6000 feet) in an attempt to
approach the effect of random splicing. Because of their physical proximity,
crosstalk between the two side pairs of the same quad was especially difficult
to control. This was reduced by poling: the side-to-side coupling was measured
and the quads respliced at the midpoint of a repeater section, so that the coupling
in one half section neutralized, as far as possible, that in the other half section.
Even with poling, side-to-side crosstalk was greater than that for other pair-
to-pair couplings. In a further measure, the quads were split at every repeater;
pairs would not be associated in the same succeeding sections, diluting the
side-to-side crosstalk in a long system. By all these means, the crosstalk was
successfully reduced to a level suitable for 4000-mile transmission [Fig. 5-9].

3.2 Repeaters and Regulation

Three-stage amplifiers were used in the repeaters, with feedback from the
output-stage plate through a feedback circuit to the input grid [Fig. 5-10]. The
feedback circuit included a line equalizer shaped to offset the basic loss-fre-
quency characteristic of the line. It also incorporated the variable elements to
adjust the gain of the amplifier and to offsetline-loss changes due to temperature
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Fig. 5-10. Schematic of the Type K carrier line amplifier.
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Fig. 5-11. Twist equalization. (a) Resistors by which adjustment in nonflat gain is accom-
plished. (b) Twist characteristics of No. 19 gauge nonloaded cable pair.

variation. Considerable progress in vacuum-tube technology had eased the life
of amplifier designers. Pentodes with indirectly heated cathodes were used,
the output stage being designed to provide more power than the first two
“gain” stages. About 40 dB of feedback provided more-than-adequate gain
stability and sufficient linearity so that intermodulation was not a problem. At
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60 kHz (the maximum loss frequency), the individual channel signals at the
repeater input were attenuated to about 60 dB below the voice level at the
transmitting switchboard. They were then amplified at the repeater output to
a level about 10 dB above the switchboard level.

Regulation for changes in line loss due to temperature changes was controlled
by means similar in principle to the pilot-wire regulator used in the Morristown
trial. A control motor in each repeater was synchronized to the master motor
of a self-balancing bridge, in which a pilot wire of the cable formed one arm.
The repeater motors tracked the master motor in rotation, adjusting variable
condensers in the feedback circuits to make changes in the repeater gain to
offset changes in line loss. This resulted in a gain change, essentially flat with
frequency, at each repeater. Since the loss change of the cable with temperature
was not precisely flat, an additional adjustable network, called a twist equalizer,
controlled in the same fashion, was required after every six repeater sections
(about 100 miles) [Fig. 5-11]. In addition, the repeater gain characteristic did
not precisely match the desired nominal shape, and there were two different
types of cable. Fixed deviation equalizers were required every tenth repeater
span for the repeater difference and every 300 to 400 miles for the cable. -

3.3 Terminals

The terminals introduced several major changes compared to the simple,
direct-modulation scheme used in the earlier experiment. A two-step modulation
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sequence was used to shift the voice channels to their assignment in the 12-
to 60-kHz line [Fig. 5-12]. This approach had several advantages; most notably,
it made possible the use of quartz-crystal channel-band filters. The very low
damping (high Q) of the quartz piezoelectric element permitted a very sharp
cutoff and hence efficient use of the 4-kHz frequency band between the carriers
[Fig. 5-13]. The filters provided a 3100-Hz band, essentially flat, from 200 to
3300 Hz, and developed very high loss to unwanted frequencies just outside
the band. As an additional bonus, they occupied only one-eighth of the space
of the coil and condenser filters used on the trial.’

Practical crystal filters, however, could not be built at frequencies as low as
12 kHz. It was first necessary to modulate each voice channel to a slot between
60 and 108 kHz to form a 12-channel basic group. The entire group was then
shifted as a unit, in a second stage of modulation, to the line-frequency band
from 12 to 60 kHz [Fig. 5-14]. This necessity turned out to have considerable
virtue. During the cable-carrier development, it was planned that the multi-
plexing terminals would serve, as far as possible, as a common element for
other broadband systems. Systems for coaxial cable and open wire were already
in development during this period. The 60- to 108-kHz basic group became a
universal standard for interconnecting a group of 12 channels between systems
on coaxial and radio systems as well as on pairs. It was much easier to handle
the less than two-to-one range of frequencies of the basic group than the much
greater ratio of the minimum to maximum of the cable-line frequencies. The
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60- to 108-kHz group-frequency block is one of the few worldwide commu-
nication standards.

The new terminals embodied many other features to improve performance
and ease maintenance while reducing costs. Modulation was by copper oxide
bridge circuits in place of the earlier balanced vacuum-tube circuits [Fig. 5-15].
These modulators provided good carrier suppression and life and stability ap-
proaching those of passive elements. In any nonlinear modulator, such as the
copper oxide bridge, the amplitude of any modulation product is approximately
proportional to the product of the amplitudes of the generating signals. In the
group modulator, the use of a very high carrier drive (25 mw, +14 dBm) with
very low channel signals (—46 dBm) accomplished the frequency shift with
negligible modulation among the individual channels. The double balanced
bridge-type circuit balanced out not only the carrier, but the 60- to 108-kHz
components as well, simplifying the following line-frequency filter design.

3.4 Carrier and Pilot Supply

Since the carrier is not transmitted in a single-sideband system, it is necessary
to supply demodulation tones at the receiving terminal substantially identical
in frequency to those used at the transmitting modulators. Any difference be-
tween the frequencies will appear as a corresponding shift in the frequencies
of the recovered voice signal. Experience with earlier systems and laboratory
tests had demonstrated that a shift of only a few hertz was tolerable. In the
Type K carrier terminals, the required 12 carrier frequencies were derived from
a 4-kHz oscillator controlled by a tuning fork [Fig. 5-16]. A fork made of an
alloy with a low temperature coefficient provided frequency stability of about
one part per million per degree F, which was adequate for systems in this
frequency range with terminals at main stations where temperatures were not
likely to differ greatly. The output of the oscillator was amplified and used to
drive a highly nonlinear (saturable) magnetic coil. The coil generated an alter-
nately positive and negative spiky signal, rich in odd harmonics. These har-
monics, isolated by appropriate filters and amplified, were used directly for the
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Fig. 5-16. Simplified schematic of the tuning-fork-controlled carrier-supply circuit for Type
K carrier terminals.
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carriers that were odd harmonics of 4 kHz. In addition, a portion of the coil
signal was rectified, producing a signal of only one polarity, rich in even har-
monics of 4 kHz. The rectifying bridge structure also balanced out all odd
harmonics at the even-harmonic output. A pure carrier was needed at each
channel modem so that the shifted channel would occupy only its assigned
frequencies in the 60- to 108-kHz band. With separation of odd and even
harmonics, the requirements on the following carrier supply filters was much
eased. The array of 12 carriers was then distributed to the channel modulators
by buses common to ten systems. The 30th even harmonic (120 kHz) was
selected by a filter, amplified, and supplied by bus as the modulating source
to the group modems. This carrier was used for the group translation between
the 60- to 108-kHz band and the line frequencies from 12 to 60 kHz. Since
the carrier supply was common to as many as ten systems, a failure would be
catastrophic, so for protection it was completely duplicated. The group-carrier
bus was continuously monitored, and, in the event of a failure of the 120-kHz
carrier, the standby was automatically switched into service.

The Type K carrier terminals also addressed a line-operation and maintenance
problem. It was essential to be able to determine that the carrier line was in
good transmission order without taking it out of service or requiring a good
deal of human cooperation between widely separated sites. To accomplish this,
pilot tones were generated and transmitted over the line. The pilots were derived
from a 3.9-kHz oscillator similar in design to that used for the carrier generator.
This signal was modulated against carriers at 68, 96, and 108 kHz; the resulting
products at 64.1, 92.1, and 104.1 kHz were introduced into the 60- to 108-
kHz band. After the subsequent group-modem translation, the pilots appeared
on the line near the bottom, middle, and high end of the band at 15.9, 27.9,
and 55.9 kHz, to be transmitted along with the voice signals. Pilot measurements
were made with high-impedance test sets that could be bridged across the line
without interfering with through transmission. Offsetting the pilots from the
carriers by only 100 Hz kept them out of the recovered voice bands, but made
it possible when measuring to discriminate between the pilot tones and carrier
leaks by a simple filter.

3.5 Equipment and Operation

Signaling over Type K carrier was on a ring-down basis, using a 1000-Hz
tone interrupted 20 times per second, the same method that had been used on
the earlier open-wire Type C carrier system. No special feature in the carrier
system was required for signaling, as the interrupted tone was transmitted from
switchboard to switchboard in the same way as the voice signals.

At terminals, equipment was grouped in functional assemblies, that is, all
the channel modems for as many systems as were equipped were in the same
bay or in adjacent bays. Group modems were similarly collocated [Fig. 5-17].
The carrier supply, as previously noted, was common to as many as ten systems.
This equipment approach reflected not only the developer’s confidence that
the systems would be installed in large numbers, but also made the design,
access, and testing arrangements more consistent. It was much more straight-
forward to design, use, and maintain a high-frequency bay or a voice-frequency
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Fig. 5-17. Rear view of the channel-terminal bays for Type K carrier telephone systems
together with their two carrier supply bays, far right, as they appeared in the Long Lines
building at 32 Sixth Avenue, New York City, about 1940.

bay than a mixed assembly. Power was furnished by 150-v and lower-voltage
batteries floated across the local AC supply. Standby 60-Hz power was available
from motor generators that could be fired up if commercial power failed.

The unattended auxiliary stations were substantial huts of about 600 square
feet [Fig. 5-18]. This provided sufficient room for as many as 100 systems (1200
channels, again reflecting that confidence in the future) [Fig. 5-19]. Power at
auxiliary stations was also furnished by a 150-v battery floated across rectifiers
on the local 60-Hz commercial power. In the event of an AC-power failure,
the battery provided a reserve until AC power was restored. In addition to the
carrier repeaters and necessary associated equipment, an “‘order-wire” voice-
frequency talking circuit was provided between the auxiliary stations and the
adjacent attended stations. Abnormal conditions, such as low voltage or current,
or the absence of a signal, were made to generate an alarm by a relay closure.
These indications were relayed to the nearest attended site to alert and inform
maintenance personnel of the location and nature of the problem.

Between main stations, a complete standby high-frequency line was provided
that could be patched and switched into service in place of any working line
without interruption to service beyond the relay transit interval of a millisecond
or so. This click would not interfere with voice or telegraph signals (high-speed
data was not yet born). In a similar manner, at all equipment locations, an
individual repeater could be replaced without interrupting service by patching
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Fig. 5-18. Hut for Type K carrier unattended auxiliary repeater.

Fig. 5-19. Interior of Type K carrier auxiliary repeater station. Left, re-
peater bays and right, in racks, are 150-v DC batteries floating on rectified
commercial 60-Hz AC.
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and rapid line transfers. This concern with the continuity of service and the
uninterrupted flow of all traffic became a hallmark of the design of all trans-
mission facilities. A great deal of ingenuity and considerable investment were
devoted to means for coping with failures, maintenance, changes, and growth
without affecting service. This approach, moreover, was used at every level,
from individual equipment items to multichannel high-frequency lines, and
even to entire multisystem facilities such as major cable or radio routes. (If only
the planners and operators of our highways and transportation systems would
serve their traffic so well!)

IV. TWELVE-CHANNEL CARRIER ON OPEN WIRE—TYPE ] CARRIER

In the mid-1930s, as the success of the efforts to develop cable carrier became
evident, work was started on a 12-channel carrier system for open wire lines.
The motivation was to extend the new techniques to open wire, where, in some
areas, even the slow growth of traffic would exceed capacity. It was also rec-
ognized that, as 12-channel carrier on cable became widespread, it was going
to be desirable to extend the transmission of entire groups over open wire.'

Conditions for cartier on open wire were radically different from those in
cable, and even though carrier had been first developed on open wire, they
were in many respects more difficult. Crosstalk, as always, was a major problem,
The shielding provided by separate cables for opposite directions of transmission
was not available. As in the early three-channel Type C carrier, equivalent
four-wire transmission, in which the opposite directions were transmitted over
the same pair at different frequencies, was necessary to control near-end cross-
talk. (Equivalent four-wire transmission was not just an unwelcome expedient
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to control crosstalk. Pairs on open wire were not as abundant as in cable, and
getting as many circuits as possible on a single pair was highly desirable.)
Separate bands on the same pair meant higher frequencies, and crosstalk cou-
pling increased with frequency. In addition, there were 60,000 miles of open-
wire line already equipped with C carrier. It was not economical to sacrifice
the existing carrier channels on those lines. The new carrier system would have
to be superimposed at frequencies above voice and C carrier (and telegraph),
and coexist with them [Fig. 5-20]. The combination of placing the new system
above C carrier and the wide band required for equivalent four-wire trans-
mission resulted in a top frequency of 140 kHz, more than twice the 60 kHz
of Type K carrier [Fig. 5-21). Incidental cables, always necessary and always a
problem on open-wire lines, introduced sections of high loss and, unless special
measures were taken, presented severe impedance discontinuities, further ag-
gravating the crosstalk problem. Finally, although open wire is a very-low-loss
medium under most weather conditions, its loss increases enormously when
ice forms on the lines. The loss increase was much greater for the new higher
frequencies than at voice frequencies or in the C carrier band [Fig. 5-22].

1.0
o
o P’
[ 0.8
- y
s V.
« 7’
w Vs
wos
8
e SLEET V2'TOTAL DIA
P’
S 04
2
o WET WEATHER
7 » B
0.2 P = =
et | eipronumsnty
LA~ DRY WEATHER
o LLTTTT
o} 25 50 75 100 125 150

FREQUENCY KILOCYCLES PER SECOND

Fig. 5-22. Attenuation frequency characteristics of open-wire lines.



96 Engineering and Science in the Bell System

4.1 Crosstalk

Most Type ] carrier installations were on lines already transposed for C
carrier. On these lines, with 8-inch spacing between the pair wires, and only
four pairs per crossarm, it was possible to equip 10 of the 16 pairs with the
new system, Special care was necessary, however, even for lines satisfactory
for C carrier. Transpositions had to be accurately spaced and line sags carefully
equalized, but where pair spacings were already 8 inches, no major structural
changes were needed. Where it was desired to apply J carrier to pole lines with
12-inch spacing, it was necessary to reduce some of the spacings to 8 inches,
and even to 6 inches, for the carrier pair. On new lines, with better transpo-
sitions, 8-inch spacings, 4 pairs per crossarm, and with the spacing between
crossarms increased to 36 inches, all 16 pairs could be equipped [Fig. 5-23].

As with other carrier systems, a smooth impedance on the lines was most
important. Reflections at impedance discontinuities upset the crosstalk balances
and created far-end crosstalk that could not be balanced out. The two principal
sources of impedance irregularities were the couplings to other pairs and the
inevitable incidental cables at repeaters, entrance links to urban terminals, and
such places as river crossings. The transpositions used to reduce crosstalk were
adequate to hold the line coupling to a satisfactorily low level, but special
cables were needed to meet the second problem. One of these was a disk-
insulated spiral-four structure of No. 16 gauge conductors within a shield of
copper and steel tapes [Fig. 5-24]. This cable had a loss of 1.5 dB per mile at
140 kHz, and could be loaded to match the impedance of open-wire lines. It
was used over short distances to transmit the ] carrier band as well as the C
carrier and voice signals. Other special cables, and even short lengths of a few
unloaded pairs in existing conventional cables, could also be used. In these
cases, the J carrier signals were separated from the lower frequencies by system
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Fig. 5-23. Growth in line-carrying capacity. (a) With voice frequency only, capacity was 20
side circuits and 10 phantoms—a total of 30 circuits. (b) With eight-inch spacing and no
phantoms on nonpole pairs, and with Type C carrier on all eight-inch-spaced pairs, capacity
was 22 voice circuits (including two phantoms) and 48 carrier circuits—a total of 70 circuits.
() With eight-inch spacing, no pole pairs, and crossarms 36 inches apart (rather than 24
inches), and with voice, Type C, and Type | carrier on all pairs, capacity was 16 voice circuits
(no phantoms) and 240 carrier circuits—a total of 256 circuits.
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Fig. 5-24. Disk-insulated spiral-four
shielded unit. These units were stranded with
a number of paper-insulated pairs to form
Type ] carrier system entrance cables.

Fig. 5-25. A filter hut used at a Type ] carrier system junction of
open wire to cable.
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separation filters at the junction of the open wire and the cable. The low- and
high-frequency systems were then carried on separate cable pairs. The hut
used to house the system separation filters was also used for transformers that
matched the impedance for open wire and cable, and for crosstalk-balancing
arrays similar to those used in K carrier [Fig. 5-25].

4.2 Line Loss and Repeater Gain

The shapes of the attenuation versus frequency of the commonly used open-
wire pairs (104, 128, and 165 mils) were very nearly the same. That is, a smaller-
gauge line merely looked like a longer length of the larger-gauge circuits. As
a result, only one general transmission shape for all gauges was necessary. The
repeater was designed to offset and compensate for the loss of the longest
section in wet weather. Shorter sections were built out with artificial line net-
works to equal the loss of the nominal section.

The main line amplifier consisted of three stages. The first two stages were
single pentodes. In order to meet the unusual power requirements of the line
under adverse weather conditions, the output stage consisted of four power
pentodes in parallel [Fig. 5-26). Full advantage was taken of the newly developed
feedback-design methods. (See Chapter 4, Section IIL) The feedback circuit of
an outer feedback loop provided the basic gain shape to offset the nominal line
loss. This loop also included the input and output (hybrid) transformers, whose
characteristics thus did not affect the external gain and whose linearity was
improved by feedback, as was that of the vacuum tubes. An inner feedback
path controlled the out-of-band cutoff and was designed to keep the amplifier
stable. About 40 dB of feedback was provided across the entire carrier band.

At the top frequency of ] carrier (140 kHz), the normal wet-weather loss
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Fig. 5-26. Schematic of Type ] carrier line repeater circuit. Four tubes in parallel were used
for the high power needed under adverse weather conditions. An outer feedback loop controlled
in-band characteristics. The inner feedback path was designed to maintain stability.
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was 0.28 dB per mile, about twice that at the top C carrier frequency. This loss
would have required repeaters at about one-half of the usual C carrier repeater
spacing, that is, every 75 to 100 miles. But with ice, frost, or snow, the wet-
weather loss could be greatly exceeded. Even a moderate coating of ice increased
the loss of an open-wire line by a factor of three to four; under extreme con-
ditions, with one or two inches of ice, losses of up to 5 dB per mile were
observed. Needless to say, in such conditions, transmission (and very likely a
good deal more) was lost. Where ice and sleet were common, repeater spacings
of 50 miles, or even less, were used. In the initial design, the repeaters had a
maximum gain of about 45 dB; later this was increased to 75 dB.

Since the normal dry-weather gain required was only 10 to 25 dB, automatic
gain over such a wide range presented an extremely difficult design problem.
Gain control was by means of a regulating network and amplifier preceding
the main-repeater amplifier. The loss of the regulating network could be varied
over a wide range by means of adjustable capacitors, whose position was con-
trolled by a motor drive. A pilot frequency signal was transmitted over the line
between the channels in the middle of the band for each direction. This signal
was picked off at the repeater output and used to control a motor linked to the
gain-control capacitors in the regulating network in such a way as to maintain
the pilot at a predetermined reference level (another feedback loop).

Automatic regulation was essential in J carrier because of the rapid changes
in line loss. Pilot tones instead of pilot wires were equally essential, as DC
resistance did not come close to providing a measure of open-wire line loss
under varying weather conditions. Pilot tones for regulation had many other
advantages. They provided a direct measure of transmission and could be used
for monitoring and alarms as well. The pilot-tone method was used, not only
in ] carrier, but was later incorporated into C and K carriers as well. In the
improved K carrier system (Type K2), in addition to pilot-tone regulation, it
was possible to replace the motor-driven variable elements with an all-electronic
regulator. The pilot-actuated regulator varied the current that heated a thermally
sensitive resistor (thermistor), which in turn controlled the regulating network
loss.” The open-wire systems, however, could not dispense with the motor
drives. In contrast to Type K2 carrier, the later version of open-wire carrier
(Type J2) was forced by the problems of ice on the lines to adopt an even more
elaborate motor-driven control system." In the Type ]2 carrier, additional pilots
were transmitted at the edges of the bands in each direction. Those at 84 and
92 kHz were used, via motor-controlled networks, to make a flat gain adjustment
in each direction. Pilots at 36 and 143 kHz were used to control a significant
tilt (nonflat change in loss) across each band, by a similar mechanism.

4.3 Terminals

In ] carrier, K carrier terminal equipment was used to form the basic 60- to
108-kHz group in the normal way. Since the group frequencies on the line, 36
to 84 kHz for the west-to-east groups, and 92 to 140 kHz for the east-to-west
groups, both overlapped the basic group band, translation to the line frequencies
required two additional stages of modulation [Fig. 5-27]. The group was first
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Fig. 5-27. Type ] carrier frequency translations. An intermediate group
band was required because the line frequencies overlapped the 60- to
108-kHz band of the basic group.

translated to 400 to 448 kHz by a group carrier at 340 kHz. This band was
then translated to 36 to 84 kHz for the west-to-east group by a carrier at 484
kHz (the 121st harmonic of the 4-kHz supply) and to 92 to 140 kHz by a 308-
kHz carrier for the east-to-west band group. Frequencies as high as 308, 340,
and 484 kHz were chosen so that the carriers to shift the groups and undesired
modulation products would be well separated from desired products and elim-
inated by simple filter structures. Amplifiers were inserted at several points in
the terminal to change signal levels from those appropriate for modulation to
those needed for the next stage of processing. The terminal output transmitting
amplifiers for each direction raised the signals to the high levels needed for
application to the line.

An entire family of new filters was required for J carrier, in addition to those
already needed to generate the basic group. Highly selective filters were used
to deliver only pure carrier tones for each modulation step, and the 12-channel
band at each stage of modulation was defined and limited by filters. At a
repeater, new filters were required to separate the J carrier band from the voice
and C carrier circuits, and to separate the directional bands within J carrier.

V. SUMMARY

Type K carrier was a great success by any standard. Transmission was ex-
cellent [Fig. 5-28). The system was installed and used about as fast as it could
be produced. The wartime demand for circuits and the pent-up commercial
demand following the war produced an explosion in plant capacity. Channel
mileage doubled from 1940 to 1947; K carrier furnished about 70 percent of
the increase. In the laiter year, carrier-derived circuit mileage first exceeded
voice-frequency mileage in the toll plant. K carrier accounted for 60 percent of
the carrier capacity and one-third of total Bell System toll voice-circuit mileage.
It was a remarkably durable system. Installed capacity reached 7 million voice-
circuit miles by 1950 and remained above that figure until 1970. Thereafter, it
was rapidly retired until, in 1980, only a tiny vestige remained.

] carrier had a less spectacular career; installations ran at about 20 to 25
percent of K carrier capacity. At its peak, about 1950, 1.5 million voice-circuit
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Fig. 5-28. Transmission frequency characteristics of Type K carrier overall circuit.

miles were in service. The reason for its less widespread use, of course, was
the preference for and rapid expansion of the cable network, and, in the later
stages, the growth of coaxial cable and microwave radio.

It should be noted that these systems (and the many later ones) were never
static. A constant stream of improvements was made, and the systems were
frequently completely revamped to take advantage of advancing technology.
Thus, feedback amplifiers were refitted into the C carrier design, and automatic
pilot-controlled regulation fitted into both C and K carriers as these techniques
became available. An important development was the standardization of circuit-
terminal arrangements. C carrier, for example, although an equivalent four-
wire system, was originally regarded as an insert in an otherwise two-wire
circuit. The C carrier terminals brought transmission back to a two-wire basis
for extension over voice-frequency lines. When ] and K carriers were developed,
a standardized four-wire terminal arrangement was provided in C carriers as
well as in the new systems, providing for ready interconnection at standard
levels at a four-wire patch board. Similar standardized arrangements were
provided for group interconnection at 60 to 108 kHz, and, in later years, at
higher levels in the multiplex hierarchy.

Finally, for systems with an application life of decades, it was usual for two
or three major physical reshapings to occur, resulting in large reductions in
size, power consumption, and cost, and they were usually accompanied by
improvements in performance. These changes were always made part of new
production, but were also frequently made available as field kits by means of
which existing installed systems could be upgraded.
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Chapter 6

Coaxial Cable

I. FIRST CONCEPTS—FIELD AND LABORATORY WORK
1.1 First Concepts

Interest in the coaxial structure, that is, a transmission line consisting of
concentric cylindrical conductors, dates from the very early days of electro-
magnetic theory. The symmetrical circular geometry lent itself to exact analysis.
J. C. Maxwell considered its properties, as did Lord Kelvin, O. Heaviside, Lord
Rayleigh, and J. J. Thomson. In 1909, A. Russell published an analysis that
consolidated much of the earlier work and expressed his results in a form
convenient for the calculation of current distribution in the conductors and the
resulting loss and impedance as functions of frequency.' All the early analyses,
including Russell’s, were confined to the ideal case of perfect and perfectly
concentric conductors.

The first practical use of the coaxial-cable structure was in submarine cable
systems, In submarine telegraph lines, the center conductor was encased in a
cylindrical insulator with sea water constituting the outer coaxial conductor,
Obviously, only the low-frequency properties were of concern in that appli-
cation. With the advent of radio broadcasting in the 1920s, problems with the
open-wire links between the transmitters and their antennas led to a new con-
sideration of the structure. The concept evolved from a cage of wires to confine
the field to a continuous tube with a disk-supported center conductor [Fig.
6-1].** While structures of the latter type were used for high-frequency con-
nections, their use was confined to a relatively narrow band. Emphasis was on
low capacitance between the conductors; little consideration was given to their
properties as long lines for a very broad band of frequencies.

The initial demonstration of television transmission over open-wire lines
and radio in 1927 was limited to a band of only 20 or 30 kHz. It was generally
recognized, however, even at that early date, that much wider bands, probably
extending to 1 MHz or more, were going to be needed for higher-definition
television. In Bell Laboratories, attention was directed almost immediately to
the coaxial cable as a possible transmission medium. In a series of unpublished
memoranda in 1927 and 1928, E. 1. Green considered possible practical struc-
tures and analyzed their transmission and impedance characteristics, while
R. G. McCurdy developed early results for their shielding and crosstalk
properties.
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(b)

Fig. 6-1. Antenna feed concepts. (a) Shield of surrounding wires in patent filed by H. J.
Round of RCA in December 1921. (b) Outer conductor as a continuous tube with disk-supported
inner conductor. Patent filed by R. S. Ohl of AT&T, December 1924,

An interesting property of the coaxial structure was recognized at that time,
It was obvious that, in general, the larger the conductors, the lower the loss.
However, for a given inner diameter of the outer tube, there is an optimum
diameter for the inner conductor. In the radio-antenna field application, the
emphasis was on keeping the inner-to-outer conductor capacitance low, which
favored a small-diameter inner conductor. But for very small diameters, the
loss will be very high because of the high resistance. On the other hand, as
the diameter of the inner conductor is increased, lowering the resistance, the
increasing capacitance will also ultimately result in very high loss. It is evident
that there is an optimum between high loss due to the resistance of a small
inner conductor and high loss due to the high capacitance of a large one. In
England in 1928, C. S. Franklin derived this optimum, arriving at the ratio of
3.6 to 1 for the conductor diameters in coaxials of any size.*

If a coaxial cable could be used as a broadband medium for television, it
was naturally also a candidate for carrier telephony. In May of 1929, H. A,
Affel and L. Espenschied filed a patent embodying their concept of a multi-
channel carrier telephone communications system using coaxial cable as the
transmission medium [Fig. 6-2].°

.The potential attractions of the coaxial cable were apparent to anyone con-
cerned with the problem of long-distance multichannel carrier transmission.
Like all cables, it could be completely protected from the external environment.
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Fig. 6-2. Coaxial-cable carrier telephone system. Patent filed by L. Espenschied and H. A.
Affel, May 1929.

The loss could be made as low as desired by using suitably large tubes for the
conductors. No loading was required, as was necessary with lower-frequency
transmission over wire paths. Perhaps most important, the cable would be self-
shielding. Crosstalk coupling would decrease with frequency and could be as
low as desired, permitting multiple coaxial tubes to be placed in close proximity
in an outer protective sheath. The absence of any coupling to other lines and
the continuous structure of a single type would provide a loss that varied
smoothly with frequency and impedance that changed hardly at all. In'sum,
it appeared that here, at last, was a medium where the transmission line would
not limit the bandwidth or the number of channels that could be transmitted.
Only the terminals and the amplifiers of the repeaters would limit the possi-
bilities. It remained to be seen, of course, whether the structure could be built
with materials and methods suitable for large-scale manufacture and whether
a practical structure in a realistic field installation would indeed have the desired
properties.

1.2 The Phoenixville Tests

In late 1929, the Development and Research (D&R) Department at AT&T
headquarters, working with Bell Laboratories, set out to confirm the properties
of the coaxial cable as a telephone-transmission medium. As noted previously,
formulas were available for loss and other properties, but the physicists and
mathematicians of the classical era had dealt only with idealized structures.
They did not deal with the inevitable imperfections or translate their analyses
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to the language of engineers. The D&R people decided, in addition to continuing
analysis and laboratory work, to hold a field test to confirm the theoretical
properties. This test was held at Phoenixville, Pennsylvania, where a tract that
had been used for other field tests was available.

