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. . Not only so, but, I believe, in the future, wires
will unite the head offices of the Telephone Company
in different cities and a man in one part of the country
may communicate by word of mouth with another in a
distant place.”

Alexander Graham Bell
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Foreword

The years 1974 to 1976 mark the first century of Alexander Graham
Bell’s invention and development of the telephone. The basic principle
on which the telephone operates—the idea of an undulating current, the
analog of a sound wave—was conceived in the summer of 1874 but not
until a year later were sounds of a speech-like character heard over wires.
On February 14, 1876, Bell applied for his first patent, which was
granted on March 7. On the evening of March 10, he transmitted the first
intelligible sentence. Many demonstrations of the new invention were
conducted, probably none with so great an impact on the public feel-
ings as that held in Philadelphia during the summer of 1876 at the exposi-
tion celebrating the centennial of American independence. This bi-
centennial year of our nation’s independence therefore seems particularly
appropriate for publishing a history of telephone communication, the
growth of which has been so closely associated with the second century
of our country’s development.

This first volume of a series on the science and technology of
telephony covers the half-century following Bell’s invention. By the end
of that time a great new industry had been developed. There were
nearly seventeen million telephones in the United States, almost twelve
million of them in the Bell System. And in perhaps no other field had
the force of scientific research in support of engineering development
been so effectively demonstrated.

The year 1975 marks another anniversary, the fiftieth year of the
establishment of Bell Laboratories as the research and development
unit for the Bell System. In 1925, it became a corporate entity, sharing
responsibility with the Western Electric Company, the American Tele-
phone and Telegraph Company, and the System’s 24 Operating Tele-
phone Companies for providing nationwide communications services
and for planning, engineering, building, and operating the nationwide
network.

The formal incorporation of Bell Laboratories was not a beginning of
scientific research and engineering in the Bell System, but rather a stage
in its growth in a line going back to Alexander Graham Bell’s original
laboratory in Boston. In 1907, a consolidation of the engineering forces
took place in the Western Electric Company and in AT&TCo. As
stated in 1925 by Mr. H. B. Thayer, then President of AT&TCo:

The reorganization in 1907 consisted of a consolidation [whose] purpose
was to avoid duplication of facilities as well as to get the greater efficiency
coming from a closer contact between the staff of the Western Electric
Company and our own. [He meant AT&TCo.] It brought to one point
scientific study and research, manufacturing experience and operating ex-
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perience . . . It simplified and expedited the work of the operating
[telephone]| companies in that it established one point where all state-
ments of requirements, suggestions of improvements, or criticisms arising
out of their operating experience could be considered and discussed from
all points of view . . .Itwas helpfulinthe standardization of apparatus. . .

We had at the West Street laboratory (headquarters of the Western Electric
Engineering Department) the scientists whose work involved laboratory
facilities, the men conducting experiments, the shop design workers and the
inspectors with suitable equipment of laboratories and model shops avail-
able for all. The ideas of our research and development scientists and
engineers, worked out on paper or in rough mechanical form, were there
developed into a finished piece for shop manufacture and after manu-
facture the product was then subjected to all the tests necessary to satisfy
our engineers that it was worthy of introduction into or continuation in the
plant of the Bell System.

Thisindicates clearly the important evolution in research and develop-
ment management taking place in the Bell System early in the twentieth
century. But as Thayer explains subsequently in the same article, it be-
came evident by the early 1920s that even greater benefits could be ex-
pected by further centralizing research and development in a new
organization, Bell Laboratories, working closely with the producers and
users of communication systems:

Now the time has come when, it seems, we can take another step forward
with advantage. What was contemplated in the reorganization of 1907 has
been entirely accomplished, in that the development, research, and experi-
mental work of the entire Bell System has been coordinated and has been
concentrated as far as is desirable. The standardization of material is in
effective operation. The different organizations composing the Bell System
are working efficiently and harmoniously as parts of the greater organiza-
tion, but this seems to be the time to get still more of the advantages in
efficiency and economy which the consolidated organization now proposed
makes possible.

This statement is an expression of what we have come to recognize
as enduring themes in the maturation of technology in our business.
First, there is reference to the economy and efficiency which comes
through centralization of engineeringand the standardization of systems
which are meant to work together. Technical advance must be planned
and orderly.

Second, there is the emphasis on technical integration, the need for
intimate contact among the engineers and scientists working on all
phases of a problem, extending from initial studies to the complexities of
manufacture, installation, and use. And the latter specifically calls for
close association of planners, designers, and the manufacturer with the
operating entities of the organization.

Third, there is the emphasis on “scientific study and research,”
an idea which was quite new to industry in the early years of this
century. The Bell System was one of a very few industrial organiza-
tionsin which professionally trained scientists were doing basic research
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on fundamental problems related to company objectives. The experi-
ence of the intervening years has affirmed this belief in the values of
research many times over, as, indeed, this history of communications
will attest.

Finally, there is the important concept that our engineering and
science through design, development, and manufacture be responsive to
the needs of the final users—the Operating Telephone Companies who
provide communication services to the public—and that innovations be
““worthy of introduction into . . . the Bell System.” The integrating in-
fluence of this ever-present goal—providing good telephone service to
the ultimate consumer—has in a very real way tied together all the ele-
ments of the creative process throughout the Bell System over the 100
years of our history. We have no need to cite examples in this Foreword;
the contents of this volume will do that in what I believe to be a most
convincing fashion—by narration of a succession of technical triumphs
unique in the history of industrial technology— producing what is gener-
ally acknowledged to be the most capable communications system in the
entire world.

There is much to be learned here, as lessons from the past, true today
as they were in the period 1875-1925, about the process of innovation
as it really is. It was characterized then, as it is now, by continuity of
technical activity from basic discoveries and inventions to direct opera-
tion in the communications network. We leammed then and we know
now, with a conviction borm of experience, that conversion of new ideas,
devices, and systems into something actually usable is a subtly demand-
ing, personalized undertaking. The new concepts must be technically
feasible and economically sound, they must fit into an existing operat-
ing plant, they must satisfy a real service need, they must be reliable and
maintainable over a useful life of decades. And our long experience
has demonstrated that this difficult task is unquestionably accomplished
most effectively by the integration of technology through design,
manufacture, and operation. In our semicentennial year, our intimate,
daily associations with AT&TCo and Westemn Electric are at new,
unsurpassed strengths.

Imbedded in the reality of technological innovation, but perhaps not
as readily apparent as some of its other features, is the ever-present
competition of ideas and approaches which exists in a large integrated
structure such as ours. And it is the competition of ideas, rather than
the competition of an undefined and arbitrary market place, that is the
spur which really leads to technological progress. The reader of this
volume will see it illustrated in the search by George Campbell for a
better transmission line. He will see it a little later in the search by
H. D. Amold for an amplifier to implement the drive of T. N. Vail
and John Carty for transcontinental telephone service; in the search by
G. W. Elmen for a superior magnetic material for coils and transformers;
in the quest by W. G. Houskeeper for a better glass-to-metal seal for
high-power radio transmitting tubes that could generate the waves to
carry the voice across the ocean.
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It was the competition of ideas that stimulated their colleagues to
press ahead, inventing oscillators, modulators, and wave filters that
would permit the multiplexing of many conversations over a single
circuit. And it was the same motivation that led to transmission of
television signals by wire and radio overlong distances, and to explana-
tions of phenomena as fundamental as the complementary behavior
of electrons and waves—a study which resulted in the award of the
Nobel prize to C. J. Davisson.

There was a strong motivation then, as there is to this day, toward
a well-defined goal—defined by the nature of the environment in which
the work was done and by the searching spirit in a talented as-
semblage of technical experts who knew that what they were doing
was relevant and what they produced would be useful.

In this, the hundredth year of the Bell System and the fiftieth
year of Bell Laboratories, our modern world of communication is a world
made up increasingly of digital signals and computers, of microwave
radio and coaxial cable transmission systems, of satellites and broad-
band transoceanic cables, of electronic switching systems of un-
precedented speed and versatility employing millions of transistor-like
devices of microscopic dimensions. In the times ahead, we see milli-
meter waveguides, and optical fibers with capacities for conveying in-
formation at rates thousands of times greater than we know today, and
especially automata enabling efficiencies and services making telecom-
munications a still greater frontier of human progress.

Those whose accomplishments are described in this volume could
not foresee these things in detail, but they laid down the principles.
It is clearly evident to us that the enduring themes in communication
technology have not changed. Our incentives for acquiring new knowl-
edge and our techniques for applying that knowledge to practical ends
to satisfy human needs were right for our first fifty years and offer
yet stronger opportunities for our latter fifty. Thus, this history is more
than a mere record of past events. It provides an insight into the
process of innovation and effective application of technology for bene-
ficial purposes. Finally, it clearly demonstrates the intimate connection
between the successes achieved by Bell System Operating Companies
and the integrated structure they support for providing technological
innovation, manufacture, and field application.

W o, Pefur

President,
Bell Telephone Laboratories
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Chapter 1
Bell’s Telephone

The invention of the telephone was not inspired by a pre-existent popular
demand. Rather, it came about largely through the ingenuity and vision of
one man—~Alexander Graham Bell. His belief that there was a great
potential need for two-way voice communication over a distance, a need of
which few men had been conscious, was confirmed by its immediate success
and spectacular growth in spite of early technical limitations.

Bell's concepts were unusual in other ways also. Even before a means
had been found for accomplishing his objective, he had a clear picture of the
theoretical requirement, namely, a device for translating speech waves into
analogous electric waves. As with many inventions, luck played a part—in
this case in the form of a malfunctioning telegraph device with which he
was experimenting. As a result of his clear understanding of the fundamentals
of telephony, Bell recognized immediately the significance of this fortuitous
event and, ably assisted by Thomas Watson, constructed within 24 hours the
first device to convey speech-like sounds by electrical means.

Improvement in this first wave converter came rapidly and intelligible
speech was transmitted about nine months later; the first commercial
application occurred less than two years after the accident which led to the
invention of the telephone instrument. But Bell's vision far transcended
these early uses and even as these simple steps were being taken, he
outlined his “Grand System’ for a nationwide network for interconnecting any
two users for voice communication wherever they might be. That plan has
served as the broad telephonic objective ever since.

The events leading up to this “Grand System’ are related in this chapter;
subsequent chapters deal with developments in specific areas that led
toward its realization.

I. INTRODUCTION

During the three decades preceding the invention of the telephone,
telegraphy had made great strides in most countries of the world and
had established a new tempo in business, in the conduct of
govemment, in the functioning of railways and in the collection and
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2 Engineering and Science in the Bell System

dissemination of news. Continents had been interconnected, after
great initial difficulties, by undersea cables. The telegrapher with his
key and sounder was the respected operative of a miraculous vehicle
for speeding important messages, both social and business; and the
magnanimity of nature in permitting intelligence to be propagated
with the speed of light had been gratefully accepted, if only
superficially understood.

To an inquiring mind like Bell’s, however, even an already
established facility held intriguing scientific aspects to challenge the
imagination, leading him as a very young man to experiment with
telegraph apparatus. But more than this, his primary dedication to the
study of speech and hearing made him particularly conscious of the
basic shortcoming of the telegraph: it did not lend itself to man’s
natural way of communicating, the undelayed two-way vocal ex-
change. Indeed, to his observant mind, the cumbersome and time-
consuming operations at the sending and receiving terminals of the
telegraph undoubtedly were made more conspicuous by the instanta-
neity of actual transmission over the wires.

Thus was Bell, through his sensitivity to the human factor as much
as his scientific insight, marked by destiny to conceive the instrumental-
ity that would leap across this operational barrier and quickly outstrip
the telegraph in popularity and usefulness.

History shows the conceptual steps beginning in the town of
Brantford in Ontario, Canada, to which Bell had moved from England
with his parents in 1870 when he was 23 years old. He had shortly
thereafter taken up residence in Boston and had become Professor of
Vocal Physiology at Boston University, but was spending his summer
vacation in 1874 in Brantford at his father’s home.

II. HARMONIC TELEGRAPH AND “ELECTRIC SPEECH” EXPERIMENTS

For several years Bell had been interested in the multiple telegraph
(sometimes referred to as the harmonic telegraph), a scheme which
hopefully would permit a number of telegraph messages to be sent
simultaneously over a single wire by means of interrupted tones of
different frequencies. Much of his spare time was devoted to working
on this device. However, this activity was somewhat of a sideline, for
he was primarily interested in developing techniques for teaching the
deaf to speak and to read lips.

While engaged in these activities concerning the deaf, Bell had
become familiar with a device known as a manometric capsule,
invented by Koenig, in which a gas flame was made to vibrate by the
action of the voice (Fig. 1-1). The voice, impinging on a membrane,
produced a flickering which could be viewed as a continuous,
wavering band of light in a revolving mirror. Bell felt that if he could
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reproduce this wavering band of light in some manner, he could teach
his deaf students to speak by comparing their attempts at speech with
a previously recorded pattern. However, the difficulties of photo-
graphing the band of light prevented the manometric capsule from
becoming useful for this purpose.

Another voice-actuated instrument in which Bell had become
interested was the phonautograph of Scott. This device consisted of a
conical mouthpiece; a stretched membrane; a long, light lever of wood
attached to the membrane; and a bristle or stylus on the end of the
lever. A plain sheet of glass covered with lampblack was so arranged
that when a sound was uttered into the mouthpiece and its vibrations
transmitted by the stretched membrane to the wooden lever, the stylus
wobbled up and down, tracing its motion on the lampblack. The sheet
of glass was moved along at a uniform rate, recording the vibrations
thus produced. Typical tracings of this kind are shown in Fig. 1-2.

In the course of his work Bell compared the output of the
phonautograph with that of the manometric capsule for the same
vowel sound and found that the two outputs did not match at all. This
caused him to start searching in other directions for a possible
teaching aid for the deaf. However, while conducting these experi-
ments, Bell was struck by the similarity of the phonautograph to the
human ear. He felt that a phonautograph modeled after the structure
of the human ear probably would produce more accurate tracings of

speech vibrations than the imperfect instrument with which he had
been working.

Fig. 1-1. Model of Koenig manometric capsule which Bell‘dis[;’la)’e‘jd"‘1‘3t t:;
Centennial Exposition in 1876. In this version, the diaphragm 1sdatc)tugt:“ . {874
electromagnetic coil through which voice currents flow. In the unit used by i

the voice was directed to the diaphragm by a speaking tube.
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To obtain expert advice on reproducing the structure of the human
ear, Bell had called on an old acquaintance, Dr. Clarence J. Blake, who
was later to become famous among American otologists. Blake had
suggested, “Why not take an ear from a dead man and get tracings
from the little bones of the ear?” He had also offered to obtain such an
ear from the Harvard Medical School, and Bell had accepted his offer.

Bell carried this human ear with him to Brantford and during the
summer of 1874 fashioned a phonautograph from it (Fig. 1-3). He
moistened the eardrum with glycerin and water to make it flexible and
used a small piece of hay for the bristle of the phonautograph. When
he spoke into the ear, the piece of hay vibrated in accordance wiih the
impinging sound. He then arranged to move a piece of smoked glass
in such a manner that the piece of hay made tracings of the vibrations
of the eardrum. Tracings of the type shown in Fig. 1-2 were obtained.

Fig. 1-2. Smoked-glass tracings of vowel sounds obtained from a phonautograph.
Fig. 1-3. Bell’s human-ear phonautograph with which he experimented in Brantford,
Ontario, in 1874.
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These early experiments were of great significance to the future
development of the telephone. Later, in 1916, when referring to this
early work, Bell made the following remarks:

Now it so happened that while I was experimenting with this human ear,
I was at work on a very different problem. I was at work on a problem of
transmitting musical sounds by a telegraphic instrument, by an intermit-
tent current of electricity, and I had dreams that we might transmit the
quality of a sound if we could find in the electrical current any
undulations of form like these undulations we observe in the air.
I had gradually come to the conclusion that it would be possible to
transmit sounds of any sort if we could only occasion a variation in the
intensity of the current exactly like that occurring in [the] density of the air
while a given sound is made . . .
I had obtained the idea that theoretically you might, by magneto
electricity, create such a current. If you could only take a piece of steel, a
good chunk of magnetized steel, and vibrate it in front of the pole of an
electromagnet, you would get the kind of current we wanted . . . It
struck’me that the bones of the human ear were very massive, indeed, as
compared with the delicate thin membrane that operated them, and the
thought occurred that if a membrane so delicate could move bones
relatively so massive, why should not a thicker and stouter piece of
membrane move my piece of steel. And the telephone was conceived.
Bell then added the following statement:
The conception of the telephone took place during that summer visit to
my father’s residence in Brantford, in the summer o 1874, and the
apparatus was just as it was subsequently made, a one-membrane
telephone on either end.

Bell returned to Boston in the fall of 1874 with his human-ear
phonautograph and with many new ideas on the possibilities of
“electric speech”” as well as for his multiple telegraph. He communi-
cated these ideas to a friend, Thomas Sanders. Sanders was somewhat
startled by the concept of sending speech over a wire but shared Bell’s
enthusiasm about the possibility of the multiple telegraph. He offered
to support Bell’s telegraph work but suggested that the work on the
transmission of speech might well be delayed since the multiple
telegraph seemed to him to offer much greater opportunity for
financial gain.

While experimenting with his multiple telegraph, Bell had become
acquainted with a young machinist, Thomas A. Watson, at the shop of
Charles Williams, Jr., a manufacturer of telegraph apparatus at 109
Court Street, Boston. This young man had been assigned to m'flke
much of the equipment requested by Bell for his experiments. During
the late fall and winter of 1874, Bell spent more and more t}me on his
telegraph experiments as well as more and more time with Watson
designing and building new apparatus.
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6 Engineering and Science in the Bell System

One evening, early in 1875, after a particularly discouraging session
with the multiple telegraph, Bell said to Watson, “Watson, I have
another idea I haven’t told you about that I think will surprise you. If I
can get a mechanism which will make a current of electricity vary in its
intensity as the air varies in density when a sound is passing through
it, I can telegraph any sound, even the sound of speech.”

Later, in his autobiography, Thomas A. Watson made the following
comments about this early conception of Bell:

History gives us many illustrations of the transforming power of an idea
but Bell’s conception of a speech-shaped electric current ranks among the
most notable of them. The conception itself was the great thing and any
mechanism embodying it, even the very first form that was discovered, is
of minor importance. If Bell had never found the apparatus for which he
was searching to produce his ideal current, his name should have been
immortalized.

Fig. 1-4. Birthplace of the telephone (109 Court Street, Boston) where Bell carried out
his early experiments.
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Bell’s Telephone 7

Fig. 1-5. Bell’s multiple or harmonic telegraph apparatus. A reed transmitter is at the
left and a reed receiver at the right.

III. FIRST SPEECH SOUNDS

During the early months of 1875, Bell and Watson spent long hours
trying to perfect their multiple telegraph system. Experiments were
conducted in the top story of the Charles Williams building, where
Bell had ‘obtained the use of two rooms with a wire line connecting
them (Fig. 1-4). The apparatus consisted of tuned vibrating reeds at
the transmitting end and similar tuned reeds at the receiving end (Fig.
1-5). Theoretically, a signal sent by means of one vibrating reed should
be received only by the reed tuned to the corresponding frequency. By
using different frequencies, it should be possible to send several
telegraph messages simultaneously over a single wire. The long,
arduous hours which Bell and Watson spent with this system were
consumed primarily in attempts to tune the transmitting and receiving
reeds to the same frequency. The transmitting reeds operated on the
interrupted-current principle and both the transmitting and receiving
reeds were tuned by clamping them at different points along their
length. In the tuning process Watson would adjust one of the
transmitting reeds while Bell would hold the receiving reed to his ear.

There are a number of accounts as to exactly what happened on the
memorable day of June 2, 1875, but Watson’s own words tell the story
dramatically (Fig. 1-6):

On that hot June day we were in the attic, hard at work experimenting
with renewed enthusiasm over some improved piece of the apparatus.
About the middle of the afternoon, we were retuning the receiver reeds,
Bell in one room pressing the reeds against his ear one by one as I sent him
the intermittent current of the transmitters from the other room. One of
my transmitter reeds stopped vibrating. I plucked it with my fingers to
start it going. The contact point was evidently screwed too hard against
the reed and I began to readjust the screw while continuing to pluck the
reed when 1 was startled by a loud shout from Bell and out he rushed in
great excitement to see what I was doing. What had happened was
obvious. The too-closely adjusted contact screw had prevented the battery
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8 Engineering and Science in the Bell System

Fig. 1-6. Diorama of the “attic”” scene of June 2, 1875, when the first speech sounds
were heard.

current from being interrupted as the reed vibrated and, for that reason,
the noisy whine of the intermittent current was not sent over the wire into
the next room, but that little strip of magnetized steel I was plucking was
generating by its vibration over the electromagnet, that splendid concep-
tion of Bell’s, a sound-shaped electric current.

We spent the rest of the afternoon and evening repeating the discovery
with all the steel reeds and tuning forks we could find and before we
parted, late that night, Bell sketched for me the first electric speaking
telephone, beseeching me to do my utmost to have it ready to try the next
evening. And, as [ studied the sketch on my way to Salem on the
midnight train, I felt sure I could do so.

That first attempt at a telephone was a simple mechanism and has
become known as the ‘“gallows” telephone (Figs. 1-7 and 1-8). It
consisted of a wooden frame on which was mounted one of Bell’s
harmonic receivers, a tightly stretched parchment drumhead to the
center of which the free end of the receiver reed was fastened, and a
mouthpiece arranged to direct the voice against the other side of the
drumhead. It was designed to force the reed to follow the vibrations of
the voice and so generate voice-shaped electric undulations.

This device was tested on June 3, 1875, using one of the harmonic
telegraph receivers for listening, and although no intelligible words
were transmitted, nevertheless speech sounds were heard. This
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indicated that Bell was on the right track. The sounds transmitted by
means of this device have been considered the first voice waves ever
transmitted by electricity.

IV. FIRST ELECTRIC SPEAKING TELEPHONE

The significant events of June 2 and 3, 1875, were followed by long
months of tedious experimenting in an attempt to improve the device
to the point where intelligible speech could be transmitted, using a
second stretched-membrane instrument as a receiver. Bell was sick for
several weeks during this period and also spent a great deal of time in
preparing the patent application for the electric speaking telephone.
The application was completed late in 1875 but filing was delayed
because Bell wanted to file in England and the United States simultane-
ously. A friend of his from Brantford had promised to file the
application in England but had not done so because of fear of ridicule.
Finally, in desperation, Gardiner Greene Hubbard, one of Bell’s
financial supporters and his future father-in-law, filed the U.S. patent
application on February 14, 1876. The application was allowed on
Bell’s birthday, March 3, and U.S. Patent No. 174,465 was issued to
him on March 7, 1876, only about three weeks after it was applied for.
The famous Fig. 7 of this patent is reproduced in Fig. 1-9 along with the
cover sheet for the patent.

In January 1876, Bell set up shop at 5 Exeter Place, Boston, about a
half-mile from the Williams shop where Watson was employed. He

Fig. 1-7. Model of Bell’s first telephone—the “gallows’ telephone, so called because
of the shape of its frame. Fig. 1-8. Cross section of the “gallows” telephone.
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Bell’s Telephone 1

had rented two rooms in the attic of a boarding house at that address
for four dollars a week. Bell slept in the front room and fitted up the
back room as a laboratory, with a wire running between the two
rooms. Much of Bell’s early experimental work was carried on in these
two rooms. The move was made because of rumors he had heard of
strangers visiting the Williams shop and examining his apparatus with
curious eyes.

Soon after this transfer, Bell found time to continue some of his
telegraph experiments, especially those on means for quenching the
sparks at the contacts of the telegraph key. For this purpose he devised
a variable water resistance to bridge the contact points. It was this
work that undoubtedly suggested the first form of variable-resistance
telephone transmitter, the so-called “liquid” transmitter.

Fig. 1-10. Liquid transmitter and tuned-reed receiver used in the experiments of
March 10, 1876.  Fig. 1-11. Cross section of the liquid transmitter exhibited by Bell at
the Philadelphia Centennial Exposition in 1876.

In the early spring of 1876, Bell had designed and Watson had built
this new type of transmitter (Figs. 1-10 and 1-11) in which a wire
attached to a diaphragm was inserted into acidulated water contained
in a metal cup, both of which were included in a circuit. thlroug‘h the
battery and the receiving telephone. The resistance of this Clrculf was
varied as the voice made the diaphragm vibrate and caused the wire to
move up and down in the acid. Thus, the battery current was forced to
undulate in speech form. On the evening of March 10, 1876, the cup of
the liquid transmitter was filled with diluted sulphuric acid and it was
connected to the battery and, via the wire running betwgen the tWIO
rooms at No. 5 Exeter Place, to a tuned-reed receiver. Again, Watson's
own words serve to tell the story dramatically:
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12 Engineering and Science in the Bell System

When all was ready I went into Bell’s bedroom and stood by the bureau
with my ear at the receiving telephone. Almost at once I was astonished to
hear Bell’s voice coming from it distinctly, saying, “Mr. Watson, come
here. I want you.” We had no receiving telephone at his end of the wire
so I couldn’t answer him, but as the tone of his voice indicated he needed
help, I rushed down the hall into his room and found he had upset the
acid of a battery over his clothes.

On reaching Bell’s room, Watson exclaimed, “Mr. Bell, I heard every
word you said distinctly.” Elated over the success of this test, the
accident of the spilled acid was forgotten. Both men immediately
recognized the historic significance of this first complete intelligible
sentence to be transmitted by electricity, for it represented the birth of
the electric speaking telephone.

V. EARLY DEVELOPMENT

Soon after his initial success with the liquid transmitter, Bell
replaced the tuned-reed receiver with one consisting of a cylindrical
iron box with a central core around which a coil of wire was placed.
The central core constituted one pole of the magnet and the rim of the
iron cylinder the other pole. A sheet of iron formed the lid on one end
of this magnet and served as the diaphragm. This design worked
much better as a receiver than the tuned-reed arrangement, and was
even used to some extent as a transmitter. It was called the iron-box
receiver (Fig. 1-12).

Also developed at about the same time was a membrane transmitter
(Figs. 1-12 and 1-13) using a non-magnetic diaphragm to which a piece
of iron was attached. Motion of this membrane in the magnetic field
produced by a coil caused the iron to induce currents in the coil in

Fig.1-12. Membrane transmitter and iron-box receiver demonstrated at the Centen-
nial Exposition.
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Fig. 1-13. Cross section of the Centennial membrane transmitter.

accordance with the membrane’s motion. These currents then pro-
duced a corresponding motion in the diaphragm of the receiver.

This telephone system was described and demonstrated before the
American Academy of Arts and Sciences in Boston on May 10, 1876,
and about two weeks later before the Society of Arts at the
Massachusetts Institute of Technology.

In the summer of 1876 the Philadelphia Centennial Exposition was
held, commemorating the one-hundredth anniversary of American
Independence. One of Bell’s backers, Gardiner Hubbard, was a
Centennial Commissioner and obtained a small table in the Depart-
ment of Education portion of the Exposition, on which Bell displayed
some of his apparatus. Included were two membrane transmitters, a
liquid transmitter, and an iron-box receiver (Figs. 1-11 thru 1-13). In
the latter part of June, Bell went to Philadelphia to demonstrate this
apparatus to the Exposition judges.

On June 25, 1876, using the membrane transmitters and the iron-box
receiver, Bell showed that intelligible speech could be transmitted over
wires. This feat made a tremendous impression on those present,
among whom were a number of famous scientists, including Elisha
Gray who was later to enter into patent litigation with Bell, and Sir
William Thomson, the British scientist later known as Lord Kelvin.
The success of this demonstration gave a great boost to the telephone,
and provided the stimulus for renewed development efforts.

The liquid transmitter was not used in the Centennial demonstra-
tions and was apparently abandoned from this time on, as no further
references to it have been discovered.

VI. EARLY DEMONSTRATIONS AND TESTS

During the summer of 1876, Bell again spent some time in Brantford,
Ontario, at his father’s home. While there he continued his telephone
experiments and staged some significant demonstrations. In all of
these, the membrane instrument was used as a transmitter and the
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14 Engineering and Science in the Bell System

iron-box apparatus as a receiver. This equipment was not designed to
transmit and receive conversations simultaneously, so in these early
demonstrations messages went in only one direction.

In some of the early demonstrations a triple mouthpiece, which Bell
had designed for the membrane transmitter, was used. He felt that it
was much more effective to show that two or three voices could be
heard distinctly at the same time than to have it inferred that the
electric current could carry only one voice distinctly. For these
demonstrations a wire was run from the veranda of the house in
Brantford to one of the outbuildings. Everyone took a turn, first at the
mouthpiece and then at the receiver. When no one was available to
share the trials, Bell strung a wire around the eaves of the house and
sat telephoning to himself in his own room.

Another significant test which was carried out in early August was
described by Bell, “Articulate speech was, for the first time, transmit-
ted and received between places that were separated by miles of
space.”” This test took place between Brantford and the little town of
Paris about 8 miles away. Arrangements were made to use the
telegraph wires of the Dominion Telegraph Company between the
Brantford office and the Paris office. The triple-mouthpiece membrane
transmitter was connected at Brantford and the iron-box receiver at Paris.

When the equipment was first connected there was a storm of
bubbling and crackling sounds, but through these sounds, in a faint,
faraway manner, voices could be heard from the transmitter at
Brantford. In this first trial, low-resistance voice coils were used in
both the transmitter and receiver. Bell, who was at Paris, telegraphed
Brantford to substitute high-resistance coils and Bell did the same at
his location. When this was done, the voices, and even singing, came
through very clearly. The instruments used for these trials were very
similar to those used at the Centennial Exposition.

In the Brantford-Paris test, electromagnets were used in both the
transmitter and receiver, thus requiring a source of battery power. The
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Fig. 1-14. Circuit used in Boston—-Cambridgeport test.
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battery for these tests was in Toronto, some 68 miles distant, and was
connected to the instruments by means of telegraph wires.

Following this significant test there was a public reception and
demonstration at the Bell home outside Brantford. For this demonstra-
tion, ordinary iron stovepipe wire was run from the Bell home to the
telegraph office in Brantford, a distance of about one-quarter mile.
From there the circuit was completed to Mount Pleasant, about 5 miles
away, then back to Brantford, and to one of the outbuildings at the
Bell home. Successful demonstrations of speech and singing were
carried out, but only a brief note on these tests appeared in the Toronto
Globe for August 11, 1876. However, the success of the experiments
provided added encouragement to Watson and Bell for continuing
their task of improving the telephone.

It was about this time that Hubbard offered Watson a one-tenth
interest in the Bell patent if he would give up his job at the Williams
shop and devote all of his time to making apparatus for Bell. Although
pleased at this recognition, Watson was somewhat reluctant to accept
since he had a well-paying job with Williams and the future of the
telephone at that time was very uncertain. However, he finally
accepted and moved into an attic room adjoining Bell’s in the lodging
house at 5 Exeter Place.

VII. CONTINUED TESTS

The tests and demonstrations at Brantford involved telephone
transmission in one direction only. The next major forward step,
two-way communication, was taken on October 9, 1876, after Bell had
returned to Boston. The telegraph line used for this two-way test was
owned by the Walworth Manufacturing Company and ran from their
office in Boston to their factory in Cambridgeport, a distance of about
2 miles (Fig. 1-14). The results were very satisfactory, sustained
two-way conversation between persons miles apart being carried
on upon the same line using the same instruments alternately for
talking and listening. These instruments were membrane telephones
similar to the Centennial transmitters except that upon each mem-
brane was glued a thin, circular sheet of iron almost as large in
diameter as the membrane itself (Fig. 1-15). Comparisons by Bell Aand
Watson the previous July had shown that the larger the sheet of iron
the louder and more distinct was the tone.

To verify the accuracy of transmission in this significant test Bell and
Watson each kept a record of the words transmitted and re(?elVEd- The
Boston Daily Advertiser in its issue of October 19, 1876, published these
two records in parallel columns to show that most of the conversation
was transmitted with substantial accuracy. Two days after performing
this test Bell communicated the results to the American Academy of
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16 Engineering and Science in the Bell System

Arts and Sciences and exhibited in operation the telephones that had
been employed.

The next step in improving the telephone was to dispense with the
membrane diaphragms entirely and use diaphragms consisting solely
of thin iron. These worked well and the construction was incorporated
in the so-called “box” telephones (Fig. 1-16), the first of which was
made in the latter part of October. The circuit employed with these
telephones was a single wire with a ground return.

Progress in improving the telephone had been slow and had
involved a great amount of hard work. Both Bell and Watson were alert
to any new developments which might be adapted to improve its
operation. Watson in particular had been spending a great deal of time
in the local library reading everything he could lay his hands on about
electricity in an attempt to find ideas that would be useful.

In the course of his library research he came across some informa-
tion about a quick-acting magnet used by the Hughes Printing
Telegraph Company. Watson dashed back to the laboratory and within
an hour or two had constructed a magnet similar to the one about
which he had been reading. This was a permanent magnet made up of
four hardened-steel horseshoe-shaped plates bolted together, with a
small soft-iron core, carrying coils for the voice currents, clamped to
each pole. When mounted with the diaphragm and mouthpiece
already developed, it became an improved instrument that functioned
much better than any other telephone tried up to that time with either
electromagnets or permanent magnets. From then on, all telephones
requiring electromagnets went into the discard.

Fig. 1-15. Membrane telephone used for transmitting and receiving in Boston-—
Cambridgeport test. Fig. 1-16. Exterior and interior views of early box telephone.
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A major test of the improved instrument (the so-called “magneto”
telephone) was then made over a line of greater length than any
previously employed. This test was conducted on Sunday, November
26, 1876, over a telegraph line of the Eastern Railroad running between
Boston and Salem, a distance of about 16 miles. The test was highly
successful, even a whisper or a loud breath being heard distinctly at
the other end of the line.

Immediately thereafter an attempt was made to converse over a
circuit about 200 miles in length. The voice could be heard “with
considerable clearness,” but sufficient “’distinctness’’ was not attained
to permit a normal two-way conversation to be carried on. However,
on the Sunday following the Boston-Salem experiment, successful
tests were conducted over a railroad wire between Boston and North
Conway, New Hampshire. This was the first instance of a human
voice being carried between points physically separated by more than
100 miles.

Early in 1877, a second patent was issued to Bell, covering the
structural aspects of the magneto telephone in some detail.! This,
together with his first patent in 1876, formed the basis for the Bell
System monopoly in the telephone field which prevailed until the
patents expired in 1893 and 1894.

VIII. LECTURES

Following these successful tests, Bell was invited to deliver a series
of lectures explaining the telephone and demonstrating it in operation.
The first such lecture was given in Lyceum Hall, Salem, on February
12, 1877 (Fig. 1-17) and, for the occasion, Bell’s laboratory in Boston
was connected with Lyceum Hall by a wire of the Atlantic and Pacific
Telegraph Company. Watson spoke in Boston and his speech was
audible to the audience in Salem. For this demonstration,
permanent-magnet telephones with metallic diaphragms (Fig. 1-16)
were employed and there was no battery in the line.

Reporting the event in its issue of February 13, 1877, the Boston
Globe stated:

This special by telephone to the Globe has been transmitted in the
presence of about twenty who have thus been witnesses to a feat never
before attempted —that is, the sending of a newspaper despatch over the
space of eighteen miles by the human voice—and all this wonder being
accomplished in a time not much longer than would be consumed in an
ordinary conversation between two people in the same room.

This item served to wake newspaper editors with a jolt as they
suddenly realized the tremendous possibilities inherent in transmit-
ting newspaper “despatches” by voice.

' A. G. Bell; U.S. Patent No. 186,787; filed January 15, 1877; issued January 30, 1877.
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18 Engineering and Science in the Bell System

Fig. 1-17. Artist’s sketches of lecture of February 12, 1877: (top) Lyceum Hall, Salem;
(bottom) Bell’s Boston laboratory.

Shortly afterward the first wire line constructed for regular telephone
use was installed between Charles Williams’ shop and his house in
Somerville, a distance of about 3 miles. The inauguration of this line, a
milestone in telephone history, took place on April 4, 1877.

On April 5, another lecture was given in Music Hall, Providence,
Rhode Island, before an audience of about 2,000 people. Telephones
were arranged in different parts of the hall so that Bell, with the aid of
a switch on the platform, could connect any one of them as desired.
Again, the demonstration was highly successful.

In some of these early lectures, Watson would use the laboratory at 5
Exeter Place as the sending station and transmit voice and singing to
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the lecture hall where Bell was appearing. Bell, a master showman,
cleverly arranged for Watson to sing as well as shout, for no matter
how poor the telephone quality might be, the pitch was faithfully
retained, and in recognizing the tune, people would think they had
understood the words. Figure 1-18 shows the publicity for one of Bell's
demonstrations.

Early in May, Bell delivered a series of three lectures in Chickering
Hall in New York City. For these lectures, Watson's voice came over a
telegraph line from New Jersey. According to Watson’s memoirs, he
and Bell had been discouraged by earlier tests from trying to stage a
performance in New York City with Watson talking from Boston.

These lectures gave Bell his first monetary return from the tele-
phone. He was very badly in need of the money and this income gave

Fig. 1-18. Facsimile of the publicity for one of Bell’s demonstrations.

CITY HALL, LAWRENCE, MASS.
Monday Evening, May 28

THE MIRACLE 6
WONBERFUL P DISCOVERY

< %
v O
<€ Ve

Prof. A. Graham Bell, assisted by Mr. Frederie A
Gower, will give an exhibition of his wonderful and
nmiraculous discovery The Telephone, buefore the people
of Luwrence as above, when Boston and Lawrence will
be connected via the Western Union Telegraph and vocal
aned fnstromental music and conversation will be trans-
mitted a distance of 27 miles and received by the audience
in the City Hall,

Prof. Bell will give an explanatory lecture with this
marveflous exhibition,

Cards of Admission, 36 cents
Reserved Seats, 60 cents

Sile of seats at Stratton’s will open at 9 o’clock.
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20 Engineering and Science in the Bell System

him further encouragement to continue his development work. For
example, during May he developed his receiving instrument into a
form that began to resemble the modern receiver in external appear-
ance. One early form of hand-held receiver was called the “’butterstamp”’
due to its resemblance to that implement of the dairy (Fig. 1-19).

IX. FIRST COMMERCIAL APPLICATIONS

Also during May 1877, E. T. Holmes, who operated a burglar-alarm
system in Boston, became interested in the telephone after seeing a
demonstration. His interest was natural since he already had custom-
ers connected to his place of business by wires not generally in use in
the daytime. Holmes ordered several instruments from Bell, the first
three of which were of the box type (Figs. 1-20 and 1-21), numbered 6,
7, and 8. These were put in use late in May (less than 15 months after
the first transmission of intelligible speech) for sending messages,
requesting messenger or express service, between Holmes’ burglar-
alarm customers and his office on Washington Street (Fig. 1-22). To
distinguish this business from his burglar-alarm system, Holmes
conducted it under the name of the Telephone Despatch Company.
Although this was a very restricted use of telephony, it is fair to say
that it represented the first commercial application.