A special line was constructed consisting of a double coaxial [Fig. 6-3].° The
outer conductor was a 2.5-inch copper tube within which a five-eighth inch
outside-diameter tube was suspended. This intermediate tube, in turn, contained
a smaller copper wire. This structure thus made two coaxial lines of different
size available, with the intermediate tube as a common conductor between
them. The choice of tube sizes was such that each line approximated the 3.6-
to-1 diameter ratio for minimum loss. As the conductors were fairly rigid, the
supporting spacers were well separated so that the dielectric was almost entirely
air. Two of these lines, each 2600 feet long, were suspended on wooden fixtures
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SPACING OF INSULATORS

LARGE S1ZE : 4 FEET OM STRAIGHTAWAY
2 FEEY ON CURVES

SMALL SIZE : 1 FOOT ON STRAIGHTAWAY
6 INCHES ON CURVES

Fig. 6-3. Coaxial structure used in the Phoenixville installation. (a) Cross
section, (b) Spacing of insulators. A double coaxial was built, in which
the outer conductor of the inner coaxial of approximately five-eighths
inch in outer diameter, served as the inner conductor of the larger coaxial,
with an outer diameter of 2-1/2 inches.
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Fig. 6-4. Phoenixville installation, showing coaxial conductors entering test house.

around the test site, with their ends brought in to a test hut for access and
measurement [Fig. 6-4].

The tests at Phoenixville continued for about a year. Extensive measurements
were made at frequencies from 0.1 to 10.0 MHz. Transmission loss was found
to conform closely to the theory with remarkably little effectfrom imperfections
due to joints and departures from perfect concentricity. Crosstalk coupling also
agreed closely with theoretical values. The common intermediate tube was
included specifically to check the shielding expected from skin effect. At fre-
quencies above 100 to 150 kHz the induced crosstalk was below the measuring
capability and below thermal noise, even with disturbing signals much greater
than would be encountered in practice. The tests confirmed that lines
constructed with reasonable tolerances would behave in every respect as
anticipated.

1.3 Laboratory Work and Analysis

Upon completion of the Phoenixville field test, the focus shifted to the lab-
oratory where work was under way to determine the parameters of a practical
system. This effort included not only the design of a practical cable structure
that could be manufactured and installed, but also the wideband electronics
required. Many forms of coaxial cable were built and tested [Fig. 6-5]. Size was
a special consideration. Large diameters would provide very low loss and per-
haps even permit the use of less expensive material, such as lead, for the outer
conductor. The techniques for forming long seamless tubes of lead were well
established and would require less factory preparation and cost for the new
cable. (Low-loss coaxial cables, two inches or so in diameter, were still a topic
for economic studies as late as the mid-1930s.) Various forms of shielded pairs
were also considered. The virtues of their balance with respect to ground con-
tinued to be appealing, especially at low frequencies. In the end, the simplicity
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Fig. 6-5. Experimental coaxial structures of the early 1930s. (a) Coaxial in lead tube with
rubber-disk insulators. (b) Small flexible coaxial with spiral-string insulating support.

and excellent high-frequency properties of the coaxial structure won out for
long-haul transmission. But much smaller forms than the Phoenixville trial
type were necessary in order that the cable could be manufactured continuously
in large quantities, stored on reels, delivered to a site, and pulled into cable
ducts. Interest began to focus on tubes of 0.5 inch or less in diameter. Exper-
imental lengths of various kinds were fabricated in the basement of Bell Lab-
oratories on improvised equipment [Fig. 6-6]. The cable finally adopted for
further field tests had an outer conductor of only 0.27-inch inner diameter.
The loss of the small coaxial structure was large compared to the loss of open
wire, but the perfect shielding made it possible to allow the signals to sink to
very low levels and to use very-high-gain amplifiers [Fig. 6-7].

At the same time as the experimental structures were being built and tested,
analysis of the coaxial geometry continued. S. A. Schelkunoff of the mathematics
research group at Bell Laboratories, building on earlier work of J. R. Carson at
AT&T, extended the analysis from the idealized structures to the practical forms
then being realized.” He further wished to adapt the rather formidable math-
ematics of the early analysts to engineering uses and translate it into the concepts
and language of electric-circuit theory. Like his predecessors, he found the
investigation made relatively easy, as the conductor shapes fit perfectly into
the cylindrical system of coordinates, thereby making it feasible to carry out a
rigorous discussion on the basis of electromagnetic theory. From his initial
results, he then introduced the effects of eccentricity and other departures from
the ideal, and deduced the effects on loss, impedance, and the other properties
of interest. Fortunately, it turned out that the results obtained by field theory
could be expressed readily in the familiar language of circuit theory, thereby
gaining all the simplicity of the latter combined with the accuracy of the former.

The characteristic impedance, Z, and attenuation, a, of a coaxial circuit are
given by the formulas: Z = \/ﬁl(_f and @ = (R/2) \/67{ +(G/2) Vm, where
R, L, C, and G are the so-called primary constants, that is, the resistance, in-
ductance, capacitance, and conductance per unit length. The first term in the
attenuation formula is the loss in the conductors; the second is the loss in the
dielectric. If the dielectric losses are small, as would be the case with a well-
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Fig. 6-6. ]. F. Wentz making experimental coaxial conductors on an improvised stranding
machine at Bell Laboratories.

constructed cable, the second term is negligible and the loss is given by the
first term alone. Attenuation increases as the square root of frequency, as a
result of the increase in resistance caused by the skin effect. The combination
of the variation of loss with frequency and coaxial diameter led to two major
conclusions. First, for a given size of conductor and length of line, the available
bandwidth increases roughly as the square of the number of repeater points;
and, second, for a given repeater spacing, the bandwidth increases approxi-
mately as the square of the coaxial diameter. The validity of the first rule was
extensively tested over several decades in the successive series of coaxial-system
designs. For a number of practical reasons, the increase of bandwidth with
shorter repeater spacing, while substantial (the Type L5 coaxial-cable system
has a 60-MHz band), did not quite keep pace with the “square law.” As for
the second rule, while larger diameters were often considered, only one mod-
erate increase in size was made shortly after World War IL

The velocity of propagation in a coaxial cable is given by the formula:
v= 1/(V—L—C), where L and C are the same unit inductance and capacitance used
in the transmission equation. In an ideal coaxial, with very thin conductor walls
and only air for the dielectric, the velocity would equal the velocity of light at
all frequencies. In the early structure, the insulators added about 13 percent to
the capacitance and the finite conductor thicknesses added from 2 to 14 percent
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Fig. 6-7. Attenuation-frequency characteristics of coaxial

cable and other circuits.

to the inductance. Nevertheless, the actual velocity was quite high and fairly
uniform with frequency [Fig. 6-8]. The high velocity was advantageous for
telephony, compared to the well-known problems of slow-speed loaded circuits
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Fig. 6-8. Velocity-frequency characteristic for the coaxial
structure.
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and the relatively small change with frequency minimized the delay equalization
required for high-definition television. The characteristic impedance of a coaxial
line of optimum-diameter ratio was close to 75 2, almost purely resistive, and
essentially constant with frequency.

1.4 System Design :

By 1933, the experimental and analytical work established that an excellent
medium with well-understood properties was available. At the same time, work
had been going forward on the remaining components needed for a complete
system, Planning was based on coaxials of one-half inch diameter or less, with
repeaters at about ten-mile intervals and a bandwidth of 1 MHz.® The band
was to be usable for 240 telephone channels, multiplexed by suitable terminals,
or used in its entirety for television. The repeater amplifier would have to
provide gain to match the line-loss shape (equalization) and compensate for
changes in loss due to temperature (regulation); it had to be extremely stable
and linear as well.

In the concept that was emerging, a 4000-mile system required 400 amplifiers
in tandem. As the end-to-end requirements were not relaxed, but in fact were
becoming more exacting, the requirements on each amplifier for equalization,
regulation, stability, and linearity were far tougher than anything previously
attempted. The line amplifier became, and remained through several generations
of design, the critical component limiting what could be done in coaxial systems.

1.5 Repeaters

With effective shielding from all other signals, the channel signals could be
attenuated to the limit set by thermal and tube noise and amplified to levels
limited by the power capacity and linearity of the repeaters. Preliminary analysis
indicated that at 1 MHz the lower-level limit was about 55 dB below the trans-
mitting voice-frequency testboard level and the upper about 5 dB above that
level. What was needed, therefore, was an amplifier with about 60-dB gain,
shaped to match the line loss over a 1-MHz band, with as much feedback as
possible. The limited shielding of the coaxial cable at low frequencies, as well
as the problem of designing an amplifier suitable over many octaves of fre-
quency, limited the lowest usable frequency to about 50 kHz. An amplifier for
the entire band was a difficult design problem. Components of the size and
with the properties required for the low end were difficult to control at fre-
quencies 20 times higher, and, as known from feedback theory, had to be
manageable up to much higher frequencies. Some consideration was given and
experiments actually carried out on splitting the band and transmitting the
portions separately. This approach was, apparently, more to ease problems
anticipated with terminals for the television signal than to simplify the repeater,
but, in any case, was abandoned at an early stage.

High-gain amplifiers at radio frequencies had been built for many years for
broadcast radio. However, these amplifiers achieved their gain by sharply tuned
high-impedance circuits over relatively narrow bands. The large parasitic ca-
pacitance of the tubes and other components made it impossible to maintain
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a high impedance over the wide coaxial band. Nor was it possible, within the
constraints imposed by feedback stability, to make up for this by additional
stages. A great deal of emphasis was placed on new high-gain, low-capacitance
(high-figure-of-merit) vacuum tubes.

The actual gain required varied from about 15 dB at the low frequencies to
60 dB at the top end of the band. There was much experimenting with equal-
ization. The shape could be achieved by an equalizer preceding an otherwise
flat amplifier, or the compensation could be effected by a combination of shaped
equalizer and shaped gain in the amplifier. A combination was sought that
would match the line loss to the desired precision without playing havoc with
the signal-to-noise performance.

Many experimental amplifiers were built and tested with highly encouraging
results [Fig. 6-9]. Developers explored the range well beyond the initial objec-
tives, building amplifiers of both feedback and nonfeedback types to frequencies
as high as 5 MHz. This may seem strange in view of the difficulties encountered
in meeting the basic objectives, but, even before the first repeatered line was
built, broader-band systems were being projected, especially for television. The
most promising lines of attack had to be investigated.

During the laboratory experimental stage techniques were also tested for
temperature compensation by pilot-actuated regulators with considerable suc-
cess. Two pilots, one near each end of the band, were felt to be necessary. The
low-frequency pilot could be used for overall signal level adjustment, and the
high-end pilot used to control a tilt equalizer that would compensate for the
varying loss across the band due to temperature changes.
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Fig. 6-9. Experimental coaxial cable amplifiers. (a) Circuit of 1-MHz three-stage feed-
back amplifier.
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1.6 Terminals for 240 Telephone Channels

The multiplex equipment to form a basic group of 12 channels in the range
of 60 to 108 kHz was intended to be a common terminal element for carrier
systems on open wire and coaxial cable as well as on paired cable. (See Chapter
5, Section III.) This was, therefore, adopted without modification. To shift the
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Fig. 6-10. Frequency translation options to form the 240-channel line signal of the
experimental coaxial system: top, direct translation of twenty 12-channel groups;
bottom, translation via a 60-channel supergroup.

basic group to the line frequency, designers considered two options [Fig. 6-10].
In the first option, the first 12-channel group was connected directly to the line
and up to 19 additional groups were stacked side by side by a second stage of
modulation with appropriately selected carriers. In the second option, a su-
pergroup of 60 channels was formed in the range from 300 to 540 kHz by the
same method used in the first option. This supergroup could then be shifted
as a unit and placed on the line in a third stage of modulation. The supergroup
approach required fewer differentmodulator designs and made the 60-channel
block available as an entity, but also involved the greater complexity of a three-
stage multiplex. At the experimental stage, the two-stage approach was favored,
since fully equipped systems were not needed in any case.

II. THE 1936 NEW YORK-PHILADELPHIA TRIAL

By late 1933, enough progress had been made in the laboratory to consider
a system field trial. During 1934, plans were further developed and a decision
was made to install about 100 miles of factory-made coaxial cable between
New York and Philadelphia. The length was chosen to be long enough to
permit extrapolation of the performance to lines of 1000 miles or more with
confidence. An important objective was that the equipment should be operable
and maintained by regular operating-plant personnel. The design, while still
experimental, was to be close enough to a commercial product to permit reliable
cost estimates. In early 1935, a petition for the construction was submitted to
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the newly established Federal Communications Commission and granted in
due course. Construction was started in March and completed by November
1936. The chosen route ran between terminals in the Long Lines building in
downtown New York City to the Bourse Building in Philadelphia, a distance
of 94.5 miles [Fig. 6-11].° Main stations with repeaters and power feeds for
the line were established in typical attended offices at New York, Newark,
Princeton, and Philadelphia [Fig. 6-12]. Unattended auxiliary repeaters in wa-
tertight cases were placed in manholes or in simple above-ground enclosures
at about ten-mile intervals between the main stations [Fig. 6-13].

The cable for the field trial consisted of two coaxial tubes, one for each
direction of transmission, and a number of ordinary pairs for order wire and
alarm transmission from intermediate points. Each coaxial tube was formed
with an outer conductor formed of overlapping specially formed copper tapes.
The tapes were wrapped in a helical lay around hard rubber disks spaced at
three-quarter inch intervals, supporting a No. 13 gauge (.072-inch diameter)
solid-copper-center conductor. The tube was then wrapped in an outer layer
of two steel tapes for added physical strength, protection, and additional
shielding [Fig. 6-14].

This structure presented no small challenge to the cable designers and fab-
ricators.'® It was essential to preserve the low loss and smooth transmission
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Fig. 6-11. Map of the experimental-
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locations.
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Fig. 6-12. The New York terminal of the 1936 experimental
coaxial system.

properties of the coaxial structure. At the same time, the cable had to be in a
form that could be manufactured continuously in sections of considerable length
and that would be flexible and rugged enough to withstand reeling and in-
stallation in a reasonably standard way. A typical problem, for example, was
the design of the rubber supporting disks. They had to have low dielectric loss,
and it was desirable to make them as thin as possible to keep the dielectric
mostly air. They had to be strong enough to support the center conductor
during flexing but, at the same time, elastic enough to be snapped over the
center conductor without nicking the wire or cracking the disk. Finally, they
had to be able to withstand the heat associated with the application of the
outer lead sheath. The solution was found in a new, improved, hard rubber
compound formulated specifically for this application by the Bell Laboratories
chemical research group. Two coaxials and two No. 19 gauge quads were en-
closed in a lead sheath with an outer diameter of seven-eighths of an inch.
The cable was manufactured by Western Electric at the Baltimore Works and
delivered on reels in 1500-foot lengths. These lengths were installed in ducts
in the normal way, the small size and light weight of the cable making it
possible to pull in as much as 1500 feet, compared to the 500 feet between
splicing manholes that was the normal maximum length for a full-sized cable.
The long reel lengths provided a desirable reduction in the number of splices.
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Fig. 6-13. Lowering a repeater into a manhole.

The telephone multiplex terminals for the trial were of the two-stage mod-
ulation type; basic 60- to 108-kHz groups were shifted directly to the assigned
line frequency in the range of 60 to 1020 kHz. These terminals were only
partially equipped, as all important properties could be adequately tested with-
out incurring the expense of equipping all 20 twelve-channel groups [Fig. 6-
15]. Three channel banks provided 36 channel terminations, but provision of
six group modems made it possible to place the groups at a choice of locations
over the entire range of line frequencies. Appropriate patching at the terminals
made it possible to traverse the line many times by looping to form a very long
single telephone circuit.

The trial repeaters used three-stage amplifiers with feedback around the last
two stages and a pilot-controlled regulating network between the first and
second stage.'! Flat regulation, controlled by a 60-kHz pilot, was provided at
New York, Princeton, and Philadelphia, while tilt regulation, to correct for
change in cable loss due to temperature changes, was provided at those stations
and at two intermediate points in addition [Fig. 6-16]. Power for the unattended
auxiliary repeaters was fed over the coaxials from the stations at Newark,
Princeton, and Philadelphia. The 60-Hz voltage was applied between the center
conductors of the two cables, the outer conductor of each being grounded. At
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Fig. 6-14. Experimental coaxial cable for the 1936 New York-Philadelphia trial. (a) Photograph
of cable. (b) Detail of cross section.

each repeater, the AC was rectified and the required DC voltage furnished to
the amplifiers. The wide separation in frequency between the 60-Hz power
currents and the signal components at frequencies of 60 kHz or higher made
it possible to split them by simple power separation filters at each repeater.
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Tests were started and the first conversations carried shortly after the line
was powered up. Circuits were established through the cable and extended to
Washington over other facilities for demonstration calls. Patching at the voice-
frequency terminals of the channel modems allowed loops to be set up that
traversed the system 20 times, for a total channel length of 3800 miles. In each
direction, the conversation passed through 70 stages of frequency shift in the
terminal modems, far more than would be experienced in any long working
system. In April 1937, 27 circuits were established through the cable, 16 to
Philadelphia and 11 to points farther south, for a service trial. The operation
was continued for several weeks during which carrier telegraph and telephoto

were transmitted as well as speech.

The talking and transmission tests and many others indicated that the system
basically met the performance projected, although, as might be expected, some
weaknesses were revealed, especially in equalization and temperature regu-
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Fig. 6-16. The New York-Philadelphia trial amplifier. (a) Schematic of pilot-controlled reg-
ulating amplifier for experimental coaxial system. (b) Installed regulating amplifier in a manhole.
The three-stage amplifier is made up of the vacuum tubes in the top compartment. The tubes
in the lower section are part of the regulating network.

lation. The tests pointed to areas where additional development was needed
before a fully commercial system could be installed. In general, the troubles
were minor, and the trial was terminated with the developers confident they
were well on the way to the practical application of a new and exciting tech-
nology.



Coaxial Cable 121

III. TELEVISION AND THE COAXIAL CABLE

Interest in the electrical transmission of images, both stationary and moving,
is as old as the telephone. Discovery of the photoresistive effect in selenium
generated rudimentary proposals as early as 1875. The principle of scanning
a picture line by line with a rapid succession of frames, relying on the persistence
of vision to create the illusion of continuous motion, was proposed around
1880. In 1884 in Germany, P. Nipkow patented a system incorporating a rotating
perforated disk to accomplish the scanning. K. F. Braun improved the cathode-
ray tube around 1900, making it a potential line-by-line picture generator. By
1907, surprisingly modern concepts were put forth by B. Rosing in Russia and
A. A. Campbell-Swinton in England. Their proposals included sequential scan-
ning of a picture, transmission of electrical signals that were analogs of the
picture-element light values, and image displays by means of a cathode-ray
tube. There is little evidence that any of the ideas were reduced to even lab-
oratory demonstration. Realization, unfortunately, was far beyond the tech-
nology of that early time.

The invention and perfection of the vacuum tube and the advent and rapid
growth of radio broadcasting in the 1920s created a renewed interest and a
powerful stimulus to inventors in several places. By the mid-1920s, many ex-
perimenters in Europe and in the United States were attempting to transmit
images by electrical signals.'? In the United States, C. F. Jenkins, a contributor
to motion picture and telephotography development, transmitted and recreated
simple animated figures. Credit for the first achievement of true television ap-
pears to belong to J. L. Baird in England, who succeeded in 1926 in generating,
transmitting, and recreating recognizable images with tonal gradation. Most of
the early efforts used rotating disks, or their equivalent, to scan the image.
V. K. Zworykin, a pupil of Rosing, persisted in efforts to realize an all-electronic
method and patented a precursor to his later, highly successful, iconoscope in
1923.2 The 1927 demonstration by Bell Laboratories used a rotating disk to
scan and neon glow lamps to recreate the image. The Bell Laboratories tests
featured, in addition, transmitting the signal over open-wire lines between
New York City and Washington DC, and by radio from Whippany, New Jersey
to New York City. The image was scanned in 50 lines at a 16-frame rate,
generating a signal in a 20-to-30-kHz band.™

In all these early efforts, the definition, by any standard, was poor. Pictures
composed of only 50 scanning lines were recognizable, but hardly sharp. Ad-
equate synchronization between transmitter and receiver was a problem. The
images generated by Bell Laboratories, while judged by one observer to be
““fairly clear,” were further described as “‘comparable to faded daguerreotypes
held in a shaky hand.”

Nevertheless, vigorous work continued in several laboratories. For some
time, the work in Bell Laboratories continued to focus on television as a two-
way, face-to-face adjunct to telephony. Rudimentary color transmission was
demonstrated in 1929. By 1930, an improved two-way system with better def-
inition was in experimental use between Bell Laboratories and an AT&T location
in Manhattan. Broadcasters became interested, and, by 1932, a dozen or more
stations in the United States were licensed for experimental broadcast trans-
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mission and several, both in the United States and in Europe, were making
occasional transmissions using the mechanical systems available. The really
significant advance, however, was in the work toward an all-electronic system
by P. T. Farnsworth in his San Francisco laboratory and, especially, by Zworykin
at Radio Corporation of America (RCA). RCA demonstrated a working icon-
oscope in 1932 and, by 1934, generated pictures of 343 lines at a rate of 30
frames per second and displayed them on a cathode-ray-tube kinescope, com-
pletely eliminating the scanning wheels and all other moving parts.”®

In 1932, the growing number of radio stations showing an interest and the
success of the all-electronic system with its much greater bandwidth led Bell
Laboratories to reconsider its objectives. The emphasis changed from two-way,
telephony-adjunct systems with bandwidth in the range of 50 to 100 kHz to
work on circuits for broadband television networking. As noted in contemporary
conference records, the circuits were to be “capable of transmitting television
programs having sufficient resolution to be of real entertainment value.” The
frequency band necessary was “‘considered to be not less than 300,000 cycles
and probably not greater than 1,000,000.” The objective was to furnish channels
for television networking in a manner analogous to the Bell System'’s established
role in furnishing audio program channels for the radio networks, with coaxial
cable as the likely transmission medium. In 1932, NBC discussed with AT&T
the prospects for furnishing wideband television networking by coaxial cable.
A demonstration of wideband television transmission became one of the major
objectives of the New York-Philadelphia tests.

3.1 The Transmission Problem

In addition to requiring a very wide band, the television signal had several
other properties that posed new problems for the transmission-system designers.
The low-frequency components in particular presented difficulties. Broadband
line repeaters could be built to amplify only a limited range of frequencies. In
addition to a limit on the highest frequencies that could be transmitted, the
ratio of the lowest to highest frequencies could not be excessive. Delay equal-
ization, i.e., having all the signal components arrive in the correct phase rela-
tionship, which is essential for television, became especially difficult for a wide
range of frequencies. Finally, in contrast to its excellent shielding properties at
high frequencies, coaxial cable, with its unbalanced structure, is a very poor
shielding medium at low frequency. Even short lengths were not satisfactory
for the baseband video signal. For all these reasons, it was necessary to shift
the television signal to higher frequencies for transmission over the line. At
the same time, the required high frequencies stressed the amplifier-design ca-
pabilities. A compromise was reached, making the lowest frequencies about
100 kHz.*¢

A picture generator was built at Bell Laboratories consisting of a scanning
disk six feet in diameter, providing 240 lines at 24 frames per second [Fig. 6-
17]. This arrangement gave fairly good resolution, and, while the flicker was
perceptible, it was adequate for the experiment. The number of lines, of course,
determined the vertical resolution, For equal horizontal resolution, in a picture
with a horizontal-to-vertical ratio of seven to six, an elementary analysis of
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Fig. 6-17. The mechanical scanning disk for the 1937 dem-
onstration of television transmission over a coaxial line. (a) Sche-
matic diagram. (b) Disk and associated experimental apparatus.
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Fig. 6-18. Television transmission. (a) Diagram illustrating the resolution
of an image into picture elements. (b) The derivation of maximum frequency
required for transmission at 24 frames per second.

picture elements led to a frequency of 806 kHz needed for transmission, a
bandwidth compatible with the design of the existing coaxial line [Fig. 6-18].
Display at the receiver was by means of a specially constructed cathode-ray
tube designed to match the capabilities of the other system elements [Fig. 6-
19]. The subject transmitted was a moving-picture film scanned by the trans-
mitter. The object was to generate and recreate a picture under precisely con-
trolled conditions. By using a film, exactly the same scene could be transmitted
repeatedly while other elements were changed or adjusted.

The sequence of modulation steps is shown in Fig. 6-20. The first step in
the two-stage process was to shift the signal with a carrier at 2376 kHz, creating
a double-sideband signal in the range from 1570 to 3182 kHz. A carrier at a
frequency of at least twice the baseband frequency was required to prevent
the sidebands from falling back on the original signal. At this point the lower
sideband was selected by a specially designed filter. Since all frequencies down
to zero are involved in baseband video transmission, the two sidebands “touch”
at the carrier, and it is not possible to select one and completely reject the
other. The filter used passed essentially all of the lower sideband, but started
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Fig. 6-19. The cathode-ray receiving
tube used for the 1937 demonstration of
television transmission over coaxial cable.
The dimensions were chosen to obtain
high linearity.

to cut off close to the carrier and passed a small vestige of the upper sideband
as well. The second stage of modulation, with a carrier at 2520 kHz, translated
this signal to the desired range within the passband of the line. The carrier was
at 144 kHz, the desired sideband occupied the band from 144 to 950 kHz and
the vestigial sideband extended down to 120 kHz. The widely separated upper
sideband generated in this modulation step was easily suppressed.

At the receiver, the process was reversed. The transmitted signal was first
moved up in frequency by modulation with a 2520-kHz carrier and then trans-
lated back to baseband video with a carrier of 2376 kHz. Unlike other mod-
ulation steps, where the carrier was at the edge or further removed from the
signals to be shifted, the 2376-kHz carrier was within the signal band at the
junction of the major sideband and the vestige. In the recovered baseband
signal, the carrier was the zero frequency and the vestige was folded over by
the modulation process to complement the attenuated section of the main side-
band and thus, fully recovered the original signal.

This was a tricky arrangement. The filter to shape the desired sideband and
vestige had to be very precisely designed. The carrier was very carefully placed
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Fig. 6-20. Modulating and demodulating scheme for the 1937 television transmission over
coaxial cable. (a) Modulation sequence at New York transmitting terminal. (b) Demodulation
sequence in Philadelphia.

in the cuttoff region and had to be very closely held in frequency. There was
some skepticism at first about even the concept of single-sideband transmission
of video signals, since waveforms transmitted by that means appeared to be
unduly distorted. However, H. Nyquist, building on earlier analyses he had
carried out for carrier telegraphy, showed that the picture distortion was not
as great as anticipated, and the advantage in resolution, due to the increased
bandwidth possible with single sideband, more than compensated for its dis-
tortions.'71®

3.2 New York-Philadelphia Television Transmission

With the picture signal in the frequency range that could be transmitted,
several characteristics of the coaxial line remained to be addressed. It was nec-
essary that both the amplitude and phase of all the picture signal components
be closely preserved. Amplitude equalization, while more exacting than that
required for telephony, was relatively straightforward. Deviations of no greater
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than about +1 dB were obtained. Phase or delay equalization was a more
difficult matter. It was first necessary to determine a requirement, since none
existed at that time. Preliminary objectives were set as part of an extensive
program to analyze the signal and its properties. To reproduce the picture
perfectly the various components had to arrive at the receiver in precisely the
same time relationship in which they were generated. The requirement was
most exacting for the fine detail and highest frequencies, where only a slight
time displacement would be damaging. From a consideration of the smallest
picture elements transmitted, it was judged that a displacement of no more
than one-half of an element should be permitted. This translated to maintaining
a delay displacement no greater than 0.3 us for baseband frequencies from 3
to 806 kHz. The requirement on the line, of course, was for the shifted fre-
quencies of 120 kHz and up and was just about met over the 95-mile line.

In addition to equalization, requirements for noise and interference were
also derived. It was determined by laboratory tests that random noise should
be at least 40 dB below the picture-signal amplitude. Pattern interference, how-
ever, is much more perceptible, and it was found necessary to hold this to 55
dB below the signal level. This situation left the system designers with their
usual optimization problem. Too low a transmission level would exceed the
signal-to-random-noise limit; too high a level would generate distortions, often
showing up as patterned impairments. It was not too difficult to find this op-
timum point though, and, on November 9, 1937, motion pictures were trans-
mitted from New York and displayed in Philadelphia. The tests were quite
successful; no unsurmountable difficulties were met and no significant impair-
ments were introduced by transmission over the line, compared to a picture
generated adjacent to the transmitting terminal in New York.

Some additional signal processing contributed to this result. Part of the signal-
analysis program included a characterization of the scanned signal spectrum
[Fig. 6-21]."° The energy of a television signal is concentrated in a line spectrum
related to the line-scanning and frame rates. The relatively slowly changing
picture content is contained in quite low-level sidebands around each of the
spectrum lines. The high frequencies, required to reproduce the fine detail,
contain very little energy, while the lower frequencies, extending all the way
to zero, are required to reproduce larger areas of light and shade and contain
most of the signal power, This signal-energy distribution, coupled to the result
of studies of viewers’ perception and tolerance of noise and impairments of
different types, made it advantageous to pre-emphasize the signal. Pre-emphasis
consisted of raising the level of the high-frequency components relative to the
low frequencies, with a complementary restoration at the receiving end. A
better optimum balance between noise and nonlinear distortion was thus
achieved.