Holmes later broadened his use of telephony to include the modern
concept of interconnecting lines for direct communication between
telephone users. While he had made some early tests of this type, the
credit for the first commercial application of the basic idea underlying
present-day telephony belongs to George W. Coy. Coy, operating as
the District Telephone Company of New Haven, formally opened on
January 28, 1878, an ““Exchange” with 21 customers who could be
interconnected as they desired by means of a central switchboard.

Fig. 1-19. First four commercial hand-held receivers. All were made in 1877, and are
arranged in chronological order from left to right. The butterstamp receiver is at the left.
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X. THE “GRAND SYSTEM"”’

These first faltering steps in applying telephony showed a recogni-
tion of its value, but fell far short of Bell’s ideas.

On July 11, 1877, Alexander Graham Bell married Mabel, the
daughter of Gardiner Greene Hubbard. They sailed for Europe early in
August and remained abroad for more than a year. Even though far
removed from telephone activities, Bell’s ingenious mind was actively
at work. While he was in England, Bell prepared a prospectus
designed to awaken the interest of a group of businessmen in
promoting the use of the telephone. This document is quoted here
substantially in its entirety since it indicates the remarkable prophetic
vision of Bell at a time when telephony as a business was as yet
undeveloped:

The telephone may be briefly described as an electrical contrivance for
reproducing in distant places the tones and articulations of a speaker’s
voice, so that conversation can be carried on by word of mouth between
persons 4in different rooms, in different streets, or in different towns.

The great advantage it possesses over every other form of electrical
apparatus consists in the fact that it requires no skill to operate the
instrument. All other telegraph machines produce signals which require
to be translated by experts, and such instruments are therefore extremely
limited in their application, but the telephone actually speaks, and for this
reason it can be utilized for nearly every purpose for which speech is
employed . . .

At the present time we have a perfect network of gas-pipes and
water-pipes throughout our large cities. We have main pipes laid under
the streets communicating by side pipes with the various dwellings,
enabling the members to draw their supplies of gas and water from a
common source.

Fig. 1-20. First commercial box telephone. This is type used by E. T. Holmes in his
early telephone “’despatch” service. Fig. 1-21. Early box telephone with coverremoved.
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Fig. 1-22. Heme of the first telephene cempany, the Telephone Despatch Cempany,
at 342 Washington Street, Besten.
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In a similar manner, it is conceivable that cables of telephone wires could
be laid underground, or suspended overhead, communicating by branch
wires with private dwellings, country houses, shops, manufactories, etc.,
etc., uniting them through the main cable with a central office where the
wires could be connected as desired, establishing direct communication
between any two places in the city. Such a plan as this, though
impracticable at the present moment, will, I firmly believe, be the
outcome of the introduction of the telephone to the public. Not only so,
but I believe, in the future, wires will unite the head offices of the Tele-
phone Company in different cities, and a man in one part of the country
may communicate by word of mouth with another in a distant place.

[ am aware that such ideas may appear to you Utopian and out of place,
for we are met together for the purpose of discussing not the future of the
telephone, but its present.

Believing, however, as I do, that such a scheme will be the ultimate result
of introducing the telephone to the public, I will impress upon you all the
advisability of keeping this end in view, that all present arrangements of
the telephone may be eventually realized in this grand system . . .

In conclusion, I would say that it seems to me that the telephone should
immediately be brought prominently before the public, as a means of
communication between bankers, merchants, manufacturers, wholesale
and retail dealers, dock companies, water companies, police offices, fire
stations, newspaper offices, hospitals and public buildings, and for use in
railway offices, in mines and [diving] operations.

Agreements should also be speedily concluded for the use of the
telephone in the Army and Navy and by the Postal Telegraph Depart-
ment. Although there is a great field for the telephone in the immediate
present, I believe there is still greater in the future.

By bearing in mind the great object to be ultimately achieved, I believe
that the Telephone Company can not only secure for itself a business of
the most remunerative kind, but also benefit the public in a way that has
never previously been attempted.

XI. CONCLUSION

Sensing that they were on the threshold of a new art of breathtaking
possibilities, Alexander Graham Bell and Thomas A. Watson experi-
enced alternate periods of high excitement and deep despair. As we
have seen, there were discouragements, hard work, elation at
successes (particularly those of June 2, 1875, and March 10, 1876), and
then much more hard work and many obstacles to overcome before the
telephone could be made practical. For the first few years the major
technical load was carried by Watson, who took the telephone as Bell
had invented it and toughened it into a rugged, usable instrument_, ac-
quiring in the process some 60 patents on the improvements he dewse;d.

During this initial period the need for technological innovation
became apparent and the power of organized scientitic effort was
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24 Engineering and Science in the Bell System

sensed. The remaining chapters of our history, with one exception,
will be devoted to relating the technical activities of the first 50 years
of telephony and describing the many contributions made to this new
art during the period. But before starting this major portion of our
history, we shall cover briefly, in Chapter 2, the early corporate history
of the Bell System and the part played by organizational structures in
achieving Bell’s “Grand System” through raising the necessary capital,
promoting technological development, and integrating development,
manufacture, and system operation into an effective organization with
centralized direction, yet retaining a high degree of autonomy within
the component elements.
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Chapter 2
Early Corporate History

The immediate success and spectacular growth of the telephone as a local
facility quickly led its backers to concur with the concept of a “‘universal
service’” as already envisioned by its inventor.

The technological barriers to this ultimate aim were formidable indeed
and it became clear to the early managers that their science-based enterprise
could not rely on fortuitous advances, coming from outside the industry, as
the chief engine of progress. Accordingly they adopted, as an industrial
innovation, a deliberate policy of supporting the pursuit of scientific
knowledge to speed advancement in telephone technology.

As the technical imperatives of the expanding telephone network
clarified, this farsighted policy became implemented by specific organiza-
tional arrangements, insuring a continued synergy of business planning and
advancing technological skills.

This chapter presents a brief sketch of these organizational structures as
they developed; for, as later chapters proceed to describe scientific and
technological achievements, some of the more triumphant of these (such as
the first transcontinental line) must be seen also as triumphs in organization
and management.

I. CORPORATE ORGANIZATIONS
1.1 Bell Patent Association

Alexander Graham Bell, though primarily a teacher of the deaf, was
a man of extraordinary scientific curiosity and insight. As noted in
Chapter 1, during the time that his early ideas on telephony were
developing, he was also experimenting with a type of multichannel
telegraph. Thomas Sanders, a leather merchant of Salem, Mas-
sachusetts, who was a friend of Bell’s and the father of one of his
former pupils, had been following Bell’s work and felt that the
telegraph experiments promised more immediate prospect of success
than the then somewhat vague ideas on telephony. Accordingly, in the
fall of 1874 he made a verbal offer to Bell to help finance the telegraph
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26 Engineering and Science in the Bell System

work in return for a share in whatever patent rights might result. A
short time later, another friend, Gardiner G. Hubbard, a Boston
attorney and, as it developed, Bell's future father-in-law, made a
similar offer. These informal offers were accepted by Bell, and later a
written agreement was drawn up and dated February 27, 1875. This
was the first, rudimentary corporate agreement, and, although the
organization had no official name, it has been called the Bell Patent
Association.

The interests of Sanders and Hubbard being confined to Bell’s
telegraph work, the written agreement of this Association did not
speak of the telephone or refer to it in a distinctive way. However, Bell
later took the position that the telephone was to be included despite
Hubbard's offer to relinquish all right and title to that invention even
after it had been successfully demonstrated. “Truly,” writes telephone
historian Frederick Leland Rhodes, ““this original partnership was a
gentlemen’s agreement!”” Thus, the Bell Patent Association became the
first legal instrument of corporate telephone ownership and organiza-
tion. (Figure 2-1 is a historical chart of Bell System corporate structures
from 1875 to 1935.)

1.2 Bell Telephone Company Trusteeship

The original agreement provided that if any of the inventions of the
Association proved to be of value, a company should be organized to
manage and control the patents involved, and each of the three
Association members should own one-third of the stock of that
company. By the summer of 1877 it was recognized that Bell’'s basic
telephone patent was very valuable, and steps were taken to organize
a company in accordance with the agreement.

To provide the original Association with necessary technical skills,
Thomas A. Watson, Bell’'s assistant, had been invited to become
associated with it in a formal way, and to receive a one-tenth interest
in all patents when the joint-stock company was organized. Watson
had agreed, and a formal contract to this effect had been drawn up and
dated September 1, 1876. This step had been taken by the three
Association members ““to associate with them a practical mechanician
of sufficient skill and ability, under Mr. Bell, to make these inventions
pecuniarily successful.”’

The new organization which came into existence on July 9, 1877,
was given the name ““Bell Telephone Company, Gardiner G. Hubbard,
Trustee,” and superseded the original Bell Patent Association. Sanders
was Treasurer of this trusteeship, Bell was Electrician, and Watson was
Superintendent.

Thomas Watson made many distinctive contributions to the enter-
prise. He was in effect the only member of the first research and
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BELL PATENT ASSOCIATION
[Feb. 27, 1875-July 9, 1877]

27

*

BELL TELEPHONE Co.

Active existence

[Massachusetts association)
Articles signed July 9. 1877
Stock outstanding

July 1877 5,000 shares
July 1878 5,000 shares
|
- -

New ENGLAND TELEPHONE Co.
{Massachusetts corporation) I
I Incorporated February 12, 1878
Active existence
| Fehruary 1878
Rinreh 1879

L [

- — —

Stock outstanding
2,000 shares |
2,000 shares

Active existence

March 1879

BEeLL TELEPRONE Co.
{Massachusetts corporation]
Incorporated July 30, 1878
Stock outstanding
4,500 shares
4,500 shares

July 1878

Active existence
March 1879
May 1880

NaTtioNnaL BELL TELEPHONE Co.
{Massachusetts corporation]
Incorporated March 13, 1879

Stock outstanding
7,250 shares
8,500 shares

Active existence
May 1880
NMay 1900

AMERICAN BELL TELEPHONE Co.
{Massachusetts corporation]
Incorporated April 17, 1880

Stock outstanding

73,500 shares !
258,863 shares

AMERICAN TELEPHONE & TELEGRaPH Co.
fNew York corporation)
Incorporated March 3, 1885
Subsidiary of American Bell Telephone Co., 1885-99
Acquired assets of American Bell Telephone Co., Dec. 30, 1899
Pubticly owned, 1900 to date
Stock outstanding: Dec. 31, 1900, 569,901 shares;
Dec. 31, 1935, 18,662,275 shares

Legend: — s Transfer of assets.
— —-— - - Licensee company.
Note.—All stock of corporations is $100 par.

! Includes 14,000 shares of trustee stock held by National Bell Telephone Co.

Fig. 2-1.

Historical chart of the parent organizations of the Bell System.
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28 Engineering and Science in the Bell System

development organization in the telephone industry. Watson had little
to do with purely business affairs, but until his resignation in 1881 he
carried the burden of the necessary research work and superintended
manufacturing operations, thus playing a very large role in developing
Bell’s invention into a practical device with commercial possibilities.
Although he had no technical training, he had to try to solve all of the
baffling technical problems that arose in telephone construction and
operation. This responsibility rested on Watson because Bell, having
married Hubbard’s daughter in July 1877, had sailed for Europe in
August and had remained abroad for more than a year lecturing and
promoting the telephone in England. Consequently, in four over-
worked years, during which he was called upon for many nontech-
nical tasks as well, Watson was the first consistent contributor to a re-
search and development program that has continued for a century to solve
the problems of telephony and advance communications technology.

Bell and Watson were both restless men with eager, probiing minds,
always ready to explore new horizons. By 1881, the success of the
telephone had made both of them financially secure, and they both left
the telephone business to embark on new ventures.

One of the legacies left by this early trusteeship was the leasing and
licensing system, inaugurated by Hubbard and stubbornly maintained
by him in the face of strong opposition from his associates. The
Declaration of Trust in the original plan of organization provided for
this policy as follows:

The business of manufacturing telephones and licensing parties to use the
same for a royalty, shall be carried on and managed by the Trustee, under
the name of the Bell Telephone Company, under and in accord with such
general directions, rules and regulations as may be made for that purpose
by the Board of Managers.

This policy has been an essential element in maintaining the
nationwide unity and efficiency of the Bell System.

1.3 New England Telephone Company

During these early days, money for the Bell Trusteeship was very
scarce, and most of it was provided by Thomas Sanders. Having
almost reached the limit of his resources, Sanders now cast about for
new sources of capital and succeeded in interesting a group of
Massachusetts and Rhode Island businessmen in the telephone. This
group agreed to put up some money in return for permission to start a
telephone business, but wished to confine its interests and responsi-
bility to the New England area. Naturally, these men wished exclusive
rights within that territory, and the members of the Bell Trusteeship
agreed to this arrangement.
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Accordingly, the New England Telephone Company came into
existence on February 12, 1878. (This company, however, had no
direct connection with the present New England Telephone and
Telegraph Company, which was not formed until October 1, 1882,
nearly five years later.) The New England Telephone Company held an
assignment of rights to the Bell patents for the New England states, and
its Articles of Incorporation committed it to the policy of leasing and
not selling telephones. The Articles further stated that the corporation
was formed “for the purpose of carrying on the business of
manufacturing and renting telephones and constructing lines of
telegraph therefor, in the New England States.”

Earlier organizations operating in this area under Bell License, such
as the Telephone Despatch Company in Boston and the District
Telephone Company of New Haven (see Section IX of Chapter 1), were
ultimately absorbed into the New England Telephone Company.

1.4 Bell Telephone Company

The success of the New England Telephone Company suggested
establishment of a similar organization for the rest of the country.
Money was needed and presumably could be obtained by such a
corporation. Therefore, an Agreement of Association for a new
company to be organized along these lines was signed on June 29,
1878, and a Certificate of Incorporation filed on July 30, 1878. This was
an entirely new corporate organization, called simply the Bell Tele-
phone Company. To transfer control of the telephone to the new
company, Gardiner Hubbard assigned “all the patents, patent rights
and interest in any and all contracts relating to any patents or future
inventions owned or held by him as Trustee’”” to the Bell Telephone
Company. Thus came to an end the organization known as ““Bell
Telephone Company, Gardiner G. Hubbard, Trustee,” its place being
taken by the new Bell Telephone Company.

Another significant step was taken by Hubbard at about this time.
While serving a term in the United States Congress, he became
acquainted with Theodore N. Vail, who at the time was Superintend-
ent of the Railway Mail Service, and prevailed upon him to be
General Manager of the Bell Telephone Company. Vail proceeded to
bring order out of a considerable amount of organizational chaos, and
encouraged Bell agents throughout the country to persevere in the face
of severe competition from Western Union. Vail was to become one of
the great figures in the Bell System—a master of organization, a leader
of limitless courage and resources, unselfish and utterly honest in his
management of the company’s affairs. He contributed mightily to the
System’s success.
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30 Engineering and Science in the Bell System

1.5 National Bell Telephone Company

During this early phase of corporate organization, William H.
Forbes, a prominent Boston financier and son-in-law of Ralph Waldo
Emerson, joined the group of Boston investors who had combined to
provide financial support for the Bell interests. On December 31, 1878,
Forbes was elected a Director of the Bell Telephone Company. He
immediately demonstrated exceptional business ability and, with his
associates, in effect took over control of the Company’s affairs.

On January 29, 1879, Forbes took steps toward uniting all of the Bell
interests in one company, to be called the National Bell Telephone
Company. At a meeting of the Board of Directors of this new company
on March 11, 1879, he was elected President. Two days later, the
Certificate of Incorporation for the National Bell Telephone Company
was filed. Then, on March 20 of the same year, both the New England
Telephone Company and the Bell Telephone Company assigned their
rights under the two basic Bell patents to this new company, and these
two earlier companies were consolidated.

On the technical side, Thomas D. Lockwood joined the National Bell
Telephone Company on July 26, 1879, as Assistant Inspector and
Electrician. He functioned as an assistant to Thomas Watson in exercis-
ing general supervision, planning exchange apparatus, and writing
pamphlets. He was later to assume responsibility for patent matters.

In 1879, the following force was at work looking after the technical
problems of the telephone business: Thomas A. Watson, General
Inspector; Lockwood, just mentioned; George L. Anders, an inventor;
and Emile Berliner, another inventor, who had two assistants, Joseph
H. Cheever and W. L. Richards (later head of the Bell System
Historical Museum at 463 West Street in New York City). This last trio
worked on inspection and adjustment of telephone instruments.

1.6 American Bell Telephone Company

In the late 1870s and early 1880s, the spread of the telephone over the
United States was spectacular. The method of business organization at
this time usually involved local companies which leased their instruments
from the parent corporation. However, it soon became evident that mere
leasing was not sufficient for effective coordination with the parent
unit. Competition was becoming very strong at about this time, with
many rival companies springing up. Thus it was necessary for the
parent corporation to license local companies on an exclusive basis
and, more than that, to gain control of these companies by buying a
sufficient portion of their stock. This required far more capital than
that for which the National Bell Telephone Company had been
authorized ($850,000).
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The most serious competitor at this time was the Western Union
Telegraph Company. In 1876, this company had declined to purchase
the basic Bell patent, offered for the sum of $100,000, the view being
that the telephone was a toy and would never be of practical use.
However, after witnessing the rapid growth of interest in the
telephone, Western Union decided to take it more seriously.

In December 1877, the American Speaking Telephone Company was
formed with Western Union owning two-thirds of the stock. By this
time, the Bell Trusteeship had over 3,000 telephones in use. The
Western Union affiliate immediately commenced making telephones
in violation of the Bell patents and leasing these instruments in
competition with the Bell Trusteeship and its assignees. This caused
consternation in the Bell organization, and, shortly after the formation
of the Bell Telephone Company in the summer of 1878, suit was
brought against the Western Union Telegraph Company for infringing
Bell patents. The actual suit was instituted against Peter A. Dowd, an
agent of Western Union engaged in supplying telephones in Mas-
sachusetts. The Western Union subsidiaries involved in this action
were the Gold and Stock Telegraph Company, the American Speaking
Telephone Company, and the Harmonic Telegraph Company.

After the facts had been fully brought out, George Gifford, then
counsel for Western Union, became convinced that the Bell patents
were valid and advised a settlement. Negotiations were begun, and a
settlement was reached which became effective on November 10, 1879,
and covered a period of 17 years. Western Union agreed to withdraw
from the telephone business and the National Bell Telephone Com-
pany (successor to the Bell company that instituted the suit) was
granted a license to the telephonic inventions that Western Union had
acquired or might acquire during the term of the agreement. The
National Bell Telephone Company was to buy the telephones which
Western Union or its subsidiaries had made, already totalling over
50,000, and the telephone exchanges they had established. In return,
the Bell company agreed not to compete with Western Union in the
public message-telegraph field. The final decree was approved by
Judge Lowell on April 4, 1881. This marked the end of the Western
Union dispute, but did not mark the end of the lawsuits engaged in by
the Bell System to protect its patent rights against others.

The tremendous increase in business resulting from the settlement
of the Western Union case, and the huge amounts of capital which
were necessary to buy the Western Union telephone equipment, made
it necessary to consider another reorganization. To permit this
reorganization on an adequate scale and to permit the new corporation
to hold stock in other corporations, the Massachusetts Legislature
passed a special Act which was signed by Governor Long on March
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32 Engineering and Science in the Bell System

19, 1880. The purpose as stated in this Act was to permit the
“manufacturing, owning, selling, using and licensing others to use
electric speaking telephones and other apparatus and appliances
pertaining to the transmission of intelligence by electricity, and for
that purpose constructing and maintaining by itself and its licensees
public and private lines and district exchange.” Capitalization was
limited to $10,000,000.

In accordance with this Act, the American Bell Telephone Company
was formed on March 20, 1880, and its Certificate of Incorporation was
filed on April 17, 1880. To put into the hands of the new corporation
all patent rights belonging to the Bell interests, assignments were
made and licenses issued to the American Bell Telephone Company by
all parties having any shadow of right or ownership.

On December 8, 1880, the American Bell Telephone Company
declared its first dividend (3%), and on March 29, 1881, issued its first
annual report.

1.7 Western Electric Company

Prior to 1878, all of the telephone equipment for the Bell organiza-
tion was built by Thomas Watson in the Boston shop of Charles
Williams, Jr., a maker of telegraph instruments. Watson’s duties soon
increased to the point where he could no longer build all of the
equipment needed so he engaged a number of manufacturers,
including Williams, to assist him. While this was going on, Western
Union was having some of its telephone equipment manufactured in
its own shops, and some by the Western Electric Manufacturing
Company of Chicago.

With the November 1879 agreement by Western Union to relinquish
its telephone interests, the Western Electric Manufacturing Company
was licensed to manufacture telephones for the Bell organization. Soon
thereafter, the American Bell Telephone Company purchased a
controlling interest in Western Electric, and on November 26, 1881,
Western Electric was reorganized under the laws of the state of Illinois
with a new name, the Western Electric Company. On February 6,
1882, the Western Electric Company officially became the manufactur-
ing unit of the Bell System, thus providing a dependable source of
instruments and apparatus which would be interchangeable and
would be of the desired quality.

An item in the Annual Report of the American Bell Telephone
Company for 1881 describes this significant event in Bell System
history:

To obtain a permanent interest in the manufacture of telephones and
apparatus, as well as to ensure the highest standards in the same, we have
bought the plant and business of Charles Williams, Jr., of Boston, and an
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interest in the Western Electric Manufacturing Company, of Illinois, and
propose to merge the two in a consolidated company, which will avail of
the goodwill, business, and patents owned by that company, as well as
our own, and secure an economical management for the whole of our
manufacturing interests. We expect to make this an important and
valuable part of our business.

The first part of the building at 463 West Street, New York City, was
erected in 1897, and served as Western Electric’s New York headquar-
ters. This building was later (1907) to become the headquarters for the
Western Electric Engineering Department. While Western Electric
remained an Illinois corporation for many years, it was reincorporated
in 1915 under the laws of the state of New York and has been a New
York corporation ever since.

Western Electric had become interested in the sale and manufacture
of communications equipment abroad a number of years before it
became the manufacturing arm of the Bell System, and its foreign
business continued for many years thereafter. A factory was built in
Antwerpin 1882, and branches of Western Electric existed throughout
the world by 1918. At that time, foreign business was so extensive that
it was concentrated in a new subsidiary, the International Western
Electric Company. This organization grew rapidly, but at the same
time enormous growth was taking place in the United States and Bell
management felt that it would be desirable to avoid any possibility
that these foreign activities would interfere with the domestic
business. Accordingly, in 1925, the International Western Electric
Company was sold to the International Telephone and Telegraph
Company and its name changed to International Standard Electric
Corporation (neither of these companies had any further corporate
connection with the Bell System). As a result of this policy decision,
subsequent Bell System international business activities have been
limited to those required for forming and operating a worldwide
communications network. This international cocperation has been
established largely by means of bilateral agreements with the connect-
ing national telecommunications administrations. Wherever possible,
construction of plant has been conducted as a joint enterprise with
each administration providing its proper share of the equipment.

1.8 Long Lines System

The system of local exchanges, coordinating any number of
telephone subscribers’ lines and referred to as the “exchange system,”
had become well established by 1880. The problem now arose as to
how to interconnect these various exchanges. The first major step in
this direction was taken on June 2, 1880, when a telephone line from
Boston to New York was authorized (this line was put into service on
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March 27, 1884). On May 9, 1883, lines were authorized between
Boston, New York, Philadelphia, and Washington, and between New
York and Albany. These events marked the beginning of the Long
Lines System.

The maximum capitalization allowed the American Bell Telephone
Company was $10,000,000, which was quite inadequate for construct-
ing lines on the large scale rapidly becoming necessary for intercon-
necting the exchanges of various cities. The Massachusetts Legislature
refused to increase the authorized capitalization, making it necessary
to organize a new company for building long lines.

1.9 American Telephone and Telegraph Company

The new company organized to provide these interconnections was
named the American Telephone and Telegraph Company, and was
chartered under the laws of the State of New York. Its purpose was to
construct and operate lines all over the North American continent, not
only in the United States but in Canada and Mexico, “and also by
cable and other appropriate means with the rest of the known world.”
Thus, Bell’s concept of a “Grand System’ was expanded and formally
stated as the goal of the Bell System. The word “Telegraph” was in-
corporated into the name by an Act of the New York Legislature. At that
time the word “Telegraph” referred to the leased-wire business of the
Company. In the early days, telegraphy and telephony were not dis-
sociated in quite the same way that they are today; in fact, Bell’s first
patent (see Fig. 1-9) had been described by the inventor as an‘‘Improve-
ment in Telegraphy.”

Signing of the Articles of Association for the new company took
place on February 28, 1885. The company headquarters was in New
York City, and it immediately started to build up its own Long Lines
Engineering Department there to assist in carrying out various
projects. Theodore N. Vail, who previously had been General Manager
of the National Bell Telephone Company, was President of this new
organization until he resigned in 1887. He was to serve another term
as President from 1907 to 1919.

The company grew rapidly, and by 1899 it was deemed best that it
should be made the central organization of the Bell System, primarily
for financial reasons. (At the time the financial climate in New York
State was much more favorable than in Massachusetts.) Accordingly,
on December 30, 1899, the Directors of the American Bell Telephone
Company conveyed all their assets, both in stock and property, to the
American Telephone and Telegraph Company. Thus was formed the
corporation which today is the parent company of the Bell System.

To handle the Company’s long-distance lines, a Department of
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Long-Distance Lines was established to start functioning on October
1, 1900. Then on November 14, 1917, its name was changed to the
Long Lines Department.

A statement of the relationship of AT&TCo to the Bell System as a
whole was contained in the AT&TCo Annual Report for 1908. Despite
its length, substantial parts of the statement are quoted below because
of their clarity and their pertinence to the “Grand System”’ concept:

The relations of the American Telephone and Telegraph Company and the
associated companies are not generally understood. The American
Telephone and Telegraph Company is primarily a holding company,
holding stocks of the associated operating and manufacturing companies.
As an operating company it owns and operates the long-distance lines,
the lines that connect all the systems of the associated operating
companies with each other.

In addition to these two functions it assumes what might be termed the cen-
tralized generaladministrative functions of all the associated companies. . .

In the telephone business development is continuous. As conditions
enlarge -and change, new methods develop. The whole business suggests
changes and stimulates inventions, and opportunities for improvements
are frequent.

If each separate exchange or group of exchanges had not been assisted and
directed in the development and introduction of these new ideas,
methods and inventions, there would now be as many systems, as many
methods of operating as there are separate companies. This would have
made impossible the organization which now gives the Bell system that
universality and preponderance on account of which no matter how many
systems may exist, every one of any commercial or social importance must
have connection with the Bell system . . .

The American Telephone and Telegraph Company owns and maintains all
telephones. It also owns either directly or through the Western Electric
Company all patents.

It has a department which was organized at the very beginning of the
business and has continued since, where is to be found practically
everything known about inventions pertaining to the telephone or
kindred subjects. Every new idea is there examined, and its value
determined so far as the patent features are concerned.

The Engineering Department takes all new ideas, suggestions and
inventions, and studies, develops, and passes upon them.

It has under continuous observation and study all traffic methods and
troubles, improving or remedying them.

It studies all construction, present and future development or extension
schemes, makes plans and specifications for the same, and gives when
desired general supervision and advice. It has a corps of experts which, in
addition to the above work, is at all times at the service of any or all of the
separate companies.
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When it is considered that some of these questions involve the
permanency, duration and usefulness of a telephone plant costing
millions of dollars, and changes costing hundreds of thousands, some
idea of its importance can be formed. To give an illustration: one group of
patents covering inventions which seemed likely to be useful and
economical in the service was purchased by the company. These
inventions were developed into operating apparatus and put into use.
While this cost hundreds of thousands of dollars, placing it beyond the
scope of one operating company, the saving already accomplished to the
associated companies runs into the millions.

A large staff has been and is continuously engaged in the consideration of
disturbances arising from transmission and other lines camrying heavy
currents, and in many cases that any telephone system can even exist in
the vicinity of such lines is due to the constant and continued attention
given this subject.

Every new trouble, and there are many, comes before this department.
When settled there, it is settled for all. This has established a commercial,
operating and plant practice not only for our own associated companies,
but for others of high standing throughout the world.

All devices or inventions submitted receive the most thorough and
painstaking investigation, and it is safe to say that there has as yet been
no instance where any invention, system or method, rejected by the Patent
and Engineering Departments of the American Telephone and Telegraph
Company has ever had any permanent success when used elsewhere.
The Manufacturing Department creates and builds the equipment and
apparatus which have been adopted. In this way throughout the whole
grand system will be found standardization and uniformity. This is not
any handicap on improvement or development of the art, for, on the
contrary, every suggestion or idea, and there are many, has abundant
opportunity to be tested, which would not be possible otherwise. No one
of the companies could by itself maintain such an organization, and it
would be fatal to any service to introduce or try out undeveloped ideas in
actual service.

In 1909, during Theodore N. Vail’s second term as President, AT&TCo
acquired a substantial interest in the Western Union Telegraph Com-
pany by purchase of stock, and Vail was elected President of Western
Union. The purpose of this acquisition was to combine the advantages
of the telephone and the telegraph so that each would find its level of use,
on the basis of being complementary rather than rival services. This
viewpoint had been taken by Vail as early as 1902, although he was
not at that time connected with either company.

Much progress was made in implementing the concept of com-
plementary services, but the United States Department of Justice soon
decided that the association of these two companies violated the
antitrust laws and required their separation. Accordingly, in 1913,
AT&TCo disposed of its Western Union stock and Vail resigned the
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Western Union presidency, remaining President of AT&TCo until
1919. Meanwhile, friendly business relations were maintained be-
tween the two companies, to the great advantage of the public at large.

II. RESEARCH AND DEVELOPMENT ORGANIZATIONS

While the various organizational changes just related were largely
made in response to a continuing need for the great amount of capital
necessary to finance the “Grand System,” the parallel necessity for
promoting the required technical developments was at no time
overlooked. From the beginning it was Bell System policy not to leave
technological growth to chance but to foster it within the organization.

2.1 Mechanical Department of American Bell

Until 1883, the technical work of the American Bell Telephone
Company had been carried on by two groups: the Electrical and Patent
Department, which studied available patents and new apparatus and
performed all of the engineering functions, and the Stock Testing
Department. In 1883, an Experimental Shop was organized to supple-
ment the activities of the Electrical and Patent Department. In June
1884, the Shop’s name was changed to the Mechanical Department,
although a similar activity today might be called development and
research. The Mechanical Department was located at 101 Milk Street,
Boston, and its appearance in 1884 is indicated in Fig. 2-2. A little
about the activities of this new department appeared in the American
Bell Telephone Company Annual Report for 1884:

During the past year the Electrical Department has been reorganized and
its scope somewhat extended . . .

In the Mechanical Division, established this year, good and efficient
service has been done.

Fig. 2-2. The laboratory of the Mechanical Department at 101 Milk Street, Boston,
in 1884, from an old wood engraving published in Scientific American.
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The principal work which has shown results has been: A series of
experiments on long-line apparatus; the protection of our system and
apparatus from strong currents, either lightning or electric-light currents;
perfecting the central office apparatus to be used in small exchanges;
simplifying and perfecting the apparatus in general use; testing wire line
and establishing a standard for the same.

Dr. Hammond V. Hayes, trained in physics and engineering at
Harvard and the Massachusetts Institute of Technology, took charge of
the Mechanical Department in November 1885. This was, in effect, the
first formal organization in the continuous chain of research and
development organizations leading to the present Bell Telephone
Laboratories. An organization chart of the American Bell Headquarters
technical staff as of December 31, 1885, is given in Fig. 2-3, and the
Mechanical Department laboratory in 1886 is shown in Fig. 2-4. Some
of the personnel of the Department as of about 1889 are shown in Fig.
2-5. A view of the laboratory where one of these engineers, E. H.
Lyon, carried out a great deal of his work is shown in Fig. 2-6 as it
appeared about 1890.

Fig. 2-3. Organization chart of the American Bell Headquarters technical staff as
of December 31, 1885.
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Fig. 2-4. The laboratory of the Mechanical Department at 141 Pearl Street,
Boston, in 1886.

Fig. 2-5. Some of the personnel of the Mechanical Department about 1889. Seated,
left to right, W. L. Richards, Harry Sears, Chauncey Smith, and W. ]J. Hopkins.
Standing, left to right, E. H. Lyon and Anthony C. White.
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Fig. 2-6. The laboratory of E. H. Lyon at 127 Purchase Street, Boston, as it
appeared about 1890.

2.2 Engineers Department of American Bell

In 1891, an Engineers Department was formed under American
Bell’s Chief Engineer Joseph P. Davis to standardize plant construction
and operating methods. Although Davis was nominally in charge of
both the Mechanical and Engineers Departments, Hammond Hayes
continued to guide the Mechanical Department independently. The
American Bell Telephone Company Annual Report for 1893 discussed
the organization and functioning of the Department under Hayes:

During the year a reorganization of the engineers’ department has been
determined upon and partly carried out. It has been decided to unite with
it the mechanical department, thereby much enlarging the scope of the
work of both departments. Mr. Hayes has been appointed electrical
engineer, under Mr. Davis, our chief engineer. The work of the
department has been very considerable in examining and advising upon
projects for altering, extending, or otherwise improving the buildings, the
equipment, and the plants of the company’s licensees, and in giving
personal assistance when desired while such work was in progress. Plans,
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specifications, and estimates have also been made in new underground
systems where none before existed, and in extending the underground
systems already existing in other cities.

The advantage of uniformity in the form of apparatus used, in the mode
of working, the details of construction, and the various methods of opera-
tion that are thereby introduced, are highly and extremely beneficial.

Figure 2-7 is an organization chart for the American Bell Headquar-
ters technical staff, in Boston, as of December 31, 1895, showing that
the staff had grown to 81 employees.

HEADQUARTERS TECHNICAL STAFF
AMERICAN BELL TELEPHONE COMPANY
DECEMBER 31, 1895
8! EMPLOYEES

ENGINEERS DEPT.
JOSEPH P. DAVIS,
CHIEF ENGINEER

MECHANICAL DEPT.
H. V. HAYES.
ELECTRICAL ENGINEER

EXPERIMENTAL DEPT.

Conoul T PLANS ANOD
DeEvELOPMENT STUDIES:
Foro

W. S.
J. A. HiGHLANDS
8. W. TRAFFORD
J. Wyman

TorL TRAFFtC STUDIES:

T. 8. DooLiTTLE
. T. Brooo

TeLeEPHONE TRANSMISSION:

W. L. RicHARDS
J. S. StonE

SwiITCHBOARD ENGINEERING:

L. S. GREENLEAF
E. SiLaoe

T. C. WaLes, Jr.
W. R. WescoTr

A. S. WiLLIAMS

W. W, Jacques
J. H. FLANNIGAN
H. R, Mason

G

T. CoTreR

A, J. DELANO
J. A. McCaee
R. A, NicHoLs

MecHANIcAL CONSTRUCTION
ano Designe

C. H. ArNOLD
J. S. Cooman

BuiLoines: A. OEKHOTINSKY
L. F. Rice F. C. Moooy
E. C. Roses

INSURANCE ® G. K. THomPsSON

&5 o Gl L LOERTR GENERAL ENGINEERING:

INSPECTION: F. L. Rnooes

} C. H. CurTLeRr CHEMICAL LABORATORY:
| DrarTING: J. C. Lee
A. V. EOWARDS G.0., BasserT
WIRE INSPECTION:
CLericaL:

3 INSPECTORS
S. H. MiLoRAM
« Jo HEANEY

Shop:
0. W. HoLLts

7 MACHINISTS
DRAFTING:

T DmAFTSMEN
LirmivAaL AND STuDLhT:
¥ EmrLOYEES

instnument TESTING
AND PACKING:

I8 EmMPLOYEES

Fig. 2-7. Organization chart of the American Bell Headquarters technical staff as
of December 31, 1895.
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2.3 Engineering Department of AT&TCo

At the time that the American Telephone and Telegraph Company
became the parent company of the Bell System in December 1899, no
changes were made in research and development organizations, the
parent company’s Headquarters technical staff remaining in Boston
and the Long Lines Engineering Department in New York City.

In 1902, because of the poor health of Davis, the Mechanical and
Engineers Departments were merged into a single organization called
the Engineering Department and placed under a three-man committee
of which Hayes was a member. On January 1, 1905, Davis resigned
from AT&TCo and Hayes was named Chief Engineer and placed in
charge of the combined Engineering Department. An organization
chart of this department, now consisting of 195 employees in Boston,
is shown in Fig. 2-8.

2.3.1 Traffic Division

It was in about 1899 when Hayes became concerned about the
divergence of opinions among the Operating Telephone Companies as
to permissible circuit and operator loads and other traffic matters, and
the need for the Headquarters technical staff to keep itself so informed
as to be able to speak authoritatively on all points relating to operating
practices.

Again in 1905, emphasizing that there was no field of development
work requiring more earnest attention than the improvement in toll
operating methods, Hayes set up a separate Traffic Division in the
AT&TCo Engineering Department, placing K. W. Waterson in charge.
With Hayes’ support, Waterson pioneered in the development of the
traffic unit system that provided a useful tool for calculating force
requirements and the loads which could be carried while giving
satisfactory service.

2.4 Western Electric Engineering Department

During Western Electric’s early history, a group of development and
design engineers was established to: (i) study the functional or service
requirements laid down by the parent company’s engineers; (i)
develop instruments, switchboards, station apparatus, and wire and
cable to meet these requirements; and (ii1) prepare specific designs
with specifications and drawings for use in manufacturing the
products in quantity. This organization became known as the
Engineering Department of the Western Electric Company. Most of its
personnel were located at Western Electric’s New York City headquar-
ters at 463 West Street; another group was located in Chicago.

In 1907, Theodore N. Vail, returning to the presidency of AT&TCo,
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Fig. 2-8. Organization chart of the AT&TCo Engineering Department as of January 1905.
ENGINEER ING DEPARTMENT
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FJ. H. FLANAGAN
FA. GRAHAM
F. B. JEWETT
e h oL J. 0. MCDAVITT
Evtcrsias, Onesarsent €. C. MOLINA
=G. W. PICKARD
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took steps to bring together a number of Bell System research and
development organizations. The Boston laboratory was discontinued,
the key people (with the exception of Hayes, who terminated his
connection with the System at that time) being transferred to New
York City. Some of these people continued to function as the AT&TCo
Engineering Department in New York City. Others, including E. H.
Colpitts, were transferred to the Engineering Department of the
Western Electric Company. The inspection function was also trans-
ferred to Western Electric.