The signal analysis also revealed that there was essentially no energy midway
between the spectrum lines. F. Gray pointed out that it was thus possible to
transmit additional signals in the same overall band, providing they were ad-
equately separated before detection at a receiver.?® In early television trans-
mission over coaxial cables, advantage was taken of this property to insert a
control pilot in the otherwise empty frequency space. Later, it was the basis



128 Engineering and Science in the Bell System

z
k3
L]
°
2
€
>
]
£
o
2
5
o
N T S T T S WP T .
[°] 1 2 3 4
MHz
(@)
Line-frequency
harmonic
2
2
.o
-
2
e
]
]
E
2
]
K} ...lllnlll Illllllln.
—&00 —300 —60 +60 4300 +600
Hz
(b)

Fig. 6-21. Signal frequency composition of the monochrome tele-
vision spectrum. (a) Typical spectrum showing every tenth line-fre-
quency harmonic. (b) Typical sidebands around each line-frequency
harmonic. The frequencies are for picture standards adopted in the
early 1940s. Except for scaling factors due to the lower frequencies
and scanning rates, the signal spectrum in the 1937 tests would be
similar.

for inserting a color signal without extending the band. The color signal was
not detectable by black-and-white receivers and a compatible system was thus
realized.

The New York-Philadelphia transmissions provided a sound basis for the
further development of coaxial cable for network television. Meanwhile, all-
electronic systems were advancing rapidly. By 1934, RCA demonstrated a sys-
tem using the iconoscope with 343 lines and 30 frames per second. A few years
later, 441 lines became a commonly accepted interim standard. In the early
1940s, this was again modified to 525 lines and adopted by the National Tele-
vision System Committee and Federal Communications Commission as a na-
tional standard, which it remains to this day. The increased number of lines
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implied much wider bands than those achieved in the New York-Philadelphia
tests. The standard signal contained components to about 4.2 MHz. While
there was little prospect that the first-generation coaxial design could reach
that range, efforts were started, even before the first television tests were com-
pleted, to extend the frequency band. A new generation of line amplifiers, good
for 2 MHz, was installed on the New York-Philadelphia line at 5-mile intervals
in the summer of 1938 [Fig. 6-22]. The upgraded line was carefully tested for
intermodulation, load capacity, thermal noise, crosstalk, and all the features

(b)

Fig. 6-22. Coaxial-line amplifier evolution.
(a) Two-MHz amplifier, 1938. (b) Three-MHz
amplifier, 1939.
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judged necessary in a commercial system. A year later, prototypes of amplifiers
for the first commercial system, with a further increase in bandwidth to 3 MHz,
were installed at the same locations. This so-called 3-MHz system provided a
useful band for television of about 2.7 MHz by terminal modulation and trans-
mission techniques similar, except for the frequencies used, to those already
described.

3.3 Local Links

From the start, broadcasters aimed to cover live events of the day as well
as to transmit studio programs. Some form of link between the scene of the
action and the television transmitter or network port was necessary. On May
20, 1939, the National Broadcasting Company (NBC), a subsidiary of RCA,
covered the six-day bicycle races then in progress at Madison Square Garden
in New York City and telecast them live in a half-hour program of sight and
sound. The link between Madison Square Garden and the NBC transmitter at
the Empire State Building was furnished by New York Telephone and Bell
Laboratories as an experiment in local television transmission. Transmission
was via existing No. 19 gauge telephone cable pairs extending from the arena
to a central office and from the central office to the NBC studio.” Special
amplifiers and gain and phase equalizers were used in the central office and
at the terminals, Illumination was low compared to studios, but the results
were judged to be distinctly satisfactory.? This test demonstrated the use of
ordinary cable pairs, specially handled, for short links from the site of an event
to the studio. (It might be noted in passing that selecting the six-day bicycle
race as a subject was quite analogous to the use of a repetitive film strip for
the first demonstrations between New York and Philadelphia!)

In June of 1940, the upgraded 3-MHz New York-Philadelphia line was used
to transmit television coverage of the Republican National Convention in Phil-
adelphia to New York City where it was broadcast live.”® The small audience
of television-set owners in New York at that early period were thus able to see
as well as hear the galleries chanting “We want Willkie.” This, too, was a joint
undertaking by NBC and the Bell System. NBC generated the pictures in Phil-
adelphia and delivered them to AT&T, who transported them over local wire
paths and the coaxial system to New York and delivered them back to NBC
for broadcast from their transmitter on the Empire State Building. The picture
was at the 441-line standard and occupied, as generated, a nominal 3.5 MHz
band. For short-haul transmission within the two cities, existing pairs in tele-
phone cables were used. At the New York end, local transmission was also
tested over new, special, shielded pairs with wider-spaced conductors [Fig.
6-23]. The special video pairs had less than one-fourth of the loss of ordinary
No. 19 gauge pairs, permitting amplifiers to be spaced as much as five miles
apart. In later years, such pairs became part of the standard equipment for
local television transmission.

The transmission of the convention was a great success, and the last stage
before a commercial coaxial system for television or multichannel telephony
was ready for service. World War II intervened and suspended work on tele-
vision broadcasting, as well as on coaxials for networking, but the system was
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Fig. 6-23. The New York-Philadelphia network used to transmit the 1940 Republican
Convention.

ready and spread rapidly when television returned following the war. For several
years, in the mind of the public, coaxial cable became synonymous with tele-
vision networking, even after microwave radio became a competitive, and even
predominant, medium. Many a battle-scarred coaxial-development veteran lis-
tened with dismay as the announcer attributed the loss of a remote picture,
for whatever reason, to “‘a failure of the coaxial cable.”

IV. The Commercial System—L1 Coaxial Cable

After the 1936 tests and subsequent television transmission, the New York-
Philadelphia line became a field laboratory for the improved equipment nec-
essary for a commercial system. By the end of 1938, the designers were satisfied
that they had a system suitable for regular service. Preparations were made
for larger-scale manufacture, and, in May 1939, FCC approval was obtained
for the construction of a line with four coaxial tubes from Stevens Point, Wis-
consin to Minneapolis, a distance of 195 miles. Construction was started later
that year.*

The line was divided into four main station sections of about 50 miles each
[Fig. 6-24). The first section west of Stevens Point was of aerial construction,
but the open-country sections of the remaining 150 miles were directly buried
by a cable plow to an average depth of 30 inches (surely a testimonial, both
to the capability of the plow and to the quality of the Wisconsin/Minnesota
soil) [Fig. 6-25]. In later construction, direct burial, usually to a depth of four
feet in excavated trenches, which were then backfilled, was the usual procedure.
The added depth not only reduced temperature changes, but provided highly
valued additional physical protection from small-scale excavation work.

Development work had continued on the coaxial structure since the New
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Fig. 6-25. Plowing in the coaxial cable on the Stevens Point-Minneapolis route, 1939.



Coaxial Cable 133

Fig. 6-26. Coaxial tubes with serrated longitudinal seam used in the Stevens Point-Min-
neapolis cable.

York-Philadelphia experimental installation. For the Stevens Point-Minneapolis
installation, a new form of coaxial structure and cable was used.” The outer
conductor of each coaxial tube was constructed of a single copper ribbon with
serrated edges. This was formed into a cylinder around the disk-supported
inner wire with the notched edges crimped together in a continuous longitudinal
seam [Fig. 6-26]. The structure proved to be both less expensive and superior
in transmission properties to the earlier multitape form. The complete cable
was made up of four coaxial tubes and a number of pairs. The Stevens Point-
Minneapolis line was pressed into preliminary service on two occasions in
1940—once when a storm disrupted the existing lines, and again, to help with
heavy Christmas traffic. Regular service was initiated on June 9, 1941. The new
system was designated the L1 coaxial system.

While television service was not planned on this route, the line was capable
of transmitting the full 3-MHz band required. New terminal equipment, with
a film scanner capable of generating 441-line images had been tested on a New
York-Philadelphia—-New York loop in January 1941 to demonstrate its television
capability. In May of that year, the terminals were shipped to Minneapolis and
applied to the Stevens Point-Minneapolis line with the four coaxials looped
in series for a distance of 780 miles, the longest television circuit established
up to that time. As in all loop tests, it was possible to compare the looped signal
with a local picture. Experienced observers could detect the effect of the long
line on the pictures, but to most observers they were hardly perceptible.

4.1 L1 Terminals

The commercial L1 telephone terminals differed from the earlier experimental
versions by using three stages of modulation and a different approach to line-
frequency assignments [Fig. 6-27]. Instead of modulating each 12 channel group
directly to the line frequency, five groups were shifted to form a 60-channel
block, designated a supergroup, in the band from 312 to 552 kHz, and this
was then translated to the line frequency in a third modulation step. Within
the supergroup, the channels continued to be stacked side by side at 4-kHz
intervals. The five 12-channel groups making up the supergroup were divided
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Fig. 6-27. Frequency allocations and modulation steps for 480 telephone channels on the
L1 coaxial system.

into odd and even groups, separated in frequency, so they could be easily
isolated by inexpensive filters. They were then combined into the supergroup
by means of a hybrid [Fig. 6-28]. In contrast with the 1936 line-frequency
assignments where the groups were placed chockablock with a channel every
4 kHz over the entire line frequency range, the supergroups were spaced in
the line-frequency spectrum with an 8-kHz gap between each one. The spacing
permitted selective filtering for blocking and branching of each supergroup
without disturbing the transmission of the adjacent supergroups. The coaxial
designers were learning that their superhighway needed occasional interchanges
with other highways, without bringing the entire stream of traffic down to
individual voice channels. Blocking and branching had been successfully tested
on the New York-Philadelphia line during the testing of the final L1 design.
Pilots were supplied to the line at 64, 556, 2064, and 3096 kHz. The 2064-
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kHz pilot, just above the top telephone channels, was used for basic temperature
regulation at every auxiliary repeater. (This was absolutely necessary on the
aerial link). At main stations, the 556-kHz pilot was used to control an equalizer
to correct for accumulated errors in line-temperature regulation. At the same
locations, the 3096-kHz pilot was used in an automatic equalizer to compensate
for transmission deviations caused by equipment temperature changes. In the
initial installation, the 64-kHz pilot was used only for supervision and some
manual adjustments. In a longer system, it was expected to be of use for ad-
ditional automatic equalization. In addition to the line pilots, a 92-kHz pilot
was inserted in each group, in place of the balanced-out carrier, to provide a
test tone for group continuity.

As in other carrier systems, the L1 design reflected attention to reliability
and continuity of service, of special concern on coaxial cable because of the
large number of circuits. A single coaxial pair far exceeded in capacity the
moderate needs of the Stevens Point-Minneapolis route, even allowing for
growth, but the additional tubes were furnished as hot spares to be switched
into service in the event of a working-line failure. A complete set of spare
modems, filters, and hybrids was provided to form a 60-channel supergroup
from any five group banks, as well as a full complement of equipment necessary
to modulate the basic supergroup to any line frequency. The carrier supply
that furnished the array of modulation tones was completely duplicated. Power
was furnished from the commercial AC source but, in the event of a power
failure, a DC-to-AC inverter, driven from the office battery, was automatically
switched in.

The substitution of any spare for a working unit was arranged, as far as
possible, to cause no break in service. The transmission path was duplicated
in parallel, via hybrids, before any working unit was removed. In addition to
a patchboard at voice frequency for all circuits, the input and output of all
modems were brought to high-frequency patchboards to permit rapid and con-
venient substitution. Jackboards were provided for testing on either a “termi-
nated” or “bridged” basis. Terminating tests removed equipment from service,
with the test set terminating the transmission path and matching its impedance.
Bridging tests were made with high-impedance sets shunted across the line for
in-service testing. Patching and test jacks were centrally located in the terminal
bay lineup [Fig. 6-29].

All these measures involved expense, of course, but experience has fully
justified their value. Over many decades and generations of transmission fa-
cilities of every type, the continuity and reliability of Bell System telephone
service was a source of satisfaction to the public and a matter of pride to its
designers, manufacturers, and operators.

4.2 Post-World War II—L1 Carrier

While the war interrupted further development work on coaxial cable as
well as on all other civilian transmission projects, a limited amount of construc-
tion was needed to meet wartime needs. Planning for the postwar era continued,
especially as the war neared its end. In December 1944, with the end of the
war in sight, AT&T announced an ambitious plan for the extension of its coaxial



136 Engineering and Science in the Bell System

Fig. 6-29. L1 terminal equipment showing centrally located patching and test jacks.

network. At that date, in addition to the Stevens Point-Minneapolis link, the
New York-Philadelphia line had been fitted for commercial service and ex-
tended through Baltimore to Washington. Lines from Atlanta to Jacksonville
and from Terre Haute to Saint Louis were under construction. The 1944 plan
called for construction of 6000 to 7000 miles of new line over the subsequent
five years. The plan called for a line down the East Coast from Boston to Miami,
a southern transcontinental route from Atlanta to Los Angeles, and major links
from the East Coast to Chicago, St. Louis, and New Orleans. All the new links
were to provide at least six coaxials in a sheath.

In the same announcement, AT&T indicated its intention to provide extensive
television network capability over the coaxial lines and to provide local links
to the intercity coaxial network access points and between studios and trans-
mitters. At the same time, plans were revealed for a new system with a 7-MHz
band, capable of transmitting a full 4-MHz, 525-line television signal, plus 480
telephone channels simultaneously. In the postwar years, this projected de-
velopment became the L3 coaxial system with a band of over 8 MHz, able to
transmit 600 telephone channels in addition to television. (Whenever a gap
occurs in the otherwise sequential series of system designations, it is a fairly
safe assumption that a development was abandoned or that a system concept
was studied for a time and rejected. L2 was a small-scale attempt to adapt
coaxial lines to light traffic and shorter routes, a constant matter of interest,
because of the enormous number of such situations. It was abandoned at an
early stage.)
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The deployment plan was carried out essentially as projected. Implemen-
tation was substantially helped by two major improvements in the coaxial
structure design. The first was a substitution of polyethylene for the hard rubber
in the supporting disks. Prewar experiments had established the electrical su-
periority of polyethylene to rubber as well as its mechanical adequacy, but
wartime conditions delayed its introduction [Fig. 6-30]. (See another volume
in this series, Physical Sciences (1925-1980), Chapter 14, Section IIl.) Following
the war, its use was most fortunate because, for a time, the rubber became
almost unavailable. The other major change was an increase in coaxial-tube
diameter with a consequent decrease in loss. The inside diameter of the outer
conductor was increased to 0.375 inch, and the inner conductor diameter,
maintaining the 3.6-to-1.0 ratio, became 0.1 inch. The outer conductor thickness
was also increased slightly, to 0.012 inch, to improve low-frequency transmis-
sion. The larger tube, first used in an eight-coaxial sheath between Dallas and
Fort Worth in 1946, had substantially lower loss, permitting eight-mile spacing
for L1 repeaters instead of the approximately five miles required with the 0.27-
inch tube. The lower loss and wider repeater spacing were especially important
in reducing the number of repeaters required in the much wider-band systems
that lay in the future. Not the least virtue of the new design was its superiority
for AC transmission. The larger-center conductor permitted power feeds to be
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spaced as much as 165 miles apart. The latitude in power-feed spacing was
such that the locations were generally determined by other considerations.

In later years, even larger-diameter structures were often considered. As-
suming that manufacturing and handling problems could be solved, this had
a great attraction for new line construction. But a major application for (and a
constraint on) new systems was always the need to upgrade existing lines, with
the repeater spacings fixed by existing equipment huts or manholes, and the
consequent advantage of making new spacings submultiples of existing spans.
In addition, with microwave radio growing even more rapidly than coaxial
cable, the extent of new cable installations was always uncertain. The three-
eighths inch coaxial remained the standard in 1984.

As the systems were installed and grew in length, much new information
was learned in the field.?® Despite rapid advances in the ease and precision of
measurements, equalization and measurement continued to be a problem. With
end-to-end system requirements established and divided down (by a factor of
several hundred) to determine the requirements to be met in individual repeat-
ers, the accuracy needed often exceeded the capability of the best measuring
equipment available. A build-and-learn approach was necessary. Amplifiers
were designed and built as close to the desired characteristic as could be de-
termined by measurement, but, in addition, special pains were taken to make
them as alike as possible in every feature that could affect transmission. The
long multirepeater lines were then carefully measured to determine the mul-
tiplied deviations. This occasionally led to modifications in the repeater design,
but was usually more helpful in the design of equalizers to mop up the accu-
mulated deviations. At each main station, so-called A equalizers were provided
to correct deviations that were fairly well predicted. B equalizers were provided
at longer intervals, their design determined more by the process just described.

By these methods, the systems were equalized to a degree entirely adequate
for telephony. Residual deviations from desired levels could always be corrected
in the terminals by gain adjustments at supergroup-, group-, or even individual-
channel levels. However, transmission for long distances at levels higher or
lower than the optimum or with prolonged exposure to an interfering signal
was harmful to the signal-to-noise ratio. A further measure helped to meet
long-distance telephony objectives. At 800-mile intervals, the recommended
practice was to demodulate the entire array of line signals to supergroup or
even group level. The line signal could then be reconstructed with the pieces
assigned to new frequency slots, thus averaging out impairments due to noise,
interference, and transmission deviations in the different parts of the frequency
band. This frogging, or scrambling, was not possible on a long television con-
nection, and good equalization for television always remained a problem on
the L1 system.

As the system spread, maintenance and operational methods were developed
and adapted to experience. The typical auxiliary station was a simple concrete
block hut without heat, light, or power except for that on the coaxial cable.
Only a minimum of checks and tests to identify faulty equipment were made
at the site. Defective amplifiers or other equipment was replaced and the re-
moved unit taken to a main station where further tests were possible. These
stations were equipped for more extensive tests and to make simple repairs,
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such as replacing tubes. For more elaborate repairs, including the means to
reconstruct an amplifier completely, the equipment was shipped to one of four
or five regional repair centers strategically located around the country.

Later, as the reliability of the system was established, confidence grew. Con-
tinuous power was furnished by AC generators driven by commercially powered
AC motors with DC motors on the same shaft. If commercial AC power failed,
the inertia of the rotating machines maintained line power until the DC motor,
connected to the power feed station’s battery, could pick up the load. Even
main stations became only partially attended. Full-time attendance was required
only at major stations at intervals of 600 miles or so. At these points, as many
as 150 remote alarms and indications could be displayed via the maintenance
pairs that accompanied the coaxials.

For television networking, L1 dominated until microwave radio became a
significant factor after 1950. By 1948, over 5000 route miles were in service
for television, with established television networks along the East Coast (the
New York-Boston link by experimental microwave radio) and from St. Louis
to Buffalo.

In time, a ninth and tenth supergroup, with somewhat higher noise, but
adequate for shorter distances, were added to L1 in the frequency band above
2 MHz. At its peak, about 1954, before widespread installation of TD radio
and L3 coaxial absorbed the growth, L1 provided over 10 million miles of
voice-circuit capacity and about 20,000 television-channel miles.
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Chapter 7

Ultrahigh Frequencies,
Microwaves, and Radio Relays

I. EARLY CONCEPTS AND DEVELOPMENT

The idea of receiving a weak radio signal, amplifying or regenerating it, and
retransmitting it at higher power occurred to inventors almost from the start
of wireless telegraphy. Proposals for relaying radiotelegraph signals are found
in United States patents issued to J. Stone as early as December 1902. Ap-
parently few, if any, radiotelegraph stations were built for the specific purpose
of relaying, although it was probably a fairly common practice for an inter-
mediate operator to receive and retransmit a message that was too faint at a
more distant station.

No attempt to relay a speech message by radio is known prior to 1915, but
an entry in November of that year in a Western Electric laboratory notebook
proposes the idea, no doubt stimulated by the work on the first repeatered
telephone wire lines then going into service. One of the first commercial two-
way radiotelephone links was established between Catalina Island and the
mainland of California in 1920. Shortly after it went into service, a two-way
connection was established by radio from the SS Gloucester, some distance out
in the Atlantic Ocean, to an East Coast shore station. From there, it was extended
by wire over the transcontinental line and, by radio again, to Catalina Island.
Perhaps as much as any branch of technology, the history of radio transmission
is punctuated with demonstration spectaculars. We need not ask why anyone
on Catalina Island should want to talk to the Gloucester, and the transmission
must have been terrible, but it was a radio relay of a sort.

The technology of the 1920s, however, was not advanced to the state where
widespread radio relaying of telephone messages could become practical. To
many people, on the other hand, it continued to seem only reasonable that
radio developments would parallel the repeatered and multiplexed telephone
wire line work, and numerous patents were issued for repeatered radio links.
Even the earliest of these, in 1921, proposed multichannel multiplexing and
recognized the need to shift the radio frequency at the repeater to avoid singing
around the local transmitter-receiver loop.!

It has been characteristic of radio that, as advancing technology opens up
new bands, there is a rush to fill the newly available spectrum with a host of
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services competing for frequencies. Following Marconi’s demonstration that
relatively long waves were suitable for long-distance transmission (his first
transatlantic transmission was at 1100 meters [270 kHz]), it was soon observed
that the lower the frequency, the better the long-distance transmission. Fre-
quencies as low as 15 or 20 kHz became the favored choice for long-distance
radiotelegraph service. Frequencies of several hundred kilohertz were much
poorer, and, above 1500 kHz, transmission beyond the horizon became very
poor indeed. (In 1925, H. W. Nichols and ]J. C. Schelleng at Bell Laboratories
showed this to be due to a resonance phenomenon of the charged particles of
the ionosphere in the earth’s magnetic field in the range of 1.5 to 2 MHz.)*
The frequencies above long-distance telegraphy and below the absorption range
were ideal for local coverage, and, in the 1920s, the radio broadcast services
filled the band from 500 to 1500 kHz with their signals.

Marconi, the father of long-wave radio, realized that if new services were
to be had, they would have to be in a new and unused range—that is, at higher
frequencies. As early as 1916, he directed his organization to start experiments
at frequencies of 5 MHz and higher. One of the advantages, of which he was
well aware, was the ability to realize more directive antennas at the shorter
wavelengths. To the surprise of everyone, these shortwaves (high frequencies)
were discovered to have useful long-distance transmission properties. They
were above the absorption resonance and were returned to earth by the ion-
osphere. As the properties of the ionosphere and the facts governing shortwave
transmission became better known in the 1920s, these frequencies were also
quickly occupied for long-distance communication. The first transatlantic tele-
phone circuit, opened in 1927, was at a frequency of about 60 kHz, but de-
velopment at high frequencies (HF), in the range of 5 to 25 MHz, was already
under way.? The band available at the high frequencies made many more links
possible than in the long-wave region developed earlier.

Shortwave propagation and directive antennas were quickly adopted by
inventors seeking radio relays. For a time, pioneer Station KDKA in Pittsburgh
transmitted at 5 MHz as well as at the usual broadcast frequencies of the day,
and its programs were occasionally received and rebroadcast in England. The
Westinghouse Electric Corp., seeking to establish its own radio-program net-
work, established a shortwave radio-relay station in Hastings, Nebraska to
relay its programs to stations on the West Coast. Unfortunately, the antennas,
while moderately directive, also had significant levels of radiation in directions
other than the one desired, and propagation was not at all limited to the range
of the intended receiving station. The programs were often heard in Europe
and South America as well, where, it may be assumed, they were not always
welcome.

Bell System inventors, too, seized on the possibility of HF for radio relay.
Patents issued in the 1920s attempted to utilize the shortwave frequencies.
Novel use was made of nulls in the antenna pattern and zigzag routes to reduce
the problem of “overreach” to the next station [Figure 7-1). It was hoped by
this means to reuse the radio frequencies, reducing the number required in a
multihop chain. In the early 1930s, the possibility of improving transatlantic
HF transmission by means of island or ship-based HF relays was also studied
in the Bell System.
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Fig. 7-1. Patent figure for proposed directive radio repeating system, 1928,

None of these relaying schemes came to anything. For overland routes, costs
were prohibitively high for a single telephone channel that could be realized
at much lower cost by a wire pair. With limited antenna gain, path loss was
high, and tubes had to be pushed close to their load limit. Attempts to reduce
the cost per channel by multiplex transmission were thwarted by the nonlin-
earity and intermodulation in the transmitters. In the 1930s, while some success
was achieved in telephone multiplexing over radio, in general, radiotelephony
continued to be restricted to overseas and shorter links to otherwise isolated
localities. Quality was relatively poor compared to the high-grade wire circuits
coming into common use. The radio art was not yet ready for large-scale tele-
phone relaying.

II. WORK ABOVE 30 MEGAHERTZ—ULTRAHIGH FREQUENCIES

By the early 1930s, the radio research and development work at Bell Lab-
oratories was divided into three categories. Two of these—continuing devel-
opment for broadcast radio and HF transmission in the range from 5 to 25
MHz for overseas two-way telephony-—had been established in the 1920s and
continued to be pursued vigorously. The third category was the investigation
of the relatively unexplored area of ultrahigh frequencies (UHF)—frequencies
above 30 MHz. This exploration was stimulated, both by a developing need
for transmission in this range and by advances in the means for accomplish-
ing it.

gPerhaps foremost was the growing awareness of the prospect for television,
along with the knowledge that large frequency bands would be required for
its transmission. By the early 1930s, analysts understood that a single television
signal of even moderate definition would require a radio band larger than that
assigned to the entire audiobroadcast industry. Since the right to use even a
small piece of the existing band was usually the subject of an intense contest,
it was clear that the large blocks needed for television (multiple channels were
assumed from the outset) would have to be in unoccupied bands. Fortunately,
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the technology tends to make the signal bandwidth that can be managed about
proportional to the frequency in which the band is located. That is, it is about
equally difficult (or easy) to handle (amplify, modulate, transmit, or broadcast)
a 10-MHz-wide band at 100 MHz as to do the same for a 1-MHz band at 10
MHz. Both require a ten-percent band. All factors pointed to the UHF fre-
quencies as the natural home for television. To a lesser degree, the emerging
needs for FM broadcasting with wide deviation also fitted well with a UHF
assignment.

AT&T’s interest was primarily with the prospect for radio relaying. The
properties of radio waves at UHF were especially attractive for this application.
The short wavelength made possible highly directive antennas of moderate
size, with the corresponding prospect of low transmitter power and better lin-
earity. The ionosphere did not normally return these frequencies to the earth
as it did those in the HF band. Transmission was generally restricted to a line-
of-sight optical path, with little propagation beyond the horizon. The restricted
transmission range and narrow beams made possible the reuse of frequencies
in fairly small geographic areas. The broad band available and the prospect
for reuse promised to make a very large communications resource available.
Directivity, low power, limited transmission range, broad band, and reuse of
frequencies looked exactly like the combination for which the radio-relay people
had been searching.

Others too, of course, were conscious of these factors. The Radio Corporation
of America (RCA), whose primary interest was in broadcast television, also
understood the need to transmit expensive program material for simultaneous
broadcast in more than one city. As part of their early television experiments
about 1934, they established a relay link from New York to Philadelphia.’
Signals broadcast at 44 MHz from the Empire State Building in Manhattan
were received at Arney’s Mount, a high point in southern New Jersey. From
there, they were transmitted at 79 MHz over a relatively short line-of-sight
path to a receiver in Camden, New Jersey for rebroadcast in the Philadel-
phia area.

In addition to two-way telephony, the Bell System wished to play the same
role in television-program networking that it already occupied in the well-
established service for audiobroadcast programs. The coaxial cable had been
designed with both objectives in mind; radio relay was expected to follow the
same path. That interest in Bell Laboratories was intense is indicated by the
files of that period. A casual survey of the system development files reveals
that, in the 1930s, more than 90 memos were addressed to one aspect or another
of radio relaying,

2.1 Vacuum Tubes

Some of the advantages for relaying, especially antenna directivity, increased
more or less proportionately with frequency. For this and other reasons, a
considerable number of workers began to investigate the upper frequency limits
of vacuum tubes. The expetiments typically explored the highest frequency at
which a tube would oscillate. This was closely related to the maximum frequency
at which amplification was possible, and oscillation was much easier to detect
and measure than amplification. Oscillating frequencies up to 100 MHz had
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been obtained with conventional negative-grid biasing before 1920. Using tubes
from which the bases had been removed and thus reducing a limiting capac-
itance, G. C. Southworth produced oscillations up to 300 MHz in 1920.
Throughout the 1920s, a number of experimenters achieved frequencies as
high as 300 to 600 MHz using, in some cases, the harmonics of a fundamental
frequency.

The work at Bell Laboratories consisted of analyzing and understanding the
mechanisms that established a limit, as well as working in the laboratory to
produce tubes that extended it. In 1927, C. R. Englund analyzed the structure
of a number of readily available tubes and found the upper limit, due to lead
inductance and element capacitance, to be about 200 MHz.®* W. E. Benham, in
England, noted the significance of the transit time of the electrons in their
passage from the cathode to the plate in 1928.” In 1934 and 1935, F. B. Llewellyn
extended the analysis of oscillation limits to include the effect of the transit
time and dissipation in the leads, concluding that tubes of the then avail-
able construction would be limited to frequencies of several hundred
megahertz.®?