A substantial number of engineers from the Western Electric
Company’s Clinton Street engineering unit in Chicago were moved to
463 West Street, thus completing the first sizable consolidation of the
technical laboratory personnel in the Bell System. Western Electric’s
Chief Engineer was Charles E. Scribner, who during his career was to
have a total of 441 patents issued to him.

John J. Carty, who supervised this consolidation, had been one of
the original boy operators in Boston, and after holding increasingly
responsible posts in the operating companies had been appointed
Chief Engineer of AT&TCo by Vail. Carty was in a sense the creator of
the profession of telephone engineer. He laid down the respon-
sibilities of the profession on the widest and most comprehensive
lines, and fought down flimsy, clumsy methods wherever he found
them in the still-adolescent industry.

2.4.1 Research Branch

John ]J. Carty, with an uncanny ability to sense the lines of possible
progress, strongly supported the buildup in research effort in the Bell
System. He reported in 1911:

To make adequate progress in this work [fundamental research], it was
decided to organize a branch of the engineering department which should
include in its personnel the best talent available and in its equipment the
best facilities possible for the highest grade research laboratory
work . . . A number of highly trained and experienced physicists have
been employed . . . Another man in charge of an important investiga-
tion has had a considerable amount of post-graduate work and was for a
time a professor of electrical engineering at a well-known institution.

The Research Branch referred to by Carty was organized in 1911 as
part of the Engineering Department of the Western Electric Company
and with E. H. Colpitts as its head. An organization chart showing
this new branch is reproduced in Fig. 2-9.

In Chapter 10 we shall have much more to say concerning the spirit
of fundamental research as fostered by AT&TCo’s Carty and his
colleague Dr. Frank B. Jewett of Western Electric.

Something of the makeup and activities of Bell System research and
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Reference Under Direct Reporting
No. Buperviaicn of to
Administration
601 Chief Engineer C.E.Scribner Vice-Pres.
602 Assistant Chief Engineer J.I.McQuarrie 601
605 Assistant Chief Engineer F.B.Jewett 601
Information Eranch
R. Raymond 602
Clerical Branch
611 Chief Clerk R.E.Williams 602
612 Records Division R. Green 611
61 Expense and Order Division H.C.Wetzelberger 611
61 Stenographic Division E. Clinton 611
615 Correspondence Clerk M.B. Walsh 611
Automatic Development Branch
671 Supervision Section C.F.Baldwin 602
672 Apparatus Design Section J.N.Reynolds 671
672 Equipment Section W.M.Smith 671
67 Circuit Section F.N.Reeves 671
675 Laboratory Division F.N.Reeves 671
676 Special Investigation Division S.B.Williams 671
Special Studies
640 Special Automatic Studies A.H. Dyson 602
661 Special Telegraph Studies J. H. Bell 602
P.M. Ralney 602
Telegraph Development Branch
660 A.F. Dixon 602
Inspection Branch
648 Supervision A.H.Verum 602
655 Apparatus Division F.D.Thompson 648
656 Methods Division F.D.Thompson 648
658 Central Office Equipment W.C. Adams 648
Division
Line Material Inspection Branch
65 Supervision C.R. Myer 602
651 General Supervising Inspector C.A. Davis 650
652 Mfg. Cost Study Division F.P. Moore 650
653 Special Studies Division E.R. Scudder 650
Research Branch
Supervision Division E.H.Colpitts 605
606 Special Research Division E.H.Colpitts 604
607 Repeater Division H.E.Shreeve 604
Development Branch
620 Supervision Division E.B.Craft 605
625 Physical Laboratory Division O.E.Stevens 620
633 Power Room Section E.Kelber 625
Apparatus Design Division
630 Supervision Section J.J.Lyng 620
634 Design Section J.J.W 630
637 Drafting Section R.C.Winckel 630
647 Model Shop Section J.W.Upton 630
Circuit Laboratory Division
623 H.L.Darrah 620
Transmission Branch
621 Supervision Division J.C.R.Palmer 603
677 Design Division H.B.Wier 621
678 Laboratory Division H.C.Benson 621
679 Investigation Division H.W.Purcell 621
Chemical Branch
624 J W.Harris 605

TELEPHONE ENGINEERING DEPARTMENT N°600
LIST OF REFERENCE NUMBERS

Fig. 2-9. A Western Electric organization chart of June 1912 showing the Research
Branch, under E. H. Colpitts, formed in 1911.
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development organizations is contained in the AT&TCo Annual
Report for 1913:

At the beginning of the telephone industry there was no art of electrical
engineering nor was there any school or university conferring the degree
of electrical engineer. Notwithstanding this, the general engineering staff
was soon organized, calling to their aid some of the most distinguished
professors of science in our universities.

As problems became more formidable and increased in number and
complexity, the engineering and scientific staff was increased in size and
in its specialization, so that we now have working at headquarters on the
problems of the associated companies 550 engineers and scientists
carefully selected with due regard to the practical as well as the scientific
nature of the problems encountered.

Among them are former professors and instructors of our universities,
post graduate students and other graduates holding various engineering
and scientific degrees from 70 different scientific schools and universities,
60 American and 10 foreign institutions of learning being represented.
No other telephone company, no government telephone administration in
the world, has a staff and scientific equipment such as this.

The Bell Company, recognizing at the outset that the problems of
telephony would require for their solution the highest degree of scientific
and engineering skill, has been foremost in the development of telephone
engineering and in the encouragement of scientific research.

It can be said that this company has created the entire art of telephony
and that almost without exception none of the important contributions to
the art has been made by any government telephone administration or by
any other telephone company either in this country or abroad.

The organization of the AT&TCo Engineering Department as of
March 20, 1915, is shown in Fig. 2-10, and the Western Electric
Engineering Department as of April 1, 1915, in Fig. 2-11. While these
are in some detail, they merit this permanent recording because of the
large number of names, even in lower echelons, which will appear in
later chapters as notable contributors to technology.

2.5 Bell System Patents

From the time that the telephone was invented, patent protection
has always been vital. The importance of patents to the Bell System
and the necessity for an active patent staff are emphasized in these
paragraphs from the AT&TCo Annual Report for 1918:

At the end of 1918, the Bell System either owned, controlled or was
licensed under 3,211 United States patents and 1,213 applications for
such patents, making a total of 4,424. These patents and applications
cover the entire known telephone field and may be roughly grouped
into (1) a large number covering innumerable improvements in details,
which collectively render it possible to vastly improve the character of
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the telephone service given, and to give this service at a minimum cost;
and (2) those more or less fundamental to the rendition of a particular
kind of service.

It is not an exaggeration to assert that there is not a practical detail
of telephone development work which is not represented by some patent
under which the Bell System is free to operate. By reason of this
favorable patent situation, the Bell System has the right to use all of the
best and most efficient apparatus that has already been developed, and
looking to the future there is no field of development from which it is
excluded.

And again in the 1920 Annual Report:

During the past year, the patent holdings of the Bell System have been
increased by rights under more than a thousand patents and applications
for patents, an increase of approximately 20 percent. It now owns or con-
trols, or is licensed under, more than six thousand letters patent of the
United States and applications therefor. The larger proportion of this in-
crease is represented by inventions made by our own engineers. Rights
acquired during the year under other inventions have been acquired largely
in exchange for rights granted under our own inventions.

2.6 D&R and O&E Departments of AT&TCo

In 1919, the AT&TCo Engineering Department was reorganized
into two groups. One was called the Department of Development
and Research, under Vice-President J. J. Carty, and the other the
Department of Operation and Engineering under N. C. Kingsbury.
The Development and Research Department, commonly referred to as
“D&R,”” was later (1934) consolidated with Bell Telephone Laboratories,
while the Operation and Engineering Department (O&E) remained
a part of AT&TCo.

A brief report of the activities of the D&R Department and the

Western Electric laboratories appears in the AT&TCo Annual Report
for 1920:

The year just closed has been one of remarkable activity in the De-
partment of Development and Research. In this department, including
the laboratories at the Western Electric Company, 2,800 employees are
engaged exclusively in research and the development and improvement
of telephone and telegraph apparatus and materials and methods. Of
these, 1,100 are engineers, chemists, physicists, and other scientists, among
whom are graduates of more than 100 American colleges and universities.
The remainder are laboratory assistants, draftsmen, stenographers, clerks,
model makers, and administrative personnel.

At the close of the year, upwards of 2,500 research and development
projects were in hand, all these calculated to improve the service

which the associated companies are rendering to the public or to make
it more economical . . .
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AMERICAN TELEPHONE & TELEGRAPH CO.
ORGANIZATION CHART

ENGINEERING DEPARTMENT

352 Employees - March 20, 1915

J.J. Carty
Chief Engineer

B. Gherordi

Engineer of Plont Engineer of Troffic H.S. Warren
Engineering Work for Legol Coses
E. Miller W.M. Craft
P.W. Spence
1 Clerk
| -
Locol Troffic Toll Troffic
Engineer Engineer
W.E. Farnhom S.H. Browne
Troffic Operoting Troffic Operating Operating Toll Line Rote Quoting Toll
Engineering Enginaarirg Proctices Methods EMiipndy and Fundomental
| Route Sygatw=w Plons
H. B. Stimon  W.D. Sorgent J.W. Kiehle  F.M. Bronson H.F. Chorlesworth G.W. McRoe A.C. Blood E.S. Boker
E.B. Foirmon
F.W. Golwoy F.P. Dovis A.A, Denico W.C. Ookes P.R. VonMater
H.L. Brown 5 Clerks
H.F. Parker

K.W. Waterson

J.A. Borrett

Outside Plont Engineer

F.L. Rhodes

Plont Methods Moateriols Exchonge Aeriol
ond Costs Plont

Toll Lines
G.T. Blocd R.F. Hosford C.C. Waterman
W.H. Horner L.B. Fish E.M. Moatthews
W.A. Toylor £.8. Griffen R.C. Dorrow
R.A. Haislip H.F. Stover
R.B. Hill W.M, Rile
K.L. Wilkinson  C.C. Fritz
C.C. Ayres H.D. Cutler
S.C. Corr J.W. Hines

Equipment Engineer
L.F. Morehouse

Centrol Office
Drerlzoment

R.W. Morris

.F. Toomey
.M. Boscom
.H. Davis

.G. Romsdell
.H. Dorrow
LA, Wright

.S. Demorest
Dovidson, Jr.
G.M. McCorty
G.W. Kuhn
W.A. Rhodes
Q.M. Arnold
W.G. Freemon

“NNr>Ix<

Centrol Office
[rgiraerang

C.A. Berry

J.F. Morris
P. Woollcott
N.F. Roberts
H.N. Tyler
W.A. Hedrick
R.L. Young
O.A. Freund
E.C. Balch
E.N. Rershow
W.L. Steckel
L.w. Cooper
L.R. Mopes
F.K. Rowe

Speciol Substotion Telegroph
Switchboard Eawpment Equipment
Systems. I
W.G. Blayvelt G. K. Thompson J.M, Fell
R.D. Porker
A.H. Moroweck C.J. Dovidson
E.C. Molino E.W. Niles R.E. Pierce
L.D. Borrows A.S. Littel
A.O. Hoefer G.S. Vernon
2 Boys
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G.A. Campbell

Research Engineer

1 Clerk

H.E. Darling

roffic Records, Efficiency & Service
Operating Conditions
R.F. Estabrook

Service

Christensen
. French

, Hozen

A THY

Opmesting Congiriass

Loods, Costs,

R.E. Walker

A.J. Allen
E.O. Roobe
R.S. Stannord
S. Fairchild
1 Clerk

Special
Studies

E.W, Unongst

Development Studies Chief Clerk
C.H. Arnold R.S. Sutliffe
Specific Methods
Development
ol
E.L. Stone Jr. H.J. Mold I File Clerk
% Clerks
C. Walloce R. Mason ! Librorion
C.H. Cogswell J.W. Hothowoy 19 Stenogrophers
W.G. Holt 17 Copyists
E.A. Plumer 13 Boys
H.L. Burgess
G.S. Skidmore
R.R. Copp
B.H. Jones
E. Packard
R.R. Wight

1.5. Brodley, r.
C.R. Greenlow
P.J. Degnon

Transmission ond Protection Engineer

O.B. Blockwell

|
s
14

nYmission
Studies

L
L Mills

LS. Hoyt
.R. Corson
« Espenschied

Trgmpmimion

[ — Development
C.A. Robinson H.S. Osborne
W.V.H. Read W.H. Mortin
A.A. Williomson L.P. Ferris
A.B. Clork A_.H. Heitman
F.H. Best M. Kirkwoaod
W.H. Horden H.W. Hitchcock
G. Crisson A.G. Chopmon
W.N. Roner R.D. Huxley
R.S. Ronkin C.P. Borigis
A.F. Rose 3 Clerks
I Boy

Fig. 2-10.

Traonsmission

Protection

W.M. Gould

J.F. Rhome

Exchange Fundomentol Plon Engineer

F.B. Driscoll
Methods and Specific Chief
Application of Fundamental TR
Fundamentol Plons Plans
T. Show D. M, Rice G.C. Peterson W. H. Copithorne
H.R. White E.R. MocKenzie
W. J. Dodge 17 Droughtsmen
C.J. Koukol I Clerk
2 Boys
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Fig. 2-11.  Western Electric Engineering Department as of April 1, 1915.
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2.7 Bell Telephone Laboratories

By 1924 the technical programs of the Bell System had so grown
in range and intensity, and in number of personnel, as to suggest
formation of a single new organization to handle most or all of
these activities. Such an organization was formed on December 27,
1924, and started operations on January 1, 1925, under the name of
Bell Telephone Laboratories, Incorporated. This corporation had a
dual responsibility—to the American Telephone and Telegraph Com-
pany for fundamental researches and to the Western Electric Com-
pany for the embodiment of the results of these researches in
designs suitable for manufacture.

In early discussions, it was felt that the AT&TCo D&R Depart-
ment should be included in this new organization. However, not all
of the research problems assigned to this department were of a
laboratory character. The D&R Department had responsibilities in the
development and establishment of proper standards for transmission
and for other fundamental operations of communication. It also had to
envisage the communication art as a whole and to foresee needs
and trends, and to focus attention on desirable lines of development.
Accordingly, this department was retained as a part of AT&TCo for
the time being. It was not consolidated with Bell Telephone Laboratories
until 1934.

One of the better accounts, for our purpose, of the formation
of the new company appeared as a news item in the February
1925 issue of The Telephone Engineer:

New York City—Extensions of laboratory facilities for the scientists and
engineers of the new Bell Telephone Laboratories, Inc., are already
under way. Laboratory space in the form of a new building covering
almost a quarter of a city block will be added to the 400,000 square
feet at present in service in the group of buildings at 463 West
Street, New York City. At the date of incorporation, the personnel
numbered approximately 3,600, of whom about 2,000 are members of
the technical staff, made up of engineers, physicists, chemists, metal-
lurgists and experts in various fields of technical endeavor . .

The chairman of the board of directors of the Bell Telephone Labora-
tories, Inc., is General ]. J. Carty, Vice-President of the American
Telephone and Telegraph Company. Other members are: Dr. F. B.
Jewett, formerly Vice-President of the Western Electric Company, President
of the new corporation, and also recently elected Vice-President of the
American Telephone and Telegraph Company; W. S. Gifford, executive
Vice-President of the American Telephone and Telegraph Company;
Bancroft Gherardi, Vice-President of the same company; C. G. DuBois,
President, and J. B. Odell, assistant to the President of the Western
Electric Company.
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The operations of the Bell Telephone Laboratories, Incorporated, are
under the direction of E. B. Craft, executive Vice-President, who was
formerly chief engineer of the Western Electric Company.

In the functional division of the research, development and engineering
work of the laboratories, physical and chemical research is organized
under Dr. H. D. Arnold, director of research; development of apparatus
under J. J. Lyng, apparatus development engineer; and development of
communication systems under A. F. Dixon, systems development engineer,
all formerly concerned with similar activities in the engineering depart-
ment of the Western Electric Company. Dr. R. L. Jones, inspection
manager, continues his former responsibilities in engineering inspection,
and S. P. Grace, commercial development engineer, those of commercial
development.

The patent work of the Laboratories is organized under J. G. Roberts,
General Patent Attorney, formerly Assistant General Patent Attorney
of the Western Electric Company.

The corporate and commercial relations of the laboratories are under
the direction of Vice-President E. P. Clifford, who was formerly
Commercial Manager of the Engineering Department of the Western
Electric Company. John Mills continues as personnel director, responsible
for personnel activities, and educational and college relations.

The formation of Bell Telephone Laboratories, Incorporated, provides
an individual organization, the whole activities of which may be more
efficiently devoted to the furtherance of research, development and
engineering investigations along the line in which the parent companies
have already made such remarkable progress. Its formation is an indica-
tion of the estimate which these companies place upon the importance
of properly organized research and is a promise of continuous service
to the public, to the communication art and to the progress of science.

Charts showing the organizational framework before and after the
formation of Bell Telephone Laboratories appear in Figs. 2-12 and
2-13. The similarity of these two charts, and the carry-over of names,
point up the smooth transition from the old organization to the new.

The building at 463 West Street, New York City, headquarters
for this new organization, is shown in Fig. 2-14 as it appeared in
1923 when it was still the headquarters of the Western Electric
Engineering Department. The same building was to remain one of
the major locations of Bell Laboratories for more than 40 years.
Today, although no longer associated with the Bell System, it still
serves as a center for creativity, having been converted into studio-
residences for artists.

Likewise, after an additional half-century, the place of Bell Labo-
ratories in the organizational structure of one of the world’s great
corporate enterprises remains essentially as shown in the diagram of
Fig. 2-15, dated 1925. The role of science and technology in the growth
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Fig. 2-14. Western Electric’s building at 463 West Street, New York City, shown in
1923. In 1925 this building became the headquarters of Bell Telephone Laboratories.

of the enterprise could have been seen only dimly by the small
group of Boston merchants who laid the foundations of the business.
Yet, with vision and almost prophetic foresight, they and their
successors gave unwavering support to the pursuit of new scientific
knowledge and its vigorous application, the subject of our remaining
chapters and of subsequent volumes.

III. SUMMARY

The first 50 years following the invention of the telephone saw the
solution of critical problems of organization that vitally affected the
growth of the “Grand System” outlined by Alexander Graham Bell.
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Fig. 2-15. Corporate structure of the Bell System in 1925, showing the new company,
Bell Telephone Laboratories, owned jointly by AT&TCo and Western Electric.

Financing the rapid growth of this new venture started with a simple
“gentlemen’s agreement”’ among a few friends of Bell. When these
resources proved inadequate, the transition to the corporate form was
made smoothly under wise management without the stock-jobbing
and bankruptcies that were so common during the early industrial
era. By about 1900, the pattern had been set for an integrated
system consisting of regional operating companies owned by a parent
company furnishing the interregional connections and responsible for
overall engineering, development, research, and manufacture. This
relatively simple organizational pattern has continued to serve the
needs of the Bell System with little change up to the present.

During all stages of the organizational evolution, development and
research were not left to chance but as a matter of basic policy
were promoted within the System. At first this work was carried out
by engineering organizations within the parent and manufacturing
companies but with the formation of Bell Telephone Laboratories it
was consolidated in a separate corporate body owned jointly by the
parent company and the manufacturing company.

The policy of promoting internal technological development was
started when organized research and development was essentially
unknown but has proved so successful that it is now common-
place among progressive industrial companies. However, few modern
research and development organizations enjoy the autonomy provided
by a separate corporate entity such as Bell Laboratories.

In the chapters which follow we shall examine in detail the technical
advances which occurred during the first 50 years of telephony.
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58 Engineering and Science in the Bell System

We shall see that the early workers in the field had little technical
background on which to build and had to rely on intuition, in-
genuity, and experiment. However, by 1900, a theoretical basis for
electrical communication began to emerge based on application of
the fundamental research then taking place both within and outside
of the Bell System. By 1925 this had grown to a fairly comprehensive
background of basic knowledge, and the new Bell Laboratories proved
to be an ideal vehicle for expanding and building on this knowledge.
Bell Laboratories’ research and development activities then were to
provide the starting point for many of the programs leading to the
subsequent great expansion of worldwide communications.
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Chapter 3

Station Apparatus

During the first half-century of telephony, the development of station
apparatus, asrelatedin this chapter, involved a great expansion in technology.
The basic principles of the electromagnetic receiver and the variable-resist-
ance transmitter were covered by the initial Bell patent and within a few years
had become accepted throughout the industry. By the middle 1890s these
principles had been implemented in a form which outwardly was not greatly
changed during the first quarter of the twentieth century. A considerable
number of internal changes were made during this period, however, largely
on anempirical basis, to adapt station apparatus to the needs of the expanding
and changing transmission and switching plant. The same period also was
marked by the gradual evolution of the theory and the measuring techniques
which were necessary to remove design from the realm of empiricism so that
telephone stations could be developed systematically to meet preselected re-
quirements. The fundamental design techniques worked out during the first
quarter of the twentieth century were being applied before the end of the 1920s
and provided much of the groundwork on which the later enormous advances
in efficiency, quality, and utility could be based.

I. INTRODUCTION

Alexander Graham Bell should be credited with two basic communi-
cation inventions. The first was a device, the telephone instrument.
The second was what today we would call a “system concept.”

The essence of Bell’s invention of the telephone instrument resided
in his perception of an “analog’! relationship between sound pressure
and electromotive force. What he demonstrated was a physical means
for converting sound waves into what his associate Watson termed
““sound-shaped’” waves of electric current, followed by reconversion
at the receiving end. Success on the first attempt, with the primitive

'In the language of today’s communication art, the term "‘analog” signifies repre-

sentation of one variable by another when the relationship is continuous, rather
than coded or discontinuous.
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and inefficient instruments of Bell and Watson, can be attributed
to the extraordinary sensitivity with which nature has endowed the
human ear; for no man-made instrument of that day could have de-
tected and recognized the first faint words which electrified Watson
on March 10, 1876.

The concept, or “Grand System,” sketched by Bell in the 1877 pro-
spectus quoted in Section X of Chapter 1, proposed a system for two-
way voice communication between an individual in his home or
place of business and any other chosen individual wherever located.
It was essential in this concept that no special skill on the part of the
user should be required in order to be connected, as desired, to any-
one at any place.

The broad system concept was far in advance of existing tech-
niques and its realization required much original work in many
fields. The evolution of the organizational structure required to pro-
mote the rapid development of this concept has already been out-
lined and our remaining chapters can be devoted to the evolution of
the necessary technology.

The complete system, as conceived by Bell, involved a number of
elements, or subsystems. First came the end instruments for con-
verting between sound and electrical waves. Next, means were needed
for conveying the electrical waves over great distances. Providing such
means involves the art of transmission. Third, the transmission paths
had to be interconnected in such a way as to provide communica-
tion between the desired end instruments; this is the art of switching.
And finally, means had to be found for directing the switching opera-
tion, alerting the person called, and later terminating the call and
clearing the circuits; these are signaling techniques. In 1877, when the
concept was outlined, none of these elements was available in usable
form and there was little theory to guide their development.

The evolution of these developments will be the subject of the
chapters which follow. For convenience they will be categorized by
the major subsystem discussed: end instruments, transmission,
switching, etc. The reader should, however, understand that devel-
opment occurred in parallel along all lines and a major part of the
technical effort was necessarily devoted to designing the elements
so that they would work together as a coordinated system.

This chapter will be devoted largely to the terminal equipment com-
monly designated as “station apparatus.” It also will cover similar
apparatus used by telephone operators and for the other special pur-
poses, as well as supplements to the more common customer apparatus
such as coin telephones, telephone booths, and the like.

Broadly, station apparatus consists of the terminal equipment
which provides the interface between users and the transmission
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and switching portions of the system. This equipment is somewhat
unique in that it is multifunctional. It includes the end instruments
which convert speech waves into their electrical analog and recon-
vert the electrical waves into the acoustical form needed by the user
at the distant end. Thus they prepare the sound waves for electrical
transmission and are closely allied to the transmission subsystem.
The station apparatus also is part of the switching subsystem in that
it initiates, under control of the user, the signals required to direct
the routing set up by the switching mechanism to the called station.
In some cases, rudimentary switching operations are also performed
by the station apparatus to establish local, usually on-premise, con-
nections to other stations or to establish connections to one of several
outside lines. The station apparatus also includes ringers or other
alerting mechanisms, such as lights, to signal that calls are waiting or
to indicate the status of calls in progress. Finally, since the station
apparatus is on the users’ premises, it constitutes the part of the system
visible to the users and, to a considerable extent, is representative
of the entire telephone system. This is particularly true in these days
of automation when personal contacts within the telephone system
are so few. Thus, station apparatus must be designed to be compatible
with both system and human factors. It must not only function
properly with the transmission and switching elements of the system
but also serve as a connecting link between the electrical and human
elements which enter into a telephone call.

Because of the multifunctional character of telephone stations and
their dependence on developments in other areas, it will be helpful
to anticipate some of the material in later chapters, particularly the
evolution of the problems faced in developing the wire transmission
plant. Broadly, this plant is made up of the lines which carry the
electrical waves between the stations. Originally, each line consisted
of a bare iron wire supported by an overhead structure, with the
ground used as the return portion of the circuit. Later, copper re-
placed iron as the conductor and the “metallic’” circuit using a pair
of wires replaced the ground-return circuit. This “open wire” struc-
ture was supplemented (and untimately replaced) by bundles of in-
sulated copper wires in a waterproof sheath. These “cables” pro-
vided a much more compact structure than open wire and could be
used either underground or suspended from poles. All of these
structures presented transmission problems which for 40 years not
only affected the growth of the network but also greatly influenced
the development of station apparatus.

The main problem was “attenuation” or the reduction in strength
suffered by the electrical waves as they traversed the transmission
lines. The electric currents produced by the telephone from the
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voice waves were feeble at best and large amounts of attenuation
could reduce them to a point where their reconversion to voice waves
no longer produced audible speech. Consequently, for many years a
major objective in designing wire plant was to find ways of reducing
or compensating for attenuation. Considerable success was achieved
in reducing attenuation, first, by the use of copper in place of iron
wire, and later by series inductance, or “loading coils,” inserted at
regular intervals. But until the 1907 -1912 period the only way found
to compensate for attenuation was by designing the station instru-
ments for the highest practical efficiency at the frequencies most
important for speech transmission.

By applying all the ingenuity of transmission and station designers
it became possible to telephone over roughly half the width of the
continent by the early part of the twentieth century. For greater dis-
tances the need was obvious: a booster ““amplifier” which could be
inserted in the line to generate, from the attenuated wawves, analogous
but enhanced waves. We shall shortly see that one form of telephone
instrument was an amplifying device which converted a weak voice
wave to a higher-powered electrical wave, and it was largely through
its use that transmission became possible over hundreds of miles.
However, the development of a line amplifier eluded all efforts
until the electron tube was invented by de Forest in 1907 and turned
into a practical amplifier by Arnold and others in the next five to
ten years. This great invention at last gave the transmission engineer the
scope he needed and freed the station developer from the rigorous
constraints under which he previously operated. Further freedom
was given the transmission and station designer by the development,
beginning about 1915, of a new transmission medium, a sort of
“wired wireless,” which came to be known as “carrier” transmission.

With this background, the reasons behind the evolution of station
apparatus should be more understandable to the reader. However,
one more matter should be mentioned for the benefit of those with
little previous knowledge of telephone transmission. As the electric
currents flow through successive line sections, they are attenuated
exponentially. If the output/input ratio is x for one section of line,
it will be x* for two, x* for three, and so on. In order to simplify the
treatment of attenuation (and amplification) it has become the cus-
tom to describe it in terms of the logarithm of a power ratio, instead
of using a simple ratio, in order to obtain units which are additive.
The unit currently used almost universally is the decibel (dB) and
the reader will find it used frequently in this and succeeding chapters.
Its evolution is described in some detail in Section 5.1.1 of Chapter
4, but for the present it will be sufficient to say that mathematically
it is defined as 10 log P/P,, where P, and P, represent input and
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output powers respectively. This formula gives an answer having a plus
sign for attenuation and a minus sign for amplification. Frequently the
terms “loss” and “gain” are used to respectively represent a decrease
and an increase of power, in which case the signs are implicit. Finally,
those unfamiliar with the decibel may feel the need for an illustration
of the magnitude of the unit. While this is covered in Chapter 4 also,
the following table may meet the immediate need:

dB Power Ratio (Approximate)
1 1.25
3 2
6 4

10 10

20 100

We now discuss the evolution of station apparatus during the first
50 years of telephony with the hope that our readers will have some
feeling for.the interaction between the growing technologies in the
station and transmission areas.

II. ELECTROACOUSTIC CONVERTERS

In telephone terminology the device that converts acoustic waves
into analogous electric waves is referred to as a “transmitter” and
the one that performs the reverse conversion is designated a “re-
ceiver.” Bell’s electromagnetic converter? operated reciprocally and,
as indicated in Chapter 1, was often used in the early days of telephony
to perform both conversions. Sometimes the same device was used
alternately as transmitter and receiver but more commonly separate
devices, both using the electromagnetic principle, were provided.

While the use of the same basic device for both transmitting and
receiving functions had the advantage of simplicity, it was highly
restrictive since converters of the reciprocal type are inefficient,
particularly when they must meet some of the difficult size and tech-
nical requirements imposed by telephony. Using nineteenth-century
techniques, an electromagnetic receiver would roughly convert one
thousandth of the applied electrical power into acoustic power in
the ear canal. The efficiency of a similar device used as a transmitter

? The basic principle was that a diaphragm, moved by acoustic waves, caused an
iron element to vibrate in a magnetic field. The resultant disturbances in the field
induced an electric wave in a coil of wire also placed in the field. Conversely, electric
waves in the coil disturbed the field causing the iron element (and diaphragm) to
vibrate, thus generating acoustic waves. See Chapter 1 and Section 2.2 of the present
chapter for illustrations of early electromagnetic converters.
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would not be identical but would be of the same order of magnitude.
Thus the dual conversion from acoustic to electric waves and back
to acoustic would provide the listener with about one millionth of
the voice power at the transmitting end, i.e., it would suffer a “loss”
of 60 dB. With this large loss in the converters little margin is available
for line attenuation and transmission distance is severely limited.

Fortunately, there was an altermative to the electromagnetic con-
verter for performing the transmitter function. This was the variable-
resistance converter in which the acoustic waves impinging on a
diaphragm caused a resistance to vary in an analogous manner. By
placing this variable-resistance element in a circuit with a direct-
current source, the relatively low-powered sounds could cause con-
siderably larger electrical waves. Such a device was a true amplifier
using a low-power acoustic input, not as the source of the electric
output, but to control a high-power output derived from the direct-
current source and providing a gain of as much as 30 dB. The possi-
bility of using such a device was understood from the beginning;
it was one of the converting techniques mentioned in Bell’s first patent,®
and the principle was embodied in the electrolytic transmitter
which Bell used in his first transmission of intelligible speech. After
the first few years of telephony almost all effort on the improvement
of transmitters went into the development of practical and efficient
transmitters of the variable-resistance type and, as noted in Section
4.2.1 of Chapter 4, these devices were the only practical source of
amplification available during the first 35 years of telephony. It
should be stressed that without the development of the variable-
resistance transmitter, telephony would not have become a commercial
reality in the nineteenth century.

Unfortunately, variable-resistance converters were not reciprocal;
they could not perform the electric to acoustic conversion and no
practical source of amplification for the receiver was available. The
receiver, therefore, developed on the basis of the electromagnetic
principles used in Bell’s original device and even now these basic
principles are used in the vastly improved telephone receivers of
today and, with slight modification, in the loudspeakers of the public-
address and entertainment industry.

2.1 Transmitters

The evolution of the basic principles used in telephone trans-

mitters went through several stages but they were reasonably well
established by about 1890. After this time major effort was devoted

3 A.G. Bell; U. S. Patent No. 174,465; filed February 14, 1876; issued March 7, 1876.
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to improving performance and meeting the many evolving require-
ments of the user and the growing telephone plant. However,
before describing these events we should consider a few related
matters, some largely of historical interest and others providing sub-
stantial technical foundations for events to follow.

2.1.1 Early Background

Bell’s liquid transmitter, described in Section IV of Chapter 1,
was the first application of the variable-resistance principle. This
device, which transmitted the first intelligible speech sounds, used
a fine wire, attached to a diaphragm, partially immersed in a metal
cup of acidulated water. The resistance varied as the speech sounds
caused the diaphragm to move the wire up and down in the acid.
This transmitter was satisfactory for demonstrating the principles of
telephony but was obviously not practical for commercial usage. For
this purpose Bell reverted to the electromagnetic principle and im-
proved the electromagnetic converter to the point where commercial
telephony” over limited distances could be accomplished. Since this
type of transmitter was essentially identical to the contemporary
receiver, they will be described together in Section 2.2. However,
growth of telephony was dependent on the improvement of the
variable-resistance transmitter and the microphonic contact was to
prove the key to this development. Before describing this principle
it will be interesting to step back a few years before Bell began his
work and examine another attempt at achieving telephony.

In 1861, well before Bell’s work, Johann Philipp Reis, a professor
of Natural Philosophy at Garnier’s Institute in Frankfurt-am-Main,
Germany, constructed an apparatus which he specifically called a
telephone. This apparatus was demonstrated by him before the
Physical Society in Frankfurt, and he authorized a Mr. Ladd to exhibit
it to the British Association in 1863. The Reis telephone included
a transmitter and a receiver (Fig. 3-1). The transmitter comprised
a membrane with an attached electrode, and a second, spring-sup-
ported electrode, delicately adjusted so that at each vibrating excur-
sion of the membrane an electrical contact between the two electrodes
was made and broken. The receiver consisted of a steel rod attached
to a sounding board and surrounded by a coil of wire; it operated
on the magnetostriction principle that was first observed by Dr. C. G.
Page of Salem, Massachusetts, in July 1837. This apparatus, when
operating on the make-and-break principle proposed by Reis,
could transmit and reproduce the pitch or frequency of sounds
but not their variable intensity or amplitude as required by telephony.
We can now see that with a different adjustment of the electrodes (in
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Fig. 3-1. Reis telephone. (Prescott 1879, Fig. 4)

a manner not contemplated by Reis) a microphonic contact might
have been obtained that would have produced some amplitude change.
Thus it is quite possible that a determined and perceptive experimenter,
working with this device, might have discovered the miaophonic
principle.? But the Reis work was not pursued and instead the dis-
covery and application of this important principle grew out of inde-
pendent work largely carried out in the United States.

Credit for the disclosure of the microphonic principle usually goes
to David E. Hughes but, as we shall see, both Edison and Berliner de-
serve consideration. The basis for the Hughes claim is a paper that he

* It will be recalled that Bell’s telephone invention was the outgrowth of his work
on an entirely different device, the multiplex telegraph. When his instrument
produced unexpected results, under maladjustment, he was quick to interpret the
reason and had the vision to see the possibility of furthering his concept of telephony.
It is interesting to note that A. E. Dolbear, writing in Scientific American of June 1881,
pointed out that the Reis transmitter did not make and break the circuit at low
speech inputs and would, at these levels, act much like a Blake transmitter. How-
ever, it is clear from Dolbear's remarks that even as late as 1881, 20 years after the
transmitter was proposed by Reis, most technicians still referred to it as a make-
and-break device.
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had written and sent to Professor Huxley for presentation and publica-
tion. Accordingly, this paper, describing experiments with loose
contacts between various materials, was read before the Royal Society
in London by Professor Huxley on May 8, 1878. Hughes, bom in
London, was at the time of his experiments Professor of Natural
Philosophy at the College of Bairdstown, Kentucky. He had noted that
a variation in electrical current followed from varying degrees of
intimacy of contact between two conductors. He described how an
assembly of three nails, one resting on the other two (Fig. 3-2), was
highly sensitive to vibrations of either the supporting platform or
the air. A second form, comprising sharpened pencils of carbon
resting loosely in conical depressions in carbon blocks and mounted
on a sounding board, as shown on Fig. 3-3, was found to be extremely
sensitive. Hughes explained that “these effects are due to a difference
of pressure at the different points of contact, and are dependent for
the perfection of action upon the number of these points of contact.””®
To identify the phenomenon thus exhibited, Hughes revived the
term “microphone,” coined and first used by Wheatstone in 1827 for
a purely acoustic device (a sort of stethoscope) which he had devised
“for hearing sounds when it is in immediate contact with sonorous
bodies.” The term “microphone” was used for many years to refer

Fig. 3-2. Hughes loose-contact microphone. Fig. 3-3. Hughes loose-carbon-contact microphone.

°® Perhaps the principle discovered by Hughes will be more understandable if re-
stated in modem terms. He had found that an electrical resistance existed at the point
of contact between two conductors. With low contact pressures and small contact
areas, this resistance varied greatly with the amount of pressure applied. Thus the
very small pressure variations in speech waves could produce the relatively large
variations in resistance required to produce current changes of a magnitude suffi-
cient for a useful telephone transmitter.
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to sensitive loose-contact instruments. Later this term was used as a
specific designation for the high-quality acoustoelectric transducers
used in public-address, sound picture, radio, and television work.
Curiously, it is still so used, even though these devices have not em-
ployed the Hughes microphonic principle for over 40 years, but the
term is essentially unused in connection with the telephone trans-
mitter, a device which still uses the principle.

The Hughes carbon-pencil microphone was further developed in
France by Ader and his contemporaries. For commercial use, they
constructed models having 6 to 12 pencils connected in series-multiple
arrangements. An account, published in 1884, described a new acoustic
effect discovered by Ader and demonstrated for the first time at the
1884 Paris Electrical Exposition in transmitting musical programs.
He installed his microphones near the stage of the Grand Opera and
telephones (receivers) at the Exposition Hall for listening. Each
listener was provided with two Bell receivers (one for each ear)
separately connected to two microphones that were situated some
distance apart. As a result, the listener was enabled to picture in
his mind the position on the stage of the performers and to follow
their movements to the left or the right. This was the first demon-
stration of true binaural transmission.

Hughes and his contemporaries thus not only confirmed Bell’s
concept of a variable-resistance converter, as exemplified by his
liquid transmitter, but had found a way to achieve large resistance
variations with small acoustic inputs through the use of loose con-
tacts between suitable materials. Neither the Hughes microphone
nor the liquid transmitter was commercially practical for telephony
but they had set the stage for developing such devices.