In the meantime, in a number of laboratories, efforts were under way to
reduce the limiting conditions as far as materials and methods would permit.
One approach was to abandon the concentric cylindrical cathode, grid, and
plate structure, commonly used at the time, in favor of a closely spaced parallel-
plane structure. At RCA, this approach was adopted; and, by shrinking the
dimensions as far as available tooling permitted, designers developed a series
of miniature low-power receiving-type acorn tubes, capable of oscillation up
to 1000 MHz [Fig. 7-2]." In Bell Laboratories, effort was directed more to higher-

Fig. 7-2. Receiving tubes of extremely small dimensions. Right,
a conventional receiving-type tube is shown for comparison
with, left, miniature acorn tubes.
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Fig. 7-3. High-power, high-efficiency UHF vacuum tubes developed at Bell Labo-
ratories, 1935. Left, a tube that generated 10 w at 670 MHz with 20-percent efficiency.
Right, a tube that generated 1 w at 1200 MHz and 10-percent efficiency.

power transmitting-type tubes. By 1935, tubes were produced capable of de-
livering 10 w at 670 MHz with 20-percent efficiency as oscillators and others
capable of 1 w at 1200 MHz and 10-percent efficiency [Fig. 7-3]."" Later in the
decade and in the early 1940s, work at the General Electric Co. using very
close spacings and low-inductance disk seals to connect to the grid, produced
negative-grid triodes capable of working even further into the microwave range.
The availability of tubes of suitable capability was not, in general, a limitation
on the use of ultrahigh frequencies. The performance figures quoted, however,
were usually obtained under carefully controlled laboratory conditions. Incor-
porating the tubes into effective working circuits and practical systems imposed
many additional limitations, and system experiments were generally at much
lower frequencies than the oscillation limits.

2.2 Propagation

Along with the work on generating, amplifying, and detecting signals in the
new wavelength ranges, an extensive program was carried on by Bell Labo-
ratories to determine the propagation properties of these waves through the
atmosphere. (See another volume in this series, Communications Sciences (1925-
1980), Chapter 5, Section I.) The experience leading to the effective utilization
of the HF signals was still relatively fresh in people’s minds. HF frequencies
that were not expected to propagate much beyond a line of sight were found
to be capable of transoceanic transmission, and, by the early 1930s, were pro-
viding the backbone of worldwide radio communications. It was believed that
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the limit to ionospheric reflection had been reached in the range from 30 to 40
MHz, but experimenters were leaving no possibility untested and were alert
for evidence of any new phenomenon.

In 1932, Bell Laboratories conducted propagation tests at frequencies of 17
and 80 MHz over a variety of paths in the vicinity of their New Jersey labo-
ratories.'” The paths were chosen to be both at and well beyond line of sight
and over both land and water. In general, the method was to transmit from a
fixed location convenient to one of the laboratories and to receive with portable
equipment at various remote points over a period of time. The receivers were
calibrated by application of a known voltage to the receiving antenna terminals.
On occasion, traverses were made, measuring the received signal as a function
of distance from the transmitter [Fig. 7-4]. Some traverses were made
to a receiver in the Bell Laboratories airplane, a Ford Tri-motor Tin Goose
[Fig. 7-5]. The alternate reinforcement and cancellation between the direct path
and the wave reflected from the earth was clearly observed. In other tests, a
sharply defined interference pattern was observed due to reflection from an
isolated tree on flat ground [Fig. 7-6].

In most of these tests, quite good agreement was obtained with the theory

Fig. 7-4. Automobile-mounted receiving equipment
for measuring the strength of ultrashortwave fields
during overland traverses.
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Fig. 7-5. The Bell Laboratories Ford Tri-motor airplane with fixed V and strut antennas,
1930.

developed over several years, both in the United States and abroad. Results
were explainable in terms of inverse distance loss over the direct optical path
modified by reflection, refraction, and diffraction, the latter two being especially
important for paths below the horizon, beyond line of sight. Among the note-
worthy results of this work was that reflection was not only quite regular over
water paths as expected, but was also surprisingly so over land of moderate
relief, where the irregularities were large compared with the wavelength. On
further consideration, it was realized that this was to be expected at near-
grazing incidence. In later work, reflection coefficients as high as 0.8 or 0.9 for
grazing paths over wooded terrain were found even at frequencies into the
microwave range, above 1000 MHz. For flat fields, deserts, or over-water paths,
strong reflections were found down to wavelengths of a few centimeters or
less. One result of this work was rapidly incorporated into radio lore worldwide.
It was found that the refraction of the waves due to the decreasing density of
the air with altitude could be accounted for by assigning a fictitious radius to
the earth equal to four-thirds its actual radius and then treating the paths as
if there were no atmospheric refraction. (Atmospheric refraction is well known
at optical frequencies. The setting or rising of a star occurs when it is about 35
minutes of arc below the geometric horizon.) .

In late 1933, the propagation tests were extended with measurements at 65
and 190 MHz."® For long over-water traverses of 100 miles or more, tests were
again made using the airplane. Received-signal levels from a fixed transmitter
on the New Jersey shore were recorded while the airplane flew at various
altitudes away from and toward the transmitter, over the ocean along the south
shore of Long Island. Results were obtained at altitudes from 2500 to 8000 feet
and at ranges out to 120 miles [Fig. 7-7]. Again, fair agreement with theory
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was obtained, especially for flights at the highest altitude, which were entirely
in line of sight. Reception at lower altitudes also agreed reasonably well with
theory for line of sight; but, for paths beyond the horizon, even allowing for
diffraction around the bulge of the earth, unexpected large variations were
observed at different times under what appeared to be essentially the same
conditions. The experimenters were forced to conclude that other factors, such
as the varying moisture content of the atmosphere, entered in and propagation
beyond the horizon was not as predictable as they had hoped. The path loss
for the below-horizon paths was very high, and, at one point, the plane was
given a thorough going-over to tighten all bolts and reduce radio noise suspected
to be due to loose joints. Even with the bolts tightened, no measurements were
made at altitudes below 1000 feet. The Ford Tri-motor was a land plane and,
when it was over water, it was desired to keep within gliding distance of the
Long Island shore—the zeal for research did not exclude prudence.

About 1934, extensive measurements at 34 MHz were also taken in the
urban environment of Boston.' Propagation was found to follow the inverse
distance relationship, with interference effects due to reflections from large
buildings about as expected. Considerable noise was observed from automobile
ignition, but none from electric streetcars. Overhead trolley wires, however,
reduced signal levels about 15 dB at intersecting lines. The motivation for this
work was the growing interest in UHF for two-way use by the police and in
the harbor.

2.3 Field Systems

In addition to the research on tubes and propagation, there was a considerable
urge to get in the field with a working system. This was partly to learn by
actual experience about some of the real-world engineering problems of tele-
phone links in the UHF band and partly to “establish a presence.” Others were
eager to enter the field. There was some uncertainty as to how the Federal
Communications Commission (FCC) would regard the Bell System’s reentry
into the domestic radio business, even if it were confined to two-way telephony
and television networking. It was felt that it would add to the persuasiveness
of the case for telephone company use of radio to have a system in operation.
In the early 1930s, Bell Laboratories set up a relatively short experimental link
for two-way telephony between the Holmdel and Deal laboratories in New
Jersey. Operation at first was at about 60 MHz and later at 150 MHz. In 1934,
using the techniques and types of equipment used in these laboratory instal-
lations, a radio link was established in Massachusetts across Cape Cod Bay
from Greﬁl Harbor on the mainland to Provincetown at the tip of Cape Cod
[Fig. 7-8].

A single two-way telephone channel was provided with transmission at 65
MHz from Green Harbor and 63 MHz from Provincetown. The receivers were
powered continuously and the transmitters arranged for fast start-up (one sec-
ond) when an operator connected to the circuit. For the convenience of test
personnel during the experimental stage, transmitters and receivers were housed
in a hut at the base of the antenna poles, but were designed into simple weath-
erproof cabinets intended for pole mounting outdoors in commercial service
[Fig. 7-9]. Identical antennas for transmitting and receiving were pole-mounted
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Fig. 7-8. The two-way radio link at 63 and 65 MHz between Green Harbor and
Provincetown, Massachusetts, 1934.

arrays of half-wave dipoles. Each antenna consisted of four levels of two dipoles
each with a similar reflector array a quarter wavelength behind the exciter
elements to make the array unidirectional [Fig. 7-10]. All the equipment was
designed to operate unattended and performed well in service. During a severe
hurricane in 1938, when the land links were knocked out, the radio link provided
the only telephone communication to Provincetown for several days.

As the virtues of UHF radio for point-to-point line-of-sight telephony became
known, there was considerable interest in similar links to isolated locations in
both the United States and Europe. The Bell System established radio connec-
tions to islands in the Chesapeake Bay, and RCA designed a UHF network for
Mutual Telephone of Hawaii linking several of the islands. The British estab-
lished similar links to small offshore islands and even one across the Irish Sea
to Ireland.

These were essentially all one-hop links with a single voice circuit, but interest
in multichannel, multihop relaying remained high. In 1938, RCA established
a three-hop link from New York to-Philadelphia using frequencies around 90
MHz capable of carrying two-way-telegraph, teletype-printer, and facsimile
signals.’ This system used line-of-sight hops with dipole-antenna arrays. Four
antennas were needed at each repeater, as separate transmit and receive arrays
were used for each direction of transmission. In 1939, RCA also established
an experimental multihop, one-way relay system to transmit television from
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Fig. 7-9. The 65-MHz ultrashortwave transmitter for the Cape
Cod Bay link. The cabinet was designed for outdoor pole mount-
ing with no additional protection from weather.

the Empire State Building transmitter to Riverhead, Long Island.'” Transmission
from New York City was at the broadcast frequency (45 MHz) to a receiving
station at Hauppauge, Long Island, then at frequencies of 460 and 474 MHz
for two additional hops to Riverhead. The repeaters provided about 8 MHz of
flat band. The higher-frequency hops used FM, with a transmitted power of
0.7 w, and obtained 20 dB of gain from cylindrical parabolic reflectors. Satis-
factory transmission of the then standard 441-line picture was demonstrated
over this link.

In Bell Laboratories, as elsewhere, the highest possible frequencies were
pursued to provide the maximum advantages of UHF transmission. Offsetting
this was the increasing intractability of the components as frequencies were
raised. In the mid-1930s, frequencies around 150 MHz became the favored
choice as a range in which most of the advantages of high frequency could be
obtained and for which the apparatus was essentially in hand. In 1935 and
1936, considerable research and development effort was directed toward a
repeater at 150 MHz with a bandwidth of 2 MHz and a power output of
2.5 w."® This was comparable to the band expected in the concurrent coaxial-
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Fig. 7-10. Pine-tree antennas used on the Provincetown-
Green Harbor 63- and 65-MHz circuit.

cable development and was felt to be adequate, although minimally so, for the
television of that date. System concepts were developed, taking advantage of
the narrower beams and pattern nulls closer in angle to the main lobe to narrow
the angle of the zigzag route from the 90 degrees proposed in 1921 [Fig. 7-11].
Studies of a potential commercial 150-MHz relay system were made on routes
from New York to Boston and Philadelphia to Pittsburgh. Specific repeater
sites were chosen, at least as far as this could be done from detailed topographic
maps, and cost estimates made. The cost estimates were found to be favorable
(as such estimates for new systems are likely to be) compared to a coaxial
system. The coaxial cost target, however, would not stand still. The demon-
strated telephone capacity of the cable was constantly increased, and, for te-
lephony, it continued to challenge radio for many years. Bell System interests
in radio relaying were expressed in a letter to the FCC in February 1936, but
relaying at UHF never got off the ground. Radio relay continued to look attractive
for television, but not for multiplex telephony, where the linearity requirements
always appeared to put very restrictive limits on the number of channels that
could be transmitted.
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Fig. 7-11. (a) Concept for 150-MHz radio-relay station, 1935. (b) Proposed pattern
of angular offsets and frequency use in the 1935 150-MHz radio-relay system.



Ultrahigh Frequencies, Microwaves, and Radio Relays 155

One final UHF field installation in the years immediately preceding the war
was significant in demonstrating a start in multichannel operation. A radio link
was established across the 26-mile-wide mouth of the Chesapeake Bay from
Cape Charles, Maryland to Cape Henry, Virginia. Prior to the establishment
of this link, telephone communication between these points was available only
by wire lines over a 400-mile-long route via Baltimore and Washington. Radio
transmission was at frequencies of 156 and 161 MHz in the two directions.
The radio carriers were amplitude-modulated by the multiplexed voice signals
from a Type K carrier channel bank in the range of 12 to 60 kHz. This route
was opened for service with five circuits equipped in October 1941.*

III. MICROWAVES AND WAVEGUIDE

To telecommunications engineers trained in the middle decades of the 20th
century and conscious of the struggle over many years to utilize higher and
higher radio frequencies, it is surprising to learn how rapidly the early pioneers
explored the spectrum.” The surprise, no doubt, stems in part from how little
was done, until much later, to make effectiveuse of large parts of the frequency
area explored. H. R. Hertz wished to confine his demonstration of the existence
of the electromagnetic waves, postulated by J. C. Maxwell, to the inside of his
laboratory and chose the dimensions of his apparatus accordingly. His original
experiments using spark gaps and resonant loops were carried out in theé range
from 6 m to 50 cm (50 to 600 MHz).* Before 1900, using basically the same
techniques, experimenters had generated frequencies above 15 GHz. By the
1920s, frequencies in excess of 3700 GHz (82 um in wavelength) had been
generated and detected.” The gap from short radio waves through the infrared
to near-visible-light frequencies had been closed. These experiments covered
the range of microwaves, generally taken to mean frequencies above 1 GHz,
with a good deal to spare; but to generate microwaves was one thing, to do so
at usable levels and control them for communications was quite another.

3.1 Electron Oscillators

By the late 1930s, conventional negative-grid vacuum tubes were producing
power at frequencies of 1000 MHz and higher. But a more rapid advance
toward usable amounts of microwave power lay with tubes operating on quite

* Physicists often prefer to use the term wavelength, as it lends itself to the experiments they
catry out. Communications engineers liked to think in terms of frequency, as their useful
signals required familiar frequency bands, e.g., 4 kHz for good-quality speech and 4 MHz for
television. This caused little difficulty as long as the main interest of the two disciplines lay
well separated in wavelength or frequency. In recent years, their range of interests has tended
to overlap, especially in such areas as optical communications. Since this is a history and
telecommunications developed from lower frequencies to higher, we will generally (but not
invariably) stick to frequency. The translation is simple. The velocity of light in space is
3 X 10® m per second; a 1-m wave is therefore 3 X 10° Hz, that is, 300 MHz. Prior to the
1960s, the unit hertz had not replaced cycles per second, and contemporary references are
usually in terms of cycles or megacycles per second.



156 Engineering and Science in the Bell System

different principles. In 1919, H. Barkhausen and K. Kurz had observed oscil-
lations at extraordinarily high frequencies in tubes with grids that were positive
with respect to the cathode and plates at zero or negative voltage.?” These were
identified as electron oscillations, that is, oscillations not caused by the periodic
exchange of energy between the electric and magnetic fields of capacitors and
inductors, but due to the ballistics of electrons in the electric field of the tube.
Their frequency was shown to be entirely due to the fields and the tube
geometry, entirely independent of external elements. In the early 1920s,
E. W. B. Gill and J. H. Morrell showed that such oscillations could, however,
be coupled to and controlled by external circuit elements as well.?® Barkhausen'’s
experiments were conducted in the range from 300 to 600 MHz. In 1926,
coupling a number of oscillating tubes to a Lecher wire as the tuning element
generated frequencies up to 1.7 GHz.

In 1928, H. E. Hollman devised a means to modulate a Barkhausen-type
oscillator and succeeded in transmitting telephone speech over a range of “500
wavelengths,”” presumably a few hundred meters.” Also in 1928, S. Uda and
H. Yagi, working in Japan at frequencies from 150 to 660 MHz, modulated a
Barkhausen oscillator and transmitted telephone signals over 10 km, in exper-
iments equally noteworthy for the invention of Yagi’s “director array” antenna.”
In France in 1930, G. Beauvais transmitted telephone signals at frequencies
close to 2 GHz from the Eiffel Tower to receivers up to 23 km distant, using
paraboloids as directive antennas.”® Equipment similar to this was used the
following year in a link across the Strait of Dover.

The microwave link across the Strait of Dover deserves special notice because
of its influence on the work of the 1930s. On March 31, 1931, two ITT affiliates,
Standard Telephones and Cables Ltd. in England and Les Laboratoires Le Ma-
tériel Téléphonique in Paris, established a two-way “microray” telephone circuit
of about 21 miles between stations in the vicinity of Dover, England and Calais,
France. (The technical descriptions of this link are rather sketchy. A more com-
plete description was published of the somewhat later, but apparently almost
identical, link between airfields close to the original route.)*” Transmission was
at 17.4 em (1720 MHz), produced by a Barkhausen-Kurz oscillator with a power
of 0.5 w. Transmitting and receiving antennas were paraboloids about 3 m in
diameter, yielding a gain of 26 dB each. The large antenna gain made trans-
mission possible at the low power used [Fig. 7-12]. This was a noteworthy
accomplishment and was widely hailed at the time, but a stampede to micro-
waves did not occur. Although the link was announced as ready for commercial
service in 1931, it does not appear that much traffic was carried. A second link,
not far from the first and using somewhat improved equipment, was set up
between airfields on opposite sides of the Strait of Dover two years later.”® Its
use appears to have been restricted to teleprinter messages to advise of airplane
flights across the channel. A few years later, Bell Laboratories established a
similar link between Bell System buildings in the New York area, using Bark-
hausen oscillators at 1000 MHz.? In at least one test, this was modulated by
a three-channel Type C carrier, but, in this case too, little follow-up occurred.

The problem impeding rapid development evidently was the very embryonic
stage of the technology. The new components were difficult to use effectively.
To be effective, the electron oscillators required the total emission from the
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Fig. 7-12. Front-fed parabolic antennas near Dover, England for 1720-MHz link across the
Strait of Dover, 1931. [Post Office Elec. Eng. ]. 24 (1931): 153.]

cathode, unlike the negative-grid tubes, which generally operated under space-
charge-limited conditions. As a consequence, the heaters were pushed hard
and life tended to be short, even at rather feeble output. In addition, even short
transmission lines were lossy at 1700 MHz. In the initial Calais-Dover instal-
lation, the oscillator and a tiny radiating antenna were suspended at the focus
of the paraboloid, clearly not the handiest place for replacement and adjustment.
Later, the oscillator was mounted behind the dish and connected to a dipole
at the focus by a tapered coaxial line. This arrangement introduced some loss,
and the separation between the source and the feed antenna would make
tuning and matching touchy.

The Barkhausen and other electron oscillators were not easy to modulate in
a useful way. Changing the electrode voltages tended to change both the am-
plitude and frequency of the output. The early accounts of the Strait of Dover
link are silent on the method of modulation used. It was presumably some
form of FM or combination of FM and AM. In 1933, the ability to produce 40-
percent amplitude modulation at constant frequency by simultaneously driving
two electrodes in the proper ratio was described as an improvement. The dif-
ficulty of modulating microwave tubes was to plague experimenters for many
years. In 1934, experimenters at RCA avoided troublesome incidental FM by
passing the radiated output beam from a 9-cm (3300-MHz) magnetron through
a grid of gas-discharge tubes. The loss of the grid was varied by modulating
the gas-discharge current by the desired signal—a sort of microwave heliograph.
Such expedients would not have been used if any reasonable option had been
available.

All this was bad enough, but perhaps the most serious shortcoming of the
electron oscillators was that they were just that—oscillators. They did not have
the ability to amplify, in the sense of producing an output that was an enhanced
replica of an input at the same frequency. It was not until about 1935, when
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the brothers R. H. and S. F. Varian invented the klystron at Stanford University,
that a true microwave amplifier, based on the electron-velocity-variation prin-
ciple, became available.*® The shortcomings of electron oscillators were summed
up by one research team, “...all suffer from one or more serious faults when
considered from the standpoint of practical use. Nearly all of the methods are
wasteful of plate power. Many are insensitive in the extreme. The more sensitive
are unstable, in general. Tuning is broad. The most serious faults shared by all
are limitation of sensitivity, due to the fact that no amplification may be had....”*"

For all these reasons, most researchers continued to concentrate on what
was felt to be the more tractable components and promising approach at UHF.
In one area of work, however, interest in microwaves remained high. There
was no practical way of working with waveguides except at frequencies over
1000 MHz.

3.2 Waveguides

As frequencies were pushed higher and higher, the conventional circuit
elements of lumped inductors and capacitors became smaller and smaller until
they had all but vanished. Transmission lines of conventional types became
very lossy, and even widely spaced, parallel, tubular, Lecher wires acted more
like antennas than waveguides confining the waves. If frequencies above 500
or 1000 MHz were to be used, an altogether different circuit technique was
needed. In 1897, Lord Rayleigh had shown that certain solutions of Maxwell’s
equations indicated that the transmission of electromagnetic waves through
hollow conducting tubes was physically feasible.*? Rayleigh had thus invented,
or at least shown the prospect for, what came to be known as waveguides. By
that time, however, the two-conductor concept of guiding waves was so firmly
embedded in practitioners’ minds that an unusual combination of circumstances
was required for such waveguide transmission to be more generally recognized
and proven a reality. Indeed, with very few exceptions, the communications
engineers of the early 20th century did not think in terms of guided electro-
magnetic waves at all and tended to keep radio and wire transmission in com-
pletely separate compartments of their minds.

A waveguide is a hollow metal tube filled with a low-loss dielectric, usually
air.* The cross section of the tube may be any of a variety of shapes, although
rectangular tubes and circular cylinders are the most common and are of the
greatest interest. Such waveguides can propagate electromagnetic energy along
the axis of the tube, providing the frequency is high enough. The wavelength
must be comparable to or shorter than the cross-section dimensions of the tube.
Below a critical frequency, the waves are cut off and will not propagate. The
waves are confined entirely to the interior of the waveguide. At the frequencies
required for propagation, the waveguide is a perfect shield and there is no
external field.

* There are waveguides of many other types, as all transmission lines are waveguides of one
form or another. The term is used here and in what follows for the hollow conducting-tube
type, its generally-accepted meaning since the 1930s.
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Transmission occurs via configurations of the electric and magnetic fields,
which are called modes. Many modes are possible; there is essentially no upper
limit to the number that may exist, but only a few are of practical interest.
Each mode has a unique configuration by which the mode is identified and
which remains unchanged as the wave travels along the waveguide. In a given
waveguide, each mode also has its own cutoff frequency, below which it cannot
propagate. The cutoff is a function only of the waveguide dimensions and the
dielectric constant.

In a waveguide of circular cross section and for other simple geometries,
the electric and magnetic field lines of the modes can be described by precise
mathematical formulations [Fig. 7-13]. For more complex (higher-order) modes,
the cutoff frequency is higher, because more half-wavelength variations in field
must occur across the waveguide cross section. The wavelength for a given
size waveguide must be smaller and the frequency higher. Similarly, since the
simplest mode must have at least one field variation across the waveguide to
avoid being short-circuited, at least one of the waveguide dimensions must be
greater than approximately a half wavelength for any mode to propagate.

Little interest was shown in Rayleigh’s analysis, and nothing was done to
confirm the existence of electromagnetic modes in waveguide for many years.
In large part, this situation was due to the almost total lack of experimental
observations. Since an air-filled waveguide six inches in diameter has a cutoff
frequency of 1150 MHz for the first mode that will propagate, the lack is
understandable. The common research at high frequency, even as late as the
1920s, was at frequencies only about one-tenth of that required, so there was
little chance of an accidental observation that would stimulate further inves-
tigation.

The subject, however, was not entirely ignored; some theoretical work was
published in the early 1900s. In 1920, O. Schriever at the University of Kiel
had analyzed the propagation of waves along dielectric lines;* and, in 1924,
J. R. Carson at AT&T rediscovered the cutoff characteristics of waveguides. In
an unpublished memorandum, Carson suggested that this characteristic might
be utilized to achieve a high-pass filter. The first experimental evidence came
from work by G. C. Southworth at Yale University in 1920. Southworth was
experimenting with high frequencies on a transmission line immersed in a
trough of water when he observed some anomalous behavior. The water, with
a dielectric constant of 80, reduced the electrical wavelength of his signals by
a factor of almost nine compared to the wavelength in the air, thus bringing
the cutoff frequency of the trough within his measuring range. Southworth
observed resonances, measured wavelengths, and recognized similarities to the
waves predicted by Schriever. In 1931, Southworth, then a research engineer
with AT&T, remembered his 1920 observations and returned to the subject.
He again began experiments with water-filled pipes; and, on November 10,
1931, made his first notebook entry proposing the use of dielectric-filled metal
pipe as a transmission medium. He recognized early in his work the importance
of verifying the existence of the electromagnetic modes and identifying their
propagation characteristics. In March 1932 at Netcong, New Jersey, Southworth
constructed water-filled waveguides six and ten inches in diameter and four
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feet long, an oscillator that would operate from 150 to 250 MHz, the means
for launching and receiving the modes, and various measuring apparatus.>

The work was almost nipped in the bud when a memo by Southworth came
to Carson'’s attention and he concluded, based on his earlier analysis, that the
work was not practical and directed that it be terminated. However, after re-
viewing his own work and Southworth’s early results, Carson reconsidered
and, with his assistant, S. P. Mead, began active work on analysis of the trans-
mission characteristics.

By August 1932, Southworth had experimentally identified what came to
be designated the TE,;, (transverse-electric) and TM,, (transverse-magnetic)
modes, both by field configuration and cutoff characteristic, and made numerous
measurements of waveguide phase constants and other quantities. During 1932,
several theoretical and experimental memoranda had been written, and the
physical reality of the guided waves was well established.

The 1932 memoranda brought the subject to the attention of S. A. Schelk-
unoff, who had just made important contributions to the understanding of
transmission on coaxial cable, and he also began working on the problem. By
the end of May 1933, both Mead at AT&T and Schelkunoffat Bell Laboratories,
working independently, had issued memoranda giving theoretical propagation
characteristics, including attenuation, for certain types of modes. In June, they
apparently talked together for the first time, discussing certain differences in
their results, and in early July, within three days of each other, issued separate
memoranda, each of which included an astonishing result for the attenuation
of what are now designated circular-electric waves. Schelkunoff’sabstract, dated
July 7, 1933, states it concisely, “Among several types of electromagnetic waves
that can be shot along a hollow cylindrical conductor exists a wave with a
circular line of electromotive intensity tangential to the conductor. For suffi-
ciently high frequencies, its attenuation is inversely proportional to the 3/2’s
power of the frequency.” (Although the credit for this discovery was disputed
at the time, a compromise was reached that resulted in the first publication of
the theory of waveguide transmission, including the attenuation formulae, in
a joint paper by Carson, Mead, and Schelkunoff.* It appears that Mead,
working with Carson, was probably the first to write the correct formulation
and Schelkunoff the first to realize the significance of the asymptotic behavior
with frequency; the compromise was a fair one.) To put this discovery in per-
spective, the waveguide tests and analyses came at the same time that other
Bell Laboratories groups were struggling to transmit a dozen voice channels
on cable pairs or to transmit a few hundred channels or a skimpy television
signal over the embryonic coaxial cable. Both groups were constrained by the
limited band available, by the high loss, and the fact that the loss increased
with frequency. The latter phenomenon had come to be regarded as essentially
a basic law of nature. Now it appeared that a transmission line of arbitrarily
low loss could be achieved merely by going to a sufficiently high frequency
with the equally great attraction of a correspondingly enormous exploit-
able band.

In the meantime, Southworth was able to demonstrate with higher-frequency
oscillators the existence of some of the waveguide modes in sections of air-
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Fig. 7-14. G. C. Southworth in front of the circular-electric-mode waveguide
transmission line built at Holmdel, New Jersey in 1935. Southworth is holding one
of the resonant chambers used for tests of waveguide transmission.

filled copper pipe four and five inches in diameter. In May 1933, he transmitted
a first message, in telegraph code, over a section 20 feet long, reading, “Send
Money. "%

In the summer of 1933, Southworth demonstrated experimentally the ex-
istence of the circular-electric wave. There was great skepticism at the time as
to whether the predicted low attenuation could actually be realized in practice.
In fact, many questioned whether any of the waveguide modes would maintain
their identity or their usefulness in traveling over long distances. Consequently,
in July and August, an air-filled guide five inches in diameter and 875 feet long
was built at Netcong, New Jersey, and many tests were run. The results were
quantitatively inconclusive, because both the methods of waveguide fabrication
and the measuring techniques were still crude. Southworth demonstrated,
however, that energy could indeed be transmitted through a long waveguide,
and the attenuation was not severe.

Up until this point, Southworth had been carrying out his experiments alone.
In 1934, as part of the final consolidation of all Bell System research and de-
velopment work in Bell Laboratories, his work was transferred to the Bell Lab-
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oratories Radio Research Department at Holmdel, New Jersey, and he was
assigned the help of two engineers and an assistant. By 1936, when Southworth
first published his results as a companion paper to that of Carson, Mead, and
Schelkunoff, the techniques were evolving rapidly.’” In that paper, Southworth
described his experiments on the characteristics of the modes in circular wave-
guides and compared them with theory.