2.1.2 Learning to Apply the Microphonic Principle

2.1.2.1 Early Edison Transmitter. Credit for the first major applica-
tion of the variable-resistance contact to telephony goes to Thomas A.
Edison for his compressed-lampblack transmitter. Edison was a con-
sultant for the Western Union Company and a subsidiary of this com-
pany, the American Speaking Telephone Company, was a Bell com-
petitor. In 1877 he filed patent applications covering transmitters using
variable-pressure contacts between metal and plumbago (or plumbago-
coated) electrodes. Interference proceedings held up the granting of
these patents for 15years and thereis no evidence thatthesedevices were
ever used. In the meantime he had found that highly compressed
lampblack (carbon) in contact with metal provided a better variable
resistance and he obtained a patent on this material.® The device

S T. A. Edison; U. S. Patent No. 203,016; filed March 7, 1878; issued April 30, 1878.
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was used into the early 1880s and was found to be rugged and to pro-
vide a higher output than the magneto transmitters used by the
National Bell Telephone Company at the time.

The lampblack transmitter, illustrated in Figs. 3-4 and 3-5, used
a single contact between a metal diaphragm and the carbon disk
so arranged that pressure on the carbon, and thus the resistance
of the assembly, varied in accordance with the sound vibrations
striking the diaphragm. The adoption of carbon for acoustic modula-
tion of a direct current was the result of an extensive survey by Edison
of available materials. The search included “hyperoxide of lead,
iodide of copper, black oxide of manganese, graphite, gas carbon,
platinum black, finely divided metals including osmium, ruthenium,
silicon, boron, iridium and platinum, in fact, all conducting oxides,
sulphides, iodides, fibers coated with metals by chemical means and
pressed into buttons, liquids in porous buttons of finely divided non-
conducting materials.”” The best material was found to be lampblack
obtained from the combustion of light hydrocarbons, such as gasoline
or naphtha, and compressed by the application of several thousand
pounds of pressure into a solid disk.

2.1.2.2 Berliner-Blake Transmitter. Because of the superiority of the
Edison instrument, the American Speaking Telephone Company made
severe inroads into National Bell operations. Therefore, the Bell manage-
ment instituted a patent infringement suit in 1878 on the basis that
Edison’s device operated on the variable-resistance principle covered
by Bell’s original patent. The suit was settled out of court in 1879.
However, because of the early competition, National Bell intensified
its efforts to produce a better transmitter.

These efforts resulted in the development of a superior trans-
mitter, incorporating inventions of Emile Berliner and Francis Blake,
which was named the Blake transmitter.

Fig. 3-4. Early Edison transmitter (1879). Fig. 3-5. Cross section of early Edison transmitter.
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Emile Berliner, a native of Hanover, Prussia, was employed in Wash-
ington at the time of the Centennial Exposition in Philadelphia, and
so learned of Bell's exhibit. He had also learned from a friend who
was the chief operator of a telegraph office that a firm contact of
the telegraph key was required to insure proper action of the sounder,
and that few women were used as telegraph operators because of
the lack of suitable strength in their fingers. He correctly deduced
that a light contact might be used to provide the variable resistance
needed for a telephone transmitter, constructed a device (Fig. 3-6) in
which a steel ball pressed against an iron diaphragm, and found that
the contact resistance did indeed vary as the diaphragm vibrated.
Berliner filed a caveat for this invention on April 4, 1877; the U. S.
Patent, No. 463,569, was not issued until November 17, 1891, but
the National Bell Telephone Company purchased the right to use
the invention and engaged Berliner in their service.”

The Berliner device was not commercially practical without further
development since it was highly unstable, critical in adjustment, and
unusable over a wide range of speech volumes without excessive
distortion. The improvement of the device was undertaken by
Francis Blake who joined the Bell Company in the summer of 1878.
He had studied the reports of Hughes” work, and designed a trans-
mitter on the microphonic principle that also included Berliner’s
concept. In this instrument one electrode was a platinum bead and
the other was a hard carbon disk. Both electrodes were spring-
mounted; the springs held them in contact with each other and also
pressed the assembly against the diaphragm (which did not need to
be a conductor) so as to be driven by its motion (Fig. 3-7). The edge of
the diaphragm was encased in a single rubber band, stretched over
the edge and extending about one-quarter of an inch inwards on
both faces, an idea contributed by E. P. Wilson of Boston. This band
served to hold the diaphragm firmly but not rigidly in place, and re-
duced the effects of mechanical vibration of the transmitter mounting.
This transmitter was superior to the Edison instrument in clearness
of articulation, in reliability, and in durability, but not in loudness.
In 1881, Blake received four patents® covering this instrument.

After 1878, the Blake transmitter rapidly became the Bell System
standard and remained so for a number of years even though the
settlement of the patent suit against Western Union in November

" Curiously, the descriptive material in Berliner’s patent implies the use of his
device as a receiver as well as a transmitter and the illustrations show it so used. How-
ever, Patent No. 463,569 claims only its use as a transmitter and states that use as a
receiver is the subject of a separate claim. Presumably the impracticality of this claim
was recognized since no patent for such a device seems to have been issued.

®F. Blake; U. A. Patent Nos. 250,126 through 250,129; filed September 15, 1881;
issued November 29, 1881
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1879 gave National Bell (soon to become the American Bell Tele-
phone Company) access to the Edison transmitter patents. Aside
from the transmitters acquired by the Bell Company from Western
Union, the Edison lampblack transmitter received little use, but subse-
quent work by Edison on granular-carbon transmitters had a far-
reaching effect on Bell transmitter development.

As a matter of interest, the frequency response characteristic of
an 1878 model of the Blake transmitter was measured many years
later, after equipment for making such measurements became avail-
able. The response curve is shown in Fig. 3-8, and was characterized
by extreme peaks and valleys, the total variation being as much as 65 dB

Fig. 3-6. Berliner microphone.

Fig. 3-7. Blaketransmitter: cross section of working parts. A, door; B, orifice for sound
waves; C, iron diaphragm; D, soft rubber ring covering diaphragm rim; E, iron mounting
frame; F, damping spring; G, light spring holding platinum bead H; I, hard carbon
disk set in metal backing ] bome by heavy spring K; L, means for adjusting pressure
at microphonic contact between carbon disk and platinum bead. (Redrawn from
Rhodes 1929, p. 80)
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Fig. 3-8. Frequency response of a Blake single-contact transmitter of 1878.

from the peak at 380 hertz to the dip at 3,000 hertz. But despite peaks
and valleys, useful output of the Blake transmitter was estimated to
be nearly 20 dB higher than a contemporary magneto transmitter.

The Blake transmitter represented the peak development of single-
contact transmitters, but at the very time when it was being introduced
into commercial telephony the groundwork for its replacement was
being laid by Henry Hunnings, an English clergyman. But before
we discuss the important contribution of Hunnings, we should re-
view briefly the inventions which carried the art to this point.

It should be clear to the reader that both Edison and Berliner had
put to use the microphonic principle before it was disclosed by the
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Hughes paper of May 1878. In the case of Edison there is some
question as to whether or not he had appreciated as fully as Hughes
the significance and generality of the microphonic principle. In his
patent application (possibly to avoid conflict with Bell's patent) the
claims emphasized the importance of the material rather than the
principle. In the case of Berliner it seems clear that his objective
was to take advantage of the resistance variation resulting from pres-
sure variation on metals in loose contact. Today, some 90 years after
the event, it appears that he clearly anticipated Hughes but probably
did not have as broad an understanding of the principle. His trans-
mitter performed rather poorly and was difficult to adjust and it was
only the modifications made by Blake (after Hughes’ disclosure) that
made it a commercially usable device.

2.1.2.3 Hunnings Transmitter. On September 16, 1878, Henry
Hunnings of Bothwell in Yorkshire received a British patent on a
telephone transmitter using multiple contacts derived by partially
filling a cavity between two electrodes with finely divided carbon
(“engine coke”’) in a loose or free state.? An electrically conducting
diaphragm of suitable metal—platinum, silver, ferrotype, or tinned
iron—formed one electrode and a brass disk formed the other (Fig.
3-9). Because of the multiple parallel contacts, this instrument could
carry higher currents than the single contacts of the Berliner, Edison,
and Blake transmitters, and because of the multiple series contacts,
its resistance could be made higher. Consequently, the amount of
direct-current power that could be modulated by the diaphragm
motion was substantially increased by this design, resulting in about
a 9-dB increase in efficiency. Although the loose carbon particles had
a marked tendency to pack together and become insensitive, Hun-
nings’ United States patents!® were purchased by the American Bell
Telephone Company.

The packing characteristic of the original Hunnings design ren-
dered it unsatisfactory for commercial use but it was developed into
a more acceptable form by the engineers of the American Bell Com-
pany who redesigned it in 1885 to use a horizontal diaphragm and
hard carbon granules. They also gold-plated the electrodes to re-
duce contamination of the electrode surfaces. This design was called
the “long distance” transmitter because of its high output. Over ten
thousand units of this type (Fig. 3-10) were used by American Bell
in the following years.

® A modern transmitter may contain between 3,000 and 50,000 carbon granules,
depending on design characteristics.

**H. Hunnings; U. S. Patent Nos. 246,512 and 250,250; filed May 14 and September
30, 1881; issued August 8, 1881, and November 29, 1881.
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i

Fig. 3-9. Hunnings transmitter {1682)

jrl-t’.. 3-10. "'Long distance™ transmitter.

Blake also attempted to adapt the Hunnings concept to his structure
by replacing the single contact with a chamber containing granular
carbon. Three designs were coded in the 1888-1890 period and a
total of about 13,000 units manufactured. A typical design is shown
in Fig. 3-11.

2.1.2.4 Edison Carbon-Granule Transmitter. A further improvement
in the multicontact transmitter occurred in 1886, when Edison
introduced the use of granules of anthracite coal that had been car-
bonized by roasting.' When properly processed, this carbon was
much superior to previous forms of carbon in hardness, uniformity,
and durability. It was quickly adopted as the standard transmitter
material and has remained so for 80 years.

Commercial carbon had been available for many years as charcoal,
obtained from wood or vegetable matter, and as coke, obtained
from certain types of bituminous coal. It had also been available
in molded forms such as rods, plates, and crucibles. The molded
forms were produced by pulverizing the charcoal or coke and mixing
this dust with syrup or molasses. This mixture was then compressed
in prepared molds and raised to white heat for an hour or more;
the compactness and hardness were increased by repeated soaking
in syrup and heating. The finished product contained all of the non-
volatile impurities of the raw material. As better-quality carbons
were needed (specifically for arc light pencils), lampblack, retort

" T. A. Edison: U. S. Patent No. 406,567; filed February 19, 1886; issued July 9, 1889.
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carbon, and gas carbon were substituted for coke and charcoal as
the raw material; as noted previously, Edison used a selected lamp-
black for preparing his early transmitter buttons.

The established superiority, for telephone transmitter usage, of
roasted granular carbon made from anthracite coal relative to other
known materials is due to its unique combination of properties which
include: great hardness, elasticity, surface geometry (roughness), heat
conductivity, electrical conductivity, infusibility, and the fact that its
oxides are gases.

2.1.3 Large-Scale Commercial Production

The Edison granular carbon provided the last building block
needed for developing variable-resistance transmitters which would
be efficient, stable, and capable of large-scale production. Even though
the basic principles and a suitable granular material had been devel-
oped, a practical design still had to be devised. A main problem re-
maining was the mechanical and electrical “packing” of the carbon

Fig. 3-11. Blake granular-carbon transmitter (1888). (Frederick 1931, Fig. 17)
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Fig. 3-12.  White’s solid-back transmitter (1890).

granules which greatly reduced the output.’? It was frequently
necessary to jar or shake the transmitter before normal operation
could be obtained. A major step in overcoming this obstacle was made
by Anthony C. White, an American Bell engineer, with his invention
of the “solid-back transmitter”” in 1890.3

2 *Packing” is of two types, electrical and mechanical. Electrical packing is a form
of the “‘cohering’ of conducting particles that later was to prove so useful in early
wireless. When this occurs, the carbon granules cling together, the resistance is greatly
reduced, and the sensitivity to sound waves may be reduced to a few percent of the
normal state. Fortunately, roasted carbon does not cohere readily, requiring a voltage
of 1%2 volts or more between contacts as compared to about 1/10 volt for metals, and
can be reasonably well controlled by proper design and selection of operating voltages.
Mechanical packing is due to a settling and compressing of the carbon mechanically,
and in early transmitters was often associated with heating effects in the transmitter
itself. The understanding of the causes of packing and design techniques to minimize
it which were developed in the 1890s represented major advances in transmitter
design.

3 A, C. White; U. S. Patent No. 485,311; filed March 24, 1892; issued November 1, 1892.
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Fig. 3-13. Devices preceding the standardized solid-back-transmitter design of
1895 (No. 229 transmitter).
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The structure and essential elements of the solid-back transmitter
are illustrated in the three parts of Fig. 3-12, taken from the White
patent. Part (a) is a cross section showing how the essential element,
the so-called button, is placed between the diaphragm to which it
is attached at the front and the metal bridge to which it is fastened
at the back. This heavy metal bridge, which solidly held the button
in place and gave rise to the “’solid back’” name, is shown more clearly
in the rear view of the transmitter given in part (c). The latter also
shows quite clearly the two rubber-covered springs which held the
diaphragm against its support and provided mechanical damping to
prevent unwanted spurious responses and thus control the electrical
characteristics of the device. Following earlier practice the periphery
of the diaphragm was encased in a rubber band. The button, which
was the uniquely important element, is illustrated in part (b) of the
figure. This button contained a chamber partially filled with roasted
carbon granules providing multiple contacts between two carbon-
disk electrodes. The rear electrode was attached to the bridge and
the front electrode was free to move under the influence of the
diaphragm (to which it was attached by a screw). The front enclosure
of the button was an annular ring of thin mica which permitted motion
of the electrode in a piston-like manner and insulated the two elec-
trodes so that the current path was through the carbon granules.
In addition to being more reliable and less susceptible to packing,
the output of the solid-back transmitter was about 2 dB higher than
the Hunnings long-distance transmitter.

This transmitter proved to be the prototype for nearly all the
customer-used transmitters produced during the 35 years following
White’s invention. Before relating the evolution of the solid-back
transmitter into high-production designs, it may be interesting to
recall the devices which preceded it by reviewing Fig. 3-13 which
shows the significant development steps in roughly chronological
order. The three devices at the top are early forms of the magnetic
transmitter (mentioned in Chapter 1 and discussed further in Sec-
tion 2.2 of this chapter). The second line shows the early steps in
developing the variable-resistance principle beginning with Bell’s
liquid transmitter and continuing with the early efforts of Berliner
and Edison in applying the microphonic principle. All of these
devices were produced within roughly the first two years after Bell’s
invention and received at most very limited commercial application.
During the next few years the more practical designs shown at the
bottom of the figure were introduced and manufactured in some
quantity. These designs included the Blake device, which culminated
the application of the single-contact principle, and the long-distance
transmitter which embodied the first practical application of the
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Hunnings multicontact invention. Finally, by 1890, 15 years after
Bell's original work, the solid-back transmitter had been developed
and was to serve as the basis for transmitter design until the mid-
twenties of the following century.

The evolution of the Bell System solid-back design is illustrated in Fig.
3-14. By 1895 the design had been considerably refined and standardized
as the No. 229. In this device the diaphragm was made of aluminum
instead of the iron or steel used prior to White’s solid-back design.
The lighter diaphragm responded more readily to air motion and
was retained in the later models.

Beginning in 1906 a number of special transmitters were built
in which the case (and other parts coming in contact with the user)
was insulated from the parts connected to the line. This desirable
safety feature was standardized in the 329 transmitter introduced
in 1913. Several minor changes were also made at this time including
the use of steel instead of brass for the bridge (a change retained
in later designs). Electrically the performance was unchanged.

In the Mos. 229 and 329 transmitters, the simple disk diaphragm
was attached to the front button-electrode by a threaded nut, but
this arrangement was changed to a pressure contact in the Nos. 323
and 337 (introduced in 1917 and 1919 respectively). The No. 323
transmitter employed the same button structure as the 229 and 329
but the vibratory system was changed to improve efficiency. A new
form of diaphragm was used, the edge being tumed over to provide
a narrow contact with its seat at the outer edge. This edge rested
on an insulating ring of varnished cambric (the long-used rubber
band being omitted from the periphery). The dual damping springs
were also omitted, a single spring near the center of the diaphragm
being substituted. This spring not only provided damping but also
served both to conduct current to the front electrode and to hold
the electrode against the diaphragm. The diaphragm was thus less
loaded, both at the edge and at the center, and so had increased
freedom of vibration. The 323 structure was also arranged for bracket
mounting and coded the 353.

| The No. 337 transmitter of 1919 used a new form of button with
a conical back and small back-electrode. This redesign increased the
transmitter resistance with accompanying improved efficiency. How-
ever, since the high efficiency was undesirable on short loops and
the transmitter tended to be noisy under these conditions, its use
was limited to long loops, originally those over 300 ohms in resistance.
Later this limit was reduced to 150 ohms.

During the period we have been discussing, the telephone plant
had been undergoing a major change. Originally, the power for
the transmitter was supplied at the user’'s premises by one to three
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cells of battery, each with an output of 1.5 volts. It was customary to
design transmitters for this “local battery” service with a low resist-
ance in order to maximize the amount of direct-current power avail-
able from the low-voltage source. Usually a resistance of from 5 to
10 ohms was achieved. The requirements changed, however, as
““common battery” offices were introduced beginning late in 1893.
In these offices a battery at the central office with an output of 16
or more volts was used to supply direct-current transmitter power
over the telephone lines. This greatly reduced the cost and nuisance
associated with local supply and the practice grew rapidly. However,
with common-battery supply the resistance of the supply circuit was
large and in spite of the higher-voltage source the transmitter
current was usually smaller than that obtainable with local batteries.!*
In order to compensate for the loss in efficiency which this would
cause, transmitters for common-battery use were designed for a
higher resistance (usually 25 to 40 ohms). The original solid-back
transmitter used a low-resistance button (No. 3 type) but a high-
resistance -button (No. 7 type) was developed for common-battery
service. For some time both types remained in use, according to the
battery supply employed, but before long the high-resistance type
was used universally.

While the basic electrical design was not greatly changed over a
long period from its 1890 prototype, very significant changes were
made in manufacturing methods and particularly in the manu-
facture and control of the carbon granules. Exacting procedures
were required in all stages of transmitter production. No contamina-
tion of the carbon electrodes or granules was permissible; the quantity
of carbon granules used in the buttons was closely controlled. The
tension of the diaphragm and button assembly required accurate
adjustment and the completed instrument was voice-tested to assure
proper performance. For a considerable period of time this work
was done by the Western Electric Company at 463 West Street in
New York City. A view of the transmitter assembly operations about
1906 is shown in Fig. 3-15.

The external appearance of Bell System transmitters varied widely
over the years depending both on the electrical design and the manner
in which they were used. During the first 50 years of telephony
roughly a hundred different transmitters had been designed. Figure
3-16 shows in chronological order some of the variations. By 1925
all the designs shown had been discontinued and the Types 323,

M The current also varied with loop length, unfortunately being lowest on long
loops where line attenuation was highest. Despite this problem, the advantages of
common-battery operation were so great that it was rapidly adopted in new offices.
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Fig. 3-15. Transmitter assembly on the 9th floor of Section C at 463 West Street,
New York City about 1906.

353, and 337 were the basic standard models for customer use and
were designed to fit in various mountings. Many of the models shown
in Fig. 3-16 represent minor variations in mounting or design for
limited special usage (police, military, etc.) and will not be individually
identified. A few of the types illustrated were intended for operator
use and will be mentioned later.’® Some of the more important
types designed for customer use are listed below, together with their
production dates and quantities.

Identification Date Quantity
No. in First Manufactured
Fig. 3-16 General Type Produced (Bell System)
1-11 Magneto box telephones 1877 6,000
12-16, 19 Blake transmitters
(16 and 19 most used) 1878 340,000
20, 21 Edison transmitter 1881 2,000
25-28 Long-distance (modified
Hunnings) transmitter 1886 12,000
30-32 Blake granular-carbon
transmitter 1888 13,000

!> Telephone transmitter Type 234 (No. 77 in Fig. 3-16), introduced in 1900, is
most significant since it introduced a pattern used for many years.
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38-42, 54, Early solid-back transmitter
58, 69, 80, for local-battery use
85, 88 1891 930,000
55-57, 64 Early solid-back transmitter
for common-battery use 1894 590,000
65, 66, 81, 87 Solid-back transmitter of
type 229 and related types 1895 4,600,000
94 Type 329 transmitter 1912 3,500,000
(Not shown) Types 323 and 353
transmitters 1917 7,000,000*
(Not shown) Type 337 transmitter 1919 700,000*

* Estimated production through 1925.

It will be noted that, despite its shortcomings, the Blake transmitter
was the mainstay of the business in the early years. The Blake
granular-carbon transmitter, first produced in 1888, presented so
many problems due to packing that it did not receive large commercial
use. White’s solid-back design rendered the granular-carbon instru-
ment practical and it was only then that the true potential of telephony
could begin to be realized.'®

2.2 Receivers and Other Electromagnetic Converters

Bell was not the first to construct a device to convert electric waves
into sound. In 1837, Dr. C. G. Page, in Salem, Massachusetts, noted
that sounds were emitted by a magnet if the magnetism was suddenly
changed. (The magnetostriction principle later was used by Reis in

" In 1908, Hammond V. Hayes, who was closely associated with telephone devel-
opments between 1885 and 1907, testified in a court case concerning the perform-
ance of early transmitters. Some of his testimony will be of interest: “In the early
days, 1879 and 1880 or thereabouts, we had two forms of telephone transmitters,
the Blake transmitter and the Edison transmitter. These two were both objectionable.
The Blake transmitter was unsatisfactory, for the reason that if you tried to make it
powerful and spoke closely to it the instrument broke, rattled, was indistinct. The
Edison transmitter was objectionable, because you could get very little volume from
it except when you spoke with your lips pressed directly against the mouthpiece,
which was a condition very hard indeed to get subscribers in the field to do. . . . the
Hunnings transmitter . . . was bought by the Bell Company with the expectation
that it would relieve us from the objections which were inherent in the two earlier
forms . . . But we found that the Hunnings transmitter had a difficulty inherent to
it, which rendered it uncommercial (i.e., packing).” Several men competed in an effort
to produce a workable design. Hayes continued, ““The other experimenters’ results
did not compare with those that Mr. White got. White produced this instrument,
which we called a solid-back instrument to distinguish it from the pivoted instru-
ment, which had a loose back, which the other men had in competition with White.
White’s instrument proved to be all right. We made the instrument up in the model
form, and it has been in use from that day until the present time with practically no
change whatever in design or proportions.”
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his experiments.) In 1870, Varley discovered another principle (put
to use many years later) when he found that sound may be emitted
by a condenser (capacitor) when its charge is varied. However, none
of these discoveries led to direct application as did Bell’s electro-
magnetic principle which, after nearly a hundred years, is still em-
ployed in telephone receivers.

The requirements of an electromagnetic receiver of the Bell type
are simply stated: First, there must be a constant magnetic field ex-
erting a pull on a diaphragm. Superimposed on this field there should
be a lesser field varying in proportion to the voice currents. This
variable field, aiding or opposing the fixed field as determined by the
voice currents, causes the diaphragm to move back and forth, gen-
erating acoustic waves similar to the voice currents. Such a device
can be implemented in many ways: a very simple one, illustrated
schematically by Fig. 3-17a, consists of a simple bar-type permanent
magnet exerting a force on a magnetic diaphragm, with a voice
coil wound on the bar to provide the variable field. The need for the
fixed magnetic bias provided by the permanent magnet is illustrated
in Fig. 3-17b. Without the bias, as shown at the left, positive and nega-
tive currents cause displacement of the diaphragm in the same direc-
tion and the sounds produced by a sine wave with frequency f would
be made up of several components with a tone at frequency 2f
being preponderant. With a bias, as shown at the right, the displace-
ment varies both with polarity and magnitude of the current and the
sound wave is similar to the applied electrical wave. A number of
variations in this basic structure are possible but fundamentally the
action is as described. As noted earlier, such a device can also act
reciprocally, a variation in pressure on the diaphragm inducing
electric currents in the voice coil.

While the basic principle can be implemented simply, the design
of a receiver to meet telephonic requirements is not so easy since
performance is affected by many factors. For example, a diaphragm
clamped at the edges does not vibrate freely. At certain frequencies
it vibrates more readily than at others, these resonant frequencies
being determined by the size and weight of the diaphragm, the manner
in which it is supported, the size and shape of the acoustic cavities
on both sides of the diaphragm, temperature changes, etc. The
effects of these characteristics were not fully subject to analysis
until about 1920 and, for the years preceding, the relation between
mechanical design and acoustic performance was largely deter-
mined on an experimental basis.

The performance of the receiver is also determined by the magni-
tude of the fixed and variable magnetic fields. This was appreciated
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Fig. 3-17. (a) Schematic illustration of Bell-type electromagnetic receiver. (b) Effect
of magnetic bias on reproduction of sound waves from a sine-wave current applied
to Bell receiver.

in a general way very early in the development of the receiver,'’
but the complete mathematical analysis did not come for a number
of years. In a somewhat simplified way it can be said that the force on
the diaphragm can be broken down into three components. One is
a steady force determined by the fixed magnetic field and does not
| directly affect the receiver performance so long as it is not large

| " Maxwell indicated the effects of the fixed and variable fields in work published in
the late 1880s.

I TCI Library: www.telephonecollectors.info



88 Engineering and Science in the Bell System

enough to cause the diaphragm to touch the pole pieces or cause
saturation of the magnetic field. (Either of these situations would,
of course, prevent a variation due to the voice field.) The second
component is the variable force following the voice-current variation
and its magnitude depends on the flux from both the fixed and
variable fields. Because this component depends on the fixed field,
it is desirable to have the fixed magnetic flux as high as practical con-
sistent with the other limitations. The third component is a distortion
component that is manifested principally as a sound with double the
applied frequency. This component is dependent on the relative
strength of the fixed and variable fields and can be kept small by
having the fixed field large relative to the variable field, another
reason for having a strong fixed field.'®

2.2.1 Early Magneto Converters

The electroacoustic converters of the magneto type, used in Bell’s
early work, are covered in Chapter 1. The earliest ones used electro-
magnets which served both as the voice coil and, powered by a battery,
as the source of the fixed magnetic field. Bell’s reed receiver (see
Fig. 1-5) had only a rudimentary diaphragm but a true diaphragm
was incorporated in the “gallows” telephone (see Figs. 1-7 and 1-8)
and all subsequent models. At first the diaphragm was non-metallic
with an iron plate or slug serving as a driving armature, but the iron
diaphragm was used in the Centennial Exposition demonstration of
1876 and thereafter was a permanent feature of the design. The
permanent magnet was introduced by Watson in 1876 and there-
after completely superseded the electromagnet except for some experi-
mental designs investigated in the 1919-1922 period.

Except for a few demonstrations with the electrolytic transmitter, the
electromagnetic converter was used as transmitter and receiver both in
early demonstrations and service installations. Bell’s “box’’ transmitter
was one of the earliest used for customer service and some 6,000 of the
various models were constructed. Initially, with this device, the user
alternately talked into or listened to the sound from the diaphragm
behind a shallow opening. The active mechanism consisted of a large
U-shaped permanent assembly of two bar magnets with soft-iron pole
pieces on which the voice coils were wound. The diaphragm in this
and all subsequent magneto converters was a circular piece of thin
iron supported at the periphery. A typical telephone of this time is
shown in Fig. 1-16 and several others are shown in Fig. 3-16 (item
1 through item 11).

" The extreme case, for which the fixed field is zero, is illustrated at the left in
Fig. 3-17b.
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(a)

Fig. 3-18. Butterstamp receivers with wooden cases: (a) early model; (b) later model
with compound magnet.

This awkward device was replaced by a hand-held converter (see
Fig. 1-19) which came to be known as the “butterstamp” receiver
because of its overall shape.! The fixed magnetic field was provided
by a bar magnet along the axis of the case with a single voice coil at
the diaphragm end, usually wound on a soft-irori pole piece. Two
early types are shown in cross section in Fig. 3-18, one with a single
bar magnet, the other with a two-bar assembly. In these models the
case was made of wood but this material changed in size with
moisture content giving rise to variation in the spacing between the
pole pieces and diaphragm. Before the end of 1877, hard-rubber was
being used for the case and this dimensionally stable material
continued in use for roughly 50 years. The general shape of the

® It may be necessary to remind present-day readers that in the nineteenth century
butter was sold in bulk. The butter stamp was a wooden device used by the house-
wife for molding butter into round pats, with a design on top, to make it more attrac-
tive for table use.
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hand-held receiver was also continued for about the same period but
with numerous changes in external details and internal mechanism.

The early butterstamp converters were used both as transmitters and
receivers; some installations used a single unit alternatively and others
provided two units, one for each function. They were also used as
receivers with the box telephone serving as the transmitter.

But the use of the electromagnetic converter as a transmitter soon
came to an end with the introduction of the Blake and other
variable-resistance transmitters around 1878, and thereafter the elec-
tromagnetic device was developed solely as a receiver.

2.2.2 High-Production Hand-Held Receivers

The original butterstamp receiver evolved rapidly into a design suit-
able for commercial use and was coded the No. 101 in 1877 (Fig. 3-19).
In many ways this was a remarkably advanced design incorporating
features that were to remain satisfactory for many years such as the
high-quality hard-rubber case and cap, the latter with internal threads
for screwing to the case. The No. 101 receiver was redesigned, without
change in code, in 1884 and again in 1898. In each case the changes
involved mechanical details not affecting electrical performance. In all,
over a half-million of the 101-type receivers were manufactured.

The magnetic circuit of the unipolar receiver was inefficient since
the flux had a long return path through the air. Better magnetic circuits
had, in fact, been used in Bell’s Centennial Exposition instruments of
1876 (Fig. 1-12) and in the box telephone, but these designs did not
readily lend themselves to the hand-held receiver which was proving
so convenient.

By 1890, continued experiments by Bell and Watson had established
that considerable additional improvement could be obtained with a

Fig. 3-19. Cross section of large hard-rubber hand-held receiver (code No. 101) of 1877.
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(a)

(b)

Fig. 3-20. (a) Two basic types of hand-held receiver. (b) Early bipolar receiver,
1895 version.

U-shaped magnet fitted with two pole pieces and two voice coils
connected in series, and means were soon devised for fabricating such
a structure in a hand-held receiver. In this bipolar structure the main
flux path was short, comprising the two pole pieces, the diaphragm,
and the two air gaps between the pole pieces and the diaphragm. The
improved magnetic circuit of the bipolar receiver is clearly shown in
Fig. 3-20a which compares it with the unipolar type. Figure 3-20b shows
an 1895 design implementing the bipolar principle.

The amount of increase in receiver efficiency obtainable by improv-
ing the magnetic bias was limited by magnetic saturation in the
diaphragm. This had been discovered as early as 1879 when the use of
multiple magnets (Fig. 3-21) was tried with disappointing results.
Even though the gain in efficiency was restricted by saturation,
sufficient benefits were achieved to warrant the use of the bipolar

design and such a structure has been used almost universally since
about 1895.
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Fig. 3-21. Early attempt to increase receiver efficiency by addition of magnets.

The first bipolar receivers were made in 1890 (coded the Na. 108) in
a lot of about 500, but it was not until 1894 that an improved design
became available. Several changes were made in 1895 and 1896 (coded
the Nos. 111 and 112). These types were used quite widely until the
122-typereceiver (Fig. 3-22) was introduced in 1902. This remained the
standard hand-held receiver until the 144-type was introduced in 1912
(Fig. 3-23). This receiver was not only several dB more efficient than

o

" e
]

Fig. 3-22. The 122-type receiver of 1902. Fig. 3-23., The 144-type receiver of 1912.
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the 122-type but also included a number of mechanical and manufac-
turing improvements. The cord terminals were placed inside the case
so that the user could not come in contact with the electrical wiring. A
brass cup welded to the magnet structure provided a rigid support for
the diaphragm and reduced the variability in spacing between the
pole pieces and the diaphragm. The cup also provided a closed space
behind the diaphragm and kept the coils and air gaps free from dust and
dirt. Typical manufacturing improvements were the use of form-wound
coils and spot welding to join the pole pieces to the magnets.

2.2.3 Small Receivers

In addition to the large hand-held receivers just described, which
were intended for the commercial subscriber, there was also a need for
a small receiver for special applications, particularly one which could
be mounted on a headband for operators and central-office workers
who required the use of both hands in their work. The major problem
was the production of a permanent magnet that was small, light, and
sufficiently powerful to meet the requirements for efficiency and
freedom from distortion. Some of the small instruments also had to
meet other special requirements to permit their use outdoors, in
diving helmets, and so forth. As a result, of the 64 designs of receivers
that had been standardized by about 1912, approximately two-thirds
were of the small types. Most of them were used with headbands to
support them in position on the ear but one at least was attached to a
silk cap worn by the operator.

The first small receivers made in any quantity were designed in 1884
and 1885 by Richards. These were single-pole receivers using a long
bar-magnet external to the receiver case (Fig. 3-24). Originally these
receivers used some of the parts of the 101-type hand-held receiver,
but later there was some reduction in size. Several thousand were
made. Berliner proposed the use of a magnetic headband in place of
the external bar magnet used by Richards but the idea, while
ingenious, seems to have had little more in its favor. In 1885, Gilliland
introduced an interesting design with a cast-iron magnetized case
supporting the diaphragm and serving as one pole piece. The voice coil
was wound on a soft-iron pole piece in the center. Thus this receiver
had a magnetic circuit, closed except for the gap between the central
pole and diaphragm.

The bipolar principle, with its improved magnetic circuit, provided
the most practical way to achieve sufficient magnetic bias with a
magnet small enough to fit inside the case. The first small receiver
incorporating this design was the “watch case” receiver (Fig. 3-25)
which was introduced in 1894 and became the prototype for future
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o

Fig. 3-24. Richards head telephone, old style of 1884.

small receivers. After some minor modification in the bipolar design,
the No. 128 receiver was introduced in 1900 and it continued as the
standard operator’s receiver until 1920 when it was replaced by the more
efficient No. 528. Well over 400,000 of the 128-type receiver were
manufactured. This receiver was internally similar to the watch-case
receiver, containing a small three-leaf magnet within the case. It was
originally used with the rather heavy two-piece headband with which
it is pictured in Fig. 3-26a. Simpler headbands were introduced later

(a) (b)

Fig. 3-25. First bipolar head receiver: (a) watch-case receiver (code No. 121) of 1894;
(b) magnet and coil assembly.
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Fig. 3-26. Bipolar operator’s receivers: (a) No. 128 receiver (circa 1900); (b) No. 528 receiver (circa 1920).
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Fig. 3-27. Telephone receivers which were once standard but were no longer being
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and when the smaller and lighter 528-type receiver was developed, a
lightweight wire band became practical as shown in Fig. 3-26b.

By 1925, when the 144-type was the principal hand-held receiver
and the 528-type the main head receiver in production, some 60
designs, illustrated in Fig. 3-27, had been manufactured and discon-
tinued. The more important types are identified below, together with
their production dates and quantities.

Identification Date
No. in First Quantity
Fig. 3-27 Ceneral Type Produced Manufactured

1-4 Butterstamp receiver —

wooden case, single pole 1877 -3,500
5-8 Small rubber-case

receiver—single pole 1877 290
9, 16, 47 Large rubber-case

receiver —single-pole
compound magnet (three

forms all coded 101) 1877 570,000
25 Early bipolar receiver

(Code 108) 1890 530
38, 44, 45 Improved bipolar receivers

(Codes 110, 111, 112) 1894 860,000
54 High-production bipolar

receiver (Code 122) 1902 5,500,000
18-20 Early Richards head

telephone 1884 4,000
21 Gilliland cast-iron head

telephone 1885 1,700
39, 2 Early type of watch-case

receiver—bipolar, self-

contained magnet 1894 23,000
49, 62-64 High-production operator

receiver (Code 128)—
bipolar with self-
contained 3-leaf magnet 1900 400,000

2.3 Design Objectives and Performance

At the beginning, the urgent necessity was for a commercially
practical instrument design. This meant instruments with a usable
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quality of speech, with enough efficiency to permit transmission over
a useful distance, simple enough to be used without special training,
stable enough to be used on the user’s premises with little adjustment
or maintenance, and capable of being manufactured by the thousands
at small unit cost. This was a large order. A reasonably good receiver
design was achieved in a few years but the transmitters in the 1880s
left much to be desired and it is rather surprising that, with the
facilities available, the Bell System was to have as many as 200,000
stations in operation in 1890, the year when basic designs became
available that were potentially capable of meeting the design objec-
tives listed above. During the next 25 years the designers could
concentrate on improving the performance and the manufacture of the
bipolar receiver and the solid-back, granular-carbon transmitter.

Throughout this period an overriding consideration was that of
increasing the distance over which communication was possible. It
will be recalled that until about 1915 there was no source of speech
amplification available except for the carbon transmitter. Once hard-
drawn copper wire had been adopted for line construction in the
middle 1880s, little could be done to reduce line attenuation (except for
the limited benefits from increased wire diameter) until the introduc-
tion of loading around the tum of the century. Even this development
was only a partial solution incapable of meeting the needs of
transcontinental telephony. So, during this long period, the main
potential for extending communication distance lay in improving the
instrument efficiency. Consequently, designers struggled to achieve
even small gains since each improvement by a decibel would extend
this distance by 30 to 70 miles.?*

It might be thought that the proper approach to instrument design
would have been to concentrate on fidelity of reproduction. It so
| happens that this approach was not effective in maximizing the
transmission distance. Instead, it was found desirable to compromise
by accepting a measure of speech distortion in order to achieve large

gains in speech loudness (the distance-conquering factor). The reason
]j for this is that a large degree of speech intelligibility is carried by
a band of frequencies centered at roughly 800-1,000 hertz. By ad-
justing the resonances in the mechanical systems of the transmitter
and receiver to about this frequency, it is possible to enhance the
diaphragm vibration over a narrow frequency band and thus achieve
high efficiency in a narrow but highly effective speech band. The basis
for optimizing performance (in the sense used here) was not fully
understood until much later but by the early 1890s (long before
objective measuring gear was available) a frequency response charac-

P

% The distances are based on the use of non-loaded and loaded 165-mil copper
wire respectively.
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teristic had been worked out empirically which continued to be used
effectively for some 30 years. Figure 3-28 shows the characteristics of
the transmitter and receiver used from the mid-1890s until the
changing conditions of the late 1920s brought about modifications to
be discussed later.?’ The Blake transmitter, it will be recalled by
referring back to Fig. 3-8, had a highly irregular frequency response
characteristic with multiple resonances which gave considerably less
satisfactory performance.??