A six-inch copper pipe 1250 feet long and more carefully constructed than
the earlier waveguides was built at Holmdel in 1935 [Fig. 7-14]. Using it, South-
worth was able to show good agreement between measurement and theory
for the attenuation of the mode with the lowest cutoff frequency (later designated
the TE,; dominant mode). He was still unable to verify the low-loss characteristic
of the mode identified by Mead and Schelkunoff (transverse-electric-zero-one,
TE,; mode), however, because its cutoff frequency is over twice that of the TE;,
mode and, for the six-inch waveguide, was too close to the frequency limit of
his measuring equipment. As higher-frequency signal sources became available
in the late 1930s, measurements of the TE,; mode attenuation in the 1250-foot
test line indicated that, although low, it was considerably more than that cal-
culated. The difference was thought to be caused by a longitudinal seam in the
waveguide that transferred power to other lossier modes. The recognition was
dawning that, for good TE,; transmission, a high degree of perfection in the
geometry of the circular cylindrical waveguide was necessary. The theoretical
and physical existence of the low-loss mode had been revealed, but many years
of research and development were to be invested before the components of a

Fig. 7-15.  First demonstration of waveguides before the Institute of Radio Engineers, February
2,1938. This emphasized different modes of transmission and their respective cutoff frequencies.
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practical millimeter-wave, circular-electric-mode waveguide system were in
hand. Southworth and his associates gave many lectures and demonstrations
to publicize the concept of waveguide transmission, but the more immediate
impact of the waveguide work of the 1930s lay in its critical importance to
microwave radio relay and to the wartime radar developments [Fig. 7-15].

3.3 Microwave Components

The usual circuit elements, such as capacitors and inductors, can be consid-
ered as “lumped” only as long as they are very small compared to the wave-
length of the signals used. At microwave frequencies, they would have to be
vanishingly small and extremely difficult or impossible to design and control.
In his early work, difficulties caused by discontinuities in the waveguides had
led Southworth to study their effects and to realize that they might be useful
in the realization of microwave circuit elements. From his own observations
and following an idea of Schelkunoff, he realized that short sections of wave-
guide and plates in the waveguide with small openings, termed irises, could
be made to behave in waveguide circuits like capacitive or inductive reactances.
Starting from this point in the mid- and late 1930s, he and his group developed
techniques and an array of components that were to prove basic to the devel-
opment of microwave radio, radar, and the low-loss-mode (millimeter) wave-
guide. These included tuned terminations, resonant cavities, the use of wave-
guides as radiating horns, tuned generators and receivers, wave meters, stand-
ing-wave indicators, and crystal detectors, all of which became common in the
microwave art [Fig. 7-16]. At about this same time, W. L. Barrow at the Mas-
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sachusetts Institute of Technology was also conducting a program of analysis
and experimental work with waveguides.*® He, too, recognized the possibility
of realizing filters and other circuit components by using resonant cavities and
discontinuities in the waveguides.

As early as 1936, Southworth realized that the inductance and capacitance
of even short leads precluded the use of vacuum tubes with waveguides if any
sort of external connection was required. If gain from a tube were to be achieved
in a waveguide line, the interelectrode spaces would have to be made an integral
part of the waveguide component. He obtained a patent on several ideas for
accomplishing this®® and carried out some experiments, but with only limited
success. The concept was sound, however, and was successfully applied but
only at a much later date.
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Fig. 7-16. (g) Testing microwave horn radiator at Holmdel, 1940.

Research interest in low-loss waveguides for long-distance transmission lines
remained high, but there was also a growing awareness that essentially all the
components needed for a microwave radio-relay system had been realized.
The invention of the klystron in 1935 provided the crucially-needed amplifier
at microwave frequencies.*” A “microwave party”” emerged, with Southworth
as its spokesperson, urging the Bell Laboratories management to redirect its
radio-relay effort to the higher band. In addition to the klystron amplifier, they
were able to point to an impressive array of components: (1) receiving and
transmitting antennas in the form of waveguide horns of moderate size with
30-dB gain, (2) low-loss waveguide transmission lines, (3) waveguide filters to
subdivide a broad microwave radio-frequency (RF) band into subbands of
manageable size, (4) silicon-crystal detectors and frequency converters, (5) in-
termediate-frequency (IF) amplifiers with bands of 10 to 20 MHz to provide
most of the gain required, (6) silicon-crystal up-converters to shift the amplified
signal to a new microwave frequency, and (7) klystron velocity-variation mi-
crowave amplifiers to raise the RF signal to a suitable level for transmission.
In addition, a considerable array of measuring and monitoring equipment was
available to assure that the equipment met the objectives of its designers and
was performing as intended. Over 100 patents had been issued, with most of
the ideas reduced to practice. In response to this and to the rapidly changing
technology in other areas, a committee consisting of A. L. Durkee, W. M. Good-
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all, and A. A. Roetken, with J. C. Schelleng serving as advisor, was formed in
mid-1940 to study the options and recommend the most promising approach
to a broadband relay system.

3.4 The First System Proposal

The result of the study was by no means a foregone conclusion and the
committee gathered data, deliberated, and analyzed costs for several months.
A great deal of effort had been invested in the UHF work and most of the
components were in an advanced stage of development. By contrast, the mi-
crowave components were still somewhat embryonic. The feelings of many
people were expressed by one anonymous observer: “It has frequently been
remarked that the radio-relay system is a will-o-the-wisp which always recedes
to a higher and higher frequency range just as we expect it to materialize.”
Nevertheless, by January 1941, the committee came out in favor of the micro-
wave option. Two factors were decisive. First, there appeared to be severe
ultimate limitations on any UHF system. Television relaying was certainly pos-
sible, but the linearity of available repeaters limited the capability for multiplexed
telephony to only 50 channels for 300 miles. The long-term prospect appeared
to be for no better than 50 to 100 channels for much longer routes. Because of
the relatively low frequencies, towers would be very high and correspondingly
expensive. UHF radio simply did not look competitive to the rapidly evolving
coaxial cable technology. Second, by contrast, the highly directive, high-gain
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microwave antennas permitted much lower towers and low transmitter power.
The enormous band held the promise (but only the promise) of being able to
transmit several hundred telephone channels.

Like most retrospective examinations of such issues, it all seems clear and
obvious now, but it did not appear so at the time. The committee was most
uncomfortable with the problems of multiplexed telephony, since they were
well aware of the very demanding linearity requirements it imposed on any
repeater, and they were by no means certain about what could be accomplished
in this respect with a complex microwave repeater. Various forms of RF mod-
ulation were examined with this problem in mind. The committee leaned to
FM, but did not exclude single-sideband AM. Basically, they opted for a more
open-ended, albeit a much less explored, technology over the much better-
known but more narrowly limited field at UHF. R. Bown, the director of re-
search, summed it up in a simple chart [Fig. 7-17].

An agreement was reached to direct work toward a two-link experimental
system at 3000 MHz, between the Deal and Holmdel laboratories in New
Jersey, to be completed by the summer of 1942. The unhurried schedule was
undoubtedly established to permit further study and research and design work
on the more difficult components. Some conceptual station and system layouts

Fig. 7-18. A conception of microwave-radio repeater station, 1941.
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were developed early in 1941 that still look surprisingly like a modern radio-
relay station [Fig. 7-18]. By the end of 1941, most of the equipment had been
built and partially assembled as planned. The war interrupted work, and effort
was redirected to more urgent wartime projects. The microwave work was to
prove of tremendous importance during the war, especially in its application
to radar, but it was to be late in the war before any effort was again directed
toward civil communications work. (See another volume in this series, National
Service in War and Peace (1925-1975), Chapter 5, Section VL)

IV. RESEARCH TO DEVELOPMENT—THE TDX SYSTEM

While war work pushed almost all other considerations aside, the problems
and prospects of the postwar world were not totally ignored. In mid-1943,
some thought was given to how the radio-relay work might be resumed when
the war situation permitted. Early that summer, Bell Laboratories proposed to
AT&T an initial route from New York to Boston. In conjunction with the existing
New York-Philadelphia coaxial line and its extension, the route would extend
television transmission from Washington to Boston and permit a comparison
of the radio and coaxial systems. The anticipated substantial growth in telephone
traffic might also be served. In July 1943, a high-level committee, including
technical executives of AT&T and the Long Lines Department, as well as Bell
Laboratories, was established to consider the postwar prospect for systems to
transmit television and multichannel telephony. It appears from the charter
that wire lines and coaxial development were the main concern, but one of
eight major subjects to be addressed was repeatered radio. The initiative on
this item was assigned to M. J. Kelly, then research vice president of Bell Lab-
oratories. It was clear that radio relay was to be a high-priority postwar research
and development project.

Events then began to occur rapidly. Planning meetings, specifically on the
radio project, were held before the end of July. By late October, the parent
committee had received a tentative plan for a postwar radio-repeatered project
from Bell Laboratories and agreed unanimously in favor of authorization to
proceed as early as circumstances permitted.

More concrete plans were formulated by the end of 1943. All types of signals
were to be transmitted. Multichannel telephony received more attention than
in earlier studies. The success of the military AN/TRC-6 radio system in trans-
mitting eight channels by pulse-position modulation was noted, but hopes
were held for as many as 500 channels in a commercial microwave system. As
noted in a conference report, television quality “equivalent to that of the coaxial
used for the 1940 convention” was established as an objective. A repeater
station with parabolic-dish antennas and a repeater with most of the gain at
an IF of 60 MHz were proposed. Through use of the same local oscillator for
the frequency conversion down to IF and back up to RF, a shift of 120 MHz
was to be realized between the received and transmitted RF signals [Fig. 7-19].

Little specific laboratory work was possible in 1943, but, in December, a
Long Lines Department engineer was brought in to the group to start site
surveys on the New York-Boston route. Application for construction was made
to the FCC, and a permit for the first station issued on March 16, 1944. The
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Fig. 7-19. Schematic concept for an IF-type microwave radio-relay repeater,
1943. A common local oscillator 60 MHz above the received signal for both
up- and down-frequency conversions realized a shift of 120 MHz between
the received and transmitted RF signals.

next day, AT&T publicly announced its plan for the New York-Boston radio-
relay route to furnish postwar television networking as well as telephone service.
Internally, AT&T pressed hard for a completion date before the end of 1946.
They wanted a specific capability and date in connection with the talks on
television networking, then under way with the National Broadcasting Com-
pany. AT&T was also well aware that several others were gaining microwave
background as a result of the wartime radar work and were eager to enter the
field. The Bell System management did not want to be anticipated in, and
perhaps even excluded from, what looked to be one of the most promising
lines of communications development. That their concern about rivals was well
founded is evidenced by the fact that RCA, the Philco Corp., and others did
indeed establish microwave links as soon as, and in some cases, even before,
the war was over.*! Bell Laboratories was understandably diffident about any
hard commitments while wartime work was still the most urgent priority but
agreed to do the best it could.

Until this time, the work had been carried on under general research funding.
In late-1944, as a group dedicated to the project was formed, formal project
funding was approved for two million dollars to be about equally divided
between research and development expense and the construction of the eight-
hop route. G. N. Thayer of Bell Laboratories, whose entire background had
been in development, was transferred to research to head the project, and the
initial staffing was made up of people from both research and engineering
development. The first route was to be experimental, but was to serve as a
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prototype for a completely commercial system expected to follow immediately
afterward.

4.1 Research

Much good work on the essential components had been accomplished in
the late prewar years, but much remained to be done. By making the first route
a prototype for commercial systems, something beyond the pure pursuit of
understanding was introduced. At the same time, the task was anything but a
straightforward development project. The research and development team had
to expand the base of essential knowledge and apply it very rapidly in the
realization of equipment suitable for the large-scale trial. The crucial applied-
research effort was under the direction of H. T. Friis. (Friis, an outstanding
researcher and radio engineer, in addition to innumerable personal contribu-
tions, served as a mentor to a generation of Bell Laboratories radio scientists
and engineers. He was as much loved and respected for his human qualities
as for his technical acumen. To those who knew him, the enormous microwave-
radio network is a fitting monument to his memory. This section is based almost
entirely on his report of the work.)*

4.1.1 Propagation

As always, good understanding of propagation was essential. Several test
paths, some of which had been used during the war to study microwave prop-
agation for radar projects, were equipped and statistical data gathered to be
used as the basis for engineering the links of the trial route [Fig. 7-20]. Past
experience had shown that, for frequencies below 1000 MHz, it was necessary
to account for ground reflections. It was quickly established that, for microwave
line-of-sight paths with adequate clearance, scattering and absorption by typical
terrain results in substantially free space propagation. But all antennas, even
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highly directive microwave antennas, radiate energy to some extent in all di-
rections; what constituted adequate clearance? It was proposed that sufficient
path clearance was provided if the first Fresnel region was free of obstacles.
(“The first Fresnel region for a given transmitter and receiver is bounded by
points for which the length of the path, transmitter to point to receiver, is
greater by one-half wavelength than the direct path from transmitter to receiver:
its cross section by any plane perpendicular to the direct path is the first Fresnel
zone in the sense used in optics.”)** This useful rule of thumb was adopted
and widely used as the basis for laying out microwave-radio paths in the years
that followed. The application of this rule to a path between two Bell Labo-
ratories locations in New Jersey for 100 MHz (3 m) and 10 GHz (3 c¢m) vividly
illustrates the optical line-of-sight nature of microwave radio [Fig. 7-21]. The
report of the work noted, however, that conditions such as flat desert terrain
or over-water paths might prove to be troublesome as a result of reflections
even at microwave frequencies.

The work shed much light on atmospheric refraction effects, including fading,
This phenomenon, which continues to plague microwave radio, is altogether
different from the fading due to ionospheric changes over long distances at
lower frequencies. It was shown conclusively to be due to inhomogeneities in
the atmosphere, especially prevalent during clear, calm summer nights when
temperature-inversion layers are apt to form. It was observed to be worse for
higher frequencies than for lower and, on the 40-mile New York-Neshanic,
New Jersey path, to be twice as great in dB for the entire path as on either half
section.

It was observed that deep fades usually did not occur simultaneously at
widely separated frequencies, a fact made use of later in frequency-diversity
switching to maintain continuity of transmission during fading. The phenom-
enon of “earth-bulge” fading was also observed, in which the normal curving
of the path by refraction is reversed, and waves that would normally clear the
terrain are bent into the ground. Up-fades, that is, increases in signal strength
above free space levels, due to trapping or ducting in a layered atmosphere
were also observed. Fading was found to be the same on vertical and horizontal
polarization. Measured rain attenuation showed that little difficulty was to be
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Fig. 7-21. Profile map of Murray Hill-Crawford Hill paths showing first Fresnel regions for
wavelengths of 3 m and 3 em.
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Fig. 7-22. Antenna with high resolution in the vertical plane used to measure
the angle of arrival of microwaves. (a) General view. (b) Antenna face showing
element array.
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anticipated at 4000 MHz, but that it could be a serious problem for frequencies
of 10,000 MHz or more.

Many measurements were made with high-resolution antennas to determine
the angle of arrival of wave fronts and did much to explain the multipath
nature of fading [Fig. 7-22]. This work also provided the data establishing the
maximum useful gain and directivity that could be achieved before the changing
angles of arrival reduced the advantage of highly directive antennas.

The researchers were led to conclude that “the mechanism of microwave
propagation is certainly a complicated one, and a considerable amount of ex-
perimental work in the fields of radio and meteorology will be required to
unravel it.”"*

Despite the complexity, the essential data were obtained, at least in statistical
form. It was concluded that clear line-of-sight paths of 25 to 30 miles, with
allowance for fading from +10 dB to —20 dB, would provide reasonably high
continuity of transmission, and this range was made the basis for the repeater
for the experimental route. With the spacing, fading range, maximum practical
antenna size and gain, and transmitter power (about 1 w) established, the total
repeater gain required between antennas was about 75 dB. With the resulting
power levels and noise at the receiver input about 14 dB above thermal noise
(about that being realized in radar receivers), the signal-to-noise ratio appeared
adequate for systems at least several hundred miles long.

4.1.2 Antennas

The front-fed parabolic-dish reflector was a common antenna, widely-used
for wartime radar, and consideration was given to its use for the experimental
system. It had, however, a number of serious shortcomings. With a typical
front feed, a portion of the transmitted signal was reflected back into the feed
line, causing a poor impedance match. Electrical isolation between paraboloids
in close physical proximity was poor, and they were difficult to protect from
the effects of ice and weather [Fig. 7-23]. A different type of antenna that
overcame all these disadvantages, the horn-reflector antenna, had been invented
by Friis and A. C. Beck at Holmdel,*® but a shielded horn-lens design was
chosen instead for the early installations [Fig. 7-24].

As Southworth had demonstrated, a horn with a large aperture matches
free space quite well, and the slight mismatch at the throat can be tuned out
" over wide frequencies. The emerging wave can be focused to the plane-wave
front, needed for high directivity and gain, by either a parabolic reflector or
by a microwave lens [Fig. 7-25]. Both the horn-lens and horn-reflector antennas
provided good impedance, high gain, and high isolation. The principal argument
in favor of the horn-lens antenna was its relative tolerance to warp or twist.
Within reasonable limits, these would not significantly impair its beam-forming
properties, whereas in any reflector antenna, a departure of the reflecting surface
from a true paraboloid by as much as +1/8 inch would be damaging.

In view of the fact that the horn-reflector antenna was likely to be a quite
rigid structure and the extensive wartime experience fabricating microwave
reflectors, many for use at higher frequencies than 4 GHz, it is a little difficult
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Fig. 7-23. Measuring the back-to-back coupling of two 10-foot par-
abolic-dish antennas.

to understand the basis for the decision in favor of the horn-lens antenna. It
was perhaps of greater significance that the horn-lens antenna could be more
or less hand-assembled, while the horn-reflector antenna would require con-
siderable and time-consuming factory tooling. Whatever the basis for the de-
cision, the horn-lens antenna was chosen and used successfully in many of
the early installations, but the superb properties of the horn-reflector antenna
eventually won out. Its offset feed receives little reflected energy, providing an
almost perfect match; it is extremely broadband; single antennas have been
used for simultaneous transmission at 4, 6, and 11 GHz; it can be highly isolated
from nearly antennas; and it can support orthogonally polarized waves without
interaction. The horn-reflector antenna was adopted in almost all high-grade
radio-relay systems in later years.

4.1.3 Filters

A recurring dream of the early radio-relay researchers was to discover or
devise a truly broadband RF through-repeater, one that would accept the entire
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Fig. 7-24. Principle of horn-reflector antenna. (a) Three-
dimensional view. (b) Cross section. (c) Shielded metallic horn-
lens antenna.

available band, amplify it, and send it on its way. What was sought was a
“radio line”” analogous in operation to a medium such as repeatered coaxial
cable. There was little difficulty in handling a ten-percent band (400 MHz at



Ultrahigh Frequencies, Microwaves, and Radio Relays 177

2%.:

W

)

l;{ i
‘ .

—_,.;—-._v
>
am——

b3
et
e~ —

g

Fig. 7-25. Internal views of a microwave lens for the shielded metallic
horn-lens antenna.

4000 MHz) in a single antenna, but the necessary broadband RF amplifier
stubbornly refused to appear. In retrospect, it was just as well. Even the earliest
workers recognized that a frequency shift was essential to prevent excessive
coupling between a transmitter and a sensitive receiver on precisely the same
frequency in close physical proximity. Radio, being an open medium, does not
provide the means for the high degree of shielding possible between the input
and output of a cable repeater. But there were, in addition, other good reasons
for dividing a broad band into segments and making the portions individually
accessible.

From the outset of the microwave system work, effort was focused on an
IF-type repeater. In this repeater, a microwave signal, occupying only a portion
of the total band, was separated from other signals in the same band and
translated to an IF frequency around 60 MHz, where most of the required gain
was realized. After amplification, the signal was translated back to a different
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microwave frequency, amplified, combined with other microwave signals in
the same band, and transmitted through the antenna. The microwave route
consists of completely separate sets of equipment, including separate antennas,
for the opposite directions of transmission.

The microwave band for the experimental system was subdivided by filters
that grew out of the prewar waveguide work. Such filters could, in principle,
be paralleled, just as the filters to stack up and divide the 12 voice channels of
the basic 48-kHz group band were paralleled in the channel bank. Since only
two radio channels were to be used in each direction for the planned system,
a simple “Y”" based on this principle was adequate for the experimental system
[Fig. 7-26]. However, it was of the highest importance to make the maximum
use of the band available, and multiple radio channels on a single route were
anticipated in later systems. For several channels, paralleling filters would have
become extremely cumbersome; instead, an ingenious constant-resistance, mi-
crowave-channel dropping and combining array was invented [Fig. 7-27].

The key element was a waveguide equivalent of the hybrid coil, which was
so useful at lower frequencies. This structure [Fig. 7-27(a)], dubbed a “"Magic
T” from one of its forms used in radar, was invented at Bell Laboratories by
W. Tyrrell. This useful device found a host of applications, notably in balanced
detectors and frequency converters, as well as in the channel filters. In the
constant-resistance filter, it was used in the form as shown in Fig. 7-27 (b) and
schematically in (c) and (d). An array for dividing a 400-MHz band into five
channels is shown in Fig. 7-27 (e). An identical type of structure could be used
to combine channels after passage through the separate repeater-amplifiers.

Channel-separating filters provided adequate, but only moderate, discrim-
ination against channels at the adjacent microwave frequencies. Additional
waveguide filters were used in the dropped arm to improve selectivity, and
much more discrimination was provided in the IF amplifier. In addition, alternate
frequency slots for transmitting and receiving and generous guard bands
were proposed (and later used in practice) to ease the filter-design problem
[Fig. 7-28].
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Fig. 7-26. A branching filter for the 1947 experimental radio-relay system.
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Fig. 7-27. Constant-resistance microwave branching network. (a) Diagrammatic represen-
tation of the waveguide hybrid, right, with the equivalent wire circuit, left. Energy into port
(arm) C was equally divided between ports A and B. If all ports were properly terminated,
no signal propagated through D. (b) The waveguide hybrid as developed for the constant-
resistance branching network. (c) Each section of the network consisted of two hybrids and
two band-reflection filters with one-quarter-wavelength difference in spacing. The reflected
signals re-entered ports A and B, but with opposite phase. The reflected waves were canceled
in port C and summed in port D, the dropped channel port. All other frequencies not reflected
passed to the output hybrid, combined in phase, and passed on to filters for other channels.
Any slight signal due to unbalance appeared in port D of the output hybrid and was absorbed
in the resistive load. (d) Schematic of the branching network consisting of one or more sections
connected in series. (e) Photograph of a five-section branching network.
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Fig. 7-28. Schematic diagram of a five-channel radio-repeater station proposed in 1948.

4.1.4 Receiving Converters and IF Amplifiers

Unlike earlier carrier systems, there was no low-noise line-frequency (that
is, microwave) amplifier available for radio relay. The receiving frequency con-
verter and input to the IF amplifier, therefore, occupied an especially important
position in a microwave system, as it was at this point that the signal was at
its lowest level, and the system signal-to-noise performance was determined.
Considerable experience had been gained from similar converters developed
for radar during the war, and with much additional intensive work, they were
adapted to the radio-relay application. The converter developed was of the
balanced type, using a waveguide hybrid and low-noise silicon point-contact
rectifiers [Fig. 7-29]. By mixing the incoming signal and a tone from a local
microwave-beat-oscillator offset from the received signal by the intermediate
frequency (65 MHz in the experimental system), a difference frequency in the
IF range having all the message signal components, was generated. This signal
was then amplified in a multistage IF amplifier that provided the main block
of gain required, as well as automatic gain control to offset the fading variations
in the input signal and maintain a constant output.*¢*748

The balanced structure greatly reduced the beat-oscillator signal in the con-
jugate waveguide arm; but, as in any nonlinear converter, the harmonics and
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in experimental radio-relay system, 1947.

181

sums of the applied frequencies were generated, in addition to the desired
difference product. The impedance presented to these frequencies affected the
converter performance, as well as the impedance encountered by the desired
frequency. The so-called image signal, a microwave frequency at the difference
between the beat oscillator second harmonic and the received signal, in par-

ticular, had to be carefully handled for good performance. The last stage

of

microwave channel filtering was closely associated with the converter to reflect
the image signal back into the converter in proper phase for optimum resuits.
The welter of frequencies and the wide range to be considered, from 65 MHz

to microwave, made the converter a decidedly intricate device.

4.1.5 Microwave Amplifier
An up-converter, following the IF amplifier, shifted the amplified signal

to

the assigned microwave transmitted frequency. This was similar in principle
to the down-converter, but the object at this point was to get maximum power
out, rather than the lowest noise increment. This, too, used rectifying crystals
in a balanced waveguide hybrid and, like the down-converter, unfortunately
contributed about 10 dB of loss to the signal path. This loss did not impair the
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Fig.7-30. Experimental velocity-modulation microwave amplifier. (a) Disk-sealed
tube. (b) Tube mounted in its focusing magnet. (c) External adjustable tuning cavity
that clamped to the magnet assembly.
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signal-to-noise ratio, since the signal was at a high level relative to the converter
noise at this point, but it did add to the gain requirement for the following
microwave amplifier. The maximum output obtainable from the up-converter
was only a few milliwatts. An RF amplifier with a gain of more than 20 dB
was therefore necessary.

Although much progress had been made in extending triode performance
into the microwave range, laboratory tests showed that available triodes still
fell considerably short of the required performance. An improved version of a
klystron-type velocity-modulation amplifier remained the only realistic prospect
for an RF amplifier within the time limits available. Numerous forms of disk-
sealed tubes with adjustable resonant cavities outside the evacuated envelope
and with magnetically focused beams were built and tested [Fig. 7-30]. Ad-
justable coupling loops picked up the energy within the cavities, and short
coaxial links between stages were used to construct a four-stage amplifier with
0.5 to 1.0 w output to the antenna.

As the date for construction of the trial route neared, both new types of
triodes and traveling-wave tubes were showing promise of becoming better
broadband amplifiers than the velocity-variation amplifier. The velocity-vari-
ation amplifier, however, was the bird in hand and was not overtaken by the
competitors in time to be displaced in the trial route. Considering the difficulties,
the designers of the tube did remarkably well to produce a device that did the
job at all. From the standpoint of the repeater designers, however, it must have
been regarded with something less than affection.

Each tuned stage had an inherent bandwidth of only 5 MHz, so that it was
necessary to stagger tune the stages to achieve the overall 10-MHz band needed.
Broader tuning of the tubes within the microwave band was by means of screw
studs into the cavity, but only a 250-MHz range was achievable in a single-
cavity design. Two basic designs were therefore necessary to cover the entire
band. A bulky external magnet was required for beam focusing and a 1500-v
power supply was required for the collector, where 45 w was dissipated in
each tube. The cavities were temperature sensitive. They required about 20
minutes to stabilize after being turned on and had to be enclosed in temper-
ature-controlled chambers to maintain the tuning. This was accomplished on
one side of a partition, while forced-air cooling was required by the 180 w
dissipated in the collectors of four stages projecting through the other side. All
in all, considerable hardware was required and heat generated for the 0.5 w
or so of useful power realized.

4.1.6 Testing and the Complete Repeater

A variety of testing techniques were developed, both point by point and by
oscilloscope displays of swept frequency response. By such means, for example,
the difficult RF amplifier could be adjusted to flat gain, with less than 0.1-dB
deviation over a 10-MHz band. Methods were developed to measure delay
distortion over a wider (20-MHz) band to an accuracy of about +1 ns, corre-
sponding to a relative phase shift of +0.35 degree, and equalizers were built
at both RF and IF to equalize the delay of each component to about the limits
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Fig. 7-31. Results of circulated pulse tests on IF amplifier. (a) Amplifier alone, (b) Amplifier
with delay equalizer.

of the measuring ability. This was vital to broadband transmission of television
by EM and to the as yet unknown capacity for multichannel telephony.

A particularly interesting technique was devised for testing the entire repeater
with circulating pulses. A 2000-foot waveguide, with appropriate attenuation,
was connected as a loop between the output and input. (For this test, the
repeater was tuned to the same input and output frequency, permissible since
the signal was not radiated.) It was thus possible to observe pulsed signals
while they passed through the repeater many times, simulating what would
happen in a multihop system [Fig. 7-31].

Some thought was also given in the research stage to fitting a repeater into
an overall station. The nature of the terrain was such that the repeater stations
on the first route had hilltop locations and the radio equipment could be located
immediately below the antennas. For comparable hop lengths in flat country,
it was recognized that towers of considerable height would be needed. The
large amount of equipment in the repeater made it desirable for maintenance
reasons to keep it on or near the ground. Long waveguide runs would then be
required to the antennas at the top. There was grave concern that small im-
perfections in the waveguide or antennas could cause reflections that might
prove to be the most serious source of distortion in the system.

4.1.7 System Planning

Finally, a great deal of thought was given to the total system layout and the
frequency plans for future evolution. It was observed that as each new frequency
range was opened, it was first used for services able to operate with relatively
crude apparatus and methods (e.g., spark-gap transmitters). Later, as technology
advanced and more intensive and efficient exploitation of the spectrum resource
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became possible, it could be impossible to bring any order out of the chaos
because of established positions. Much thought was given to frequency band-
widths and assignments within the total band that were practicable within the
limits of the technology in hand, but that would still permit a fuller exploitation
and higher efficiency as the technology advanced. To quote the conclusion of
an unpublished memo on the subject, written in early 1946:

The possibilities of handicap to efficient development of radio relaying as an economical
public utility are obvious. What should be done about it? The writers can at present
suggest only some initial steps:

1. The Bell System should make up its mind how much risk it will take in the way of
forward commitments in order to avoid the probability of later finding the situation
compromised in the way outlined above.

2. In order to make up its mind it needs a comprehensive plan for Bell System use of
radio relays, and the frequencies therefor, based upon reasonably optimistic assump-
tions as to prospective operating results.

3. The plan should contemplate an orderly evolution into which the necessarily sporadic
initial experimental trials fit but which assumes rapid enough expansion to be im-
pressive. )

4. Means must then be sought to obtain some form of commitment or franchise to hold
open the way for this evolution and growth. To date no way to do this has been
available but to apply for construction permits and proceed actively with establishment
of stations—in other words, to actually occupy and use.

5. After studying and understanding the matter as completely as we are able we will
want to inform the FCC and its staff as soon as possible on the subject and lay a basis
for their dealing with it in a sympathetic and enlightened manner.

It should be emphasized that the study leading to this conclusion by no
means contemplated an exclusive franchise in these bands by the Bell System.
It laid out an approach that all potential users could follow to their collective
advantage. The intensive and highly efficient use that has been made of the
common-carrier radio bands testifies to the wisdom of the approach advocated.

At the conclusion of their account of the development of each component
and of the complete repeater and as they contemplated the antennas, filters,
converters, oscillators, and amplifiers, the researchers were impelled to make
the somewhat rueful comment: “’Nevertheless, the equipment is very compli-
cated. A straight-through radio frequency amplifier repeater is still to be desired
and, no doubt, further research will eventually produce such an amplifier.””*
It was not to be. They had established a pattern that was admirable and adapt-
able to enormous improvement and extension and became successful beyond
their most optimistic dreams.

4.2 The Experimental Line (1945-1947)
4.2.1 The Experimental System Plan

While the research was establishing the understanding and basic methods
to be used, development was under way at the same time to firm up a specific
plan and to build the equipment for the trial system, designated TDX. For the
New York-Boston route, 2 two-way microwave channels were to be realized.
This required the assignment of four radio-frequency bands, each about 10
MHz wide. After some vicissitudes, the assignments settled at 3930, 3970,
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4130, and 4170 MHz. The bands were used in pairs, with one pair required
for each two-way channel. In passing through a repeater, the frequency was
always shifted by 40 MHz, so that transmitters and receivers at the same repeater
station were never on the same frequency. At the next station, the inverse shift
was made and the frequencies reused, so that the two RF assignments were
sufficient for each two-way channel. The frequency plan was originally chosen
to allow for later expansion to as many as 5 two-way radio channels in what
was then expected to be a 400-MHz band, but there were to be some shifts .
and changes before the 4-GHz band and the channel assignments finally settled
down. A repeater amplifier, with the intermediate frequency centered at 65
MHz, was designed with local oscillators for up- and down-converters at fre-
quencies appropriate to the RF microwave assignments [Fig. 7-32].

Emphasis was on high-quality television transmission. In the transmitting
terminal, a baseband, amplitude-modulated video signal in the range from 30
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Hz to 4.5 MHz was used to frequency-modulate a tone in the 65-MHz IF band.
At the receiving terminal, the 65-MHz FM signal was passed through a dis-
criminator, and the AM baseband video signal was recovered. The remainder
of the terminal equipment, that is, from the FM signal at IF to microwave
output in the transmitter and from microwave input to amplified IF in the
receiver, was identical to the corresponding repeater circuits. Tests of FM tele-
vision transmission by these methods were under way at the Deal laboratory
shortly after the project was started in 1945.

Only a limited capability for multiplexed telephony was expected. No target
was set for telephone capacity at first, but it was proposed that eight or possibly
a few more channels might be transmitted by the pulse-position multiplex
terminals used in the military AN/TRC-6 system. (For additional information,
see National Service in War and Peace (1925-1975), Chapter 5, Section VI.) Single-
sideband AM transmission of multiplex voice was seen as very difficult because
of transmitter linearity problems. Even before the war, FM for telephony as
well as television was proposed and even strongly advocated, but this was
viewed as exchanging the known difficulties of amplitude nonlinearity for the
unknown problems of phase or delay nonlinearity. In 1945, pulse-code mod-
ulation (PCM) was regarded as probably the brightest prospect for multichannel
telephony, and plans were made to transmit up to 48 calls by PCM. By mid-
1945, however, FM was gaining in favor as understanding of multichannel
intermodulation improved. Effort on PCM continued for a year or more, but
the work was increasingly concentrated on FM. The hope was to transmit up
to several hundred channels by frequency modulating the microwave carrier
with the multichannel AM signal from a frequency-division multiplex terminal
similar to that used for coaxial cable.

4.2.2 Building the Trial Route

An eight-hop route was selected with seven repeaters in addition to the two
terminal stations [Fig. 7-33]. The overall route length was 220 miles, with hops
averaging 27.5 miles and a longest hop of 35 miles. Repeaters were on hilltops
to permit low towers or no tower at all, with the repeater equipment close to
the antennas. The terminals were in tall downtown buildings with the antennas
on the roof and the radio gear on the floor immediately below. Waveguide
runs on the experimental route were not expected to exceed 30 feet. A plan
was also formulated for a 21-mile link between the Bell Laboratories location
at West Street on the Hudson River in New York and a tower at the suburban
Murray Hill, New Jersey location. This link was to serve as a test bed for all
system components and transmission methods. Path-propagation tests along
proposed routes were planned using a portable, easily erected, 80-foot tower.
A tower kit of this type was assembled, and the New York-Murray Hill path
measured in August 1945. Later the same month, tests on the New York-
Boston hops were started. The first leg, from the Long Lines building in lower
Manhattan over the long 35-mile hop to Jackie Jones Mountain in New York
State, was found to be within 0.5 dB of the calculated free-space loss. By
November 1945, all links of the trial route had been path tested with satisfactory
results [Fig. 7-34].

In the meantime, plans had been made for another early system installation
from Chicago to Milwaukee, which was to be completed on essentially the
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Fig. 7-33. Route of the experimental microwave relay system between New York and Boston.

same schedule as the New York—-Boston route. On completion of path-loss tests
on the first route, the path-test tower and equipment were sent to the Long
Lines Department for tests on the second route.

There had been minor adjustments in the original frequency plan to conform
to changed government allocations, but, in December 1945, the FCC dropped
a bombshell. They announced that for nongovernment use, the 4-GHz band
was to be split; frequencies from 3700 to 4000 MHz and from 4200 to 4400
MHz were to be available for commercial use; the band from 4000 to 4200
MHz was to be assigned to air navigation aids. AT&T took a calculated risk
and continued work at the planned frequencies, which would have been ruled
out under the new allocation, but petitioned immediately to restore a continuous
band of at least 400 MHz for public communications. AT&T sought bands
of either 3900 to 4400 MHz or, if only 400 MHz could be assigned, 4000 to
4400 MHz,

By February 1946, the FCC seemed disposed to assign 3700 to 4200 MHz
for common-carrier use, with air navigation aids in the range 4200 to 4400
MHz. This wide and continuous band was eventually established. It was a
generous assignment, and AT&T was presumably well satisfied, but all specific
waveguide component-design work above 4200 MHz had been wasted, and
the developers had a new problem. The waveguide components developed so
far were all in one- by two-inch waveguide, which cut off below 3900 MHz.
The Boston-New York systern would have been confined to frequencies be-
tween 3900 and 4200 MHz or would have to shift to a larger waveguide. There
was some hesitation, but since the first route was supposed to serve as a pro-
totype for subsequent commercial designs, the decision was finally made to
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(b)

Fig. 7-34. Path propagation tests with a portable tower and antenna. (a) An antenna starts
its ascent with cables connected. (b) The parabolic-dish antenna could be oriented in azimuth
and elevation. Transmission was measured at various heights to determine a clear path.

convert to 1-1/4 by 2-1/2 inch waveguide, and the design conversions were
made by late 1946.

Interest in microwaves by other companies and agencies continued to be
intense. By 1946, requests for assignment in the microwave bands already
indicated that this portion of the radio spectrum would be crowded. Requests
from broadcasters, common carriers, private users, and government agencies,
both military and nonmilitary, presented the FCC with an extremely difficult
allocation problem. At an AT&T conference in May, a decision was made to
follow the first systems, with whatever improvements could be made, as quickly
as possible with a link from New York to Chicago. This would serve to test
the system on a longer route as a prelude to nationwide use and demonstrate
to the FCC a serious intent to utilize the spectrum in an efficient and effective
way. In October 1946, a Bell Laboratories committee proposed two options for
the follow-up system: a system with minimal changes from TDX, to be available
in June 1949, or one incorporating a larger number of improvements by June
1950. As might have been expected, the management opted for the improve-
ments, but pressed for the earlier date. (In the event, service to Chicago was
not established until 1950, but with far more extensive changes than had been
considered in 1946. A transcontinental line to San Francisco was completed
only a month or so later.’® [See Chapter 11, Section 1.])

The decision to build a fairly long commercial system at an early date placed
an additional burden on the development team, so considerable redesign was
necessary, and efforthad to be diverted from the work on the trial route. There
were already problems to spare on that project. The early postwar years were
difficult times in the construction industry, and buildings were repeatedly de-
layed by strikes and shortages. Experience at the Murray Hill site showed that
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water and ice accumulated in the waveguide antenna feeds. The decision was
made that the waveguides would have to be airtight and filled with dry gas.
The velocity-modulation microwave amplifier was an especially troublesome
item. Not only was the tuning complex and the temperature sensitivity a prob-
lem, but the life was short as well. The objective of a 1000-hour life (only six
weeks) proved extremely difficult to realize. Replacing the amplifier tubes with
a more suitable component (an improved microwave triode) was one of the
major objectives for the commercial design. Despite all difficulties, by early fall
1947, the installation was essentially complete [Fig. 7-35]. Three links were
lined up, and the line was approaching the overall test stage. On November
13, 1947, a public demonstration was held of transmission over the line of
both television and multiplexed telephony.’’ The radio-relay line was linked
to the existing coaxial line to Philadelphia and Washington. Television cameras
were on site at Washington, New York, and Boston, and the program was
broadcast in the three cities. As part of the television tests, the 2 two-way radio
channels were looped in tandem, and a test pattern transmitted over the 880-
mile, double round-trip from New York to Boston. It was reported to be difficult
to detect any impairment (presumably the observation was by a fresh observer—

Fig. 7-35.  An early repeater station of the TDX system. Hilltop
locations permitted relatively low buildings, with short wave-
guide runs from the electronic equipment in the lower structure
to the antennas.
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some of the regulars must have been a little bleary-eyed at this stage). For the
telephone demonstration, a standard Type K carrier group was transmitted on
the FM carrier, permitting 12 test conversations. Somewhat later, noise and
intermodulation measurements indicated that at least 240 single-sideband
channels, multiplexed as in the L1 coaxial terminal, could be transmitted over
the FM radio line without serious degradation.

The Long Lines Department took over the line in January 1948 and assumed
all maintenance in April; Bell Laboratories was completely off the job by July.
Starting on May 1, 1948, the New York-Boston line was kept in continuous
operation, even though the microwave amplifier tubes were in short supply.
The line was converted to the standard commercial design within a few years.
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Chapter 8

Supporting Technology
(1925-1950)

1. COMPONENTS

1.1 Vacuum Tubes

Early vacuum-tube repeaters all used triodes with emission from a directly
heated filament. These were tubes of moderate gain, well suited to voice-fre-
quency application and the fairly low frequencies of the early open-wire carrier
systems. DC filament current and electrode voltages were obtained from office
battery power. Tube development was directed toward the improvement of
reliability, stability of characteristics, and long life. In the late 1920s and early
1930s, development was extended in two major new directions: the achievement
of higher-frequency operation, especially for radio applications, and the real-
ization of properties especially valuable in the emerging new carrier systems.
Good linearity and low interelectrode capacitance were the qualities needed
for higher-frequency systems on coaxial and paired cable.

A big advance for carrier applications came in the early 1930s with the
development of tetrodes and pentodes with indirectly-heated equipotential
cathodes. In the tetrode, the tube designers addressed the problem presented
by the relatively large capacitance between the triode grid and plate by inserting
a screen grid between them. This grid, at fixed potential equal to the DC plate
voltage, provided the accelerating potential for the emitted electrons, but in-
tercepted only a small fraction of the total current, the remainder passing to
the plate. By this means, the grid-plate capacitance could be reduced by a factor
of ten or more. Pentodes were a further elaboration in which another open-
grid electrode, the suppressor, was placed between the screen and the plate.
With the suppressor kept at cathode potential, close to ground voltage, sec-
ondary electrons emitted from the plate because of the electron bombardment
were returned to the plate instead of reaching the screen, Without the suppres-
sion of the secondary electron current, the effectiveness of the screen grid as a
grid-plate shield would have been reduced. These new multielement tubes had
many other advantages. The indirectly-heated cathode could be better con-
trolled in dimensions than the earlier incandescent filaments. This permitted
more uniform and closer grid-cathode spacings with resulting higher perfor-
mance. The uniform cathode potential also contributed to improved perfor-
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mance and could be made different from the battery ground, a property espe-
cially useful in many feedback circuits. Although these tubes had been devel-
oped in part because of the need for AC-operated heaters in home radio
receivers, they were almost always operated from DC batteries in telephone
applications.

Pentode characteristics were especially valuable to the circuit designer. Not
only was the troublesome grid-plate capacitance greatly reduced, but the fact
that the plate current was virtually independent of the plate voltage made the
tube a nearly constant-current source. In vacuum-tube terminology, it had a
large plate resistance. The gain of each stage, therefore, depended almost entirely
on the passive elements of the interstage and output networks. It was no longer
necessary in design to allow for the limiting and variable elements of the triode-
tube characteristics [Fig. 8-1].

By 1937, a new family of pentodes had been developed for the 12-channel
cable and open-wire carrier systems.' These tubes provided a transconductance
of up to 2800 micromhos and a gain of as much as 40 dB per stage, compared
to a maximum of only 20 to 25 dB available with triodes. (Transconductance,
or mutual conductance, in micromhos [designated G,,], was the change of plate
current in microamperes per volt change in grid voltage. It was a common
measure of tube performance. A more elaborate figure of merit was the G,
divided by the sum of the plate and grid capacitance to ground. This determined
the gain-band product available, the limiting factor in feedback-amplifier de-
sign.) Grid-plate capacitance was reduced by a factor of 14 and the power
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Fig. 8-1. The 310A pentode amplifier tube. (a) Left, the complete tube and, right, the tube
dissected by folding back the plate and outer screen to expose the inner elements. (b) Static
characteristics of the 310A. The plate current is a function of grid voltage but is almost entirely
independent of the plate voltage.
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output of about 2 w was almost 10 times that of the earlier triodes. It was these
tubes, used in amplifiers highly stabilized and linearized with feedback, that
made possible the cable-carrier system that so far exceeded in performance the
first tentative designs.

Because of the closer repeater spacing and relatively low loss of the cable,
coaxial repeaters did not require as much gain or power output as the paired-
cable and open-wire systems. However, the extremely wide band, compared
to the paired conductor systems, made other requirements on the vacuum tubes
even more demanding for coaxial cable than for the wire systems. It was espe-
cially important to minimize capacitance and shorten the leads to make the
tubes suitable for the coaxial-repeater feedback design, which extended to ten
or more times the transmitted band. The result was a tube structure more
radically redesigned than was necessary for the 12-channel systems. Capaci-
tance and lead length were reduced by omitting the base and bringing the
plate lead out the top of the envelope. In the original L1 coaxial repeaters,
these tubes were soldered in place. With a grid-cathode spacing of only 0.0035
inch, these tubes had a transconductance of 5000 micromhos and represented
a major advance in performance over anything else available. In a cornmercial
version, designated the 6AK5 tube, the advanced tubes were made in large
numbers by Western Electric and a number of other manufacturers for use in
World War II radars and other military systems [Fig. 8-2].? In all the high-

Fig. 8-2. Miniature pentode tubes designed between 1940 and 1944. Right, the
386A, was furnished in two commercial versions: left, with a base, as the 717A,
and, center, as the unbased 6AKS5. The 6AK5 was used in large numbers in military
systems during World War II.
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performance tubes, reliability, stability, linearity, and long life were no less
important than formerly. In fact, these qualities became even more important
as the tubes were used in larger numbers at the close repeater spacings of the
new carrier systems and were usually located in unattended huts or man-
holes. (See another volume in this series, Electronics Technology (1925-1975),
Chapter 3.)

1.2 Passive Components

Besides vacuum tubes, a number of devices resulting from the pre-World
War Il research in semiconductors proved extremely useful in the carrier systems.
Copper oxide rectifiers in bridge-type modems were a big improvement over
balanced vacuum-tube modems because, unlike tubes, they required no
maintenance adjustments after manufacture and installation. The thermistor
was another device that found long and useful application.® A thermistor is a
thermally sensitive resistor made up of any of a variety of solid semiconductor
materials [Fig. 8-3]. At any given temperature, it behaves as a simple ohmic
resistance for small signals, but its value can be changed over a wide range by
changing its temperature. Thermistor elements were designed into the regulating
networks of the L1 coaxial-cable system and of the later Type K2 cable carrier
to compensate for the change in line loss with temperature. In these systems,
a pilot tone was transmitted between the signal bands. At the output of reg-
ulating repeaters, the pilot was picked off via narrow band-pass filters and
amplified and rectified to generate a current to control the thermistor temper-
ature. Departures from the correct pilot level would bring about an increase or
decrease in the heating current, and a corresponding change in thermistor
resistance and amplifier gain, until the pilot was restored to the reference level.
The pilot-controlled heating current was usually applied via a separate indirect
heater, isolating the resistance-controlling currents from the network trans-
mission path controlled by the thermistor resistance. The thermistor provided
a sensitive, wide-range, electronically-controlled variable element and, with a
few exceptions, made obsolete the cumbersome and high-maintenance elec-
tromechanical regulators.

(@) (b)

Fig. 8-3. Thermistors made in the form of a (a) bead, (b) rod, (c) disk, (d) washer, and (e)
flake.
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In addition to the active and variable components, the new high-frequency
circuits called for improvements in purely passive components as well. Resistors,
capacitors, and inductors all became smaller, with much attention paid to un-
wanted stray capacitance and inductance. In critical circuits, the orderly
mounting in arrays on equipment panels gave way to components mounted
by their leads and arranged in ways to reduce unwanted capacitance and circuit
lengths. Transmission transformers were especially critical items. They were
needed since the line impedances were low, on the order of 75 to 135 Q, while
amplifiers were effective only at much higher impedance levels. At the input,
the attenuated signal could be stepped up by a transformer to help override
the vacuum-tube noise. At the output, the pentode tubes provided high gain
only into a high impedance. The resulting relatively high-voltage signal had
to be stepped down by an output transformer to a lower voltage and high
current at the low line impedance. As these transformers were also in the
feedback loop, they had to perform the in-band impedance-transformation
function while presenting manageable circuit properties for the designer at
frequencies many times the transmitted band.

II. MEASUREMENTS

In 1883, Lord Kelvin wrote: “When you can measure what you are speaking
about, and express it in numbers, you know something about it; but when you
cannot measure it, when you cannot express it in numbers, your knowledge is
of a meagre and unsatisfactory kind: it may be the beginning of knowledge,
but you have scarcely, in your thoughts, advanced to the stage of science.”*
The need for effective measurement dates back to the earliest days of telegraphy.
Telegraph frequencies, however, were so low that practitioners thought of their
circuits primarily in terms of the steady state and measurements were at DC,
based on one form or another of the Wheatstone bridge. Telephony introduced
voice frequencies, and telephone engineers were well aware that the higher
frequencies placed new requirements on the circuits; but, for many years, mea-
suring equipment remained crude and of limited accuracy. Around 1900, when
the first long telephone cable circuits were established between Boston and
West Newton, Massachusetts, the need for improved measurements of cable
characteristics became evident. For this purpose, the first shielded AC bridges
were developed by G. A. Campbell, then a research engineer at AT&T.® Ac-
cording to Campbell, one of these bridges was used for over five million mea-
surements of capacitance and conductance between 1903 and 1922.

In 1921, a department was formed in Western Electric with the responsibility
for furnishing measurement apparatus needed by those developing telephone
circuits and for the control of production testing. In 1924, all work on mea-
surement technology was consolidated and made the responsibility of Bell Lab-
oratories at its founding in 1925. The measurements department continued as
a distinct organization in Bell Laboratories over the entire period of this history
from 1925 to 1975.

The measurements development group was concerned with two types of
measurement: the impedance of individual components and transmission mea-
surements—the gain or loss and phase shift experienced by a signal as it passed
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through a network, amplifier, or system. (In network terminology, the first type
are two-terminal or driving-point impedance measurements, the second are
four-terminal or two-port transfer measurements.) Impedance measurements
were accomplished by various bridges, the AC equivalent of the DC Wheatstone
bridge [Fig. 8-4], while transmission measurements were made with transmission
measuring sets (TMSs). Impedance bridges were used to measure individual
circuit components where accuracies in the range of 0.1 to 1.0 percent were
usually adequate. Requirements for transmission measurements, typically on
assembled networks and complete repeaters, also tended to be in the same
accuracy range, but with increasing need to extend the accuracy available. The
accuracy limits of bridges were usually expressed as percentages. Since TMSs
measured ratios, their accuracy was usually given in decibels.

Measurements have always been used to provide a basis for system design
and a means to confirm completed designs. The need for higher-quality circuits
with more closely-controlled transmission and the greater frequency bands
involved in the higher-capacity systems drove measurement needs to both
higher accuracy and higher frequencies. The development of measuring tech-
niques to meet the new needs was often regarded as an integral part of the
system development. It was not unusual, especially in a new field, such as
microwave radio, for the researchers or system developers to develop the re-
quired measuring capability as the system work evolved. Such techniques then
often found wide application, and were standardized and further advanced
for general use in the measurements group.

In a typical development sequence, concepts were first tested in a bench-
top circuit (breadboard) and often on a metal chassis approximating the expected
final form (brassboard). At each stage, measurements were made to confirm
the performance. Obviously, it was always desirable to simulate and check out
ideas on a laboratory basis as far as possible. If early results were promising,
more complete equipment was built and measured, still on a laboratory basis.
It is, however, the nature of transmission systems that they consist of long

IMPEDANCE
TO BE MEASURED
R

CALIBRATED
~ STANDARD

SIGNAL SOURCE

Fig. 8-4. Basic form of impedance bridge.
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lines of equipment strung out over hundreds or thousands of miles. Only limited
quantities could be assembled and tested in a laboratory. At some point, lab-
oratory simulation was no longer adequate, and it became necessary to move
the work to the real world of the field environment for a field trial. The purpose
was to expose a larger array of the experimental equipment to what was hoped
were representative field conditions. From the standpoint of measurements,
this stage was an extension of laboratory measuring capabilities to the often
difficult conditions of the field. From the measured results on the field-trial
system, it was then necessary to extrapolate to the expected performance of
systems up to 4000 miles in length.

The extrapolation placed extraordinary demands on measurement capability.
The natural, measurable unit of a system was the repeater section. The repeater
section was the basic building block from which long systems were constructed.
In factory production, the single repeater was the unit manufactured and tested.
Field trials usually involved multirepeater sections and were occasionally of
considerable length to provide early information on how transmission variations
accumulated, but the basic unit to be measured was the individual repeater.
End-to-end circuit requirements were on the order of +1 dB of the desired
transmission loss for a 4000-mile system. On voice-frequency cable, repeaters
were at about 50-mile intervals, but the extrapolation to long systems was
hardly necessary since the line carried only a single voice circuit and the gain
or loss was readily adjusted at repeaters and terminals to a reference level. In
broadband systems, individual channels were not readily available at repeaters;
and, as the number of channels expanded enormously, individual channel
adjustment, even at terminals, became burdensome. Furthermore, appreciable
departures from the intended levels along the way incurred a penalty in the
signal-to-noise ratio. As repeater spacing dropped to 16 miles and, on coaxial
cable, to 8 miles and ultimately to 1 mile, the extrapolation became awesome.
In the years after World War I, it was barely possible under laboratory con-
ditions to measure to +0.001 dB reliably (with corresponding accuracy in phase),
but the pressure to do so was intense.

2.1 Transmission Measurements

In the most elementary type of transmission measurement, a source of known
frequency and power was connected to the input of the device or circuit under
test. At the output, a calibrated indicator, usually a DC meter or galvanometer,
to read the rectified current from the signal gave an indication of the received
power. This arrangement provided no information on phase shift, which was
hardly a consideration for purely voice transmission.

The first step to increasing accuracy was to measure by substituting an ad-
justable attenuator standard of known accuracy for the device under test, such
that the detector had the same reading for each connection [Fig. 8-5]. This
technique, which came to be called radio-frequency substitution, removed lin-
earity and calibration requirements on the detector. The main remaining re-
quirements were stability of the oscillator and detector and accurate calibration
of the adjustable attenuator over the operating-frequency range. Measuring
systems of this type were available with an upper frequency limit of 10 kHz
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Fig. 8-5. Measurement by the radio-fre-
quency substitution method, 1924. Accuracy
of about +1 percent was achieved at fre-
quencies up to 10 kHz.

in 1925.¢ By 1927, to meet the needs of three-channel Type C carrier on open
wire, the capability was extended to 50 kHz.” Specified accuracies were in the
range of 0.10 to 0.25 dB.

In 1931, measurement capability was carefully reviewed because of its impact
on the approach used to equalize the first cable-carrier system. Depending on
the measurement accuracy obtainable, the system would use either extremely
precise equalizers in each repeater or would use less precise repeater equalizers
together with mop-up adjustable equalizers, inserted less frequently, to correct
for the accumulated signal-level misalignment. Requirements for needed ac-
curacy in the frequency range from 8 to 100 kHz were determined to be about
40.001 dB for the more precise equalizer. Although careful procedures in the
laboratory did achieve measurement accuracies of a few thousandths of a deci-
bel, such accuracy was possible only on certain ideal networks and painstaking
effort was required. The highly precise equalization approach was abandoned.
Even if the precise equalizers could be designed, there was no really practical
way to verify that they had been realized in production.

The coaxial-cable system under development in 1934 required precise mea-
surements of loss and phase at frequencies up to about 5 MHz, more than a
factor of ten higher than earlier systems. Phase measurements were of new
importance because of the anticipated transmission of television signals over
the line. In addition, measurement of phase shift, as well as of loss and gain,
was required for the feedback-loop design for much higher frequencies, al-
though at reduced accuracy requirements. Attenuation and phase standards of
sufficient accuracy over a range of frequencies could not be made to frequencies
much above 100 kHz, so a technique called intermediate-frequency (IF) sub-
stitution was employed [Fig. 8-6]. In IF substitution, the device under test was
measured at the test frequency, and the output was applied to a frequency
converter that converted the test frequency to an IF frequency under 100 kHz.
There the loss and phase of the unknown was compared to that of loss- and
phase-standards operating at the fixed IF frequency. As with other substitution
methods, the final detector had only to be stable. The frequency converter was,
however, required to be both stable and linear over the range of signal levels
at the output of the circuit under test. Since the loss and phase standards had
to be calibrated only at the IF frequency, potential errors could be compensated
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Fig. 8-6. Measurement by the intermediate-frequency substitution
method, 1937. Loss and phase measurements to an accuracy of about
+1 percent were possible at frequencies up to 4.5 MHz.

for and minimized. Another benefit of IF substitution was that the detection
bandwidth at IF could be very narrow relative to the top measurement fre-
quency, with the resulting low noise and improvement in accuracy and loss

Fig. 8-7. Direct-reading phase and transmission measuring
system, 1949.
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range. With this type of circuit, accuracies in the range of +0.1 dB and +0.3
degree were achieved at frequencies up to 4.5 MHz by 1937. Measurements
at this stage still required painstaking effortand measurement times were long.
Loss and phase data at a single frequency required from 6 to 12 minutes,
depending on operator skill. Measurements adequate to characterize a device
over the complete frequency range would take several hours.

Near the end of World War II, as plans for expanded broadband carrier
facilities were made and the increasing emphasis on the transmission of tele-
vision required precise phase as well as loss measurements on larger numbers
of transmission networks, the need for improved transmission measurements
became urgent. By 1949, TMSs with improved accuracy and convenience were
developed.® Accuracies of +0.05 dB and 0.25 degree were achieved up to 3.6
MHz, and the speed of measurements was increased by at least a factor of ten.
Some of the sets were used for production testing as well as laboratory eval-
uation [Fig. 8-7]. The sets used IF substitution and included such convenience
features as detector self-tuning and direct reading of loss or gain and phase.
The sets were stable enough so that the small deviations from linearity in
calibration could be compensated by a movable zero index on the scales [Fig.
8-8]. This eliminated the tedious and time-consuming subtractions otherwise
necessary.