While the frequency response characteristics of the instruments had
been pretty well established by 1895, when the 229-type transmitter
and 122-type receiver were standard, there was still some possibility
for increased loudness efficiency and this was accomplished with
succeeding designs.

It is difficult to specify the relative efficiency of the instruments used
during the first 50 years of telephony since during much of this period
there was no means for making objective measurements and in the
early days (when some of the changes occurred) there was literally no
way to make quantitative measurements of any sort. However, various
people have attempted to estimate performance on the basis of
contemporary reports, tests on museum samples, and so forth. Figure
3-29 shows a set of such estimates which is probably reasonably
accurate. The 229-type transmitter and the 122-type receiver operating
in a common-battery circuit on zero loop is taken as the reference
condition (except where noted) since, as discussed in Section 5.1.1. of
Chapter 4, this condition was so used for many years in transmission
rating. Over a period of 40 years the total increase in loudness
efficiency (transmitter plus receiver) was about 50 dB of which 40 dB
was in the transmitter, indicative of the important part played by the
microphone principle.?

The availability of electronic amplifiers in 1914 did not immediately
remove the pressure on designers for more efficient instruments and,

2! The reason for the changes at that time and their nature are discussed in Section
6.4.

2 The modemn telephone user, conditioned as he is to the very much improved
quality of present telephony, would find the peaked characteristics used in the early
twentieth century highly unsatisfactory if not almost unusable. The fact remains that
many millions of people learned to use this highly characteristic “‘telephone speech.”
Perhaps this is a tribute to the great value of telephony, as compared to other forms
of communication then available, or maybe it is merely a reflection of the change in
our standards for material comforts and conveniences.

B Figure 3-29 is based largely on a set of estimates made by K. S. Johnson in 1920
which he derived from information available at that time. Some later measurements
on museum models have shown much poorer performance for early transmitters than
indicated in the figure. There is always uncertainty as to the condition of equipment
of this type 50 to 70 years after its manufacture and it is likely that Johnson’s data are
representative of instruments in good operating condition.
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) Efficiency —
First Type of Transmitter DB vs Reference
Introduced (No. 229)
1877 Magneto type (butterstamp) —35
1878 Blake — 1-cell local battery —-13
1886 Long distance {Hunnings) — 2-cell local battery <4
1888 Blake granular carbon -6
1890 Solid back — No.3 Button 2-cell local battery £5)
1895 No. 229 common -battery zero loop — reference 0
1913 No. 329 common -battery zero loop 0
1917 No. 323 common -battery zero loop +3
1919 No. 323 common battery (loops over 150 ohms — +5
efficiency relative to No0.229 on same loop)
Total increase in efficiency over 1877 +40
Eiret Efficiency —
tn ;d d Type of Receiver DB vs Reference
roduce (No. 122)
1877 Butterstamp receiver -9
1878 No. 101 — unipolar hand receiver —4
1890 No. 108, etc. — early bipolar hand receivers -2
1895 No. 111, etc. — improved bipolar receivers -1
1902 No. 122 — reference — high-production bipolar 0
receiver
1912 No. 144 — improved high-production bipolar +2
receiver
Total increase in efficiency over 1877 +11
Note: The efficiencies are specified relative to the No.229 transmitter and No. 122

receiver since these instruments were used for many years as reference
conditions for specifying station and loop transmitting losses as discussed in
Section 5.1.1 of Chapter 4.

Fig. 3-29.

Estimated transmitter and receiver efficiencies.

as shown in Fig. 3-29, transmitter efficiency continued to be increased
until 1919 when the 337-type transmitter was introduced. The reasons
are rather obvious. The first amplifiers were used to extend telephone
service to transcontinental distances, a goal unachievable otherwise.
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The next step was to use amplifiers to improve the quality and
reliability of wire transmission by reducing the use of loading on open
wire and increasing the use of cable circuits. As amplification became
more reliable and cheaper (particularly with carrier transmission), its
use became more widespread as a means for reducing the loss of
telephone lines. With increasing use of inexpensive line amplification,
it became possible to change the design objectives for transmitters and
receivers. Up to this time the emphasis had been to maximize
transmission distance by increasing loudness efficiency by all possible
means. With Joudness controllable by line amplification, the design
objectives could include improved fidelity and ease of use. Concur-
rently, studies of speech and hearing were producing quantitative
information useful in attaining these objectives. More will be said
about this later but for the moment it is sufficient to note that the
designers could plan to work along these lines as soon as electronic
amplification was an accomplished fact, but it was not until the 1930s
that amplification was used widely enough to permit the general use
of the higher-fidelity but lower-loudness instruments.

III. SPEECH CIRCUITS

The speech circuit in the telephone station provides means for
connecting the transmitter and receiver to the telephone line and to
each other.

3.1 Circuit Configuration

With magneto converters the telephone instrument (used singly)
was connected directly to the line wires as shown in (a) of Fig. 3-30.*
A series battery, as shown, was required when the converters used an
electromagnet but could be omitted with permanent magnet devices.
When separate magneto devices were used for transmitting and
receiving, they were merely connected in series as shown in (b) of the
figure. This added convenience, incidentally, reduced the transmis-
sion distance capability quite seriously since the added converter
| absorbed power and a loss of 3 dB occurred at each end of the line.

When the carbon microphone was introduced as a transmitter, the
same series arrangement (with battery) could have been used but
would have been unsatisfactory for several reasons. First, direct
| current through the receiver, if incorrectly poled, would have reduced
the receiver efficiency by opposing the flux of the permanent magnet.*
Second, the high resistance of the receiver as well as the line would

* For convenience, Fig. 3-30 shows metallic circuits throughout but it will be appre-
ciated that initially a ground return replaced one of the line wires. )

® Since the receivers were fully magnetized in manufacture, a current that aided
the magnet produced little effect but a current that opposed the magnet degraded
the receiver's efficiency.
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Fig. 3-30. Telephone speech circuits: (a) First telephone station using a single instru-
ment. (b) Telephone station using two identical instruments. (c) Local-battery sidetone
circuit. (d) Common-battery sidetone circuit. (e) Sidetone-reduction circuit. (f) Common-
battery anti-sidetone circuit. (g) Local-battery anti-sidetone circuit. (In these diagrams,
all induction-coil windings are coupled, i.e., wound on a common core. N is a sidetone
balancing network which, with the associated circuitry, is in essence a Wheatstone bridge.
Ideally, there is no current in the receiver when the user is transmitting.)
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have been in the direct-current supply circuit and would have greatly
reduced the current (and transmitter efficiency) unless high-voltage
batteries were used. Third, and in many ways more importantly, the
initial carbon transmitter had a very low resistance, of the order of 4 to
5 ohms. A low-impedance transmitter, in series with a high-
impedance receiver working into a matching line, would be very
inefficient. For optimum transfer of energy the transmitter and
receiver should be of equal impedance and the two together should
match line impedance, a matter of hundreds of ohms. This problem
was solved by the use of a transformer and the circuit is shown in (c)
of Fig. 3-30. The transformer was initially called a repeating coil since
it transferred or repeated energy by induction from one coil, the
primary, to another, the secondary. Later the term “‘repeating coil”
was used solely for describing other telephone applications and the
transformer used in the station set came to be called an induction
coil. The latter designation will be used here. Both Berliner and
Edison received patents in 1878 on transmitter circuitry in which
this device was used. Its functioning is very simple and effective. As
shown in the figure, the transmitter was connected in series with the
primary of the coil and a local battery while the secondary was in
series with the receiver, the combination being connected through the
line to the distant station. The primary had relatively few turns and a
low direct-current resistance. Thus a single-cell battery could be used
to provide rather high direct current to the transmitter (200 to 250
milliamperes with a 4- to 5-ohm transmitter). The secondary had a
large number of tumns (some five or ten times the number of the
primary) increasing the ac voltage from the transmitter accordingly
and stepping up the transmitter impedance by the square of the turns
ratio. Thus the transmitter impedance could be made effectively as
large as that of the receiver and an efficient circuit, matching line
impedance, achieved.

The common-battery system using eight or more storage cells was
introduced in 1894. In this system, a single battery of large current-
capacity was located at the central office and used to supply operating
current to all the stations served by the office. With this system a new
station circuit was required which would provide impedance match-
ing and a direct-current path for the transmitter current and at the
same time block the direct current from the receiver. The arrangement
illustrated in (d) of Fig. 3-30 was used.

In all the station circuits which have been described so far, the
receiver was driven by its associated transmitter; each customer, while
talking, hearing his own voice in his receiver. He also could hear any
background noise or other sounds picked up by the transmitter and
fed to the associated receiver. This effect, called sidetone, was a
disadvantage because the customer tended to speak softly when he
heard his speech at high volume in his own receiver and background
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noise tended to mask incoming speech. Consequently, a large number
of arrangements were developed to reduce sidetone. The simplest
scheme was a rearrangement of the wiring of the normal common-
battery set, as shown in (e) of Fig. 3-30, to give what was known as the
STR (éidetone reduction) connection. This circuit had been authorized
in 1903 for optional use when high sidetone was causing problems and
was standardized about 1916 or 1918 for very short loops of 90 ohms or
less resistance since the higher-efficiency instruments introduced at
that time (323-type transmitters, 144-type receivers, and new induc-
tion coils) led to unpleasantly high sidetone on the short loops. This
connection reduced sidetone by about 9 dB but was accompanied by a
reduction in transmitting efficiency of 5 to 6 dB and an increase in
receiving efficiency of 1 to 2 dB. This circuit was not a true AST
(anti-sidetone) circuit in its commonly used telephone sense which K.
S. Johnson has defined as ““one in which there is in the ideal case, no
power dissipated in the receiver when an EMF is generated in the
transmitter.””*¢ The circuit most commonly used for common-battery
subscriber station sets is shown in (f) of Fig. 3-30 and was introduced
about 1930. The reduction in sidetone obtained varied considerably
with the length and type of subscriber loop but was generally in the
range of 10 to 15 dB. There was also an accompanying loss in
transmitting and receiving efficiency totaling about 2 dB.

A local-battery version of the AST set was also introduced in the
early thirties. The circuit is shown in (g) of Fig. 3-30. Local-battery sets
were used on a variety of loops including non-loaded and loaded cable
and open-wire extensions on cable. Consequently, the impedances
faced by the set covered a wide range and the adjustable network (N)
was included so that it could be selected to give minimum sidetone.
While the theoretical benefits from such an arrangement were large, it
proved difficult to administer in practice.

The AST set was to play an important part in station design during
the 1920s and has contributed significantly to the big improvement in
station transmission which has occurred in the last 40 years. It is,
therefore, worth reviewing briefly the origin of this principle even
though its application to subscriber stations occurred mostly beyond
the period covered by this chapter.

The problems introduced by high sidetone had been appreciated for
some time and techniques for its reduction dated from the mid-
nineties, C. E. Scribner in Western Electric’s Engineering Department
being granted three anti-sidetone patents in the 1894—96 period. Because

2 When the reader comes to Section 4.2.4 of Chapter 4, he will note that this is
essentially the definition of a hybrid coil translated into the terms of the subscriber
station set.
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operators were subjected to long hours of high-level speech and worked
under high levels of noise, the anti-sidetone principle was applied to
their speech circuits as early as 1900 and soon became a standard feature
of operator telephone sets. However, the circuit in wide use for common-
battery operator circuits in the early 1900s was too elaborate and ex-
pensive for economical application to subscriber use.

Theanti-sidetone subscriber circuit using a single induction coil was in-
vented by G. A. Campbell, Research Engineer at AT&TCo. He showed in
an article published in 1920 that the number of possibleforms of anti-side-
tone circuits is extremely large, depending on the assumptions made re-
garding the configuration of the elements, number of transformers (induc-
tion coils), etc. In fact, he indicated that the possible number was almosta
half-million with a two-transformer circuit. Only a few of the simpler,
more economical circuits were patented, nine patents being issued to
Campbell in 1918.27 Collectively these patents covered 37 circuits. It
was deemed unnecessary to patent more of the circuits since it was
practically impossible to determine which of the large number of
possible circuits might prove important in the future. Instead it was
decided to obtain protection by disclosing all possible variants by
means of the 1920 Campbell paper. This not only made all these
arrangements freely available to anyone who wished to use them but
also prevented anyone from obtaining a basic patent on any or all and
thus avoided endless future litigation.

Thus the technical situation by 1920 was such that the anti-sidetone
set could be introduced at any time. This was not done for another ten
years in part because practical designs were several dB less efficient
than the No. 46 coil then in use and in part because of extra cost
arising from the need for an extra winding on the induction coil and
an extra conductor in the telephone cord. Towards the middle and late
1920s, tests made on working circuits showed that the circuit loss
would be more than overcome by the benefits of sidetone reduction,
i.e., by increased talker volume and reduced room noise transmitted to
the ear. With this factual data in hand, the way was open to the new
anti-sidetone designs which were introduced in the form of the No.
101 induction coil in 1930.28 This coil was based on a new design

# C. A. Campbell; U. S. Patent Nos. 1,254,116-118 and 1,254,471-476; filed
gsptemsber 9, 1916 and March 15 May 18, and August 18, 1917; all issued January

, 1918.

It may well be surprising to the reader that the anti-sidetone set did not come
into use for the subscriber until 25 to 30 years after it was used in operator circuits.
Part of the reason was, as noted, that the circuit arrangements used by operators
were large and costly and it was some 20 years before simplified ways were disclosed
by Campbell. Perhaps an even greater reason was the doubt that the benefits to the
subscriber would be very significant. Unlike the operator, the subscriber could always
partially remove the receiver from his ear if talking sidetone was unpleasantly high
and consequently many believed that the talking volume increase from anti-sidetone
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Fig. 3-31. No. 21 blocking capacitor.

adapted to more mechanized production and ultimately proved less
expensive than the earlier two-winding coils. Provisions were also
made for converting the older, sidetone coils to the AST type when
they were returned to the shop for overhaul but the process was not
used extensively.

3.2 Apparatus Components

The principal apparatus components of the subscriber circuit were
the capacitor used to block direct current from the receiver and the
induction coil for impedance matching of the transmitter. When not
served on a common-battery basis, a local battery was also an essential
part of the apparatus on the customer’s premises.

Until about 1916 the capacitor was usually 2 microfarads in size, but
it was changed to 1 microfarad in the war years as a measure for
saving material. It was continued at this size after the war since the
effect of the change on transmission proved minor. These capacitors
were manufactured with metal foil plates separated by paper. The
assembly was wrapped into a flattened roll and potted in a molten wax
compound in japanned ““tin” cases (Fig. 3-31).

The induction coil, until about 1930, was a simple solenoid with an
open-ended core made initially of a bundle of parallel soft-iron wires.

would be negligible. Also the lower room noise levels at most customer locations led
to the belief that the effects of noise reduction would be small. It required quantita-
tive tests on working telephone circuits (mostly with AT&TCo and Bell Laboratories
employees) to remove the question of anti-sidetone benefits from the realm of specula-
tion and demonstrate factually the significant value.
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Since these coils carried rather large direct currents (up to 0.25 ampere)
the open magnetic circuit was used deliberately not only because it
was simple to manufacture but to avoid the magnetic saturation that
would occur with a closed-core structure. In 1916 a bundle of
silicon-steel strips began to be used in place of the soft-iron wire
giving about 0.5-dB transmission improvement with a few cents
increase in cost. Originally the coils were wound individually on a
layer of insulating paper or cambric surrounding the core but later
they were machine wound, several at a time, on a long tube which
was later cut up into individual coil forms. The core ends were of
wood and served as terminal and mounting blocks as well as to hold
the coils in place on the core. A typical coil, the No. 20, is shown in
Fig. 3-32a. This was a common-battery coil introduced in 1897 and
continued in manufacture until about 1918 when it was replaced by
the somewhat cheaper and more efficient No. 46 coil. The predecessor
of the No. 20 was the more expensive No. 18 that was used in the early
common-battery installations beginning about 1894. Both the No. 18
and the No. 46 were structurally similar to the No. 20.

As we have noted, a new induction coil design was introduced in
1930 when the AST set was standardized. This coil, coded 101 and
illustrated in Fig. 3-32b, presents a marked contrast to all the earlier
types not only in size but also in configuration. The core was made up
of L-shaped silicon-steel laminations which were assembled into a
closed structure with small air gaps. The earlier Nos. 20 and 46 coils
when converted to the AST type were coded 120 and 146 respectively.
Their appearance, except for an added terminal, was essentially un-
changed. Production was small because of the low cost of the 101-type.

The most commonly used local-battery induction coil was the No. 13
developed in 1893 as a replacement for the more costly No. 6 and,
except for a change in core material in 1916, continued in manufacture
without major modification in electrical characteristics through the
1920s. Some of the many types of induction coils that have been
manufactured over the years are illustrated in Fig. 3-33. Some of the
very large coils shown here were those used for the operator
anti-sidetone circuits and their size indicates clearly why they were
not introduced in subscriber station sets. Numbers 10, 23, and 24 are
typical of such induction coils.

Until 1894, batteries were required on the customer’s premises at all
stations and their use was continued at a number of stations,
particularly in rural areas, long thereafter. Up to 1900, batteries of the
“wet” type were most commonly used. These came in several varieties
with differing characteristics but all had in common the use of a more
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Fig. 3-32. (a) No. 20 induction coil. (b) No. 101-A induction coil.

or less corrosive liquid electrolyte that no one, if there were a choice,
would care to have in his home.?® Various types were used. In the early
days afavorite wastheLeClanche, azinc-carbon-salammoniac cell (with

2 The modem reader, accustomed to the use of present-day “leakproof” dry cells,
will read with astonishment the following instructions for setting up a Fuller cell, as
printed in an 1896 Western Electric catalog:

“Make a paste by mixing up pulverized bichromate of potash with strong sulphuric
acid in about equal parts by weight. Put about ten ounces of this paste into the out-
side jar, pour over it two or three ounces of sulphuric acid and fill up with water. Into
the porous cell pour a teaspoonful of mercury, put the zinc in place and fill up with
water. The zinc should be lifted out occasionally and the sulphate washed off. Keep a
supply of mercury in the porous cell, so as to have the zinc always well amalgamated.”
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manganese dioxide depolarizer’’) which was chemically the equivalent
of the present-day dry cell. The electrolyte was somewhat less
corrosive than used in some cells but had a tendency to ““creep” over
the edge of the jar and the cell had a lower voltage and polarized more
readily than other types used for telephony. During the late 1880s and
early 1890s the Fuller cell was the type most commonly used by the
Bell Company. It used carbon and zinc electrodes with sulphuric acid
electrolyte and potassium bichromate as a depolarizer around the
carbon electrode. The zinc electrode was amalgamated to reduce local
action and the production of zinc sulphate. The zinc was placed in a
porous cup filled with water (or a salt solution) which separated this
portion of the cell from the bichromate solution. The Fuller cell was
favored because of its high electromotive force (about 2.1 volts), low
internal resistance, and long life. Under ordinary circumstances with a
low-resistance (5-ohm) transmitter, one cell was adequate but as many
as three were used in some of the so-called ““long distance” stations.

Commercial production of dry cells began in this country around
1890 and they were listed in Western Electric catalogs as early as 1891.
By 1896 cells similar in size to the present No. 6 cell were offered for
sale at a price of 80 cents. The dry cell is essentially a LeClanche type
with a zinc electrode used as the container, a central carbon electrode,
and the space between filled with a porous material saturated with a
sal ammoniac solution. Manganese dioxide is used around the carbon
as a depolarizer, preventing the formation of hydrogen gas at the elec-
trode which would increase the internal resistance of the cell.

While the dry cell is obviously preferable to the wet type for home
use, it was some years before the wet cells were fully replaced,
particularly for heavy-duty service. The early dry cells were not
completely free from corrosion problems since the zinc container
would develop holes through which the sal ammoniac exuded. The
life was short and varied greatly among the various brands manufac-
tured. Some of the poorer brands were unreliable and gave the dry cell
a bad reputation among telephone technicians. In 1901, typical cells
lost about 35 percent of their capacity after six months of shelf life and
new cells had a useful life of only about five to six months under light,
intermittent service. Kempster Miller, in a book published in 1905,3!
pointed out that dry cells were at last being widely used but some cells
still had a life of only a half a year even though better brands were
becoming available with a life approximating two years. It is obvious

% In use, hydrogen formed around the positively poled element in all primary cells
and quickly reduced the cell’s capability. This reduction, known as polarization, was
due both to chemical action and effective reduction in the working surface of the
plate. It was compensated for by the use of a chemical oxidizing agent known as a
depolarizer.

3t American Telephone Practice, 4th ed., published by McGraw-Hill Book Co.
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that even after the advent of the dry cell, the incentive to eliminate
local-battery service was very great.

IV. SIGNALING ARRANGEMENTS

The electroacoustic converters, together with the speech circuit,
supplied the means for conversing between two people but additional
signaling equipment was necessary to initiate a conversation.

Before 1878, there was no central-office switching and telephony was
confined to private lines with a telephone at each end. The signaling
problem was simple, requiring only some means to alert the called
subscriber to the fact that a conversation was desired. Originally the
caller simply shouted into the mouthpiece using words with long,
loud vowel sounds such as ““ahoy” and “‘hello.”” This was not very
satisfactory and various mechanical arrangments were developed,
which we shall describe. Ultimately, schemes using special bells, or
“ringers,” were devised and the alerting process came to be known as
“ringing the customer.”

The need for establishing communication between any two of a
large number of users was inherent in Bell’s “Grand System’” and means
for “*switching’ the line from a caller’s station to that of the desired
called station were developed at an early date. Switching systems
development is covered in Chapter 6 and for the present it will be
sufficient to point out that basically each telephone station was
connected by a transmission line or “loop” to a central office at which
point it was ““switched’” to the called station either directly, if the two
stations were served by the same central office, or via “trunk’” lines to
the serving central office. The connections at the central office were
originally made manually by operators but later mechanized equip-
ment was used for some forms of switching.

When switching was introduced, the ringing process became the
responsibility of the operator (or the machine switching equipment)
but the same ringing mechanism was used at the customer’s premises
since he still needed a ringer to announce an incoming call and a
calling mechanism to indicate the need for an operator. Initially, the
mechanism developed for ringing a customer was used to alert the
operator but with the introduction of common-battery offices it
became possible to call the operator merely by lifting the customer’s
receiver from its standby position.

With manual switching, information on the desired called customer
was passed verbally to the operator who established the necessary
connection through the switching system.3? With the introduction of
automatic switching in the 1890s it became necessary to add another

 In long connections the call often passed through a number of offices in tandem,
each receiving verbal information from the initiating customer or preceding operator.
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signaling arrangement to the telephone station, namely, means for direct-
ing and controlling the switching mechanism, as discussed further in
Sections 4.2 and 4.3.

Thus, by the middle nineties the station set could include arrange-
ments for performing three signaling functions: (i) ringing the called
customer, (if) alerting the operator (or the automatic switching
mechanism), and (iii) controlling the switching mechanism (if it was
automatic). These various arrangements will be described shortly but
before doing so we shall mention a very simple invention that was to
play an important part in the evolution of many signaling arrange-
ments. This was the device known as the switchhook, invented by H.
L. Roosevelt,®® a prominent organ builder who was also a founder of
the first telephone company in New York City. With certain ringing
systems and, more importantly, with the introduction of the local-
battery carbon transmitter, the station circuitry was different during
the talking and the standby condition. For example, during standby,
the transmitter battery was not needed and the circuit was opened to
avoid unnecessary battery drain. Similarly, it was sometimes desirable
to remove the ringer from the line during talking and reconnect it on
standby. These functions were originally carried out by switches
manually operated by the customer. Naturally, the operation was all
too often overlooked leaving the set in the wrong state with
unfortunate consequences. Roosevelt solved the problem by providing
a hook for holding the receiver when not in use. The weight of the
receiver operated the switch to the standby condition and a restoring
spring transferred the switch to the talking condition when the
receiver was lifted for use. An early station set with this feature is
shown in Fig. 3-34. This obvious, but fundamental, idea of an
automatic switch to transfer between the talking and standby condi-
tions was ultimately used for a number of signaling functions such as
control of talking battery, alerting the operator, tripping ringing,
terminating the call, etc.®*

4.1 Calling the User

Since oral calling was unsatisfactory with the very inefficient
instruments available, various mechanical arrangements were soon
tried. One expedient was to tap the diaphragm of the transmitter. This

* H. L. Roosevelt; U. S. Patent No. 215,837; filed October 3, 1877; issued May 27,
1879.

* Edwin T. Holmes, in his autobiography, 4 Wonderful Fifty Years, published in 1917,
states that he invented the switchhook in 1877 to eliminate the bridging loss of the
many telephone instruments he was installing on party lines. He shows a picture of a
telephone station using such a device on page 72 of his book. He did not apply for a
patent.
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Fig. 3-35. Watson’s “thumper.”
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was not too effective as a calling signal and obviously could damage
the instrument. To avoid this problem, Watson, in June of 1877, came
up with the first built-in mechanical arrangement for his box-type
telephone. It consisted of a small hammer mounted in the box so as to
strike the edge of the diaphragm when operated by a knob outside the
box. This arrangement, illustrated in Fig. 3-35 and called a “thumper,”
was purely a stop-gap measure, the tapping sound produced being
weak and not distinctive.

This was followed by electric “tap bells” (Fig. 3-36), electric
vibrating bells, and, in some cases, telegraph sounders. All of these
were operated by power from batteries having limited voltage and
power capacity which restricted the practical length of the serving
lines. Also, these devices, particularly the interrupters on the vibrating
bells, required frequent servicing. So the search continued for a better
way to attract the attention of the person being called.

The next calling device to be put into service was a mechanism
called a “buzzer” developed by Watson.3?® This was an induction coil
with a vibrating-reed interrupter in the circuit of the primary winding
(Fig. 3-37). When this reed was plucked manually, it was set in
vibration, opening and closing the direct-current supply to the
primary circuit and inducing a relatively high alternating voltage in
the secondary which, when applied to the line, caused a loud, harsh,
grating sound to be emitted by the receiver of the called station. This
was a distinctive and effective signal, a number being installed in
central offices for use by operators in calling subscribers, but it did not
meet with public acceptance.?®

The long-range solution to the ringer problem came with the
invention of the polarized call bell, pictured in Fig. 3-38.37 Its
operation depended on the use of two magnetic forces: a steady force
derived from a permanent magnet (the horseshoe-shaped element B
in the figure) and an altemating force derived from the application of
an altemating current to two series-aiding electromagnets, H. An
annealed-iron armature, C, pivoted at the center, formed one pole of
the permanent magnet and was located opposite the cores of the
electromagnets which formed the opposite poles. When the armature
moved on its pivot, a hammer, G, attached to it struck suitably placed
gongs. In his patent application, Watson stated, ““The object of my
invention is to secure greater simplicity of construction and more

35 T. A. Watson; U. S. Patent No. 199,007; filed December 5, 1877; issued January
8, 1878.

3 The manager of the New Haven, Connecticut, office where this buzzer was
first installed was George W. Coy, and the signal was promptly given the descriptive
name of “Coy’s chicken.”

3" T. A. Watson; U. S. Patent No. 210,886; filed August 1, 1878; issued December
17, 1878.
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Fig. 3-37. Watson’s “buzzer.”
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Fig. 3-38. Front and end views of Watson’s polarized call bell or “ringer.”

v

powerful operation.”” He obtained this ““powerful operation” as
follows: “When a current passes in one direction through the coils of
the electromagnet, the armature is attracted at one end and repelled at
the other. When a current passes in the opposite direction, this action
is reversed.”” Watson’s object in this device was so well achieved that
the basic principle, a pivoted armature following an alternating
magnetic field superimposed on a steady magnetic field is still in use;
Fig. 3-39 shows the design that was standard in 1936. In the 1970s the
same principles are being used but improved magnetic materials and
better knowledge of acoustic theory have made possible both smaller
devices and more pleasing and effective ringing sounds.®®

[

Fig. 3-39. Polarized ringer used in the 1930s.

% The balanced armature principle was fundamental to other communication de-
vices, being used later in such diverse applications as coin collectors and loudspeakers.
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To provide the necessary alternating field, Watson, after consulting
Davis’ Manual of Magnetism, published in 1847, constructed a small
alternating-current generator (usually called a “magneto’”) which was
mounted in the customer’s telephone and operated with a hand
crank.3* Watson’s magneto (Fig. 3-40) consisted of a substantial
U-shaped permanent magnet and a bar armature, with a coil of wire at
each end. The center of the armature was attached to a shaft driven
by the crank through a pair of friction wheels. As the armature was
rotated in the field of the permanent magnet, an alternating voltage
was induced in the coils, the frequency being determined by the speed
of rotation and the voltage by the speed, strength of the magnet, and
the number of turns of wire in the coils.

This generator and ringer system was so successful that several
manufacturers were licensed to manufacture the components. At a
meeting of the National Telephone Exchange Association in 1881, it
was stated that the magneto system was rapidly superseding all other
forms of signaling. It was at about this time that Siemens developed
the so-called “H-shaped” armature. A Bell System magneto employing
this type of armature, a gear drive, and an automatic switch to connect
the generator to the circuit only when cranked is shown in Fig. 3-41. A
more powerful machine using five bar-magnets was also developed for

1l Fig. 3-40. Hand-operated altemating-current generator or “magneto,” designed
| by Watson. Fig. 3-41. Later type of magneto with automatic cutout (at left).

3 T. A. Watson; U. S. Patent No. 202,495; filed October 11, 1877; issued April 16, 1878.
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use on very long circuits. This type of device was adopted by the Bell
System in 1881 and used in local-battery subscriber stations, with
minor modifications, for over 50 years.

As switching was introduced, a ringing generator at the central
office became necessary. The hand-cranked machine required consid-
erable operator effort and other arrangements, described in Section VII
of Chapter 6, were soon substituted.

When the polarized ringing system was introduced, both the ringer
and the generator were wired in series with the line, and were of
relatively low resistance, about 80 ohms. It was soon found that the
resulting loss in transmission was intolerable and means to reduce the
loss were introduced. One of these was a short circuit applied across
the coil of the generator while at rest; a mechanical linkage removed
the short circuit when the crank was turmed. This solved the problem
related to the generator but not that of the call bell.

The ringer difficulty was resolved in 1890 by John ]. Carty, at that
time with the Metropolitan (New York) Telephone and Telegraph
Company. He developed a high-impedance, 1,000-ohm ringer and
connected it across the line, bridging the speech circuit.?* The
impedance of this ringer was very high at voice frequencies and thus
resulted in little or no transmission loss. The associated generator was
arranged to be bridged on the line during its operation, but to be
disconnected, by a mechanical linkage, when at rest. The higher
impedance of the ringer required a relatively high voltage, 75 volts or
more, and such high-voltage ringing has been used ever since.

When common-battery switchhook signaling was introduced in
1897, the hand-cranked generator became obsolescent for both
central-office and customer use, but its influence continued since it,
and its associated ringer, were instrumental in establishing the
frequency and voltage of ringing current that is still standard in the
Bell System. The speed of the hand-cranked generator was such as to
produce an average rate of about 17 hertz in normal usage, and the
natural period of the ringer armature and clapper had been adjusted to
correspond to this speed. When central-office ringing machines came
into use, they were matched to the ringers already in service and were
designed to a standard frequency of 16% hertz supplied at 75 to 110
volts. With two-pole generators this corresponded to 1,000 revolutions
per minute, a speed readily obtained with direct-current motors.
When 60-hertz alternating current became the standard of the power
industry, altermating-current motors were adopted for driving the
ringing machines but belt drives were required since a speed of 1,000
rpm could not be obtained directly with existing motors designed for

0], ]. Carty; U. S. Patent No. 449,106; filed August 16, 1890; issued March 31, 1891.
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60-hertz power. In order to convert to 60-hertz direct-drive generators,
the ringing frequency was changed to 20 hertz in 1917, a change which
did not greatly affect the capabilities of existing ringers.

Because of the high cost of long subscriber lines, it was often
desirable to connect a number of users to the same line. On these
“party lines,” ringing current applied to the line by customers or
operators rang all of the bells on that line. Customers identified their
individual signals by a code of long and short rings. The provision of
selective signaling to avoid this situation occupied the talents of many
inventors for a number of years. In the period from 1879 to 1891, a
total of 161 United States patents on selective ringing were issued.
These included devices and systems based on ringing currents of
different strengths, currents of different polarities, currents of different
frequencies, electromagnetic and clockwork stepping arrangements for
closing local circuits to the ringer, and multiple circuits requiring
concurrently acting relays at each station.

The two major selective ringing schemes which ultimately became
standard in the industry may be classified as harmonic and polarity
arrangements. In the former, different frequencies of ringing current are
made available at the central office for ringing selections and tuned
ringers responding to these frequencies are used in the subscriber
stations. Such a system was patented by J. B. Currier* and first used
commercially by the New England Telephone and Telegraph Company
in 1882. The technology available for implementing this scheme was not
adequate and performance was originally unsatisfactory. Later the tech-
nique was used in England and, after improvements made in 1895 by
]J. A. Lighthipe of Pacific Coast Bell, the system began to be employed
by non-Bell companies and ultimately was used widely by them.

The harmonic system, even though it originated in the Bell System,
was never widely used by Bell companies, probably because other
arrangements were available that were more practical at the time. One of
these was a biased ringer scheme invented by G. S. Anders of the Na-
tional Bell Telephone Company.* The basic idea was to employ two
polarities of pulsating current together with a Watson-type polarized
ringer with an added spring which “biased” the armature to one side or
the other, as desired. Thus, when the armature rested against one pole
piece, a current poled so as to move it in that direction produced no
effect but an oppositely poled current was fully effective. By combining

! Three patents were granted to him in 1881 (240,010; 246,374; and 251,097) covering both
ringers and ringing generators. He relied heavily on pendulum or modified pendulum
arrangements for controlling the generated frequencies.

2 G. S. Anders; U. S. Patent No. 218,153; filed July 7, 1879; issued August 5, 1879
F. A Pinkemell; U. S. Patent No. 511,276; filed August 7, 1893; issued December

19, 1893. A. S. Hibbard; U. S. Patent No. 555,725; filed September 16, 1895; issued
March 3, 1896.
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polarization and bias, two selections of ringing were available on one
line. This was one basic element of the Bell System selective ringing
arrangement which ultimately developed. The other was a scheme in-
vented by F. A. Pinkernell of the American Telephone and Telegraph
Company.* In this system, one station ringer was connected to ground
from each wire of the metallic circuit; the ringing current was selectively
applied to either side of the line and ground at the central office. This
also provided two ringing selections.

In 1896, A. S. Hibbard of the Chicago Telephone Company combined
Anders’ polarity system and Pinkernell’s divided ringing system to pro-
vide the first commercial four-party selective ringing system.* As shown
in Fig. 3-42, he installed two oppositely biased polarized bells from each
side of the metallic circuit to ground. Ringing current from the central
office consisted of pulsating current, made up of either positive or
negative half-waves of alternating current, applied selectively to either
side of the metallic circuit and ground. Thus, four unique ringing signals
weremadeavailable and full four-party selective ringing was achieved.*
This principle formed the basis for nearly all selective ringing arrange-
ments used in the Bell System up to the present.

Over the years the four-party scheme was improved in various ways,
most of which are beyond the scope of this chapter. One exception is a

4 Coded signals were used in addition when the number of parties exceeded four.

Fig. 3-42. A. S. Hibbard's circuit for full selective ringing on four-party lines.
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patent by G. K. Thompson and E. C. Robes** which outlined a scheme
whereby the ringers, with their ground connections, were normally
detached from the line, but were brought into the circuit during the
application of ringing current from the central office by means of alter-
nating-current relays in series with capacitors bridged across this line.
(Much later, electronic devices were used to replace the relays.) One of
the several improvements from this arrangement was a reduction in the
induced line noise which resulted from the line unbalance caused by
grounded ringers.

4.2 Calling the Operator

As we have noted, the introduction of switching made it necessary to
provide a means for the calling customer to alert the operator. To a con-
siderable extent this replaced the need for the calling customer to ring the
called user directly, but with party lines it was convenient toring directly
anyone on the caller’s line and this practice was continued for some time.
With this background, it is easy to see why it was convenient to use the
same magn’eto generator for calling the operator that had previously been
developed for subscriber ringing. At the central of fice it was impractical
to use audible ringing and an “annunciator drop” associated with each
line was used to alert the operator instead. In its simplest form this was a
leaf hinged at the bottom and held in a vertical position by a latch which
could be released by a magnet operated by ringing current. Upon release,
the leaf fell under the influence of gravity indicating not only a waiting
call but also indicating the particular line requiring the operator’s atten-
tion. After establishing the desired connection, the operator would
manually restore the drop to the latched condition and on completing the
call the user would “ring-off” by turning his magneto generator, thus
notifying the operator that the lines could be disconnected.*

This or very similar arrangements continued in use as long as local-
battery offices were employed. When common-battery offices were intro-
duced in the mid-nineties, the battery supply at the office provided
enough power for signaling, and calling the operator was done auto-
matically when the telephone receiver was lifted from its hook. The
switchhook closed the dc path through the station circuit and the flow of
current actuated relays at the central office which controlled actuated
relays at the central office which controlled small lamps indicating the
need for operator assistance and the status of the call. At this time all
ringing, including party-line ringing, was done by the operator and the

* G. K. Thompson and E. C. Robes; U. S. Patent No. 644,647; filed July 18, 1899;
issued March 6, 1900.

* Annunciators, relays, and related signaling apparatus are discussed further
and illustrated in Section 3.4 of Chapter 6.

TCI Library: www.telephonecollectors.info

——



124 Engineering and Science in the Bell System

magneto generator was no longer needed, thus greatly reducing sub-
scriber station size by removing its bulkiest elements, the batteries and
the magneto.*

4.3 Controlling Machine Systems

The evolution of mechanical, or ““machine,” switching is covered in
Section IV of Chapter 6 and will not be discussed further here except to
point out that its introduction in the mid-nineties added an extra func-
tion to the station set. Not only was it necessary to indicate the desire to
make a call (and its termination) as required with manual switching,
but means had to be provided for conveying the information on the
desired connection which previously had been transmitted orally to the
operator. Several schemes were devised for doing this but the most
practical one was to use a series of dc pulses to indicate the successive
digits. Early mechanisms used pushbuttons, one for each digit, which
the user operated as many times in succession as necessary to indicate
the desired digit (e.g., three pulses for the digit 3).*7 By 1896 the push-
button controls were replaced by the fingerwheel shown in Fig. 3-43.%8
In dialing a number with this device, the fingerhold corresponding to
the desired number was engaged and the rotary member was pulled
down to the stop, S?, andreleased. The pulling action wound up aspring
whose tension caused the dial to return to its normal position. The return
rotation was limited to a moderate speed by an escapement mechanism
and, during the return, the required number of circuit interruptions
took place to control the central-office switches. Shortly thereafter a
nearly full-circle dial using finger-holes was developed (Fig. 3-44). This
dial had a larger travel and produced longer pulse intervals which
resulted in better control of the central-office switches. This remained
the sole way to control machine switching until Touch-Tone® dialing
was introduced commercially in 1963.%°

Originally, machine switching was used in small cities where four- or

“ Although complete common-battery offices were not introduced until the mid-
nineties, a common-battery signaling system using annunciator drops at the office and
a switchhook closure to initiate the signal was used by ]. ]. Carty as early as 1880 in
connection with a special service for an express wagon company.