Fig. 8-8. Optical cam of phase shifter for zero index correction in direct-reading
loss and phase measuring set, 1949.
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2.2 Bridges

The development of impedance measurements at Bell Laboratories proceeded
along lines parallel to, but separate from, the development of transmission
measurements. Requirements for measurements associated with a new system
development often resulted in a joint request for a new TMS and one or more
new impedance-measuring sets, i.e., bridges. Early improvements in impedance
measurement were in the areas of calibration methods and in bridge analysis
and design. By 1928, a technique had been developed for standardizing ca-
pacitance to an accuracy of 0.003 percent in terms of the more exactly measured
quantities of resistance and frequency.® This was an improvement by a factor
of 30 over the best certified accuracies available from the National Bureau of
Standards at that time. Bridge shielding was developed to a high degree of
perfection to reduce the deleterious effect of parasitic capacitances and thus to
obtain bridges that operated closer to the ideal.’

Unlike TMSs, bridges were often highly specialized. The impedances of the
components to be measured ranged over many orders of magnitude, and their
characteristics might be needed at any part of the frequency spectrum. The
standard for measurement had to be calibrated at the same frequencies at which
the component was measured and, for accuracy, had to be in the same general
range of impedance. As a consequence, bridges generally operated only over
a restricted frequency and impedance range, and the number of types prolif-
erated. Over the period of this history, over 200 varieties of bridges were de-
veloped; and, even by the early 1930s, the number was so large that a paper
was written classifying them into eight basic types, pointing out the advantages
and trade-offs of each.! A big step in the convenience and accuracy of bridge
measurements up to 150 kHz occurred with the development of the Type 12
admittance bridge in 1940." This bridge used, for the first time, a true admittance
standard (parallel capacitance and conductance standard). Bridge balances were
easier to achieve, and the amount of computation required was reduced con-
siderably, particularly in those cases where achieving the desired accuracy meant
taking into account the conductance standard. Twenty-seven of these bridges
were built, and most were still in operation in 1975 for standardization work.

The basic accuracy of the earlier bridges was +0.03 percent, improved in
later ones to +0.01 percent. Some of these bridges were highly specialized to
meet specific needs. For example, one bridge used a complex double-Y network
of unusual form and was capable of measuring direct interelectrode capacitance
smaller than 0.00001 pf at 465 kHz."* Another bridge, developed much later,
operated at up to 10 MHz and used novel conductance standards and a phase-
sensitive detector to achieve improved conductance resolution. It was capable
of measuring the dissipation factor of polyethylene to an accuracy of one part
in 108

With the large variety and large number of bridges used by Bell Laboratories
and Western Electric, it was desirable to have capacitance and inductance stan-
dards to check the accuracy of individual bridges. The work of calibrating
standards was done at Bell Laboratories because the National Bureau of Stan-
dards did not provide calibrations with sufficient accuracy over most of the
range of impedance and frequency.
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In time, the accumulation of bridges presented the local management with
a housekeeping dilemma. They were kept in a large room; the space was needed
for other purposes, and the instruments grew more archaic looking with each
passing year. But they served a large clientele from all parts of Bell Laboratories
and Western Electric; and, at unpredictable intervals, someone would show up
who badly needed a measurement or calibration available in no other way.
Eventually the technology changed, computer-operated transmission sets were
adapted to make impedance measurements, the visits became less frequent,
and the last defenders retired. It is hoped that the more magnificent specimens,
with their highly finished hardwood cases and huge brass contacts, have found
suitable last resting places in appropriate museums.

ITI. NETWORK DESIGN

By the early 1900s, the use of an inductor and capacitor to separate widely
differentfrequencies and the resonant properties of such a pair were well known
in telephony. The first vacuum-tube repeaters in the 1915 transcontinental line
required the first electric networks designed for a more complex frequency
characteristic. The successful operation of amplifiers in both directions over the
single open-wire pair depended on the use of hybrid coils with networks to
simulate the line impedance. In addition, filters were required to avoid instability
in the circuits because of line-impedance variations outside of the voice-fre-
quency range. In 1918, the first carrier system using four channels was installed.
This required band-pass filters to separate the carrier band from the voice
frequencies and the four channels from each other. It was the first use of
channel filters. At about the same time, the first attenuation equalizer consisting
of a resistance and reactance network across the line was used.

3.1 Filters

3.1.1 Campbell’s Invention

About the turn of the century, G. A. Campbell was experimenting with
loading coils on both actual cables and laboratory simulations (artificial lines).
In his 1903 paper on loading he says, “I have made use of these results by
employing artificial loaded lines for cutting out harmonics in generator currents.
The harmonics may all be cut down as far as desired by the use of a sufficient
number of sections, while the attenuation of the fundamental can be reduced
at pleasure by decreasing the resistances. ... Combining condensers and in-
ductances, we may make a system which will not only cut out higher frequencies
but also all frequencies below a certain limit.””*> Campbell’s patent on filters,
which was issued in 1917, covered low-pass, high-pass, and band-pass filters.’®
(At about the same time as Campbell’s patent, K. W. Wagner in Germany was
also contributing to the invention of the electric wave filter.)

The reader may well wonder why there was such a big gap in time between
Campbell’s apparent knowledge of filters in 1903 and his first filter patent of
1917. As reported in an unpublished letter, many years later, at a lunch set up
to introduce some new Bell Laboratories employees to the sages of the business,
a young engineer asked Campbell: “When you wrote your paper on loaded
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lines in 1903, did you realize that the results contained the theory of wave
filters?”” Campbell said, “Yes, I knew that, but I forgot it and rediscovered it
all at a later time.”

Campbell showed that, with ideal lumped elements, the loss up to a pre-
selected cutoff frequency could be made small, increasing above that frequency
monotonically to provide a low-pass filter. Also, with the inductance and ca-
pacitance interchanged, the low-pass characteristic could be changed to high-
pass. If a series-resonant circuit was substituted for the series arm and a parallel
resonant (antiresonant) circuit for the shunt arm, a band-pass filter was realized
[Fig. 8-9]. By making the product of the impedances of the two arms a constant
(Z1Z, = KY), Campbell derived what he called a constant k section. Using sections
with this constraint, he showed how to proportion the filter elements for any
specified cutoff frequency and to size them to operate effectively in circuits of
any given impedance.”

The first filters were formed by cascading the simple four-terminal networks
to yield a ladder structure with the desired loss outside the passband. The early
built-up filters, however, had two major shortcomings: the loss did not build
up as rapidly as desired at frequencies beyond the cutoff and the design of the
cascaded ladder was not a straightforward matter. The loss of the cascaded
sections was equal to the sum of the individual sections only under certain
ideal conditions, not easily achieved in practice. Furthermore, the impedance
over the passband, while in the right general range, varied widely across the
band, making the analysis of performance difficult and further complicating
the design.

3.1.2 Design Advances and Systematization

In the early 1920s, O. ]. Zobel showed that improved performance could be
achieved by a modification of the basic filter-section design and a better design
approach realized by what was called the image-parameter design technique.
In the so-called m-derived section, Zobel maintained the ability to assign the
cutoff frequency and impedance level as in the constant k section, but elaborated
the filter elements to introduce a peak of attenuation (a pole) at a selected
frequency outside the passband. (The factor m was the ratio of the cutoff fre-
quency to the frequency of the attenuation peak.) By the proper location of
the pole, he was able to steepen the cutoff and, at the same time, realize a more
uniform impedance in the passband. Zobel also showed how to build up a
more complex filter by the cascaded connection of individual sections on what
was called the image-impedance basis. By definition, a network is image
matched at a pair of terminals if the impedances presented in both directions
are identical [Fig. 8-10]. If all the sections are matched, then the total loss of
the network can be found by simply adding the losses of the individual sections,
because there are no reflections, For there to be no reflections, however, the
individual sections must be matched, not only where one section meets the
next, but also at the terminations. Zobel's m-derived sections helped by pro-
viding a more uniform impedance in the transmitted band, but terminal match-
ing remained a serious limitation because it still required complex image
impedances to terminate the filter perfectly, whereas in practice, the filters were
usually terminated in & pure resistance.
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Fig. 8-10. Cascaded network sections
matched on an image-impedance basis.

Design techniques based on image-parameter theory were developed even
though the filter terminations could not provide exact image matching. Exact
analysis methods were known, but the procedures were tedious and did not
provide the insight required in design. To aid the designers, Zobel introduced
charts that could be used to determine the loss of image-parameter filters under
a variety of conditions. His charts greatly simplified the process of filter synthesis
by letting the designer use a selection of building blocks. The charts could be
used to determine the loss of each section, and the losses could then be added
up to help determine the loss of the total filter. Other charts allowed for the
effects of nonideal components and for the reflections at the imperfect input
and output terminations of the structure.”® About 1930, Zobel introduced an-
other basic building-block section (the double-m-derived section), which could
present a very nearly constant image impedance over the passband of a filter."”
This helped to reduce the reflection loss that was associated with image-pa-
rameter filters and improved performance.

Perhaps as much as any branch of transmission research and development,
network design lent itself to exact mathematical analysis. Much of the effort
in the years from about 1925 to 1940 was devoted to building the theoretical
base. R. M. Foster, in 1924, clarified some of the characteristics of purely reactive
networks and showed that some things are possible and some impossible.?
That is, Foster found necessary and sufficient conditions for a driving-point
(two-terminal) impedance using only inductors and capacitors to be realizable.
He showed when conditions were sufficient by presenting realization schemes
that were based on partial-fraction expansions. (See also Communications Sci-
ences (1925-1980), Chapter 1, Section 3.2.) Networks realized in this manner
have become known as Foster realizations. In 1926 in Germany, W. Cauer
presented another realization scheme for impedances made up of pure reac-
tances. This procedure was based on a continued division process instead of
partial fractions, and the resulting networks are known as Cauer realizations.
Both Foster and Cauer realizations are canonic, i.e., for a specified impedance
function, they both use the minimal possible number of components. '

Further efforts to reduce terminal reflection losses at the input and output
ports of filter networks resulted in the Zobel x-termination structure for split-
apart or directional filters. These filters, consisting of complementary structures
(that is, low-pass and high-pass filters or band-pass and band-elimination
filters), are connected in parallel at the input and are used to separate signal
bands or individual carrier channels coming over the same transmission facility.
The design technique was important for the application of the equivalent-four-
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Fig. 8-11. H. W. Bode, who generalized filter design in the
1930s.

wire Type C carrier system and, later, for the application of Types C and ]
carriers to the same open-wire pair. In Zobel's approach, the combined sus-
ceptances of the paralleled networks were canceled over the passband. In 1930,
H. W. Bode generalized this method of design [Fig. 8-11].*!

By the early 1930s, network practitioners had shown that many network
configurations, such as ladder, lattice, and bridged-T networks, had filtering
properties. No general theory uniting all configurations, however, had been
developed. Each structure was analyzed by a method adapted to that config-
uration alone. This situation was changed by a generalization developed by
Bode in 1934.% As in Zobel's scheme, Bode’s general filter was composed of
simple structures in tandem, each section being obtained by transformations
or derivations of elementary prototype sections. For all physically possible
characteristics to be obtained, however, it was necessary to add two new sections
to those described by Zobel: a complex m-derived section and an h-derived
section, which was the converse of an m-derived section, since it changed the
image impedance without affecting the transfer characteristics.

3.1.3 Approximation Theory

Throughout the work on filters, theoreticians and designers were concerned,
not only with the analytical realization of a filter function, but also with the
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“best” realization. The measure of “goodness”” was always within a framework
of several constraints, not the least of which was the practical realizability of
the filter when the design was achieved. Within practical limits, however, several
criteria were used to measure quality, depending on the particular application
in view. The art of approaching these measures as closely as possible was the
concern of approximation theory.

The characteristics of transmission networks are expressed in polynomials.
Maximally flat filters were derived from polynomials that, for a given degree,
have the maximum number of derivatives equal to zero at a specified passband
frequency. W. R. Bennett at Bell Laboratories had derived some expressions
for a maximally flat ladder network in the late 1920s, but S. Butterworth is
generally credited with applying these polynomials broadly to network syn-
thesis; maximally flat filters are often referred to as Butterworth filters.”> Max-
imally flat filters provide an excellent approximation at one particular frequency,
or, stated another way, they concentrate their approximating power at one
frequency. Equiripple filters, on the other hand, provide a uniform approxi-
mation in the passband and thus spread their approximating power over a
wider frequency band than do maximally flat filters. A consequence of this is
that equiripple filters have a steeper transition region than maximally flat filters
and thus give more stop-band loss.

Fig. 8-12. S. Darlington, the originator of insertion-loss
theory.
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The mathematical functions that are used to solve the approximation problem
for filters with equiripple passbands are known as Tchebycheff polynomials.
They were probably first used for network design by Cauer, who also was
probably the first to demonstrate theoretically how to obtain both an equiripple
passband and equiripple stop-band (an equiripple stop-band has equal mini-
mums of insertion loss). Cauer’s initial work was for image-parameter filters.
As pointed out by S. Darlington, Cauer’s theory would lead to an insertion-
loss characteristic with equal ripples in the passband and equiminimums in the
attenuation band only if interaction and reflection effects were not present,
which is not the case for image-parameter synthesis. Developments in ap-
proximation theory helped formalize the definition of ideal filter shapes such
as the equiripple type. These filters, however, could not be synthesized by
image-parameter sections; their exact synthesis had to wait the development
of insertion-loss theory. Darlington was the initial advocate for insertion-loss
filters, which could be designed to give equiripple passbands and stop bands
[Fig. 8-12].*

3.1.4 Insertion-Loss Theory

Image-parameter theory was popular because the network designer could
cascade image-parameter sections; and, by using enough of them, obtain large
amounts of stop-band rejection. However, interaction and reflection effects
degraded performance, especially in the passband. This could be improved by
using special terminating networks, but it is theoretically impossible for such
an approach to yield an ideal response such as an equiripple passband.

At Bell Laboratories, E. L. Norton* started the search for a better method.”
Abandoning the image parameter concept, Norton proceeded to the problem
of designing a complete filter directly from the specification of the required
insertion-loss characteristic. He considered the problem of designing a two-
port (or four-terminal) network terminated in an open or short circuit at one
end, a special case of insertion-loss theory in which one of the specified ter-
minations is zero or infinite. Norton’s procedure, however, as with Zobel's x
termination, was specifically concerned with filters operating in parallel at the
input terminals.

The birthplace of insertion-loss theory can be considered to be the doctoral
thesis of Darlington, later published in 1939 in the Journal of Mathematics and
Physics.? This thesis and his subsequent contributions profoundly affected the
synthesis of filters everywhere. Darlington attacked the general problem of
designing a reactance network such that the loss caused by inserting it between
a source resistance and a load resistance yielded a prescribed filtering shape.
The reactance network was built up from elementary building blocks with
poles of infinite attenuation at zero or infinite frequency and at finite frequencies

* Norton was something of a legendary figure in network theory work who turned out pro-
digious numbers of designs armed only with a slide rule and his intuition. Many anecdotes
survive, On one occasion T. C. Fry called in his network theory group, which included at that
time Bode, Darlington and R. L. Dietzold among others, and told them: “You fellows had
better not sign up for any graduate courses or other outside work this coming year because
you are going to take over the network design that Ed Norton has been doing single-handed.”
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below and above the passband [Fig. 8-13]. From these sections, one could
create the same topologies as used in image-parameter filter design, but only
the form would be the same. The element values obtained by insertion-loss
theory would be differentfrom those obtained by image-parameter theory, and
the exact synthesis procedure offered by the insertion-loss theory led to better
performance, The insertion-loss solution that Darlington presented was very
-general, but as he pointed out himself, the numerical calculations that it required
limited its practical application. For the full benefits it promised, the Darlington’
technique had to await the next great advance in network technology—the
application of computers to the process, not to occur until after 1950.

3.2 Attenuation and Phase Equalizers

As systems needs for frequency-selective networks grew, a corresponding
need for attenuation and phase-correcting networks developed. Excessive am-
plitude and phase distortions in lines and repeaters and similar distortions
introduced into the passband of filter networks by nonideal elements had to
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be corrected before they could be used in telephone circuits. For the transmission
of television between New York and Washington, DC over an open-wire line
in 1927, both amplitude and phase equalization of the line were required be-
cause the picture signal is sensitive to both amplitude and phase distortions.
The equalizers used in the demonstration were made up of bridged-T structures
to correct both types of distortion. When properly designed, such structures
have a constant resistance input and output impedance over the frequency
band of interest, and they can be cascaded to synthesize complicated loss or
phase shapes by simply adding up the characteristics of each section [Fig. 8-
14]. With these equalizers, circuits were made capable of carrying signals sen-
sitive to both types of distortion, such as telephoto and television. Simple vari-
able elements were also included in the networks on the New York-Washington
line to correct for changing line characteristics in dry or wet weather. A paper
in 1928 by Zobel laid a foundation for the understanding and design of networks
to equalize the loss-versus-frequency characteristic of a filter or line.”” Another
1928 paper by S. P. Mead established a mathematical basis for the design of
delay-correcting networks.?®

There was little need for more elaborate equalizers until the broadband
paired-cable and coaxial systems were developed in the mid-1930s. In 1938,
Bode published a classic paper on variable equalizers.? The Bode equalizer, in
contrast to the Zobel type, depended on a variable resistor for control of a
specified loss-versus-frequency shape. The loss shape in the Bode equalizer
could be increased or decreased in magnitude, while retaining the same basic
shape, or could be inverted to convert a loss shape into the same gain shape.
Such variable equalizers were useful in compensating for daily or seasonal
changes in the transmission loss of cables. They were especially useful in ad-
justable “mop-up” equalizers where, by using a number of “bump’’ shapes
across the band that were adjustable in amplitude and sign, the finer-grained
residues of distortion from the broader basic equalizers could be reduced.

It was while attempting to reformulate certain areas of network theory in
connection with the design of equalizers that Bode showed that, because of
the similarity between the general analytic conditions in such structures, equal-
izer theory is closely related to the theory of active networks and the stability
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Fig. 8-14. Bridged-T constant-resis-
tance equalizer network. If Z, is chosen
as R*/Z,, the bridged T has constant in-
put and output resistance equal to R over
the frequency band of the design.
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criteria for feedback amplifiers. Previous work by L. A. MacColl in the 1920s
and early 1930s on the subject of signaling and its relation to the Fourier and
Laplace transform techniques had given impetus to complex variable analysis
as the natural basis for most linear circuit problems. Using MacColl’s approach,
Bode’s systematic studies led to his formulation of the general relations between
attenuation and phase in physical networks. Subsequent involvement in the
equalizer problem, specifically directed toward inserting an equalizer in the
feedback path of a feedback amplifier, led to a general attack on the feedback-
design problem, as discussed in Bode’s text on network analysis and feedback-
amplifier design.*® Speaking of this book, Bode said, “My book is essentially a
text on equalizers and other dissipative networks, with incidental reference to
amplifiers, rather than the other way around, and perhaps might have better
been written with the equalizer point of view more obviously in the fore-
ground.””*!

3.3 Network Realizations Circa 1925

Components available for network construction in 1925 included types that
had been available, with only minor changes, for many years. Capacitors were
made of mica and metal foil for applications requiring stability and low dissi-
pation, and paper and foil for less demanding applications. (See another volume
in this series, Electronics Technology (1925-1975), Chapter 8.) Inductors were of
two types: magnetic-core toroids for larger-inductance values and air-core so-
lenoids for low-inductance, higher-frequency applications. Both types could
be wound with stranded wire to reduce copper losses, and air-core inductors
were sometimes wound with special winding geometries to reduce the distrib-
uted capacitance. In solenoids, small permalloy slugs were often provided to
obtain fine adjustment. All resistors specified for precise network use were wire
wound using materials of low temperature coefficient. Noninductive windings
were widely used. Experts on each component type were available to supply
custom designs on request and for consultation on the performance capabilities
of their product. All components were available to close tolerances and were
constructed for high reliability and high stability.

Measurements on networks and components could be made with a high
degree of precision but with a very low degree of convenience and speed.
Oscillators and detectors for laboratory use were large (several cubic feet in
volume) and required the setting, by charts, of four to eight knobs and switches
for each frequency. Impedance bridges and loss-measuring equipment were
stable and precise, but were equally large and difficult to use. A transmission
loss measurement, for example, might require different arrangements for bal-
anced or unbalanced measurements and for a range of terminating resistances.
A single measurement could require careful tuning of the oscillator and detector
and several adjustments to balance a bridge or obtain a transmission-loss value.

In the specification of network components for manufacture, it was recog-
nized that the actual element values in the product would not correspond
exactly to the desired values. The effectof element variations could be calculated,
but only very laboriously, using mechanical desk calculators. As a result, such
computations were made only when necessary. A general practice was to specify
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0.5-percent tolerances for sensitive network components, 1.0-percent tolerances
for less sensitive elements, and 2.0-percent tolerances for insensitive elements
in run-of-the-mill applications. For very demanding applications, slug tuning
of solenoid inductors was specified, and the addition or removal of turns from
magnetic-core toroids was required to meet specific inductance requirements.
The resonant frequency adjustment of inductor-capacitor pairs was frequently
specified, and the individual adjustment of inductor Qs was called for when
required. (Q is the ratio of the reactance of an inductor or capacitor to the
equivalent series resistance.) Production test sets capable of duplicating the
accuracy of laboratory development measuring equipment were available for
the measurement of both components and networks. Measurements of ter-
minating impedances or reflection coefficient and insertion loss, all within given
tolerances, were specified to guarantee that networks conformed to their design
capabilities and that requirements imposed by system needs would be met.

3.3.1 Quartz2-Crystal Filters

A new element of enormous importance, the piezoelectric quartz crystal,
was first used in filters around 1930. In all filters, the sharpness of cutoff at the
edge of the passband depends on the dissipative resistance associated with the
reactive filter elements, that is, their Q. Capacitors were readily built with low
resistance, but inductors invariably had at least the resistance of the often
lengthy copper windings. The dissipation in the inductances in band-pass filters
had an increasingly serious effectas the passband became a smaller percentage
of the frequency at which the filter was used. It was thus easier to build a
satisfactory 4-kHz channel-band filter for use at 20 kHz in the Type C carrier
terminal than to build one at 100 kHz in the Type K carrier terminal. As much
higher frequencies were considered for the planned coaxial system, the problem
would have been acute even for the broader group-band filters. The solution
to this and similar problems lay in the use of piezoelectric crystals as filter
elements.

In a piezoelectric crystal, an applied electrical potential mechanically deforms
the crystal, and, conversely, a mechanical deformation generates a voltage
across the crystal. The energy stored in the elastic deformation of the crystal
mass is analogous to the energy stored in the magnetic field of an inductor. By
incorporating such crystals in an electrical circuit, a periodic exchange between
the mechanical energy stored in the crystal and the electrical energy in the
circuit can be effected in a way similar to the exchange between the magnetic
and electric energy of circuits consisting of inductors and capacitors. It was
known that the electrical impedance of a piezoelectric crystal near its resonant
point could be closely approximated by a capacitance shunted by a series-tuned
circuit [Fig. 8-15]). An important difference between the equivalent circuit of
the crystal and a typical electrical circuit was that the dissipation of the crystal
was extremely low. The Q was about two orders of magnitude higher than
that available in wire-wound inductances.

Using Rochelle salt crystals, A. M. Nicolson at Western Electric made the
initial applications of piezoelectric elements to loudspeakers, microphones, and
phonograph pickups during the early 1920s.%? He was also the first to control
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Fig. 8-15, Equivalent circuit of a piezoelectric quartz crystal.

an oscillator by means of a crystal.** Continuing efforts by W. A. Marrison to
the problem of achieving improved frequency control resulted in a 100-kHz
frequency standard using a doughnut-shaped quartz crystal having essentially
zero temperature coefficient.** Of more interest to filter specialists, however,
was his circuit in which a crystal was used to obtain transmission-frequency
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Fig. 8-16. Lattice-structure crystal filters. (a) With crystals alone, only a very narrow
passband can be obtained. (b) Inductance in series with the crystal makes it possible to
widen the passband.
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selectivity. The basic patent covering the use of piezoelectric crystals in filters
having application to broadband carrier systems was filed by L. Espenschied
in 1927 and issued in 1933.% Espenschied’s patent was for a ladder structure,
but Campbell had shown earlier that lattice structures were the most general
type of filter circuit and that they provided a more flexible design than ladders.
They required a higher degree of precision in their element values, however,
and were not in general use, except for some delay lines and phase equalizers.
With crystal elements, they became the preferred configuration for filters.

The reactance of the crystal has a series resonance and a parallel resonance
(antiresonance) at a higher frequency. With four crystals in a lattice network,
two of which have their series resonance at the same frequency as the parallel
resonant point of the other two, a band-pass filter may be made. The theoretical
bandwidth is the frequency separation between the series resonance of the
lower-frequency crystal and the parallel resonance of the upper-frequency
crystal. Due to the piezoelectric constant of quartz, this differenceis very small,
restricting the attainable bandwidth for this type of filter to less than one percent.
With more than one crystal in each arm of the lattice, the bandwidth may be
increased, but this leads to complexities in adjustment and increased cost. One
way of increasing the frequency separation for crystals was to place an in-
ductance in series, since this would decrease the frequency of the series reso-
nance and have no effect on the parallel resonance. It would also add another
series resonance to the equivalent circuit, further increasing the possible band-
width [Fig. 8-16].

W. P. Mason suggested this method for designing lattice-network crystal
filters of appreciable bandwidth in 1934, and, in addition, pointed out that if
the added inductances were equal, they could be placed outside the lattice in
series with the source and the load impedances. The resistance, due to coil
dissipation, could then be considered part of the generator and load resis-
tances.*”*® This made it possible to consider the lattice itself as made up of the
quartz crystals and the pure reactance of the inductances. This method increased
the practical bandwidth for crystal filters from less than one percent to over
ten percent. Since coil and condenser filters were useful down to about ten-
percent bandwidth, the entire carrier range could be covered. Crystal filters
were in commercial use by 1930, using Mason’s lattice structures and were
used in all the long-haul carrier systems designed after that date [Fig. 8-17)].

IV. REPEATER AND SYSTEM DESIGN

4.1 Evolution of the System-Design Concept

When vacuum tubes were first introduced in the early long-distance circuits,
designers hardly thought in terms of systems or system design. Typically, there
were one or two major limitations to be overcome, such as the high loss of the
first transcontinental line or the even higher loss and crosstalk of the first carrier
and long cable circuits. Most of the development effort was directed at solving
the problems that were obviously the key to success or failure. As the trans-
mission lines were improved and better devices and techniques became avail-
able, there were more options to consider, and many system-optimization de-
cisions were made. An early example was the decision to dispense with loading
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on open wire and to increase the number of repeaters well above the bare
minimum required. With further advances, a still wider range of choices faced
the developers. Decisions were needed on bandwidth, signal-to-noise ratio,
and repeater spacing, in addition to the wire gauge to be used and the type of
loading, if any.

In principle, all these could be traded off to arrive at an economic optimum
for the service capability desired. In practice, there were many constraints on
the range of choice. While the total bandwidth remained a system choice, the
bandwidth objective for an individual voice channel was improved and stan-
dardized during the 1920s and early 1930s. The total spectrum of a voice signal
contains components up to about 8 kHz, but experiments showed that little
was gained in either intelligibility or naturalness for a transmitted band much
above 3500 Hz. With the adoption of 4-kHz channel spacing on carrier systems,
the voice band to be transmitted became stable at about that value. Voice-band
signal-to-noise objectives were similarly improved and standardized. Signal-
to-noise objectives were upgraded as late as the 1940s and 1950s, as the prospect
for high-grade overseas circuits on submarine cable arose. Similar broadly ap-
plicable standards were adopted for radio-program channels and for television,
as these services were provided. These basic service standards were accepted
by all parties and were not sacrificed by the system designer in exchange for
other system advantages.

The pattern of the existing plant itself imposed a number of constraints on
what made sense in any new system. Thus, in the early 1930s, the widespread
existing network of voice-frequency cables plus the depressed economy and
the prospect of slow growth provided a strong incentive to design the cable
carrier system for existing cables, rather than around a wholly new cable design.
In addition, with attended voice-frequency repeater stations at 50-mile intervals,
it was out of the question to consider carrier systems on cable requiring repeaters,
inconsistent with this pattern. Terminals and repeaters had to make use of the
existing sites as far as possible and intermediate repeaters had to be at spacings
that were submultiples of the existing spans. When Type K carrier was designed,
there was little hesitation to sacrifice an existing voice circuit to obtain 12 carrier-
derived circuits. It was much less attractive, however, to remove four voice
and one or more telegraph circuits on an open-wire pair to gain only eight new
voice circuits. The existing voice and widely-installed three-channel carrier
systems were strong incentives to place the new open-wire Type J carrier at
frequencies above the existing circuits and to design it to coexist with them. In
the coaxial-cable development, the territory was relatively virgin and there was
a great deal more latitude. The development of the medium and repeaters went
hand-in-hand, with few preexisting limitations. As the 4-kHz voice-channel
spacing and basic group band at 60 to 108 kHz became established, however,
all new systems were designed to these standards to provide for ready inter-
connection.