4 This system, invented by Almon B. Strowger, was put into operation in La Porte,
Indiana, in 1892 and was known as the step-by-step system. Strowger formed the
Strowger Automatic Telephone Exchange in 1891 and A. E. Keith and the Erickson
brothers, John and Charles, were among the first employees of the company.

4 A. E. Keith and J. and C. ]J. Erickson; U. S. Patent No. 597,062; filed August 20,
1896; issued January 11, 1898.

* An interesting change was made in the rotary dial by C. F. Mattke in 1963 (Patent
No. 3,108,159 filed May 9, 1960) when he invented the ‘““Space-Saver Dial” with
movable stop. In this device the stop was placed directly below the finger hole for
the numeral 1 but moved a sufficient distance, when the finger was pushed against
the stop, to send a pulse when released. This eliminated the blank space between the
1 and the O finger holes and reduced the dial diameter accordingly.
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Fig. 3-43. First form of Strowger fingerwheel substation dial.
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five-digit numbers were sufficient for the entire area and all-number
dialing was employed (Fig. 3-44a). In large cities with many central
offices the custom had developed of using a name to designate the office
and a four-digit number to designate the line within the office. When
machine switching had developed to the point where it could be applied
in large cities, it was decided to continue the name-number system and,
in 1917, W. G. Blauvelt of AT&TCo developed a system using the first
three letters of the name together with four digits. The dial shown in
Fig. 3-44b was devised to implement the system.

The requirements on speed and duration of pulsing are quite rigorous
and over the years many mechanical improvements in dials have been
introduced to minimize the maintenance effort required to meet these
requirements, reduce dialing noise, reduce dialing error, improve finger
comfort, and so forth.

V. PROTECTION

The station apparatus presented the first need for measures to protect
the user from electric shock and the delicate telephone apparatus from
possibly damaging electric surges. At first, protection was accomplished
by means of spark gaps incorporated in the station apparatus, but
before long, fuses and other protective measures were incorporated
and these devices were installed at the point where the telephone
circuit entered the user’s premises. The full story of protective devices
is related in section 5.3.3 of Chapter 4.

% This system left many of the seven-digit number combinations unusable for
phonetic and other reasons. Later the original system was changed to two letters
plus five digits and currently an all-number system is being used in most places.

(a) (b)

Fig. 3-44. Later types of rotary dials: (a) number-only dial; (b) number-and-letter dial.
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Initially, some of the metallic parts of the telephone instruments con-
nected to the line wires were accessible to the user. Beginning about
1906, special instruments were built in which these parts were either
enclosed in an insulating housing or insulated from the accessible
metallic parts of the station set. After about 1913 all standard designs
were of the insulated type.

VI. CUSTOMER TELEPHONES

The circuit elements we have just discussed make up the equipment
commonly found on the customer’s premises. These elements have been
assembled in many different ways to provide customer telephones but
most of these fall into three basic categories. First, historically, was
the wall telephone, a box fastened to the wall with the transmitter
and receiver mounted on the outside, the inside containing most of the
other elements. This was a ““combined” type of station set in which
essentially all station apparatus was contained in one package.®' It was
succeeded (but not fully supplanted) by the deskstand telephone which
consisted of a small base (on which the dial was mounted) with a pedestal
supporting the transmitter and a pair of prongs or other arrangement to
hold the receiver and operate the switchhook. In order to keep this
device small enough for practical desk use, the speech circuit and ringer
were contained in a separate box (called a subscriber set) mounted on a
nearby wall or some inconspicuous part of a desk. When the third basic
type, the handset, was introduced, the practice of using two-part
customer equipment was continued, the handset support or cradle con-
taining only the dial and switchhook with the other elements mounted
in a separate subscriber set. This was done partly because the ringer and
speech circuit continued large in size and partly to facilitate the substitu-
tion of a handset for a deskstand without other costly changes. By 1937,
improvementsin materials and design techniques made itpossibleto in-
clude all the elements in a package small enough to use on a table or desk
and the “combined set” again became practical and has continued in use
ever since.

The first high-production handsets were introduced by the Bell System
in 1927, just after the nominal period covered by this volume. However,
the development is covered in considerable detail in Section 6.4 since
most of the studies and development effort leading to the 1927 model
were carried out in the preceding 5 to 10 years. In addition, the handset

5! After a few years the protective devices were removed to the point where the line
entered the premises and this practice has continued. As a result these devices are
usually considered more a part of the outside plant than as station apparatus.
Batteries were often mounted separately when they were of the “wet” variety but as
dry cells came into use, in the nineties, provision was made for including them in
wall-set boxes.
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development illustrates an important change in design technique which
began roughly 40 years after the telephone invention and has continued
to influence station development ever since.

6.1 Wall Sets

While many of the early wall sets were manufactured only in small
numbers, they are of considerable historical interest in illustrating the
ingenuity of early technicians and the speed with which basic principles
developed. The early telephone using a single hand-held butterstamp
instrument for both transmitting and receiving was inconvenient and
occasionally confusing, because it forced the customer to keep changing
the receiver back and forth between his mouth and ear. To eliminate
this situation, early in 1878 a wall set was introduced with two hand-held
instruments, one for transmitting and one for listening. Such a
telephone, shown in Figs. 3-45 and 3-46, was manufactured in the shop
of Charles Williams, Jr., in Boston and was sometimes referred to as
“Williams’ Coffin”’ because of the shape and construction of the wall box.

Fig. 3-45. An early wall-mounted subscriber set, introduced in 1878, made by Charles
Williams, Jr.  Fig. 3-46. Interior view of Williams Magneto Set, showing hand-cranked
generator and coils for the call bells (1878).
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This set used the Watson polarized ringing system with the call bells
and magneto crank on the outside of the box and the mechanism inside.
Just above the call bells is the sawtooth spark gap or “lightning arrester”
used for electrical protection. The switch below the magneto was used to
transfer between the talking and calling condition. It was the incon-
venience of this operation that led to Roosevelt’s invention of the switch-
hook, illustrated previously in Fig. 3-34. The latter figure shows a wall-
mounted transmitter, probably an early Blake type, in place of the second
butterstamp telephone. Thus, from about 1879-80 the basic elements of
the wall telephone were available and the many designs which followed
differed from each other largely in physical arrangement. Some of the
many varieties developed are shown in Figs. 3-47 and 3-48.52

Referring to the first figure, the 1877 box telephone was used only for
private lines, the 1878 set shown as item (b) being the earliest form used
with a commercial central office. This set, used in New Haven, Connecti-
cut, employed a pushbutton to signal the operator by opening battery
current from the central office. This released a numbered electromag-
netic annunciator at the switchboard. Item (c), already discussed, incor-
porated magneto ringing but still used an electromagnetic transmitter.

The 1879 set shows the first use of the Blake transmitter with a local
battery (of the wet-cell type) and also incorporates the switchhook and
magneto ringing. The 1882 set was the first type manufactured by the
Western Electric Company. The 1887 set used the long-distance trans-
mitter illustrated previously in Fig. 3-10. The 1891 models were equipped
with early types of the solid-back transmitter. The “‘cabinet” type
set, item (h), was developed for use at prestigious public locations where
considerable long-distance telephoning was to be expected. It con-
tained space for three wet-cell batteries (in place of the single battery
commonly used) in order to provide high transmitter output. This
“desk type” set was in use as early as 1887 but at that time it was equipped
with the Hunnings type of “long-distance transmitter.” Items (i), (j),
and (k) show early common-battery sets, local battery being used in all
prior wall telephones.

By 1900 two distinct styles had developed, as shown more fully on
Fig. 3-48. The local-battery, magneto sets [items (b), (d), (e), (f), and (k)]
continued the use of wooden and usually large cases®® whereas the com-
mon-battery sets were more compact and, after 1912, used metal cases.

2 Some of the sets in Fig. 3-47 [e.g., items (a) and (h)] are not strictly wall sets but
are included here since they were intended to be used in a fixed position with con-
straints on the user similar to wall sets.

% The wooden case was probably continued because these sets were manufactured
in small quantity and did not justify the use of the expensive dies required to form
large metal cases. They were large since they had to contain not only the common-
battery apparatus but also the magneto and the batteries. The small magneto set
of 1905 [item (d)] used a separate battery box.
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132 Engineering and Science in the Bell System

Until 1916 the ringer gongs were external on all sets but after this date the
common-battery sets were built with the whole ringer mechanism pro-
tected by the case, slots being provided to emit the ringer sound. The
1920 and 1931 models show how dials for operating machine switching
systems were included; the former set illustrates the use of a dial with
numerals only, the latter has a dial with both numbers and letters.

As noted later, when common-battery operation made the deskstand
practical, the use of wall sets fell off. However, they never completely
went out of favor, even in common-battery offices, and when the handset
was introduced, they slowly began to stage a comeback. However, this
is astory for a future volume. For local-battery use, the wall set continued
to be the favored type of instrument since it provided all components
in a single package.** The 1317-type set, shown as item (e) in Fig. 3-48,
first standardized around 1907, continued in manufacture until about
1940. It was updated from time to time, a 1916 version being shown in
item (f). This particular set was the first using two dry cells, instead of
three, and improved instruments including the 144-type receiver and an
insulated transmitter. In 1938 the transmitters and receivers were
changed to make them comparable to current handset instruments and
the AST induction coil was made available. This set, recoded the No.
1417, is shown as item (k). Some years later wall sets equipped with
handsets were made available for local-battery service.

Some of our readers may be interested in Fig. 3-49 taken from a 1916
Western Electric catalog. It shows the construction of the No. 1317C
telephone indetail and the notes at the side point out the design features
which were considered important at the time.

6.2 Desk Telephones

The evolution of the desk telephone, or ““deskstand” as it was often
called, is illustrated by Fig. 3-50. This telephone was the result of the
natural desire for greater convenience than possible with a telephone
firmly fixed in place. The latter was not only inconvenient for the
businessman who wanted access to his desk material while telephoning
but also difficult to use effectively by people of various heights even
though an adjustable transmitter support was often provided.

The earliest desk telephone [item (a) of Fig. 3-50], built in 1879, seems
to have been merely a support for a Blake transmitter and a similar
device for the long-distance transmitter was built in 1886. These primi-
tive arrangements continued in use until the early nineties when a basic

% Common-battery operation was unsatisfactory both from the signaling and trans-
mission standpoints on very high-resistance loops without complex and expensive
supplemental circuitry. For this reason, local-battery, magneto sets continued in use on
long ““farmer’s lines”” even in nominally common-battery areas.

TCI Library: www.telephonecollectors.info



Station Apparatus 133

format began to evolve which became familiar to several generations
of telephone users. One of thefirst features of this set, an angular adjust-
ment for the transmitter, was introduced in 1891 and became uni-
versally used with the introduction of the solid-back transmitter as
shown in item (e) and subsequent parts of the figure. The early desk-
stands used rather omate curved supporting pillars with external
switchhooks, but in 1892 a simple tubular support was introduced and
the following year the switchhook contacts were enclosed [item (g)].
These two features were not universally adopted until 1900, the more
ornate designs being slow to die. By 1900 [item (0)] the long-term format
had been pretty well established and included the angular transmitter
adjustment, tubular support with enclosed switchhook contacts, felt-
covered bottom (introduced in 1894), and pronged switchhook with
ends formed in a ring. This last feature was introduced in 1897 to avoid
the possibility of damaging the receiver diaphragm by inadvertently
striking it against the switchhook ends during the hang-up process.
This design continued in use throughout the life of the deskstand.
Another Iong-lived feature was incorporated in the 1900 design, namely,
the use of an assembly within the tubular support, removable as a unit,
which incorporated both the switchhook mechanism and the binding
posts for connecting external and internal wiring. The ultimate design
is illustrated in Fig. 3-51, and this highly functional arrangement con-
tinued in use for the next 40 to 50 years.*® During this period the
change in appearance was small but many changes in material and
manufacturing processes were introduced to reduce cost and to improve
reliability. The most important of the latter was insulation from line
wires introduced in 1912-13 for all types manufactured.

In a few of the early models some of the speech circuit components
were placed in the base of the deskstand but with one exception this
practice had been discontinued by 1900. The exception is the 1904 model,
shown as item (q) of Fig. 3-50, which was a portable set (probably one
of the first of its kind) designed particularly for restaurant use. The more
common arrangement was to provide the speech circuit and ringers in
a separate box for wall or underdesk mounting. These boxes were
called subscriber sets, one of which is shown with cover removed in
Fig. 3-52. Subscriber sets are also included in several parts of Fig. 3-50
[specifically items (p), (r), and (t)]. Their omission from other parts of this
figure does not imply their lack of use since they were required with
all but a very few models. When machine switching was introduced,
a dial was added on the base as shown in item (u) of Fig. 3-50.

While the need for deskstands arose at an early date, they could not

> Manufacture of deskstands was discontinued in 1940, but they remained in use
for many years thereafter.
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realize their potential convenience until common-battery central offices
were introduced, eliminating the need for the hand generator. Prior to
this time it was necessary to either use a small generator of limited
usefulness in the base [as shown in item (e) of Fig. 3-50] or include a
standard generator in a separate subscriber set, which nullified much
of the convenience associated with the deskstand. With common-battery
offices the deskstand rapidly became the popular form of telephone and
wall telephones became less commonly used except on “farmer’s lines.”

6.3 Hand Telephones—Early Experience

While the deskstand represented a highly functionalized design, it
was obvious that the convenience of a telephone could be enhanced by
mounting the transmitter and receiver on a handle to provide a one-
piece instrument. The basic idea is nearly as old as the telephone. Bell’s
demonstration lecture before the Society of Telegraph Engineers in
London in October 1877 impressed two Englishmen, Charles E:-McEvoy
and G. E. Pritchett, with the inconvenience of using one instrument
alternately for talking and listening. They promptly and independently

Fig. 3-51. Cross section of deskstand showing internal arrangements.

Fig. 3-52. Subscriber set.
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obtained British patents on arrangements of instruments and speaking
tubes that could be held with one hand or supported on the user’s head
or shoulder. These arrangements, in which the instruments are not
specified, are illustrated by sketches appearing in the patents (Fig. 3-53).
They were not developed for commercial use.

In the next year, 1878, R. G. Brown, the head operator of the Gold and
Stock Exchange in New York, designed the handset illustrated in
Fig. 3-54.%6 This handset comprised an Edison transmitter of the single-

% R. G. Brown; U. S. Patent No. 224,138, filed September 29, 1879; issued February
3, 1880.

Fig. 3-53. Early handset designs: (a) by C. E. McEvoy; (b) by G. E. Pritchett.
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contact type and a small single-pole receiver. The handle was a relatively
heavy steel bar which served as the permanent magnet for the receiver.
Handsets based on this design were used by the Gold and Stock Ex-
change operators. Brown later went to France where he accepted the
post of Electrical Engineer of La Société Générale in Paris. Handsets
based on his design were widely used in Europe, especially in France,
and became known as French phones. They were not used in the Bell
System because of their low efficiency and unstable performance relative
to the wall and deskstand telephones available in the United States.

In the 1890-1902 period, three handset designs were produced in
limited quantities by the Bell System. One of these was constructed to
military specifications for use by the United States Army and Navy
(Fig. 3-55). The second was an experimental model using a hollow
aluminum handle (Fig. 3-56). Both of these were equipped with com-
mercial carbon transmitters and watch-case-type receivers.

In 1902 a handset was produced for use by linemen in areas having
common-battery service. This handset, called the model 1001 lineman’s
set, was equipped with a No. 244 carbon transmitter and a No. 131
watch-case receiver mounted on a hollow metal handle; initially the
handle was formed of sheet steel but later it was changed to aluminum
(Fig. 3-57).

The Model 1002A handset (Fig. 3-58a) was originally designed in 1902;
the Western Electric Company was authorized to produce 100 units in
1904 for trial. It comprised a No. 267W carbon transmitter and aNo. 141W
permanent-magnet watch-case receiver mounted on a hollow metal
handle. In 1904 the transmitter was redesigned to place the carbon
button at an angle of 45 degrees to the diaphragm (Fig. 3-58b). This
change was expected to reduce trouble due to positional effects
encountered in testing. The modified design was coded the Model 2
handset and the production of 3,000 units was authorized for use by the
Associated Companies. All of these handsets were recalled from Bell
System service in 1907, but a number were sold to non-associated
telephone companies and apparently met their requirements.

The Western Electric Company produced an intercom handset, coded
the Model 1003 in 1910 (Fig. 3-59), which received limited use for its
special purpose. It used a No. 320 transmitter and No. 183 receiver.

During the 1900-1921 period the demand for handset telephones in
Europe increased and designs were produced by the Western Electric
Company to serve the European market. One of these, the Model 1005B,
using the No. 324 transmitter and No. 188 receiver, is shown in Fig. 3-60.
It was originally manufactured by Western Electric at the Hawthorme
Works near Chicago but later production was transferred to the Antwerp
shop. Another Antwerp handset is shown in Fig. 3-61 (Model 2266).
Both of these were tested for possible Bell System use but were found
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Fig. 3-54. Patent drawing of the handset designed by R. G. Brown in 1878.
Fig. 3-55. An Army-Navy handset of 1890.

Fig. 3-56. Aluminum-handle handset of 1895.

| Fig. 3-57. Lineman’s handset for use in common-battery system.
i
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N

(b)

\
Fig. 3-58. Handset designs of 1902-1905: (a) Model 1002A (1902); (b) Model 2 (1905).

unsuitable because of the inherent limitations in early handsets, dis-
cussed in the following section.

6.4 Hand Telephones for Bell System Use

It is natural to wonder why it was, with all this background of
experience, that practically no handsets were used in the Bell System
until the late twenties. The answer, in simple terms, was that this ex-
perience clearly showed that the handsets available up to this time could
not meet the rigorous requirements of Bell System service which, unlike
the smaller European administrations, required transmission over dis-
tances of 3,000 or more miles.

The handsets produced up to about 1915 had two basic faults which
had to be overcome before this type of instrument could receive wide-
spread Bell System use. One of these was the variation in efficiency of the
transmitter with position. The solid-back transmitter which had
provided the efficiency and reliability necessary for the spread of tele-
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Westemn Electric interphone of 1910 with Model 1003 handset.
Fig. 3-60. Model 10058 handset (1915).

Fig. 3-61. Model 2266 handset (1921).
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phone service throughout the United States was stable and uniform in
performance when its position varied only within the limited range per-
mitted by the adjustments available on deskstands or wall sets. It was
found through experience that a handset was used in a large variety
of positions in some of which the efficiency was greatly impaired. Some
variation in efficiency was acceptable where the line losses were small,
as on short-haul circuits, but on routes a thousand miles or more in
length, maximum efficiency was necessary until such time as line losses
could be reduced by amplification. Additionally, theconstantly changing
position associated with handset use caused abrasion of the carbon,
increasing its resistance and generating noise.

The second problem arose from the acoustic feedback between re-
ceiverand transmitter. Sounds from the receiver were conducted through
the handle (or other coupling paths) to the transmitter and thence via the
sidetone path of the speech circuit back to the receiver. Oscillation, or
singing, occurred when there was a net gain (amplification) around
this path. With the deskstand, this was not a serious problem since
the receiver was ordinarily poorly coupled to the transmitter, being
either on the ear (and shielded from the transmitter) or at some distance
from the transmitter.®” Several means for curing this problem existed
with varying degrees of practicality. Employing a handle with
poor sound-conducting properties was very helpful while the handset
was being used, but with the resonant, high-efficiency instruments then
inuse singing would still occur when the handset was placed on a desk
or other hard surface that provided good acoustic coupling. Lowering
the peak instrument efficiency was also effective but undesirable for
reasons previously noted. Finally, the use of a good anti-sidetone circuit
would also reduce the potential for singing but simple circuits of this
type did not become available until Campbell’s work around 1918.

The faults of the handset were appreciated at an early date and were
outlined in a 1907 letter written by J. J. Carty, the Chief Engineer of
Western Electric. However, means for accomplishing a cure were not
available at the time. By the end of World War 1, the underlying
causes were quite well understood and the availability of the anti-side-
tone circuit and amplification for reducing line losses (and potentially
reducing the need forextremely high instrument efficiency) offeredsome
hope that the inherent faults of the early handsets could be corrected
if the positional problem could be reduced. Accordingly, a comprehen-
sive program for the development of a handset was begun. The objec-
tives outlined by G. K. Thompson on May 18, 1918, were:

% However, older readers may recall that they or their childhood friends learned
at an early age the possibility of annoying users by bringing the receiver and trans-
mitter together until singing occurred.
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) Dimensions must be based on head measurements.
(i) The handset must work properly in any position.
i) Howling must be avoided.
)

The handle and all exposed parts must be made of insulating
material.

(v) Carbon noise must be avoided.
(vi) The transmission performance must be equal to that of the most

Fig. 3-62. A gauge being used for
making head measurements to de-
termine the proper dimensionsof the
handset. Fig. 3-63. Distribution
of head measurement data. (Re-
drawn from Jones and Inglis 1932,
Fig. 11)
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efficient transmitter and receiver in current use so that the
handset could be interchangeable with existing station sets.

Optimum dimensions, including the spacing of the receiver and
transmitter and their angular positions relative to the handle and to each
other, were an important matter. A handset configuration had to be
comfortable for most users while keeping the transmitter close to the
lips since an unnecessarily large distance would reduce efficiency.’
In order to resolve this problem, 4,000 measurements of head dimensions
were made in 1919 on a sample of adults carefully selected to approxi-
mate the population as indicated by the most recent census. The gauge
and method employed are illustrated in Fig. 3-62 and the results, together
with an outline of the chosen handset drawn to the same scale, are shown
in Fig. 3-63. With the chosen configuration the average distance between
lips and transmitter mouthpiece was reasonably small and all but 3 per-
cent of the adult population could use the handset with the receiver held
to the ear in a normal manner. Only minor adjustments were required by
the remainingusers. This survey of the population was one of the early
applications of anthropologic measurements in industry and one of the
first applications of “human factors” studies in the Bell System. Suc-
ceeding studies in which the talker volume from the transmitter was
measured during actual telephone calls and compared with similar in-
formation obtained with other transmitters extended the human factors
approach, a technique much used throughout industry today.

Solving the transmitter positional problem required an entirely new
approach to transmitter design. The solid-back transmitter had optimum
efficiency in the usual vertical position of use. With handsets, the
diaphragm was seldom vertical, more often being used in a nearly
horizontal position in which case the carbon fell away from the upper-
most electrode, giving rise to poor quality of speech and high resistance,
the latter resulting in excessive heating and noise. Many shapes of
carbon button were tested, but the solution finally adopted was the so-
called barrier button, invented by C. R. Moore.*® In the barrier-button
transmitter (Fig. 3-64) the carbon container, placed in front of the
diaphragm, comprised a hemispherical electrode separated by an insulat-
ing barrier from a ring electrode; the carbon mass was driven by the
diaphragm but the electrical path through the mass was independent of
the diaphragm and remained relatively unaffected by the position of the
instrument. Performance was practically the same in any position except

8 Increasing the distance between the lips and the transmitter from one-half inch
to one inch reduced the transmitter output (for the same speech level) by about 3 dB.
With the deskstand, the user could easily talk closely when necessary but with a hand-
set, moving the transmitter relative to the lips could unfavorably affect the receiver
position and performance.

¥ C. R. Moore; U. S. Patent No. 1,565,581; filed October 3, 1921; issued December
15, 1925.
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Fig. 3-64. Cross-section view of barrier-button transmitter (1922).

for some distortion when the domed portion of the button was under-
neath the diaphragm. To avoid this problem the button was located on
the front of the diaphragm instead of the back as had been customary
in the past. With this arrangement, the carbon granules are held in
intimate contact with the diaphragm in all positions except when the
diaphragm is face down, a position almost impossible to achieve in use.
The extent of improvement in noise and performance achieved with
this design is illustrated in Fig. 3-65.

Several measures were used to solve the howling problem. The effect
of sound transmission through the handle was minimized by using a
handle®® made of material that dissipated sound energy and was designed
to have a resonant frequency above the voice range (where the instru-
ment efficiencies were low). Further control was obtained by a radical
departure from previous transmitter design practices. Instead of using
aresonant system peaked at the same frequency as the receiver, a highly
damped system was used with a broad response peak in the upper voice
range. This was obtained by using a very light but stiff diaphragm sup-
ported at the rim by a “book” of annular paper rings in a rather loose
assembly. These rings damped out some of the resonances and per-
mitted the diaphragm to vibrate as a unit. This resulted in a transmitter

|

® W. C. Kiesel; U. S. Patent No. 1,435,977; filed December 8, 1919; issued August
| 15, 1922.
|
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Fig. 3-65. Position effects with barrier-button transmitter: (a) effect of position on
transmitter output; (b) effect of position on carbon noise. (Redrawn from Jones and Inglis
1932, Figs. 7 and 8)

responding to a wide range of frequencies but with a greatly reduced
peak efficiency asshown in Fig. 3-66a (with the similar deskstand charac- i
teristics shown for comparison). The receiver characteristic was essen- "

tially unchanged as shown in Fig. 3-66b, but because of the transmitter
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modification, the peak efficiency of the combination (the significant
factor in the singing path) was greatly reduced and the overall frequency
response was flatter and broader. (See Fig. 3-66¢.) For a fixed speech
input, the output was, in terms of loudness, lower than for the highly
resonant deskstand and would have been quite unacceptable on the
basis of design criteria used ten years earlier. However, by the mid-1920s
the use of field measurements to determine talking volume and articula-
tion tests to evaluate overall quality changed the picture. It was found
that the much reduced sidetone that accompanied the change in trans-
mitter characteristic caused a considerable increase in the acoustic speech
level used by the talker with a net decrease in electric volume on the
line very much smaller than the apparent reduction in instrument effi-
ciency. Articulation tests suggested that the improved response at the
higher frequencies would easily compensate for the volume loss, and
this was later confirmed by the repetition-counting technique.®

These were the major changes which made the handset commercially
practical but numerous other improvements in the art were also incor-
porated in the final design. For example, methods for manufacturing
carbon granules were revised, including the selection of raw material
and techniques for grinding, roasting, and cleaning. Iron particles de-
rived from iron pyrites occurring in the coal were removed by a magnetic
separator. Flakes and slivers were removed from the final product by
elutriation in an air stream. The material so processed had increased
uniformity and stability.

The receiver ultimately used was basically similar to previous small
receivers. It used improved magnetic materials that would have made
an efficiency increase possible. However, the net benefit would have
been small because of the accompanying increase in noise and sidetone.
Instead, the improvements resulting from the new materials were used
for two other design changes. One was increased separation between
pole pieces and diaphragm to minimize the chance of contact (freezing)
which sometimes occurs when clamped diaphragms are subject to
temperature changes. The other was a reduction in receiver impedance
which reacted with the speech circuit so as to give the same net receiving
efficiency but with reduced sidetone and some increase in transmitting
efficiency, thus partially compensating for some transmitter changes.

These design changes were accomplished over a considerable period
of time during which numerous minor changes were made and
tested. Tests were conducted on preliminary handset designs in the
1922-24 period; the first major test, under field conditions, started
on September 14, 1924. A sample of 490 units of the Type A
design (Fig. 3-67) was manufactured and placed in service with

®t Section V of Chapter 4 covers these new testing techniques more comprehensively.
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Bell System employees at the American Telephone and Telegraph
and Western Electric locations in New York City. Several deficiencies
were found in this trial and redesign continued, passing through
Types B, C, and D. The major change during this period was in
the receiver. The Type A set had used a split-winding receiver,
serving as part of an anti-sidetone speech circuit. This required
electromagnetic bias and proved to have unsatisfactory characteristics,
and the more conventional permanent magnet using a new cobalt
steel was substituted. A new form of receiver cap was also intro-
duced which was easy to center on the ear and provided a good
acoustic seal. Other, internal alterations included changes in dimensions
of the carbon chamber, modification of the oiled-silk moisture barrier,
and addition of a small capacitor across the transmitter terminal
to reduce electrical packing found to be caused by radio signals
and by transient currents due to switching operations. Finally, in
late 1926, production was begun on the E1A handset (Fig. 3-68a)
by the Western Electric Company in the Hawthome Plant, and it
was made_available for general use early in 1927. This handset,
which had been found to be “free of gross fault’”” in articulation,

Fig. 3-67. Tool-made sample of the developmental handset of 1923.
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(a)

Fig 3-68. (a) Cross section of early E1A handset (1926). (b) E1A handset and A1 handset
mounting (1927).

efficiency, and durability during a two-year period of exhaustive
tests, comprised the 395B barrier-button transmitter, the SS7E receiver
with cobalt-steel magnets and ferrotype diaphragm, and the E1l
handle of phenol plastic material, equipped with a 4-foot 83B cord.
When not in use, the handset was ““hung-up” by placing it in a
horizontal position on a cradle actuating the switchhook as shown
in Fig. 3-68b. It was found to be practicable to use this hand-
set interchangeably with the existing deskstand in the telephone
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plant. The existing speech circuitry was usable since the handset
transmitter and handle designs eliminated the need for sidetone
reduction except as already provided on very short loops by the STR
connection (refer to Section 3.1). However, as noted previously,
the new field-testing technique demonstrated the other advantages
of anti-sidetone circuits and such arrangements became available a
few years after the E1A handset.

The development of the handset has been dealt with at length
because it marks a major milestone in the evolution of the Bell
System and telephone technology. The handset of 1927 introduced
a new form of telephone instrument which has become the uni-
versal type of customer instrument of today. But more importantly,
it marked major changes in design techniques. Prior to World War I,
the telephone instrument was largely the result of inspired invention
and empirical testing, mostly subjective in nature, without the benefit
of basic theory and quantitative testing techniques. By the 1920s
transmission theory had developed rapidly and Bell engineers had
adapted the advanced electrical theory to the design of electro-
mechanical systems and the handset transmitter was one of the first
telephone applications of this work.® At the same time both labo-
ratory and field measurement techniques had developed to the point
where the theoretically inspired designs could be evaluated quanti-
tatively. It was only through such techniques that it became possible
to demonstrate that optimum design, in the new age of amplifica-
tion, lay in the direction of improved naturalness and quality of
speech even though this might involve large reductions in loud-
ness efficiency.

6.5 Public Telephones— Coin-Operated Sets
6.5.1 Background

The telephone sets just discussed were designed for installation
in homes and business locations of the general telephone user.
These users ““subscribed” for telephone service and paid for it by
means of a fixed monthly charge plus additional fees for long-distance
or other special services, according to use. Generally speaking, usage
was restricted by the subscriber to his family, friends, and business
associates. There was, additionally, a need for a service, preferably
on a pay-as-you-call basis, for those who were unable to sub-
scribe for full service. This was a prime motivation for “public

2 As discussed later, broad research into the speech and hearing process was
started about 1915. In the twenties, instrument designs began to be greatly influenced
by this work not only through the application of its results but also by the use of the
analytic and measurement techniques devised in support of the research study.
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telephone service”®® in the early days of telephony, but another
reason soon arose and has become more important as time has
passed. This is the provision of readily available service to a subscriber
or anyone else whenever the need arises and wherever he may be.
Thus, in the early days, the greatest need was for well-distributed
public stations in residential areas where subscriber service was sparse.
Today, the use of public stations has greatly expanded to include
locations along highways in lightly populated areas, as well as on busy
streets in central city areas.

The simplest way to meet the initial need was to install a con-
ventional telephone station in a public location with an attendant to
collect the fee and set up the call or instruct the user as required.
Because of the high expense involved in paying an attendant, this
procedure is practical only where the calling rate is high- and is
still used at such locations. Since true convenience to the user re-
quired widespread stations, even where the usage was low, it was
necessary to find a less costly scheme for such locations. A telephone
automatically controlled by a coin deposit seemed to be the answer
and such devices were invented at an early date.®* The basic principle
underlying most of these contrivances, which came to be known as
““coin boxes,” was the use of a coin to unlock a basic element in
the station without which service would be impossible.®® Originally
they were adjuncts to conventional subscriber telephones but it was
soon found preferable to design a special instrument or “’coin telephone”
in which the telephone and the coin-collecting functions were com-
bined in a single housing.

The basic coin box scheme had two main variants: in one, known
as the prepayment system, a coin deposit was required before the
user could make contact with the operator (or dial a call in machine
switching areas). With this arrangement a coin return mechanism
was required so that the user could be reimbursed if for any

% Strictly speaking, two categories of public telephones are recognized today.
The term, without qualification, refers to a telephone installed by the telephone com-
pany on its initiative in rented space or outdoors. The rent, or commission, is often
based on the use of the phone. Such phones are usually not listed in the directory.
““Semipublic” telephones are installed for a combination of subscriber and public use
at locations such as filling stations, clubs, apartment houses, etc., where public usage
is small or restricted. Such phones, often used mostly by the subscriber, are listed
in the directory and involve a minimum charge which is made up by the subscriber if
the collections fall short of the necessary amount. In the text, the term “public tele-
phone” is used in a comprehensive sense since, from a technical standpoint, the dis-
tinction between categories is unnecessary.

% Coin-operated devices did not originate with the telephone but were reasonably
well known before the 1880s.

® While the provision of the public telephones was the main incentive for devel-

oping coin boxes, they were also employed to some extent in residences, as covered
in Section 7.3.
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reason a charge was not required. In the second, or ‘“postpay-
ment” system, the call was set up in the usual manner without
a coin deposit, but the connection to the called party was not
completed until payment was made. The former scheme required
more complex equipment to provide coin return but required less
operator time. The latter scheme, while basically simpler, not only
required more operator time but also frequently left the called sub-
scriber waiting on the line while the caller fumbled for the necessary
coins. The most significant advantage of postpay was that it permitted
the caller to reach an operator without a coin deposit, a distinct
advantage in an emergency (but also giving rise occasionally to endless
arguments with the operator under non-emergency situations). Both
systems have been and are used in the Bell System, but the prepayment
plan was the preferred arrangement after about 1906 and became used
almost universally because of traffic holding-time savings.®®

With this as background, it is possible to summarize briefly the
evolution of public telephones, sometimes referred to as ‘“pay stations.”

6.5.2 Early Pay Stations

Attended pay stations, located in public buildings, were operated
as early as 1878 by Thomas B. Doolittle on a private intertown
connection between Bridgeport and Black Rock, Connecticut, as a
service provided by the Social Telegraph Association. A fixed rate of
15 cents for each call was charged.

Reference to a “’pay station,” which was probably the first public
telephone in the world, appeared in the New Haven Register of May
25, 1880. The article announced details of the formation of the
Connecticut Telephone Company and stated that “‘a ‘pay station” will
be established there, where for 10¢ or a similar sum, anyone can
talk with any telephone owner.” Other attended public pay stations
were opened in New York City in 1880 in certain offices of the American
District Telegraph Company.

The collection of the charge by the telephone company attendant

¥ The need for a coin deposit on emergency calls was recognized as a distinct dis-
advantage and was debated extensively before prepayment was adopted. As time
passed, and the value of operator time increased, the economic benefit from pre-
payment grew accordingly. At the same time, the density of residential phones grew
rapidly and the use of coin stations for meeting domestic emergencies practically dis-
appeared. However, by the 1960s the situation had begun to change significantly as
the accident rate on highways and the incidence of street crime increased and brought
greater demands for emergency service in these areas. The expansion of coin service
in such areas met much of this need but in a few cases the necessity for an initial
coin deposit nullified their potential value. As a result, extensive central-office equip-
ment changes were initiated in the 1960s to make emergency service available with-
out a coin deposit while retaining the prepayment requirement on other calls.
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or agents (such as hotel or drug store employee) was the principal
method used for payment at public stations during the next 10 or
20 years but ideas for automatic collection began to develop during
the 1880s. One of the first patents for a coin box was issued to
Edmunds and Howard in 1885.%7 It provided for a prepayment box
in which the coin could be collected or refunded by the central-
office operator. This was a basic concept that was widely adopted
later but the Edmunds and Howard scheme seems not to have
been implemented.® The first public coin station (manufactured by
William Gray and illustrated in Fig. 3-69) was installed at Hartford,
Connecticut, in 1889. The following year the New York Telephone
Company placed in service ten coin boxes manufactured by J. H.
Bunnell and Company under a patent granted to H. C. Root. The
Root patent covered a postpay box capable of accepting -coins of
various sizes and used a vibrating bell or buzzer signal to indicate
coindeposits tothe operator handling the call. For reasonslost in history,
no more boxes of this type were installed during the next four years.
By the tum of the century more practical coin boxes became
available. A box produced by the Baird Manufacturing Company
about this time is shown in Fig. 3-70. This was a postpay box
which would accept three sizes of coins. A lever had to be pulled
down after each coin deposit to signal the operator that a deposit
had been made. It can be noted that the instrument had a carrying
handle and may well have been one of several portable devices, con-
nected through jacks installed at each table, which were used in
fashionable restaurants of the period. About 1902, coin-operated tele-
phones began to be widely used, particularly in the Chicago area where
large numbers were installed in residences. Figures 3-71 and 3-72
illustrate typical single-coin boxes of the period. Until about 1900 most
development and manufacture of coin telephones was carried on outside
the Bell System. By the tum of the century some 25 companies were
manufacturing coin boxes in the United States. One of the earliest and
most inventive people in this field was William Gray, who became
interested in public coin boxes in the late 1880s% and received his
first patent in 1889. Later George A. Long joined forces with him

% H. Edmunds and C. T. Howard; U. S. Patent No. 327,073; filed May 13, 1885;
issued September 29, 1885.

% Many of the early coin box schemes were very ingenious but completely imprac-
tical. The Edmunds and Howard patent was no exception. It showed an excellent
understanding of the functional requirements but the proposed mechanical arrange-
ment was complicated and probably not very practical.

# Legend has it that he was inspired by difficulty he experienced in 1888 when he
attempted to obtain the use of a nearby subscriber telephone for summoning a doctor
during a family emergency. He manufactured the first public coin station (Fig. 3-69)
as mentioned earlier.
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Fig. 3-69. First pay telephone (1889). Fig. 3-70. Baird pay telephone (circa 1900).

in the Gray Telephone Pay Station Company. Together they were
granted a large number of patents. The Gray and Long combina-
tion became dominant in the field as they developed a strong patent
position covering basic and practical arrangements for handling coins
of various denominations so that the boxes could be used for the
more expensive toll calls as well as local “nickel” calls.

6.5.3 Basic Coin Box Problems

Of the many problems involved in coin box development two were
outstanding. First was the need to inform the operator of the number
and denomination of the coin deposited. This was the problem solved
so well by the Gray Company. The second was the need for returning
coins to the caller if for any reason the call was not completed. This
was a less critical problem, since it could be avoided by postpay-
ment, but was essential to the prepay system. Western Electric was
instrumental in providing a practical solution to this problem in the
early years of the twentieth century.

Gray and other coin box inventors used electrical signals, sounds
from buzzers, plucked reeds, and similar arrangements for indicating
a coin deposit but when more than one coin was involved, a complicated
lever mechanism, operated by the caller, was usually employed.
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Fig. 3-71. No 1A coin collector.

A typical implementation by Baird is shown in Fig. 3-70, mentioned
previously. About 1890, Gray accidentally dropped a coin on a bell
and realized that the resultant sound, picked up by the telephone
transmitter, could be used as a coin signal using no energy other
than that of the falling coin. The basic idea was further developed
into a multicoin arrangement which was covered by patents granted
to Gray and to C. W. Holbrook in 1892. As implemented, this
scheme used a separate slot and coin chute for each denomina-
tion. The coins, in passing through the chute, struck one or more
gongs generating distinctive signals for each coin deposited. Boxes
with as many as five slots were constructed, but the most common
arrangement, still in use today, accepted three sizes of coins. The
nickel, on its way to the cash box, struck a bell once; a dime hit the
bell twice. The quarter followed an entirely different path, striking a
so-called “‘cathedral gong.”

Cray’s first attempts to apply this scheme were not successful because
the bell sounds were not efficiently conducted to the transmitter.
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Fig. 3-72. Coin-operated telephone of the early 1900s with No. 7 collector.  Fig. 3-73.
Early No. 50A Gray/Westem Electric coin box. (From Western Electric News of February
1916)

After numerous futile experiments involving horns and other means
for conveying the sound through an air path, it was found that a
rigid connection between the bell mechanism and the transmitter
mounting (provided by a common plate or backboard) gave adequate
sound transmission.”® This arrangement, which was referred to as a
“resonant connection,” was patented in 1897.7' This was such a simple
and obvious way to couple the sound producer to the transmitter
that it was widely adopted by other manufacturers and in 1905
the Gray Company started an infringement suit against Baird. The
U. S. Circuit Court of Appeals, in a decision handed down in 1909,
sustained the Gray patent and gave them control over the most
satisfactory way then available for signaling the operator.™

™ One of the schemes tried by Gray was the use of a second transmitter close to the
signal bell for the sole purpose of picking up the bell sounds. The scheme was not used
at this time (probably because of its complexity) but about 1930 when coin boxes were
adapted for handset use, it was revived. With these instruments the coupling between
the signal bell and the speech transmitter was very poor, and the supplemental signal
was essential and is still used quite successfully.
16”1\8‘\{3.7Gray; U. S. Patent No. 593,720; filed November 17, 1893; issued November

2 The term “resonant connection” seems to have been used rather loosely to mean
a solid (rather than an air) path for the transmission of the bell sound to the trans-
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6.5.4 Bell System Developments

The Bell people devoted little effort to coin telephones during the
first 15 to 20 years of telephony’ but beginning in the early 1890s
the Boston staff conducted detailed tests on various designs offered
by Gray, Baird, and others. A few found application in various parts
of the system (in the absence of anything better) but, generally speak-
ing, the attendant or agency schemes served most needs until near the
end of the nineteenth century.

The first Bell coin box patent seems to have been granted to
G. K. Thompson of the Boston laboratory.” This covered a postpay,
single-coin box adaptable to either local- or common-battery stations.
After depositing a coin, the user operated a lever which collected
the coin and signaled the operator, by means of a buzzer, that the
deposit had been made. C. E. Scribner of Westemm Electric applied
for a patent on a prepay box in 1896. It was not issued until
1899. Several other prepay patents were issued about this time
to Scribner and McBerty, but all covered rather crude arrangements
which required action by the user for coin return. The first significant
step forward in prepayment boxes came from A. M. Bullard of the
Chicago Telephone Company who in 1898 invented a scheme for
using a polarized magnet to control the disposition of the coin. A signal
of one polarity originated by the operator would return the coin to the
user if the call was free or incomplete. The opposite polarity would
collect the coin in the cash box. Bullard applied for a patent on this
arrangement about a year later. [t was issued in 19017° and was assigned
to the Westemn Electric Company. Scribner, also in 1901, adapted the
principle of the polarized magnet to an improved collect-return mech-
anism.’ Both patents were put to use in coin boxes manufactured by
Western Electric in the early 1900s and coded Nos. 1 through 7.

mitter. There is no evidence that coin box manufacturers attempted to tune the con-
nection so as to enhance the transmission of the bell frequencies. The judicial decision
gives Gray credit for being the first to devise a ‘‘resonant connection’” but seems to
interpret this as “the idea of vibratory conduction of the sound signal along the
solid wood or metal located in the path of vibration between the signal and the trans-
mitter.” This broad interpretation gave Gray an impregnable position.

® This was the period when major advances were being made in the new art. The
companies were converting their lines to a metallic system using hard-drawn copper
wire, common-battery exchanges were being introduced, and the reliable, solid-back
transmitter had just become available and was being installed widely. In view of the
large amount of engineering effort required by these activities, it is not surprising
that the priority placed on coin box development was not high.
: b5 %; K. Thompson; U. S. Patent No. 547,405; filed May 13, 1895; issued October

, 1895.

7> A. M. Bullard; U. S. Patent No. 665,874; filed June 7, 1899; issued January 15, 1901.

™ C. E. Scribner; U. S. Patent No. 728,309; filed July 29, 1901; issued May 19, 1903.
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The Nos. 1, 2, and 3 boxes were postpay, single-coin (optionally
nickel or dime) devices made under the G. K. Thompson patent
and were used for a number of years. The No. 1A box is illustrated
in Fig. 3-71. Similar collectors were manufactured in the early 1900s
by Baird, Gray, and others and used by a number of the Bell Com-
panies. The No. 4 box was referred to as the “’Esterbrook Box” and
seems to have played an unimportant part in the coin box evolution.

The No. 5 box incorporated the Bullard patent. It was listed in a
December 1902 Western Electric catalog. It was superseded almost
immediately by the No. 7. However, the Chicago Company used the
No. 5 box (probably manufactured locally) as early as 1898 and it seems
to have been the first fully automatic prepay box in use in this country.

The No. 7 box, which is shown in Fig. 3-72, used the Bullard
principle with the improved Scribner collect mechanism. It was a nickel-
only box in which the deposit of a coin lighted a lamp in front of
the operator. The coin was held in suspension until the end of the
call, at which time it could be collected or refunded by the electro-
magnet in.the box under control of the operator. Some eight or nine
versions of the No. 7 box were ultimately produced and the basic
design was not discontinued from manufacture until 1931.

In the latter part of 1903 a multicoin box was developed for toll
service which used the No. 7 mechanism to initiate calls, further
collections being made when the call was established by means of
deposits through a second slot leading directly to the cash box. Around
1906 and 1908, modified versions were introduced which kept all
coins in suspension until they were collected or refunded by the mag-
netic mechanism. In some of these multicoin boxes the user operated
a lever, after each coin deposit, which struck a gong mechanically to
inform the operator of the deposit and the size of the coin; thus these
boxes involved a return to a mechanical principle requiring activation
by the user.

About 1908, Forsberg of Western Electric began the development of
an improved multicoin mechanism which was an extension of the
Bullard-Scribner principles. The first model, known as Y-485, was
produced in January 1909. In this device all coins were held in a
bucket which could be tripped by a polarized magnet, controlled by
the operator, so as to collect or return them as required.” By this
time the Gray mechanism for signaling coin deposits had proven its
worth and it was obvious that if this mechanism were combined with

™ Further improvements were made in successive models and a patent application
was made in 1911 and issued (No. 1,043,219) on November 5, 1912, in the form used
for many years in the No. 50 box.
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Forsberg’s, the result would be a truly automatic, multicoin, prepay
box. Consideration was given to developing such a box by Western
Electric, but the 1909 court decision made it clear that it would not
be possible without the use of the Gray patent. It was decided, there-
fore, to join forces with Gray and on October 18, 1910, an agreement
was signed under which Gray would manufacture coin boxes for the
Bell System using the Gray chute and box system but with a collection-
magnet system supplied by Westermn Electric. Western Electric also
supplied and installed the telephone instrument and station circuitry.
This box, shown in Fig. 3-73, was coded the No. 50A in December
1911, and the basic principle involved continued in use for over 50
years. The original Gray agreement ran for about four years but was
renewed, with changes as necessary, until the mid-1930s when Western
Electric took over manufacture of the entire box.

During the long period in which the No. 50 coin box was manu-
factured, many changes were introduced. The boxes were adapted to
dial operation in 1920. The anti-sidetone (AST) coil and the handset were
introduced in the early 1930s. The original cast-lead chutes were
replaced with more durable brass and many detailed changes were
made to prevent vandalism and fraud from the use of slugs, mis-
appropriation of collections, and so forth.™ The locks were improved in
various ways and in 1916 the box was strengthened by using a pressed-
steel lower housing in place of the earlier cast iron. An important
change was the introduction of a self-locking sealed coin receptacle.
With this arrangement the receptacle was removed from the coin box
by the collector and replaced with an empty one. Access to the
coins required a key to the receptacle which was available only to
the accounting office which supervised collections. In the 1920s this
sealed box superseded the older arrangement in which the collector’s
key gave direct access to the coins.

New code numbers were assigned to boxes incorporating the changes
and improvements mentioned above. Many of these were accomplished
by changing the letter suffix in the No. 50 series. In other cases
the number series was changed. For example, the 150 series was
wired for the AST station set, the 160 designation was assigned to
replace the 150 for boxes manufactured entirely by Western Electric
(about 1935), and the 170 series covered coin boxes using handsets
(1940).

" 1t is interesting to note that fraud is not a recent problem. In 1900, Scribner filed
for a patent covering a device for detecting iron slugs and sending a waming signal
to the operator.
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VII. CUSTOMER TELEPHONE ADJUNCTS

Today we have become accustomed to supplementing the telephone
station with many devices which increase the usefulness of the service.
Message recorders, automatic dialers, complex switching mechanisms,
and many other accessories to the telephone station are commonly used
on the customer’s premises. But during the first 50 years emphasis
was on expanding basic telephone service and only a few adjuncts
to the customer telephone set were used, notably the telephone
booth and some rudimentary switching and metering arrangements.

7.1 The Telephone Booth

The primary purpose of the telephone booth is to provide a degree
of privacy to the user of telephones at public locations. However, in
the very early days the need to shout, particularly on long-distance
calls, caused the user to be rather a nuisance to those around him
and booths were sometimes used in business offices to reduce the dis-
turbance as well as to provide privacy.”

The pay telephones used on Doolittle’s Bridgeport-Black Rock
circuit of 1878 were installed in enclosures and this was probably
the world’s first use of a telephone ““booth.” But the first booth patent
was not filed until 1883. It described a booth 4 to 5 feet square
with domed roof and a ventilator. It was mounted on wheels,
presumably on the basis that it was a piece of furniture and was sure
to be moved about.

By about 1890 a standardized series of five booths became avail-
able of which the No. 3 and No. 5 shown in Fig. 3-74 and Fig. 3-75,
respectively, were typical. These booths, which were described in an
April 1891 AT&TCo brochure, were available either in oak or cherry
at a cost between $112 and $225, without “fixtures,”®® depending on
size and number of walls with windows. The Nos. 1, 2, and 3 booths
differed only in the window arrangement. They required floor space of
about 4 by 5 feet, and were intended for use of the long-distance cabinet

™ Since Watson’s landlady objected to the disturbance he caused with his early
telephone experiments, he created a form of “booth” by using a rell of bedclothes to
mutffle the sound.

® It was considered appropriate to provide not only an ornate booth structure but also
a decorated interior. Available fixtures were:

Wilton rug $3.50 and $6.50
Revolving stools with russet leather tops $2.00
Yellow silk window draperies $3.00 per pair

By 1891 booths were already in use at such exclusive places as the Astor House in New
York, the Grand Union Hotel at Saratoga, and the Union League Club of Chicago.
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Fig. 3-74. No. 3 long-distance telephone booth.

Fig. 3-75. No. 5 long-distance telephone booth. Fig. 3-76. Long-distance cabinet set (1887).
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telephone illustrated in Fig. 3-76.8' The No. 4 and No. 5 type (also
differing only in window arrangement) were intended for use with
a standard wall set and required only a 4-by-2/2 foot floor space.
All types had double walls and doors to make them soundproof and
also included domed roofs. This type of booth was used extensively
between 1890 and 1900 but some booths of simplified construction
were also introduced during this period. About 1900 the Bell engineers
drafted specifications for a much smaller and simpler booth which was
built by outside suppliers on a competitive bid basis. These booths
were about 34 inches square, had single walls (with some sound-
deadening material added), and were lined with embossed sheet
metal. They were the first of the unit construction type which could
be assembled into groups. As in previous models, the door was
hinged to swing outward and the floor (to provide structural strength)
was raised about 4 inches off the building floor. Both of these
construction details proved undesirable and were ultimately eliminated.
By 1910 the door had been altered so that it could swing inward
but it was not until 1930 that the elevated booth floor was replaced
by a strong but thin steel plate.

The door problem arose about 1904 when booths were being installed
in narrow passageways and odd comers where an outward-swinging
door was awkward to use and at times hazardous. Maurice Turner,
then associated with the New York Telephone Company, proposed
the use of a door, without hinges, running on a curved track that
swung the door inward and parallel to the side of the booth as it
was opened. After several years of experimentation, the first booths
of this type were installed. A considerable number were built in the
next few years but the floor track tended to clog with dirt and some
users never did master the technique for opening and closing. In
1910, Turner filed a patent for a double-hinged folding door with a
simple guide at the top. This door operated easily and with motions
which seemed logical to the user. It became the standard door mecha-
nism and has continued in use pretty much ever since. At about the
same time the floor space was reduced to 30 by 30 inches which is a
common size for indoor booths today. A rather simplified construction
gradually evolved so that the booths could easily be assembled into
groups. Fronts and exposed end panels were well-finished hardwood
but backs and sides used lower-grade material to minimize cost.

About 1912 these features were incorporated in a new standard
booth listed as the No. 1 type in the Western Electric catalog and

¥ This was the telephone first used with these booths. In 1891 it was replaced by
a similar cabinet phone [item (h), Fig. 3-47] using a solid-back transmitter in place of
the ““long distance” transmitter used earlier.
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illustrated in Fig. 3-77. It was generally used throughout the Bell
System for many years but receding-door and swinging-door booths
were still available for those wanting lower-cost arrangements.’? In
1930, the No. 5 and No. 6 type booths were introduced (identical
except that a seat was supplied in the latter). These booths introduced
the flush floor, improved lighting and ventilation, and numerous
other features and accessories (Fig. 3-78).

Most booths were made by outside suppliers until the mid-1920s
when Western Electric, in order to provide better and lower cost booths,
purchased the Queensboro Shop of the Turner-Armour Company
which had been a booth supplier since 1915. This shop became the
principal Western Electric plant for the manufacture of booths and
continued in operation until 1965.

Although standardization of booths has long been emphasized in
order to minimize cost, there have always been a few places which
warrant special designs. One of the most famous is the “Pagoda”
booth used in San Francisco’s Chinatown. The idea proved very popular
and was adopted elsewhere. Figure 3-79 shows the manner in which the
pagoda theme was used in New York’s Chinatown to modify the
austerity of an otherwise typical outdoor booth. Other special booths
were developed for the rapid transit lines. Those used in the subways
of New York were of all-metal construction and were made without
doors for sanitary and other reasons. Probably one of the first out-
door installations was used on the elevated railroad platforms where
waterproof booths were required. About 75 outdoor booths were used
on a special basis in 1939 at the San Francisco Golden Gate Exposition,
but widespread usage of the type did not come until later.

7.2 Switching—Key Telephones and Wiring Plans

During the first S0 years of telephony, the switching functions per-
formed by telephone stations (or closely associated equipment) were
primarily of two types which can be described broadly as intercommuni-
cation and line selection.

The intercommunication or “intercom’ system essentially provides a
small private telephone system, usually confined to a single building
or small area, controlled by a set of keys or switches associated with
the station set. A wall set for connection to ten lines, dating from
about 1904, is shown in Fig. 3-80. In such a system each station

82 The earlier use of Codes 1-5 for the booths illustrated in Figs. 3-74 and 3-75
seems to have been overlooked (probably because they were not marketed through
the Western Electric Company). At any rate, the numbers were reused beginning about
1912, No. 1 designating the folding-door booth which could be assembled into
groups. No. 2 was similar but a single unit with finished wood on all sides, and Nos. 3
and 4 were less-expensive types using receding and swinging doors respectively.
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Fig. 3-77. No. 1 folding-door telephone booth (circa 1912).

was normally associated with a specific local cable pair. The pairs
appeared at all stations in the system and access to them was by
means of the pushkeys shown. To initiate a call the user pushed
the key required to connect him to the desired line after which he
sent a ringing signal by depressing the ring button. The called
party actuated the answer key to connect his station to the line. In
such arrangements one of the numbered lines could have been an
outgoing line to a central office but in the early days it was common
to use separate stations for intercom and network use since the latter
required higher-grade station equipment.

The line selection function was used where a single user desired
access to several lines to the central office. Commonly, this was accom-
plished by providing separate station sets for each line®® but as early as
1892 the station pictured in Fig. 3-81 was provided with a key (di-
rectly under the receiver) to transfer the set between two lines. This
arrangement seems to have been little used, probably because of the
added space required in the base and the necessity for a special
station design to meet a limited need. However, the need remained for
switching a station among lines and later for other functions such as
temporarily “holding’” one line while using another, transferring calls
from one station to another, and so forth. These needs were originally

8 Older readers will recall that the movies in the first quarter of the twentieth
century frequently pictured the affluent businessman with a battery of telephone
stations on his desk.
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met by a series of “wiring plans” introduced about 1921 which
employed keys of the toggle or pushbutton type as shown in Fig. 3-82.
These keys were usually mounted on the side of a desk and wired by
the installer according to the standard wiring plan fitting the user’s
needs. These arrangements became quite common in the 1920s and
by about 1930 the demand grew to the point where the more complex
No. 100 key equipment for multiple lines was provided. This was an
assembly of keys, relays, and signal lamps which had some of the
characteristics of a small PBX8 and provided more complex functions
than the simple wiring plan. About 1940, when the combined telephone
handset was introduced, keys and pushbuttons were again introduced
in the base of the telephone set to control simple, on-premise
switching functions. However, during the period covered by this portion
of our history, local switching arrangements were largely adjuncts
to the telephone station sets rather than an integral part and were
controlled by separate key mechanisms wired to meet the user’s
needs. Mostly a standard wiring plan was used but custoni designs
were sometimes employed also.

7.3 Metering Arrangements

Around the tum of the century there was much discussion of the
most equitable way to charge customers for telephone service. It was

8 Private branch exchange, discussed in Section VI of Chapter 6.

Fig. 3-78. No. 6 type telephone booth (circa 1930). Fig. 3-79. Pagoda booth.
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Fig. 3-80. Ten-line intercom set (circa 1904). Fig. 3-81. Deskstand with line selection key (circa 1892).

generally agreed that long-distance calls should be billed individually
according to distance and duration, but local service was ordinarily
covered by a subscription fee that was independent of the number
of calls made.® Many people felt that this was inequitable. Some cus-
tomers who seldom used the phone objected to paying as much as
heavy users did, and many telephone managers felt that as a result
of flat-rate service, customers made their phones available to friends
and neighbors who would otherwise become subscribers. There was,
therefore, a considerable body of opinion in favor of charging, even
for local calls, on the basis of the number of calls originated. There
was general agreement that charges for incoming calls would be unfair
since the recipient had no control over them. Two schemes for
measuring service were introduced, both depending on apparatus
added to the regular customer’s telephone. One called for the use of

8 This is known as flat-rate service. While the fee was independent of the number
of calls per month, it differed with the type of service furnished, i.e., business and
residence charges usually differed and the rates were less for party than for individual
line service.
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170 Engineering and Science in the Bell System

meters (message registers) to count the calls, and the other used the
coin box.

The original idea was to place the meter on the customer’s premises.
Some of these devices required the user to press a button or operate
a lever to initiate and register a call. They were fundamentally
the same as coin boxes, registering a call on a counter instead of
collecting a coin. They had the same disadvantages of requiring extra
operator time and a visit to the premises to read the meter but the
customer was billed monthly and spared the annoyance of having a
supply of coins on hand. Hammond Hayes and others came up with
counters operated electrically which were partly automatic but either

v
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Fig. 3-82. Keys used with wiring plans introduced in 1921.

required complicated mechanisms or operator time to handle free and
incomplete calls. This and the need for meter reading made the use
of the meter on the customer’s premises unsatisfactory and the scheme
was little used.

A more satisfactory arrangement was devised by Scribner which
used meters on a one-per-customer basis at the central office. This
scheme required little extra operator time (it ultimately became
completely automatic) and greatly reduced the cost of meter reading.
It was the only meter scheme used extensively in the Bell System
and has been used mostly in large cities. In such locations measured
service is still employed but in small cities flat-rate service has always
been preponderant.

The Chicago Telephone Company was the greatest user of coin
boxes for providing measured service in the home, but they were also
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employed in a few other cities, of which Cincinnati was one. At first
the idea was outlawed by the Chicago City Council but in 1900 the
City Legal Counsel ruled that coin boxes in residences were permitted
under the company charter.

Originally the idea was that they would be used more or less as
semipublic stations, but the pay-as-you-call idea gained favor and by
1902 they were used widely in residences, 20,000 having been installed
during the previous year. This one year’s growth was just short of
the total stations (25,000) in service during the previous year and
explains why the Chicago Company developed great enthusiasm for
this type of measured service.

The explosive growth did not last, but the use of residential coin
boxes (at user’s option) continued in Chicago into the fifties, various
kinds of coin boxes being used during this period. Ultimately the col-
lection cost became excessive and the pay-as-you-call system gave way
to the monthly billing system in use elsewhere.%¢

Thus the idea of charging on the basis of originated calls started
with the use of a station adjunct, but such arrangements were not
used extensively. The basic idea was survived but metering has be-
come one of the functions performed at the central office under
control of the switching mechanism.

VIII. TELEPHONES FOR OTHER USES

In addition to the customer telephones that have been described,
a number of other types evolved. Some of these, such as operator’s
and lineman’s telephones, were used directly in the operation and
maintenance of the national telephone network. Others, such as the
high-quality instruments used forlaboratory and comparison purposes,
indirectly influenced the evolution of the network. Still others, while

# One of the unusual features of the Chicago coin service was that the use of slugs
in home phones became quite common at one time. The collector on his monthly visit
would separate out the slugs from the nickels and present them to the phone user
who would redeem them in legal tender. The wide use of nickel slugs on a private
basis obviously presented complications in the use of public telephones and other
coin-operated devices and resulted in the use of special tokens of complicated design
in place of nickels. These complications provided added reasons for discontinuing
the home coin box but many users were reluctant to give them up, especially
when use was shared with neighbors. In Chicago, residential coin boxes were
discontinued as a new service offering at the end of 1937, but existing subscrib-
ers to this service were allowed to continue. Even though equivalent message
rate service at the same cost had been offered as a replacement, it was not until 1958
that the number of coin boxes declined to about 1,000 and the service could be dis-
continued. Cincinnati had discontinued residential coin service about ten years earlier.
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by-products of major telephone development programs, had special
or limited applications with little relation to the network.

8.1 Operator’s Telephone Sets

The need for an operator’s set arose with the beginning of switching.
Electrically the requirements were essentially the same as for customer
sets except for the greater need for low sidetone brought about by
the almost continuous usage, often in rather noisy surroundings.®
Physically, the set had to be designed so that it was comfortable
to use for long periods, left the operator free to move to a limited
extent, and also gave her the use of both hands for manipulating
the plugs and keys used in switching. This was a rather large order
and was not completely achieved for a number of years.

The first operator’s telephone sets were hand-held leaving only a single
hand for switching. The first switchboard installed at New Haven,
Connecticut, in 1878 provided a butterstamp instrument for the operator
which served as both transmitter and receiver. The Gold and Stock
Exchange in 1879 used handsets of the type designed by Brown which
have been mentioned previously and illustrated in Fig. 3-54. Another
operator’s set introduced about this time used a Blake transmitter
suspended by an arm in front of the operator and a hand receiver
of the butterstamp type held by the operator.

In order to free both hands of the operator, E. T. Gilliland in 1881
devised a 6-pound arrangement to support a Blake transmitter and
hand receiver on the operator’s shoulder as shown in Fig. 3-83a. This
equipment, because of the great weight, was unsuitable for use by the
young women who were replacdng the men operators used previously
and was not put into widespread use. Instead, an arrangement was
tried in which both the transmitter and the receiver were suspended
by an arm as shown in Fig. 3-83b. This was more comfortable but was
difficult to use since the operator was obliged to remain close to the
instruments if the set was to perform efficiently. Obviously, none of
these arrangements was satisfactory but with the development of the
small receiver by Richards in 1884 a practical scheme began to evolve.
As discussed in Section 2.2.3, this receiver was light enough to be
suspended by a headband which held it tightly to the ear. The head-
band, originally of the double type, was simplified as time went on
and by 1920 a very lightweight wire device was employed.

At first the Richards head receiver was used with a suspended or
bracket-mounted transmitter as shown in Figs. 3-83c and 3-83d, but in

& As discussed in Section 3.1.
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1900 the No. 234 breastplate transmitter (Fig. 3-83e) was introduced
and, combined with the new No. 128 receiver standardized the same
year, produced for the first time an operator set meeting the basic
requirements. It continued in use with some modifications and improve-
ments for the next 40 years. Its 1900 form is illustrated in Fig.
3-83f, and a simplified form introduced about 1920 (with the No.
528 receiver) is shown in Fig. 3-83g. This set had many features which
contributed to its long use. From a technical standpoint it was highly
satisfactory since it was based primarily on instrument designs similar
to those manufactured in large numbers for subscribers. It was easily
adjusted by means of a mouthpiece with ball and socket joint and a
neckband of adjustable length. It was well liked by the operators
since it was light in weight (less than 1 pound total) and easy to
keep hygienic since the neck straps were readily and inexpensively
replaced and the mouthpiece was removable for washing.#®

8.2 Sets for Linemen and Craftsmen

During-the construction and maintenance of telephone plant, crafts-
men frequently had need to talk to, and conduct tests with, the wire
chief or other supervisory people in the central office.

To meet this need, particularly in the case of outside-plant workers,
two general types of lineman’s sets were designed in the 1889 to 1910
period. For use on lines with local-battery service, the sets illustrated in
Fig. 3-84 were developed. Each was a complete telephone with receiver,
transmitter, hand generator, and a buzzer that responded to incoming
calls. A small local battery with a push-to-talk button was provided.
For use on common-battery lines, a handset, mentioned earlier and
illustrated in Fig. 3-57, was designed. Since neither battery nor the
ringing generator was needed, this set comprised only a carbon
transmitter and a receiver mounted on an aluminum handle and
wired in series. Because its use was restricted to trained telephone
company personnel and to relatively short connections, it did not
need to meet the requirements of commercial customer equipment.

The wire chief used standard instruments of the type designed
for operators. Since he had to be free to leave his desk, the suspended
transmitter of the type shown in Fig. 3-83c was used at the wire
chief’s position long after it was superseded by the breastplate trans-
mitter for operators. This arrangement, particularly with the receiver
and headband of Fig. 3-83g, provided a flexible setup since the small

® To further promote hygiene, each operator was assigned a telephone set which she

alone used.
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receiver could be hand-held for short conversations or head-supported
for a long series of tests.

The central-office craftsman originally used much the same equip-
ment as the lineman but by 1912 the frame room had become quite
large in some buildings. In order to provide greater flexibility for
craftsmen, the loudspeaker systems mentioned in Chapter 4 (Section
4.3.1) were developed for communication with the wire chief.

8.3 Special-Purpose Telephones

There was an obvious need for various kinds of telephone com-
munication not provided by the commercial network. A number of
these needs were met by developing station sets to meet special
service requirements. Intercom sets, already mentioned, are an example
of a service originally separated from but later integrated with the
commercial network. Other services with special requirements remained
independent of the network but were able to take advantage of the
technology developed for commercial telephony.

Telephcne sets encased in iron boxes, designed to be mounted in
outdoor locations on poles and buildings, were provided early in the
twentieth century. Two such designs are shown in Fig. 3-85. Item (a)
was produced in 1903 for street railway systems and item (b) was a
policeman’s call set of the same period.

Special telephones were also produced for use in mines where
dampness and explosive gases were prevalent. An early design, of
about 1892, is shown in Fig. 3-86a. The sealed box contained both
the transmitter and the receiver with voice access through speaking
tubes of rubber. All metal parts were lead plated to prevent rusting.
In the 1910 version shown in Fig. 3-86b, all parts with electrical
contacts were enclosed to isolate sparks and all metal parts were
finished with japan or lacquer to protect against moisture damage.

Equipment to provide communication between divers and their
tenders was supplied as early as 1892.

Telephone sets to meet the special needs of the military were
produced beginning about 1900, including the handsets mentioned in
Section 6.3. During World War I other special communication systems,
including the necessary station apparatus, were designed for the
military. Some of the more interesting were shipboard systems and
means for communicating with captive balloons and airplanes. The
U. S. Navy began the extensive use of shipboard telephones about
1909 when the ““Great White Fleet” made its round-the-world cruise.
By 1916, large ships were equipped with two extensive telephone
systems, one for operational use and the other for fire control (see
Fig. 3-87). Both of these systems involved unusual problems in pro-
tecting the equipment from moisture and physical damage during
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battle conditions. The development of ship-to-ship and other wireless
communication systems is covered in Section 4.1 of Chapter 5. One
of the interesting problems of airborne systems involved the develop-
ment of transmitters and receivers (the latter built into aviators’
helmets) for use in the presence of the airplane’s high ambient noise.

(a)

Fig. 3-84. Lineman’s test sets: (a) 1889; (b) 1905.

()

Fig. 3-85. Telephone sets encased in iron boxes for outdoor use. (a) Pole-mounted

telephone set for street railway maintenance personnel. (b) Pole-mounted telephone set
for police.
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A by-product of the airplane system was telephonic communication
between the pilot and his passengers. Previously communication had
been accomplished by hand signals.

Thus, by the end of World War I, telephone sets had been designed
for indoor and outdoor use on the earth, for use below the earth’s
surface, and in the air above.

8.4 High-Quality Electroacoustic Converters

The development of high-quality telephone instruments is a par-
ticularly interesting illustration of the research and development process.
These instruments did not evolve directly, as might be expected,
from the flow of technology which produced commercial telephone
transmitters and receivers. Instead, their development drew largely
on rather remote supporting technology which had been developed
for quite different purposes. To complete the illustration of the
serendipitous growth of technology, it turned out that these instruments,
designed to meet a particular objective, found a much broader
applicatior in fields unthought of when their development was begun.

Fig. 3-86. Telephone sets for use in mines:
(a) 1892 design; (b) 1910 design.

(a)
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Fig. 3-87. Ship service telephone on board U.S.S. Arizona.

It will be recalled that in the early years of telephony, when the
telephone transmitter was the only source of amplification, the most
effective telephone instrument was one which provided high efficiency
for a rather narrow band of frequencies centered at about 1,000
hertz. The speech from such instruments was highly distorted but
still reasonably intelligible and the high efficiency attained by using a
resonant structure which concentrated the energy in a narrow band
was responsible for achieving transmission over distances which would
havebeen completely unattainable if the speech energy was distributed
over a wider frequency range. It was obvious that this situation
would change as line amplification became available. Transmitters and
receivers would no longer have to be designed to achieve maximum
transmission distance. Instead, it would be possible to improve the
ease and quality of communication by producing relatively uniform
electroacoustic conversion over a wider band of frequencies. Useful
designs of higher-quality instruments could have been developed by
an extension of the experimental process which had already produced
the reliable transmitters and receivers of the early twentieth century.
But some of the technical leaders in the Bell System, such as H. D.
Amold and [. B. Crandall, saw the shortcomings of such methods
and the advantage of developing a broadly based theoretical approach
to acoustical design. Accordingly, they originated, shortly before 1915,
a comprehensive study of the speech and hearing process to provide
the necessary technical foundation. This work and its unique con-
tribution to the art of acoustics will be covered elsewhere in this
history. Of significance here is that such a study required highly
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sophisticated instrumentation including transmitters and receivers of
great stability having a frequency response uniform over a band of
frequencies far beyond anything needed for telephone speech. With
such instruments, and appropriate equipment for measuring and
generating electrical tones, it would be possible to explore the amplitude-
frequency characteristics of speech and acoustic noise and also deter-
mine the sensitivity of the hearing process. The instruments, together
with suitable connecting circuitry, would provide an optimum telephone
transmission circuit against which other transmission paths could be
compared and, by inserting transmission degradation in this path,
the effects of noise and distortion on speech transmission could be
evaluated.?® Obviously, the key to this whole plan was the develop-
ment of suitable high-quality transmitters and receivers.

8.4.1 Transmitters

The microphonic principle which formed the basis for all commer-
cial transmitters was completely unsuitable for constructing the
high-quality instruments needed for basic acoustic studies. These
instruments lacked the necessary stability and also produced more
harmonic distortion than permissible. In addition, the carbon button
affected the motion of the diaphragm in a way that was difficult to
predict with exactitude because of carbon packing. Instead, E. C.
Wente, to whom the development problem was assigned, selected the
condenser (capacitor) principle which had been discovered as early as
1870. At that time Varley had noted that a condenser could emit sound
(due to movement of the plates) when an electromotive force was
applied. Proposals for using this principle in the construction of a
“telephone” were made shortly after Bell’s invention by Edison, Du
Marcel, Dolbear, and others.?® These proposals covered primarily the
receiver application but, since it was a reciprocal device, it could also
be used as a transmitter because sound impinging on a condenser
plate would vary capacitance and this variation could be used to
generate an electromotive force.

While the simplicity of the concept was attractive, the condenser
transmitter was so high in impedance and so low in efficiency,
compared to the carbon microphone, that it was of no practical use

% In essence, this was the philosophical basis for the Master Transmission Reference
System developed about 1928 and discussed in Section 5.1.1 of Chapter 4.

* Edison seems to have priority with two designs for condenser-type telephones
which he tried in 1877. Apparently he did not follow up on these proposals. About
1881-82, Professor A. E. Dolbear strongly advocated the use of a condenser-type
receiver and while it appeared to have certain advantages it could not, in fact, compete
with electromagnetic devices, which were more efficient and more suitable because of
their lower impedance, for use with available transmission systems.
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during the 45 years after Varley discovered the principle. By 1915,
Wente had two new tools which he could use. First was the de Forest
audion. Although originally used as a radio detector, the improve-
ments made by Amold and others had tumed it into a practical
amplifier capable of solving the line repeater problem. Advances in
tube construction and circuitry had come along so rapidly that Wente
was convinced that electronic amplifiers could be used to convert the
condenser-microphone voltage and impedance to the extent required
for practical application.®’ The other tool was the new theory growing out
of G. A. Campbell’s work on loading, wave filters, and other electrical
networks. Crandall, Wegel, Wente, and others began applying this
theory to electroacoustic systems and showed how electrical networks
could be devised that were the exact analog of vibrating systems and
thus electroacoustic converters could be represented as electrical
systems the performance of which could be computed by means of
electrical network theory. Thus the characteristics of the transmitter
could be computed in advance and the pertinent parameters varied to
give the desired overall frequency response.®

The Wente condenser microphone of 1917 is shown in cross section
in Fig. 3-88. It consisted essentially of two parallel plates insulated

9 The technically inclined reader may be interested in a more detailed discussion
of the problems involved in the practical application of the condenser principle.
The device was not only far less sensitive than the familiar carbon transmitter but
was also somewhat less sensitive than electromagnetic devices. However, for the acoustic
levels of interest the output could be amplified to adequate levels by electronic
amplifiers if the input could be kept reasonably free from noise arising either in the
amplifier circuitry or through coupling.to outside sources. Perhaps more serious than
low sensitivity was the high and frequency-dependent impedance of the device. Since
the transmitter was nothing but a small capacitor, the impedance was reactive, being
very high at low frequencies and decreasing in an inverse manner with frequency (a
typical commercial transmitter, the 394, varied from about 20 megohms at 25 hertz
to 0.1 megohm at 5,000 hertz). The high impedance meant that even short lengths
of cabling would introduce high loss and noise from crosstalk. The variable impedance
meant that the transmitter voltage, which was reasonably independent of frequency,
would be badly distorted unless it worked into an impedance many times higher
than the microphone impedance. These problems would have been insoluble without
the vacuum tube amplifier. The input impedance of these devices was inherently
high and by placing a shielded first stage (preamplifier) close to the microphone
the high-impedance wiring could be kept short and noice pick-up made negligible.
This all sounds easy today but in the twenties there was little experience in producing
quiet amplifiers with high and stable input impedances. Even the production of reliable
high-value resistors was without precedent and the two 50-megohm resistors required
in each preamplifier were, after much investigation, made by filling glass tubes with
a mixture of Xylene and alcohol, contact with the mixture being made by platinum
wires sealed into the ends of the containers. It was also necessary to use batteries to
supply the transmitter bias and the plate and filament supplies of the preamplifier since
other practical, low-noise power sources were not available.

9 These two tools, the electron tube and electrical network theory, mentioned
briefly above, are discussed in more depth elsewhere in this history in connection
with subjects to which they are more directly related. See particularly Chapters 4 and
5 which not only provide more background on their origin and development but
also cover their revolutionary effect on the evolution of wire and radio transmission.
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Fig. 3-88. The Wente condenser microphone of 1917.

from each other. One plate was fixed and the other, a diaphragm of
thin sheet steel, was movable under the action of the alternating
pressure of a sound wave. These plates were connected in series with
a resistor and a battery; as the capacitance varied, the current flowing
in the circuit also varied so that a varying potential was produced
across the resistor which was proportional to the undulations of
pressure in the sound wave. Distortion in the frequency range of
interest was avoided by stretching the diaphragm so that its resonant
period was at about 17,000 hertz. Such distortion also was avoided by
the damping action of the thin film of air between the two plates. The
design was improved by Crandall in 1918 by using a slotted back plate
which increased the damping at the lower frequencies permitting the
reduction of the resonant frequency and consequently increasing
efficiency below this point. Research instruments built by Wente
using this principle had a resonant period of about 10,000 hertz and an
approximately uniform response with frequency from 20 hertz to 8,000
hertz.*® They produced an open-circuit voltage of about 0.3 millivolt
forapressureof 1dyne persquarecentimeter.®® Commercial transmitters
developed in the late twenties were 20 dB more sensitive.