During the 1930s, with the success of the multichannel AM carrier systems,
the concept of a system design and the optimization of that design became
firmly established in Bell Laboratories. The first version of each system of a
radically new type was, of necessity, quite experimental. Both the initial coaxial-
cable development and the first microwave-radio system project in many ways
resembled the struggle for sheer feasibility, characteristic of the earlier long
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systems. Both the medium and repeater techniques were new. The question
was whether a system to transmit television satisfactorily over long distances
could be built at all. Even if the radio system worked for television, there was
great uncertainty as to its telephone capacity. It was not until long after the
development was committed that any confidence was expressed in the system’s
ability to transmit several hundred telephone channels up to the current stan-
dards. In the first microwave-radio development, each component was pushed
to the technical limit and there was very little discussion of optimization. Nev-
ertheless, as soon as the first versions of coaxial and radio systems were achieved,
the process of optimization and improvement started.

In concept, the optimized system was like the wonderful one-hotse shay
with each part in perfect balance with the others. But those were years of rapid
technical progress. Designs were not expected to survive unaltered. There was
always the hope, amounting in many cases to an expectation, that if a com-
ponent could be made better than the system required, some way would be
found to improve the remaining links. Designing in such a way as to leave the
door open to future enhancements was an accepted objective.

It became characteristic that systems evolved in successive generations. Each
generation achieved at least lower cost, required less space and power, and
usually provided increased capacity and improved performance. Repeaters were
built from the very best of available components. Designers pressed for vacuum
tubes with higher gain, less distortion, and longer life. Coupling networks,
interstages, and feedback networks made use of the latest findings in network
theory and design techniques. The bandwidth was increased as far as the circuit
performance and constraints of the medium permitted. Thus, in the course of
the 1930s, coaxial amplifiers were successively redesigned and improved from
the original 1-MHz design to 2 MHz, and eventually to 3 MHz as the technology
permitted and the needs for high-quality television transmission became better
understood.

4.2 Repeater Design

Terminals and terminal multiplexing were always important in system design,
especially in the economics controlling the range of application, but repeaters
usually established the system characteristics, setting the technical limit to what
could be accomplished. The repeater section was the basic building block around
which the high-frequency line was designed. A great deal of the system design
effort, therefore, focused on the bandwidth achievable and the spacing per-
missible between repeaters. While bandwidth and spacing could be (and were)
traded, the band tended to be set by the signal to be carried, such as television
on coaxial cable, It was, of course, desirable to have as few repeaters as possible
within the other limits set by system objectives. With the bandwidth more or
less set, the maximum repeater spacing became a question of how high a signal
could be transmitted and to how low a level it could be attenuated before
amplification in the following repeater.

The low-level limit was set by the thermal noise of the conductors, the noise
of the vacuum tubes, and the end-to-end quality-of-service standard. The
physics of thermal noise was well understood by the early 1930s, and vacuum
tubes were available that approached that absolute limit within a few decibels.
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For a known number of repeaters, it was a simple matter to calculate how
closely a signal could be exposed to the noise for satisfactory end-to-end per-
formance. But the number of exposures depended on the repeater spacing, and
the spacing also depended on the power level transmitted from a repeater. The
higher the transmitted level, the wider the repeater spacings and the fewer
repeaters required. Like many optimization problems, the best solution, taking
into account all the variables, was not susceptible to an exact analytic solution;
but the range of values was usually quite limited, and a few iterations brought
the design quite close to the best that could be done.

With the vacuum tubes available, gain was no problem, even with large
amounts sacrificed to feedback. Vacuum tubes with the other characteristics
needed could be provided with an output power in the range from about 0.1
to 1.0 w. The design difficulties, power consumption, and expense ruled out
multiwatt tubes. The feedback amplifiers, especially for the relatively narrow
bands of the 12-channel systems, were highly linear. So much so that, when
designers finally learned to build feedback amplifiers on the basis of Nyquist’s
and Bode’s theoretical work, there was a wave of enthusiasm, and terms like
perfect linearity and infinite gain stability began to crop up. But the linearity,
however perfect, could exist only up to an upper limit in signal level. However,
to determine the maximum power that could be transmitted involved surpris-
ingly complex analysis.

4.2.1 Owetload

Two general areas of amplifier operation were recognized. At low signal
levels, there was little interaction between the signals of the highly linear feed-
back amplifiers; but, at some point, as the levels were raised, the amplifier
would overload, and all the signals would be seriously degraded. The latter
condition occurred when the peaks of the highly complex multichannel speech
signal drove the control grids of the amplifier output stages into the positive
conducting region. Under these conditions, the input impedance, the gain of
the stage, and the loop feedback were sharply reduced, and the amplifier per-
formance was abruptly degraded. In effect, the amplifier cracked. The question
became: What portion of the time could this be permitted to happen on a high-
quality circuit? The answer obviously was very little, but a quantitative answer
was needed.

There were basically three aspects of the problem. It was first necessary to
obtain data and determine the amplitude characteristics of individual speech
signals and of the combined signal on the multichannel line. This was by far
the most difficult part of the problem. The second question was then how much
of the time the peak of this signal could be permitted to exceed a predetermined
maximum level; and, finally, it was necessary to relate this to a simple load-
capacity measurement that could be made in the laboratory with sine-wave
signals.

The electrical analog of speech is a highly complex and highly variable
signal. J. T. Dixon of the Toll Transmission Development Department and
B. D. Holbrook in the Circuit Research Department attacked the first two prob-
lems on a statistical basis.*® Data were first obtained on the instantaneous voltage
distribution of the speech signal of a single talker at constant volume. A number
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of subjects, both male and female, were then measured at different volumes
and with various telephone subsets. Talker-volume distributions were obtained
by measurements on circuits in service. Finally, by further consideration of the
probability that a circuit would be occupied and, if occupied, that a talker
would be active, a composite picture of the line-signal amplitude distribution
was constructed. (Talker activity was defined in these studies. It was found
that on a busy [i.e., occupied] four-wire circuit, because of the talk-and-listen
nature of conversation and the pauses in speech, activity was about 25 percent.
These factors, much refined, were used later in the design of speech interpolation
terminals.)

Since the nature of the basic speech signal, even on a statistical basis, was
difficult to characterize analytically, much of the work was done experimentally.
This was done, in part, by making phonograph records, carefully recording
and playing back for measurement the speech signals for, first 1, then 4, 16,
and finally 64 superimposed talkers. As might be expected, while the signal
from a single talker is extremely peaky, with frequent amplitude excursions
many times the average value, as more and more signals are combined the
composite distribution approaches more closely a normal probability curve
[Fig. 8-18].

The remaining steps in establishing the permissible load were relatively
straightforward. The amount of time that the repeater could be permitted to
be overloaded was set at about 0.1 percent. There was little room for judgment
in setting this figure. The overload characteristic was something of a stone wall.
Levels only slightly higher rapidly degraded performance to an intolerable
degree, and levels a little lower rapidly improved it. It was also a simple matter,
with the composite signal well characterized, to relate the capacity needed for
the complex signal to the maximum sine-wave load capability. It was convenient
to specify these requirements in terms of signal levels at the transmitting test
board. By knowing the gain or loss from that point to the output stage of the
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amplifier, the designer could determine an overload requirement in terms of a
sine-wave voltage on the vacuum tubes.

As the systems grew larger with the advent of coaxial cable, the statistics
smoothed out more and more, and the line signal became closer in its statistics
to random noise. In later coaxial systems design, it was usual to treat the com-
posite signal for overload calculations as a random-noise signal of nearly con-
stant average amplitude and with an effective peak-to-rms average ratio of
about 13 dB.

4.2.2 Limits Due to Nonlinearity

But feedback amplifiers were not perfectly linear, and, in the wider-band
coaxial amplifiers, with many more signals and lower feedback, nonlinear dis-
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tortion rather than overload set the upper permissible signal levels. The analysis
for determining the intermodulation-limited maximum signal level was pub-
lished by Bennett in 1940.%°

From the early days of vacuum-tube amplifiers, it was known that the non-
linear relation between the output current and input voltage could be approx-
imated by means of a polynomial with linear, square, and cubic terms. If I, is
the output current and E, the input voltage, then I, = a,E; + a,E.? + a;E;°. The
first coefficient, 4,, is the linear gain factor. If the input is a sine wave, the
second term leads to a second harmonic in the output, and the third term to a
third harmonic. If the input consists of multiple sine waves, the harmonics of
each are generated; but, in addition, various sum and difference intermodulation
products are also generated, involving two or three of the signals. Bennett's
analysis gave the magnitudes of the various products in terms of the nonlinearity
coefficients, 4, and 4,, and the volume distribution of them, taking into account
the fluctuating nature of speech [Fig. 8-19]. He showed that the sum of the
intermodulation products from a large number of speech signals could be treated
as noise, similar in its interfering effect to thermal and tube noise. And he
derived methods for counting and summing the intermodulation products for
any number of channels to determine the total intermodulation noise falling
in a disturbed channel. He further considered how the products generated in
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each repeater accumulated along a multirepeatered line. In this connection, he
showed experimental confirmation of the bad news that R. V. L. Hartley had
given to H. S. Black more than a decade earlier. Certain troublesome third-
order products did indeed accumulate systematically in phase [Fig. 8-20}. Finally,
he showed how to derive the modulation coefficients, from which the modu-
lation noise could be computed, from simple harmonic measurements with
sine waves,

The analysis of maximum permissible signal level, as limited by overload
or excessive intermodulation, was the method by which these levels were es-
tablished for Types ] and K carrier and for several generations of coaxial systems.
In practical application, many additional factors had to be taken into account.
(Some of the most disturbing intermodulation products were caused by the
many tones transmitted, some of which by cross modulating with speech could
produce an intelligible signal in another channel. The television signal was also
tonelike and troublesome.) The aging of components and imperfect line equal-
ization and regulation, which caused signals to be at different levels at successive
repeaters, also had to be considered. These factors were generally taken care
of by allowing a suitable margin in the design, but the work done by Holbrook,
Dixon, and Bennett was always the starting point.
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PART II
THE EXPANSION OF THE
ANALOG NETWORK (1950-1975)

The success in providing less expensive circuits in the long-haul plant by
analog carrier methods led to attempts in the late 1940s to extend the method
to exchange area trunks in the Type N systems. This effort was only partially
successful. Terminals with compandors reduced the effect of crosstalk and made
single cable operation possible, but Type N systems, while widely installed in
the 1950s and 1960s, were economical only for short toll and long exchange
trunks. The first Type N designs used vacuum tubes and double-sideband
transmission; later versions were solid state and used single sideband. Similar
approaches were used for Type O carrier on open wire.

The 25 years from 1950 to 1975 were marked by an enormous expansion
of the analog long-haul transmission plant. The 4-GHz TD2 microwave FM
system, first installed in 1950, rapidly spread to a nationwide network carrying
both telephone and television signals. In 1960, TD2 route capacity was doubled
by using horn-reflector antennas and cross-polarized transmission in alternate
radio frequency slots. Successive improvements in power output and front-
end noise figure increased capacity from 480 circuits per radio channel in 1952
to 1500 circuits in the 1973 design. By 1979, all vacuum tubes, including the
microwave transmitter, had been replaced by solid-state devices. Developments
at 6 GHz in the TH systems paralleled those at 4 GHz. The 6-GHz work
culminated in a return to single-sideband AM transmission in the AR6A system
developed in the 1970s. AR6A had a capacity of 6000 channels per 30-MHz
frequency slot in the 6-GHz band. Short-haul radio systems were designed
first at 11 Hz in the late 1950s and later at 6 GHz. In 1964, improved designs
were linked in the 6/11 GHz crossband diversity TL/TM system. All solid-
state short-haul systems were in service by 1973.

A second generation design, the 8-MHz L3 coaxial system, was in use by
1953. After a pause in the late 1950s when microwave radio accounted for
most of the long-haul circuit growth, development of coaxial systems resumed
in 1960. New solid-state components made it economically attractive to derive
additional circuits on the extensive network of cables already installed. The L4
system, with 3600 circuits per coaxial pair, was first installed in 1967, and the
L5 system, with 10,800 circuits per pair, in 1974. An expanded version of L5,
with 13,200 circuits per coaxial pair, and a total capacity of 132,000 circuits in
a 22-coaxial-tube sheath, was developed in the late 1970s.

The installation in 1950 of the first telephone cable with submerged repeaters
to Cuba extended coaxial techniques to submarine systems. A 36-channel twin
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cable system, the SB design, with flexible repeaters spaced 37 nautical miles
apart, was installed from Newfoundland to Britain in 1956. Speech interpolation
terminals doubled the capacity of this cable in 1960. The SD 1-MHz system,
using armorless cable, rigid repeaters, and a new cable ship and machinery for
installation, provided 128 circuits in a single cable in 1963. The SB and SD
systems used vacuum tubes; later submarine repeaters were all solid state, with
the SF system (1968) providing 800 circuits in a single cable 1.5 inches in
diameter and the SG system (1976) 4000 circuits in a 1.7-inch diameter cable.
Considerable development was devoted to protecting submarine cables by
plowing and burial in the 1960s and 1970s.

The Echo experiment of 1960 demonstrated communication via a passive
satellite. In 1962, an active satellite, Telstar, first transmitted television and the
equivalent of several hundred voice circuits to Europe. Telstar was made possible
by the device breakthroughs of transistors, solar cells, and the traveling-wave
tube, along with low-noise antennas and ultra-low-noise maser receivers, all
of which were developed in Bell Laboratories. By the terms of the Commu-
nications Satellite Act of 1962, AT&T could not own and operate satellites for
overseas communications but reentered the field, jointly with General Telephone
and Electronics (GTE) and Communications Satellite Corporation (Comsat), in
the domestic Comstar system. in 1976. Comstar satellites were built by the
Hughes Aircraft Co.

Two-way mobile radio telephone circuits to ships and for police and fire
vehicles were in use by the 1930s. General-use systems to automobiles at 150
and 450 MHz were developed after World War II, but growth was handicapped
by extremely limited frequency assignments. Developments starting in 1963
showed the virtues of cellular FM systems with frequent reuse of limited fre-
quencies. Broader band assignments in 1974 opened the prospect for rapid
deployment of high-capacity systems working in a band around 850 MHz.

Developments in multiplexing terminals kept pace with expanding system
capacities. New solid-state devices reduced size, cost, and power consumption
while improving circuit stability and reducing maintenance. A continuous and
growing effort was devoted to the subscriber-loop plant, which accounted for
over one-third of all telephone plant investment. Improvements were made in
cable and wire materials and in methods for planning, handling growth, and
changes in an area where circuits were necessarily handled one at a time. In
the 1970s solid-state electronics made long loops on fine-gauge wires possible.
Loop carrier for feeder plant was in service by 1978, and digital loop carrier
systems started a rapid growth in the 1980s.



Chapter 9

Short-Haul Carrier on Pairs

L. TYPE N CARRIER

At the end of World War II, the Bell System had a coaxial-cable system in
production and was well started on microwave radio as a second technique
for long-haul telephony and television. There was also widespread application
of the 12-channel Types ] and K carrier systems on open-wire and cable pairs,
but all these systems were economical only for long haul use. At the same time,
there were far more shorter links, of moderate circuit cross sections, for which
voice-frequency (VF) pairs were the only available facility. Because of the rapid
growth of circuit needs, there was an urgent need for a cable carrier system
that could be operated over either exchange-area or short toll-grade cable. In
late 1945, studies were started to determine if a low-cost transmission vehicle
could be developed for short-haul application. In addition to low cost, it was
important to improve transmission characteristics compared to existing facilities,
which were predominantly inductively loaded VF cable pairs. Compatibility
with the embryonic nationwide toll-dialing plan was essential. On May 17,
1946, a conference of transmission engineering and development people ad-
dressed the requirements for this new system. A broad proposal resulted from
this meeting, which served as the basis for early development.

The proposed system was to carry 12 circuits on No. 16, 19, or 22 gauge
unloaded cable pairs, with both directions in a single cable. The transmitted
band of each circuit was to be at least 200 to 3200 Hz, with loss not to exceed
6 dB between terminals (typical VF tandem trunks ranged up to 10 to 15 dB).
The system was to be amenable to use with either two- or four-wire switching,
and means were to be provided to transmit dialing and supervisory signals.
Application was to be economical for distances as short as 15 miles, and the
system was to be useful up to 100 miles at somewhat reduced signal-to-noise
objectives compared to long-haul systems.

All participants recognized the importance of terminal costs in establishing
the minimum prove-in distance, and attention was focused in that direction.
Component costs in the existing Type A2 channel bank design were so high
that a radical departure from earlier practice was obviously necessary to achieve
the cost objective. The crystal channel filters of the single-sideband, suppressed-
carrier design were identified as one of the most significant cost items; double-
sideband transmission with lower-cost inductor-capacitor filters was considered
as an alternative. This was a mixed blessing, because the double-sideband
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signal required twice the transmitted bandwidth, resulting in a higher top fre-
quency and an aggravated crosstalk problem. With the recognition that signaling
costs were comparable to transmission costs, built-in signaling (the means for
transmitting dial pulse and on-hook/off-hook indications as an integral part
of the terminal) was proposed, as well as built-in four-wire/two-wire termi-
nation sets. In the initial design, a tone at 3700 Hz was used as the signaling
vehicle. Finally, power costs were also significant, especially when generated
locally at each repeater. It was proposed that power for the electron-tube am-
plifiers be transmitted from a primary source over the conductors to the adjacent
repeaters. Considerable development was thus required on a number of fronts
to achieve the cost objectives for the new N1 carrier system.

Aside from costs, the most challenging technical problem was crosstalk con-
trol. This was especially acute because of the objective that both directions of
transmission be in a single cable. For crosstalk to be kept at manageable levels,
differentfrequencies were necessary for the opposite directions of transmission.
But the higher frequencies would always suffer greater loss and crosstalk. To
average out impairments, an ingenious frequency-frogging plan was devised
[Fig. 9-1]. Terminals were designed to transmit a high group (164 to 260 kHz)
and receive a low group (44 to 140 kHz) or vice versa. Frequency frogging
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Fig. 9-1. Frequency allocations for Type N1 carrier. (a) Terminal-modulation plan for

forming 12 double-sideband channels in a high group and a low group. (b) Frequency-
frogging plan for inverting high-group and low-group frequencies at each repeater.
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involved the interchange of the high and low transmission bands at each re-
peater point. All systems in one direction in a cable section would have about
the same signal level at the same location, as would all those in the opposite
direction. The widely differentlevels between received and transmitted signals
at a repeater were in differentfrequency bands. The use of differentfrequencies
and frequency frogging was to accomplish a result similar to that achieved by
cable frogging in the Type K carrier [Fig. 9-2]. Through inversion of the channel
order at each frogging repeater, a first-order equalization of the cable attenuation
slope was also achieved. This permitted the use of simple, low-cost, flat-gain
amplifiers at the repeater. The frogging repeater, however, required an oscillator,
a pair of modulators, and a set of filters.?

Double-sideband transmission and the two-band approach made the top
frequency over four times that of the Type K carrier cable system—260 versus
60 kHz. At these frequencies, the separate bands and frogging were not sufficient
to reduce crosstalk interference to within the desired limits in the confines of
a single cable. The needed additional reduction was achieved by the use of a
compandor (compressor-expandor) in each channel at the terminals.

It had always been obvious that crosstalk would be much less troublesome
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Fig. 9-2. Control of crosstalk by frogging. (a) Cable frogging of Type K carrier. (b) Fre-
quency frogging of Type N carrier.
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if all talkers spoke and were transmitted at the same volume. But talkers” habits
varied widely, and the range of circuit losses for different connections further
aggravated the problem. Crosstalk requirements had to be set so that the in-
terference from the highest-level talker into the lowest-level disturbed channel
was tolerable. The function of the compressor part of a compandor was to
sense the talker signal level dynamically at a syllabic rate and, primarily, to
raise low-volume talkers so that crosstalk and line noise were less interfering
in their circuits. The compression reduced the volume range of low-level talkers
by a factor of two in decibels. At the receiving terminal, an expandor sensed
the reduced, but still appreciable, differencein levels and restored each channel
to its original range [Fig. 9-3]. Compandors had been used for some time in
overseas radio to reduce the effects of static and on open-wire carrier channels
as an aid against crosstalk; but, for the Type N carrier system, a much more
compact and cheaper unit was needed and developed. Compandors were of
critical importance to N carrier, providing more than a 20-dB reduction in the
subjective effect of crosstalk and other line-noise impairments. With their use,
far-end crosstalk balancing was eliminated (it was probably not practical at
260 kHz in any case), repeater spacing was increased, and repeater linearity
and terminal-filter requirements were eased.’

The advantages of compandors were so many and so substantial that it is
not likely that any short-haul cable-carrier system with characteristics similar

Fig. 9-4. Type N1 miniaturized compandor components of 1952. The older A1 compressor
and expandor panels used in earlier systems are on the table.
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to the Type N system could have been realized without them. However, their
function was more complex than indicated in this simplified discussion, and
there were disadvantages as well as advantages in their use. Some impairment
could be introduced by imperfect volume tracking, and they amplified any line-
loss variation between terminals. The time constants of the compressor and
expandor were important design parameters. At least some listeners were
somewhat aware of the variolosser action, which resulted in what was known
as the hush-hush effect. As the design of N carrier became more focused on
toll applications, there was apprehension about the behavior of several com-
pandored links in tandem. Despite all this, when properly designed, compandors
worked quite well and were a feature of several later generations of short-haul
analog carrier. They remainec a widespread and valuable, if not always loved,
feature of the short-haul plant well into the 1980s [Fig. 9-4].

As the development work progressed, it was possible to make more accurate
estimates of the cost of the N1 carrier system. It soon became evident that,
despite the best efforts, the prove-in distance would be too large for most ex-
change-area applications. At the same time, it was confirmed that large savings
were still possible in short-haul toll applications. This field of use had become

(a) (b)

Fig. 9-5. (a) Production N1 terminal equipment mounted on standard bays. (b) A pole-
mounted Type N1 repeater cabinet. Four repeaters are at the top. Facilities were available for
mounting eight additional repeaters in the cabinet.
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especially attractive as there was a need for improved short-haul links in the
nationwide dialing plan. But the studies also indicated the need for further
performance improvements in N1 carrier, implying greater cost. The system
design was reviewed, circuit by circuit, component by component, and several
design revisions were made. Line frequencies were increased slightly to ease
filter and transformer realizations. Germanium varistors were selected as the
compandor variolosser elements to improve stability. A per-channel regulator,
much like the automatic volume control in radio, was added to the terminal to
achieve the required net-loss stability. Overall, this effort resulted in a system
better matched to the field of application, but the cost had been increased and
the savings reduced.

Field trials were conducted over 29 miles of cable with three repeaters be-
tween New York City and Mt. Kisco, New York and over 80 miles with ten
repeaters between Madison and Milwaukee, Wisconsin. Noise was essentially
as predicted, verifying that the Type N1 system could not be operated in cables
carrying Type K or M carrier systems (Type M carrier was a single channel
system designed primarily for application to power lines) and that certain types
of cable could not be used. The first production systems were installed in 1950
[Fig. 9-5]. The final design incorporated most of the basic ideas originally put
forth as necessary for a low-cost system, though details were different. Originally
planned for the exchange plant, where rather broad transmission limits would
suffice, the system development evolved toward short-haul toll applications,
with stricter requirements, resulting in increased cost and complexity. Nev-
ertheless, the system was successful and widely used. By the end of 1953, there
were more N1 channels in service than in either K or L carrier.

II. TYPE O CARRIER

The Type O carrier system was the open-wire counterpart of the N1 cable
system. When O carrier was designed in the early 1950s, there were still about
1.5 million pair-miles of open wire in use for toll service. Types C and ] carrier
were used for the longer open-wire circuits, but, as more offices were converted
for toll dialing, the need for short-toll trunks increased rapidly. The role of O
carrier was to extend the economical use of carrier to open-wire circuits in the
range of 15 to 150 miles.

The basic system module was a four-channel group, in effect, a four-channel
stand-alone system. Four such groups, designated OA, OB, OC, and OD, each
with a different frequency assignment, were installed as needed up to a total
of 16 channels on a pair. Circuit cross sections in the areas of application were
small, and the ability to install a few channels at a time at low cost was of
paramount importance. Each four-channel system module had a low-group
and a high-group frequency assignment. These were used to separate the two
directions of transmission on a single open-wire pair. (In N carrier, opposite
directions were on separate pairs.) Except in the lowest-frequency block, the
two frequency bands of each module were interchanged, or frogged, at every
repeater, as in the N1 system, to break up crosstalk paths via unequipped pairs
and provide substantial equalization of the slope of line attenuation. The Type
O repeaters included regulators that operated on the total four-channel group
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Fig. 9-6. (a) Type O carrier modulation plan. (b) Type O carrier modulation assembly. The

equipment was designed so that up to four independent four-channel modules, each with a
different line-frequency assignment, could be assembled as needed. Filters designated C are
directional filters; the G2 filters separate and combine the four-channel groups at the line
connection. A and B filters furnish additional discrimination for the four-channel band in

each direction.

signal, including sidebands and carriers. This regulator handled a wide range
of input-signal levels, as required by the severe variations of attenuation on
open wire. A similar regulator was employed in the terminal group-receiving
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unit. Channel units performed the final, closer regulating function, operating
on the separated carrier signal alone [Fig. 9-6].

The maximum frequency usable for O carrier was limited by crosstalk and
by the extremely high loss of open wire at high frequencies under extreme
weather conditions. A modulation scheme was adopted in which the highest
line frequency was only 156 kHz, compared to 240 kHz in N carrier. The
scarcity of pairs and the relatively narrow total band available caused the O
system designers, after detouring to double-sideband transmission in N carrier,
to return to single-sideband transmission. The sharp cutoff required to suppress
the carrier and the unwanted sideband was achieved in small, low-cost filters
by the use of newly available, low-dissipation ferrites in the inductors.

Translation to and from line frequency was a two-step process, involving
an intermediate frequency band of 180 to 196 kHz. This band, which contained
four channels, was common to all four system modules. Modulation to the
common band and demodulation to voice frequency were accomplished by a
novel twin-channel technique similar to that used in later overseas high-fre-
quency (HF) radio. The channels were processed in pairs, using pnly one carrier-
frequency oscillator per pair. Two balanced modulators first formed a double-
sideband, suppressed carrier signal for each of two channels; then the lower
sideband was selected for one channel and the upper sideband for the other.
This resulted in a spectrum that looked like a conventional double-sideband
signal, but each sideband carried a different channel. The carrier was reintro-
duced at an enhanced level for use in controlling the transmission regulators
in repeaters and terminals. Two such twin-channel signals, each with a different
carrier frequency (184 and 192 kHz), were used to form the basic four-channel
group. The group-modulating oscillator unit furnished a 3700-Hz signaling
tone as well. Equipment was mounted in plug-in modules, and pole-mounted
repeaters were housed in a cabinet similar to that used for Type N1 carrier.*>¢

IIIl. FURTHER TYPES N AND O CARRIER DEVELOPMENTS

The Type O carrier development was quickly followed in the mid-1950s by
an allied system: Type ON. The first Type ON equipment was developed to
interconnect open wire and cable carrier systems at junction points more eco-
nomically than by employing complete N1 and O terminals back-to-back. This
equipment, known as an ON junction, consisted of Type O plug-in units with
only minor modifications.

Twenty channel-frequency positions of O carrier (counting both directions
of transmission) occupied a band from 40 to 136 kHz. This signal spectrum
fell within the Type N carrier low-group band. In a connection from open wire
to cable, the ON junction translated five four-channel O carrier groups so that
they appeared in the ON band from 40 to 136 kHz [Fig. 9-7]. The five inputs
could be any combination of O carrier groups and could be from different
open-wire pairs.

Each four-channel group was first translated to the common band at 180 to
196 kHz, then to its assigned position in the ON band (and conversely for the
other direction). The resulting signal went onto the N carrier pair, either without
further modulation or after translation to the N carrier high-group range (168
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to 264 kHz), depending on which frequency band was required as an input to
the N carrier line at that point, The frequency translation or straight-through
connection was provided by an ON repeater, which was like an N1 repeater
but the frequency shift was included or omitted, as required. The N carrier line
was equipped with standard N repeaters, but the far-end terminal had to be
either another ON junction or an ON terminal-—a terminal like a Type O
terminal, but with frequency assignments selected appropriately and without
directional filters. These filters, used to combine the two directions of trans-
mission on a single pair for O carrier, were not used in the ON application
because the N carrier line operated on a physical four-wire (two-pair) basis.
It did not, of course, take telephone people long to realize that the ON
single-sideband terminals could be used at both ends for pure-cable applications
to increase the capacity of an N carrier line from 12 to 20 channels. This ar-
rangement, dubbed ON1 carrier, was immediately economical on longer N
carrier routes. The capacity of the all-cable ON system was later increased to
24 channels by closer packing of the four-channel frequency assignments and
adding another four-channel group in the ON2 system design. (This was not
practical in open-wire applications because the filters needed to separate the
opposite directions of transmission required wider frequency spacing.) Both
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ON1 and ON2 terminals were also applied to K carrier lines in 12-and 16-
circuit packages [Fig. 9-8], and later, with terminals stacking as many as four
ON2 systems for 96 channels, to short-haul radio.

The Types O, N, and ON carriers were developed in a typical sequence.
The need for short-haul carrier initiated a project with difficult objectives. Its
realization on one medium (paired cable) led to a design for another (open
wire), which, coming later, embodied several advances in technology. The sys-
tems on differentlines created a pressing need for economical interconnection.
Meeting this need finally led to a transfer and further improvement of the
techniques, resulting in high