In order to provide a useful output, a multistage amplifier was
associated with the condenser microphone, the potential variation
across the resistor in the microphone circuit being applied to the grid
of the first stage. In one interesting application, where the transmitter
was used in making oscillographic recordings of speech sounds, the

% The shape of the response in practical applications was, at the extreme fre-
quencies, considerably influenced by the amplifiers used with the microphone.
® In the circuit used, the open-circuit voltage was essentially the operating voltage.
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152 Engineering and Science in the Bell System

amplifier consisted of seven resistance-coupled stages having a voltage
gain of 40,000 (over 90 dB). In this case the last stage consisted of eight
vacuum tubes in parallel and served as a current transformer to drive
the low-impedence oscillograph without the use of coil transformers
which would have introduced a low-frequency cutoff.

Another interesting research application was the use of a probe, or
search, tube, about six inches long and of one-quarter-inch or less
diameter open at one end and coupled to the condenser transmitter at
the other. The open end of the tube could be used to explore pressures
in small chambers at frequencies up to about 25 kHz since the small
size caused negligible wave distortion. The transfer of pressure to the
microphone was affected by longitudinal resonances in the tube and
consequently the response was not flat with frequency. As a result, the
system had to be calibrated and used on a single-frequency basis.

Although developed primarily for research, the condenser transmit-
ter found many other applications. Its development was completed
just as public-address and radio broadcasting systems began to evolve,
as will be related in Chapters 4 and 5, and for a number of years it was
widely used commercially where the very best quality of speech
transmission was required. The microphone developed for this
purpose about 1928 was coded No. 394 and was associated with the
No. 47A preamplifier, as shown in Fig. 3-89a. The amplifier was a
single-tube device, shown schematically in Fig. 3-89b, which provided
the 200-volt bias for the microphone and converted the 50-megohm
grid input impedance to a low output impedance (50 or 200 ohms) for
use with local cabling without undue loss or distortion. Later a small-
diameter microphone and reduced-size amplifier were developed.

8.4.2 Receivers

Initially, high-quality receivers were obtained by modifying the
bipolar telephone structure to provide greater stability under tempera-
ture variations and to damp out the resonant peaks. The former was
accomplished by means of a diaphragm clamping ring having the
same temperature coefficient of expansion as the diaphragm. Damping
was provided by a loose pile of thin paper rings, treated to exclude
moisture, behind the diaphragm. The air layers between the paper
leaves and between the topmost leaf and diaphragm damped out most
of the resonant peak.

The response of these receivers was substantially uniform with fre-
quency over a range of 20 to 4,000 hertz. These instruments, because of
the damping, were farless efficient than commercial receivers but with

% A pile-up of paper rings was later used in handset transmitters to provide a
loose but damped diaphragm support.
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Fig. 3-89. Commercial condenser microphone (circa 1928). (a) Transmitter/amplifier
assembly. (b) Schematic diagram of the No. 47A amplifier. (Diagram redrawn from
Curl 1928, Fig. 1)

amplification they were suitable for limited speech testing in labora-
tories. When calibrated in terms of pressure output per unit current
and driven by a suitable oscillator, they also could be used to supply
known pressure levels to the ear and thus explore ear sensitivity.
These early receivers were too limited in high frequency response to
cover the full range of speech sounds and fell far short of the spectral
capabilities of the normal ear. This situation was corrected by an
improved receiver developed by A. L. Thuras and E. C. Wente in the
late 1920s. Again, the principle used was an old one, proposed as early
as December 14, 1877, by Siemens and Halske.% But, as with the
condenser transmitter, the old idea was made practical by modem
techniques. The basic scheme is illustrated by the cross-sectional view
of the receiver shown in Fig. 3-90. The diaphragm is dome-shaped to
provide rigidity and is flexibly supported at the edges so that it can
move more or less as a piston. Attached to this is a self-supporting
coil, as shown in detail in Fig. 3-91, wound of aluminum ribbon held
together and insulated by a film of lacquer. The coil is centered in the
annular space between the pole pieces of the strong permanent magnet
forming the shell of the receiver. In contrast to the bipolar structure

% German Patent No. 2355.
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DIAPHRAGM caolL

Fig. 3-90. Moving-coil head receiver. (Redrawn from Wente and Thuras 1931, Fig. 4)

used in commercial receivers, no biasing force is employed and an
alternating voltage applied to the coil causes it to be displaced in
either direction from the at-rest position depending on polarity and
magnitude. Due to the absence of bias, the second harmonic of the
applied voltage is not present; thus the main distortion present in
commercial receivers is eliminated. Using network analysis
techniques, the mass and stiffness of the diaphragm, together with the
acoustical impedances of the various air chambers and passages, were
proportioned to give a reasonably flat frequency response up to about
9 kHz as shown in Fig. 3-92. These responses were measured on a
closed coupler and are a measure of the capabilities of the mechanism.

Fig. 3-91. Receiver driving coil. (Redrawn from Wente and Thuras 1928, Fig. 4)
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Fig. 3-92. Response of moving-coil receiver. (Redrawn from Wente and Thuras
1931, Fig. 6)

When used on the human ear, the lower-frequency response is
affected by ear characteristics and particularly the leakage path
between the ear and the receiver cap. The difference between the
observed and computed curves shown in the figure is probably due to
the fact that some of the quantities used in the calculations are not
strictly constant up to the higher frequencies where the diameter of
the diaphragm becomes comparable to the wavelength of sound.

One of the first telephone applications of these receivers was in the
1928 Master Transmission Reference System discussed in Chapter 4
(Section 5.1.1) but the moving-coil principle had been used in
loudspeakers designed by Wente a few years earlier.®’

8.4.3 Non-Telephone Transducers

By the late 1920s a substantial demand was developing for
high-quality instruments for non-telephone applications such as
broadcasting and talking movies. These outgrowths of the telephone
are discussed in considerable detail in other parts of this history but a
brief review of the instrument development will be appropriate to
show the manner in which it evolved from telephone and speech
research techniques.

Broadcasting to large audiences began with the public-address
systems of the 1910-1920 period. At the beginning, vacuum tube
amplification was not available and transmitter and loudspeaker
developments were aimed at achieving the maximum practical sound
output. Transmitters were of the carbon type designed to modulate

% Wente had applied for a moving-coil loudspeaker patent in August 1926 and No.
1,707,545 was issued April 2, 1929. The receiver patent, No. 1,766,473, was filed in
1928 and issued June 24, 1930.
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large amounts of direct-current power. Water cooling and the use of
double buttons were two of the techniques employed and were logical
extensions of the existing telephonic transmitter. Loudspeakers also
used basically telephone-type transducers with homs added to
provide a better impedance match with free space and thus achieve
more efficient electroacoustic conversion.

About 1917-18 the electronic amplifier brought about major
changes. The development of the high-quality condenser transmitter
has already been related and highly practical models such as the
394-type were available when radio broadcasting and talking pictures
brought the need for stable and reliable high-quality microphones.
Although these instruments were widely used wherever the highest
quality of reproduction was required, there was also a need for a
simpler, more efficient device for those applications where some
reduction in frequency band and stability could be tolerated. This
need was filled in 1921 by a carbon transmitter developed by W. C.
Jones. This transmitter, shown in Fig. 3-93, used a stretched,
air-damped diaphragm with a carbon button on each side, the two
buttons being connected in a push-pull arrangement with an as-
sociated split-winding transformer so as to reduce the production of
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Fig. 3-93. No. 387 double-button, high-quality carbon microphone.
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even-order harmonics.?® Thus, this transmitter combined the tech-
niques of the commercial telephone transmitter and the theoretical
design methods underlying the condenser transmitter. This carbon
transmitter, which was coded the No. 387 type, was suitable for many
radio broadcast applications and efficient enough to reduce the
required amplification by some three or four stages.

The development of loudspeakers also was influenced by electronic
amplifiers since they could produce sufficient power to drive a
broadband speaker at adequate acoustic levels. In 1918, as high-power
amplifiers became available, a new type of converter using the
balanced-armature principle was developed. This device, illustrated
schematically in Fig. 3-94a, had a pivoted armature, AA, within a
driving coil, h, mounted between the poles of a permanent magnet in
such a way that the magnetic forces on the armature were in balance
until the coil was energized. Since the armature was not permanently
biased, it was free from second-order distortion. This structure could
also be built to produce large excursions of the diaphragm and thus
handle several watts of acoustic power in loudspeakers designed for
reasonably flat frequency responses. The basic idea was not new.
Thomas Watson had applied for a patent on a balanced-armature
telephone in 1880% and Siemens, among others, had previously used
pivoted-armature devices. During the early part of the twentieth
century the balanced-armature principle received limited use in the
construction of very efficient head receivers much favored by radio
amateurs. In 1918, Henry Egerton of Western Electric devised a highly
rugged balanced-armature unit capable of handling enough power for
driving a loudspeaker.'® The first application of this unit was in a
hom-type speaker but in 1924 it was used in a new, cone-type
structure based on developments by Ricker and Wegel.'”" This device,
known as the No. 540AW loud-speaking telephone and illustrated in
Fig. 3-94b, was widely used with home broadcast receivers and as a
monitor in broadcast control rooms. Because of the 18-inch conical

* A double-button microphone had been constructed in 1910 in connection with
early work on public-address systems. At that time the objective was to obtain in-
creased power output, rather than high quality, since electron tube amplification was
not yet available.

® U. S. Patent No. 266,567 was granted to him on October 24, 1882. His device
differed from that shown in Fig. 3-94a in that the driving coil was wound on the
armature instead of having a light armature moving within a fixed coil. This latter
scheme was invested by Frank Capps in 1890.

1095 F)° Egerton; U. S. Patent No. 1,365,898; filed January 8, 1918; issued January
18, 1921.

' N. H. Ricker; U. S. Patent No. 1,859,892; filed October 6, 1922; issued May 24,
1932. R. L. Wegel; U. S. Patent No. 1,926,882; filed October 17, 1929; issued
September 12, 1933.
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(@)

(b)

Fig. 3-94. (a) Schematic diagram of balanced-armature driving unit used in early
horn and cone loudspeakers. (b) Front and side views of No. 540AW loud-speaking
telephone. (Diagram redrawn from Hunt 1954, Fig. 7.1c; photos from Westem Electric
Bulletin T-750 of 1924)

diaphragm, matched to a similar conical support, this loudspeaker
radiated frequencies much lower than obtainable with homs of reason-
able size. In addition, its compactness and freedom from directivity
made it ideal for home use and it was largely responsible for educating
the broadcast audience to the benefits of higher-quality broadcasting.
A few yearslatera 36-inch speaker known as the 548-type was introduced
to provide even better low-frequency reproduction.
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The cones and the homns using the balanced-armature driver met the
needs of the public-address and broadcast audience but with the
introduction of talking motion pictures in 1926 it became apparent that
it would be necessary to fill large auditoriums with sound covering an
extremely large range of frequencies.

It was this need that started Wente on a new approach which
ushered in the “moving coil” era of electroacoustic converters. The
moving-coil principle has already been described in connection with
high-quality receivers (Section 8.4.2) but it was first employed in 1926
in a high-power speaker, the 555-type, which had a flat response from
about 60 hertz to well over 5,000 hertz (the response was down only 10
dB at about 7,500 hertz). The network analysis technique that had
proved so useful in designing condenser transmitters was again used
in designing this speaker.

About 1930 an electromagnetic transmitter, coded the No. 618 and
illustrated in Fig. 3-95, was developed using the same moving-coil
principle employed in the receiver and loudspeaker discussed pre-
viously. This device was more stable than the carbon transmitter, had
a wider frequency range than the No. 394 condenser transmitter, and
was some 10 dB more efficient. Its output impedance was about 10 ohms.

Thus, by 1930 the moving-coil principle had been applied to
microphones, loudspeakers, and research-type telephone receivers.
The basic idea, together with a piston-type diaphragm with tangential
corrugation invented by H. C. Harrison in 1926,'°2 are still widely used
today in electroacoustic converters. While the same basic mechanism

02 H. C. Harrison; U. S. Patent No. 1,734,624; filed April 16, 1926; issued November
5, 1929.

Fig. 3-95. No. 618A moving-coil microphone.
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is used for receivers, microphones, and loudspeakers, it should be
appreciated that the design requirements and the acoustic constraints
varied greatly with application. As a consequence, each proved to be a
different design problem but all responded to the newly devised
technique of applying network theory to electrical analogs of elec-
troacoustic systems. Thus we see that this new design technique,
together with the use of the vacuum tube, not only produced research
tools essential to the better understanding of the telephone problems
but also provided devices needed for applications not dreamed of
when the research was started.

IX. SUMMARY

During the first 50 years of telephony, station apparatus had evolved
from a crude assembly of available components, capable of use over only
short distances, to highly developed instruments meeting the needs
of transcontinental telephony. Even though large adwvances had
occurred during this period, the year 1925 was less significant as
concluding a period of station improvement than it was as marking a
major transition point in station design. Up to this time, telephone
instruments still consisted of deskstands and wall sets designed largely
on the basis of invention and experiment supplemented to some
extent by the laboratory measuring techniques which had come into
common use in the preceding ten years. But large changes were about
to take place and telephone engineers had been preparing for them for
a number of years. The design of the stations in use in 1925 had been
greatly influenced by constraints imposed by the state of the art in the
transmission, switching, and signaling fields. For many years trans-
mitter and receiver design had been directed almost entirely toward
achieving the highly efficient but distorted form of speech transmis-
sion that was most effective in counteracting the inevitable attenuation
of electric waves which occurred as the lines were extended. But
during this period important developments were occurring in other
parts of the telephone system, as will be related in subsequent
chapters. These developments were gradually removing the con-
straints on station design, and this freedom made it possible to apply
in 1925 the advances in theory and field evaluation which had taken
place in the preceding ten years. As the first 50 years of telephone
technology concluded, these methods were already being used to
design a handset meeting performance requirements specified in
advance. This handset, introduced in 1927, and the anti-sidetone set
introduced shortly thereafter, marked the beginning of the application
of theoretical and field evaluation techniques. Such work has been the
basis for the many telephone station improvements which have played
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such a large part in achieving the ease of communication characteristic
of today’s telephony.

As a conclusion to this chapter and a preliminary to those which
follow, we might point out that there was a pattern in technological
evolution that was followed to a considerable extent in the early
development of all parts of the telephone system. The development of
station apparatus provides a particularly good illustration of this
pattem but the perceptive reader also will see analogies in the
evolution of transmission, switching, and signaling systems.

There are five rather clearly marked phases in this pattern. First, of
course, comes invention, the discovery through intuition, observation,
and alert perception of significant new principles. The first ten-year
period of station development was a very fruitful time for invention.
Bell propounded the idea of analog conversion between acoustic and
electric waves and had envisioned both the electromagnetic and the
powerful variable-resistance conversion principles. He had also de-
vised means for implementing the principles. Watson in 1878 had
devised the polarized ringer and adapted the magneto to actuate it. As
early as 1877 the receiver-operated switchhook was invented and the
use of an induction coil in the station set was proposed. All this early
work stimulated other inventions and there were soon many proposed
designs for microphonic transmitters, culminating in 1886 in Edison’s
proposal to use granules of carbonized anthracite coal.

The original implementation of most inventions is usually rather
crude and is followed by the second stage in technological evolution,
an era of experimentation during which improvements conceived on
an intuitive basis are gradually evaluated and improved through a
trail-and-error process. Naturally the age of improvement overlaps the
period of basic invention but it would be fair to say that the second ten
years of telephony was particularly productive in this field since
during this time the technique was used for selecting the most
effective frequency response, for devising a practical (solid-back)
granular-carbon transmitter, and for finding various ways to improve
the efficiency of receivers and station circuitry. Experiment continued
to play a leading role in achieving improved performance and better
manufacturing techniques until about 1910 or 1915.

The development of laboratory measuring methods was the third
stage in evolving technology. Until then the effectiveness of experi-
ments had been severely limited by the difficulty of measuring the
results of change. Much depended upon judgment and personal
opinion. About 1910, or shortly thereafter, a scheme was introduced
for subjectively measuring performance. But the application of the
vacuum tube, beginning about 1915, revolutionized the art of design

TCI Library: www.telephonecollectors.info



192 Engineering and Science in the Bell System

by providing a means for objectively measuring detailed performance
characteristics of instruments such as the input—output relation, noise
pickup of transmitters, frequency response, and so forth. From this
time on it became possible to use a scientific approach to the design,
based on objective measures rather than personal opinion. Experi-
ments could at last be evaluated on a quantitative basis.

This set the stage for the fourth phase, the theoretical approach to
design. This involved two matters: (i) theory for predicting perform-
ance from a knowledge of physical characteristics, and (ii) a knowl-
edge of the requirements (electrical characteristics, etc.) to give
different grades of performance. Together, these two kinds of
knowledge changed the whole design approach. Without theoretical
methods, design is a matter of invention and intuition leading to a
multitude of experiments aimed at empirically selecting the best
design that has been derived by this largely chance procedure. With
sound theoretical knowledge, instruments could, within limits, be
designed to meet specific performance requirements. Search for this
type of knowledge was begun on a broad scale about 1915. The
development of analytic methods was greatly facilitated by prior
developments in the transmission art by G. A. Campbell'® and others.
Johnson and Shea adapted this work to the design of station circuitry
and other networks, and it was further extended to electroacoustic
systems, as discussed in Section 8.4.1, by Crandall and others.'*
Understanding of design requirements came from research into speech
and hearing conducted by Fletcher and his associates.'®

With this material available, design for performance became pos-
sible. The basic work was accomplished largely in the second and third
decades of the twentieth century and much of it was ready by 1925 and
was put to use in the design of high-quality instruments, the first
practical handset, and other large improvements in telephone instru-
ments which followed.

A final important step in the development of telephone instruments
came when techniques were devised for their field evaluation. The
theoretical approach provided a basis for designing telephone instru-
ments meeting specified physical characteristics and laboratory
measuring techniques could be used to confirm theoretical predic-
tions. But the overall performance of a telephone system depends on
complex human reactions which are not easily predicted from theory.

1% For example, his articles on “Cissoidal Oscillations,” In Proceedings of AIEE,
April 25, 1911, and “Physical Theory of Electric Wave Filters,” in Bell System Tech-
nical fournal, November 1922.

' Transmission Circuits for Telephonic Communication. by. K. S. Johnson (1924);
Transmission Networks and Wave Filters, by T. E. Shea (1929); Theory of Vibrating Systems
and Sound, by 1. B. Crandall (1926).

1% Speech and Hearing, by H. Fletcher (1929).
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As an example, there was no theoretical basis for estimating the extent
to which a reduction in loudness, resulting from a flatter response
characteristic, would be compensated for by the more natural-
sounding speech. The articulation tests proposed by Campbell in
1910'% and developed by Fletcher gave one means for deriving an
overall performance figure but left unanswered questions of customer
usage such as the effect of sidetone on talker volume. In the 1920s, W.
H. Martin and others had evolved techniques for field testing on
telephone users (employees of the American Telephone and Telegraph
Company and Bell Telephone Laboratories) involving a vacuum tube
device for measuring speech levels and repetition counts as an overall
means for evaluating transmission. Shortly thereafter, McKown and
Emling evolved a system for rating transmission of overall connections
and their component parts based on the field testing concept
supplemented by articulation and other laboratory techniques. This
rating technique provided the telephone engineer with quantitative
measures of the many changes being made in the telephone station
and did much to encourage their adoption by operating companies.

Invention is, of course, the starting point for most great technical
advances and it continued to play an important role throughout the
history of telephony. However, after the first part of the twentieth
century, the pattern of its reduction to practice was altered. Once
scientific methods had become available in the field of telephony, and
their power demonstrated, they played an increasing part in com-
munication development. The use of objective measurement, analysis,
and field evaluation reduced the reliance on empiricism, stimulated
invention, and expedited the application of new concepts.

Thus by 1925 there had evolved a sophisticated approach to the
development and application of telephone technology.

1% See Chapter 4, Section 5.1.2.
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Chapter 4

Telephone Transmission—
The Wire Plant

In this chapter we chronicle the advances made in transmission of speech
by wire during a period covering five decades, a period during which the
barriers of cost and distance yielded to new insights, inventions, and or-
ganized engineering development. For more than 20 years practitioners of
the telephone art, laboring with the earthiest problems of line construction
and maintenance, understood little of the fundamental character of the
signals passing over their wires or the mechanism of propagation. But by the
turn of the century standardized types of wire facilities for telephony had
evolved and analysis and measurement were penetrating much of the earlier
obscurity. Thus the foundations were laid for the vast improvements in
transmission quality and efficiency needed for the countrywide growth of
telephony. By 1925 the distance barrier had been surmounted and the basic
techniques were ready for developing the greatly improved quality of trans-
mission and the enormous economies of scale which were to characterize
the later years.

I. INTRODUCTION

This is the first of two chapters dealing with the transmission facilities
used to convey the electric analogs of speech between telephone stations.
It deals with wire transmission plant, i.e., those circuits employing
physical conductors. These were the only practical kinds of transmission
paths available for communication until the twentieth century at which
time wireless (radio) means slowly became available and were used to
supplement the wire plant. The evolution of these systems is covered
in Chapter 5.

Wire communication circuits had been in use for transmitting tele-
graph and other signals for many years before the invention of the
telephone and similar facilities were at first used for telephony, the
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pioneers of telephony concentrating most of their effort onimproving the
telephone instrument. This was the logical approach for the first few
years when lines were short and the shortcomings of the instruments
tended to obscure the impairments of transmission caused by the lines.
However, it was soon discovered that the transmission of weak tele-
phone waves was quite a different matter from the transmission of tele-
graph signals, and the manner in which these new requirements were
met is the main subject of this chapter.

II. EVOLUTION OF THE WIRE TRANSMISSION PLANT

Fromthe beginning, the developersof telephony faced very formidable
transmission problems, both electrical and physical in nature. Often the
two types of problem appeared to require incompatible solutions. As a
consequence, much of the work in transmission has been, and continues
to be, concerned with the development of workable compromises be-
tween conflicting electrical and physical requirements.

2.1 Basic Problems

Electrically, it was necessary to transmit the speech waves to a distance
with adequate magnitude to be heard by the listener, sufficiently free
fromdistortion to be understandable, and with unobjectionable amounts
of interference from extraneous sources of sound. These were the
early, basic problems; but as they were solved, others came to the fore-
front such as stability and speed of propagation.

Physically, it was necessary to provide conductors and structures
strong enough to stand up against wind and sleet. As the demand for
circuits increased, it became necessary to decrease the bulk by consoli-
dating the conductors into cables and ultimately to place them under-
ground to avoid the unsightliness and vulnerability of overhead con-
struction. Throughout, it had been necessary to meet these requirements
at a cost low enough to make telephony attractive to a potentially in-
creasing market.

The physical problems were undoubtedly quite obvious from the
outset and were thefirst solved, largely during the first 25 years and with
little theoretical background. The electrical problems, while clear in a
general way, required considerable development of theory because
the complexities of telephone transmission first had to be understood.
By the beginning of the twentieth century much of the theoretical
groundwork had been laid and solutions to the electrical problems
came along rapidly thereafter.

The evolution of transmission theory and the development of the trans-
mission plant, which went hand in hand over a period of many years,
will be more clearly understood if we first briefly review, from our
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Fig. 4-1. Electrical equivalent of telephone line.

privileged position in the present, some of the characteristics of tele-
phone transmission. With some simplification, a telephone line can be
considered as a sequence of repetitive “H" structures, as shown in
Fig. 4-1, with series elements consisting of resistance R and inductance
L, and shunt elements consisting of capacitance C and leakage G.

When an alternating voltage is impressed at one end of the line, part
of the powerisdissipated in heatby R and G, partisstoredinL andC,and
part is trarzsmitted to the load at the far end. For each unit length of the
line, the power transmitted to the load beyond is the same fraction of the
power introduced. Thus power is attenuated exponentially in successive
sections. As mentioned in Section I of Chapter 3, this type of attenuation
relation led to the development of logarithmic attenuation units so that
total attenuation is additive and directly proportional to line length or
number of line segments for any given type of line. Several of these
units of attenuation have been used over the years and their evolution
will be covered in some detail in Section 5.1.1. However, in this history,
unless noted to the contrary, we shall use the decibel (or dB) to de-
scribe attenuation, amplification, or any ratio of two powers.!

When telephony began, there were a few theoreticians who had a
rudimentary knowledge of the fundamentals of transmission as applied
to telegraph practice. The exponential nature of attenuation was known
or atleast suspected by analogy with heat transmission, and the influence
of R, L, C, and G was recognized even though the precise relationships
would not be fully understood until Heaviside and others began de-
veloping the basic transmission equations ten years later. But it waseven
longer before this information was expressed in terms useful to the tele-
phone practitioner.

Telegraphy involved the transmission of a series of impulses, and
theoretical studies accordingly had been concerned largely with the tran-

! The dB difference between two powers, P, and Py, is defined as 10 logi, P,/P;. The
reader is referred to Section I of Chapter 3 for a brief discussion of some of the
implications of this formula and its use for expressing attenuation (loss) and amplification
(gain).
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sientresponse of the system, that is, the retention in recognizable form of
this series of pulses whose component frequencies were largely below
about 30 hertz. Telephony, on the other hand, was characterized by a
highly complex waveshape involving frequencies up to several thousand
hertz. Transient analysis was not easy to apply to this type of wave,
and it proved more satisfactory to develop new theoretical methods
employing the “steady state”” approach which considered the wave as a
band of frequencies.

The commonly used transmission medium for telegraphy was iron
wire, suspended on poles, with ground return. For this structure, at such
low frequencies, the attenuation was very small and transmission was
possible over considerable distance even in the early days of the art. The
concept of relaying (or repeating) was introduced at an early stage so that
when in practice it was found that telegraph currents decayed below a
useful magnitude, a relay was introduced along the path, at a point where
the currents were still usable, to control a new, locally supplied, high
current which could carry for a further distance until it too attenuated
to the point where relaying was required. Thus, long-distance telegraphy
was accomplished at a very early date.

Telephony, on the other hand, required the transmission of fre-
quencies 50 to 100 times as high as those used in telegraphy, and, as a
consequence, the attenuation was many times greater. In addition,
the problem of relaying or amplifying weak voice signals was not

Fig. 4-2. Rooftop wire lines at Telephone Despatch Company, Boston.
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Fig. 4-3. West Street pole line in New York City, erected in 1887, with 90-foot poles,
each carrying 25 crossarms and 250 wires. At some points the poles carried 30 crossarms
and 300 wires. Picture taken at foot of Cortlandt Street.

solved for nearly 40 years. These were the two overriding facts that

retarded the evolution of long-distance telephone transmission up to
about 1915.

2.2 Open Wire Lines

In the early days, following telegraph practice, telephone transmis-
sion employed open wire lines, i.e., spaced wires with sufficient strength
to be self-sustaining between infrequent supports. Initially, rooftop
fixtures (Fig. 4-2) were used to support the wires, but as congestion
increased it became the practice to use lines of poles. It was not until
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February 25, 1891, however, that the first standard specification for pole
lines was issued, calling for 40-foot poles of live cedar or chestnut. The
minimum diameter at the butt was 17 inches for cedar and 12 inches for
chestnut. Specifications in 1892 and early 1893 called for cedar only,
since it was readily available, but by late 1893 the specifications again
included the stronger but much heavier chestnut poles. Poles, however,
could not always be limited in height to 40 feet. Figure 4-3 shows a pole
line erected in New York City in 1887 using 90-foot poles. The early
specifications called for pole spacing of 130 feet (40 per mile), which is
still standard today for toll lines.

At about the same time, 10-foot crossarms spaced 2 feet apart,
carrying ten wires each, became standard. The wires on the crossarms
were spaced 12 inches apart (except for those adjacent to the pole) as
indicated at (a) of Fig. 4-4. In the 1930s it became desirable to use
closer spacing between pairs of wires and the arrangements shown on
the other arms were introduced. The only one which came into common
use was the 8-wire scheme illustrated in (c) of the figure. Even with
these new arrangements, the crossarm size and spacing established in
the early 1890s was continued.

Practically from the beginning, the wires were supported by, and
secured to, glass insulators screwed onto threaded wooden pins project-
ing above the roof brackets or crossarms. This was a technique devel-
oped by the telegraph industry over a 40-year period of experimentation
and was one of the few basic telegraph practices carried over into
telephone line construction.

(a) F F F q | h | 1
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Fig. 4-4. Horizontal wire spacings used in Bell System at various times. (Babcock,
Rentrop, and Thaeler 1955, Fig. 7)
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Insulator development had been a long and somewhat controversial
matter. In the early days of telegraphy various means had been used
to support the wires, such as felt-lined grooves in the crossarm, grooved
porcelain blocks, porcelain knobs projecting above or below the arms,
etc. Some arrangements were roofed over to reduce the leakage from
rain and snow. An almost endless variety had been invented? and in the
process the requirements for insulator design had been clarified. Ulti-
mately the glass knob above the pole proved preferable since it was
reasonable in cost and had high insulation; though even with this type it
was apparent from experience thatthere wasa certain amount of conduc-
tion over the surface of the glass when it was wet. To render these insula-
tors more effective, the lower part was molded in the shape of a bell or
skirt for protection against dirt and moisture and to provide a longer
leakage path. Later an internal skirt or petticoat was added to provide a
still longer path.

With this long background of experience, it was natural to adopt the
glass, telegraph-type, insulators for telephony, though a few technicians
held out for other configurations. By 1890 a few types of glass insulators
had been pretty well standardized (Fig. 4-5) and the same general types
are still in use today.?

Following the pattern established for telegraph lines, wires were of
iron or steel, sometimes galvanized and sometimes untreated. The iron
was most often No. 12 gauge (109 mils) and the steel No. 14 gauge (83
mils), but other sizes were occasionally used.*

As can well be imagined, these lines were plagued with problems re-
sulting from corrosion and rust, such as loose and noisy connections,
and also with high attenuation, inherent in the high resistivity of iron
and steel. Many different materials and techniques were tried in
attempting to overcome these difficulties. One technique was the devel-
opment of a compound wire in which a steel core was wrapped with a
copper ribbon and the assembly tinned. However, it was practically
impossible to eliminate tiny holes in the covering, and moisture enter-
ing these holes caused excessive corrosion. Another type of construction,
somewhat better, was the application of an electrolytic coating of copper
on a steel core. Although this construction materially reduced the corro-

? A writer of the time said, ""The invention of insulators is a kind of scientific measles
through which all telegraph managers pass with more or less danger.”

3 While the basic design of insulators was established at an early date, development
continued over a long period to determine the most suitable material and the most
effective configuration. For a brief period, porcelain was used. Ultimately, improved
types of glass were used on very long lines employing the carrier systems introduced in
the 1930s.

4 Over the years various systems of gauges have been used to define wire size. In the
earlier literature the particular system is not always stated. It was often, as above, in terms
of the Birmingham Wire Gauge (BWG) but later the American Wire Gauge (AWG), or B
and S system, became common.
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Fig. 4-5. Outline drawings of early glass insulators from an 1890 Western Electric
catalog. Clockwise from lower left: Number 3, Double Petticoat, Western Union, Pony,
Double-Petticoat Pony.

sion, it did not solve the basic problem of attenuation. Because of the
very much higher frequencies used in telephony, the attenuation was
an order of magnitude greater than at telegraph frequencies. Within
a relatively short distance the feeble telephone currents decayed to the
point where they were no longer usable. Until a way could be found to
repeat (amplify) these signals, as had long been done in telegraphy,
the only approach to extending telephony was by reducing attenuation.
A fewindividuals recognized that solid copper, with aresistance about
10 percent that of steel, would provide a large improvement in this
respect, but methods of fabrication that were current did not produce a
suitable wire. Wire then, as now, was produced by drawing strips or
bars on copper through successively smaller dies until the desired size
was achieved. Copper became brittle as it was drawn down to size and
had to be annealed frequently during the drawing process to prevent
breakage during succeeding passes. The final product was also annealed
to improve its handling properties, and this incidentally improved its
conductivity by a few percent. The annealing was desirable as long as
the wire was to be used for winding coils, but unfortunately it also
reduced the strength to the point where the wire could not support itself
over anadequate span. The problem was solved by Thomas B. Doolittle,
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who was acquainted with wire manufacturing processes and believed
that proper control of the size reduction made after annealing would
produce a wire which would be hard and strong without being brittle.
Experiments in the factory showed that such a ““hard-drawn” wire
could be obtained by decreasing the amount of area reduction produced
by a die (i.e., using more passes for a given reduction) and by making
a total size reduction of 11 numbers after the last annealing (e.g., from
No. 1 gauge to No. 12).

This work of Doolittle’s was of great significance. Commercial copper
in its soft state has a tensile strength of about 28,000 pounds per
square inch with an elongation of 36 percent. It was completely unsuit-
able for aerial construction not only because it lacked strength but be-
cause of the excessive and permanent sag taking place under load. The
drawing process developed by Doolittle increased the strength to about
65,000 pounds per square inch with an elongation of only 1 percent.

Doolittle first used hard-drawn wire for telephone service in 1877 and
in the following year he achieved a process that gave reproducible wire.
But copper had a bad name among the practitioners and many would
not be convinced that hard-drawn copper was not only suitable mechan-
ically but also cheaper, for a given resistance, than steel (even though
more expensive per pound).

Theodore N. Vail, then General Manager of the American Bell Tele-
phone Company, was one who did listen to Doolittle. As aresult, in 1881,
extensive tests were conducted on hard-drawn copper wire under the
supervision of Thomas A. Watson before his resignation that year as
General Inspector of the New England Telephone Company. The results
of these tests were very encouraging, and in 1883 an order was placed
for 500 miles of such wire. On March 27, 1884, the first conversation was
carried over this wire on a line between New York and Boston built
largely by the Southern New England Telephone Company.

To explore further the properties and desirability of hard-drawn
copper wire, a line was built between New York and Philadelphia in
1885 made up of wires of various sizes. Tests on this line provided data
for determining the best size of wire to use for various installations
and, from this time on, practically all overhead long-distance lines were
made of hard-drawn copper.

In the meantime, other problems were arising from adherence to tele-
graph practices. It had long been the custom in telegraphy to use a single
wire with ground return, not only to save the cost of the return wire
but also because the ground return, on long circuits, offered a lower
resistance path than a wire. Such a circuit is coupled conductively,
inductively, and capacitively to other nearby electrical circuits and picks
up unwanted currents from them. The interference of such currents
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with the telegraph signal was not serious, but with telephony even
small interfering signals were annoying and the higher frequencies em-
ployed increased the inductive and capacitive coupling to the point
where they were intolerable. It was soon learned that a full wire (metallic)
circuit would reduce the interference from external sources, particularly
those atsome distance, since the induced currents in the two wires would
be roughly of the same magnitude and tend to cancel each other.

It is generally agreed that the first major demonstration of a 2-wire
metallic telephone circuit took place on January 10, 1881, on acommercial
line between Boston and Providence. The demonstration was carried out
by J. J. Carty, who is therefore credited with the introduction of the
metallic circuit into commercial use. However, because of the expense
of the additional wire and the need for new switchboards, several
years elapsed before conversion to metallic circuits became general.®

While the metallic circuit greatly reduced the interference from
sources at some distance from the telephone pair, it did not completely
solve the problem of interference or “crosstalk” from a closely adjacent
telephone pair on the same crossarm. The reason was that the disturb-
ing wires were not both at the same distance from the two disturbed
wires and consequently the induced currents did not completely cancel.

In 1886 the General Manager of the AmericanBell Telephone Company
made the following statement:

We found that between metallic circuits with wire connected straight
through, there was a very considerable amount of crosstalk, not quite as
much, perhaps, as there would have been on grounded circuits, but not
materially less. We have entirely removed that by securing a balance be-
tween circuits.

This so-called balance was achieved by a system of transposing the
wires of each pair in such a manner that each side of the circuit was
balanced not only with respect to ground, but also relative to the wires
of other pairs on the line.

® The basic idea of a metallic circuit was not new. The original concept of electrical
transmission of signals involved the use of a metallic-return circuit. In 1838 Professor
Steinheil of Munich discovered that the ground could be used as a return path, thus
providing a large saving in conductors. Telegraphers hailed this as an epochal invention
and quickly put it to use. Many years later, Wemer Siemens reinvented the metallic
circuit and described its use for telegraphy in British patent No. 2,089 issued in 1855.
Bell, in a patent applied for in 1878 and issued in 1881, covering twisted pairs,
clearly showed that he understood the technical benefits. The great reluctance to forego
the savings and simplicity of ground-retum circuits even as late as 1891 is illustrated by
comments made by Thomas Lockwood at an AIEE meeting in March of that year: “Some of
the considerations which tend to delay the universal employment of metallic circuits in
telephony are, however, that there are an immense number of wires even when but one is
used to a circuit; that twice the number of wires means twice the number to get out of
order, to cross, break and leak, and consequently twice the number to take care of,
and handle. 1 hardly think that sufficient thought is given to these matters by many
who talk glibly about the necessity and essentiality of using metallic circuits only, for all
classes of telephone work.”

TCI Library: www.telephonecollectors.info



Wire Transmission 205

< DISTURBING LINE

1 - )
: — L
I‘_." -.'I
= DISTURBED LINE
>
._l S - '|

Fig. 4-6. Cancellation of crosstalk by transposing line. The disturbing line induces
larger currents in the near wire of the disturbed line. By transposing, each wire of the
disturbed line is, on the average, at the same distance from the disturber.

In its simplest concept, for a short, two-pair line, it merely required
a “turn-over” of one pair so that residual currents on the west side of
the turn-over were canceled by residual currents on the east side as
shown in Fig. 4-6.

Obviously the problem was much more complicated when there were
many pairs on a line since each needed to be balanced against all others.
Moreover, the coupling between circuits proved to be much more com-
plex than implied above, and additional problems arose as the trans-
mitted frequency was increased by the use of carrier and as the length
of long-distance lines was extended.

In 1885, John A. Barrett was given the task of balancing the line
between New York and Philadelphia. He worked out an elementary
scheme for such balancing which was later patented.®” Then in March
1891, J. ]J. Carty outlined a basic theory of transposition which was to be
used for a number of years. More elaborate and more effective sys-
tems for transposition were developed after E. H. Colpitts in 1904 con-
ducted an elaborate series of measurements of direct capacitance using
equipment devised by Campbell. His work led to modern transposition
design. Two transposition techniques are illustrated in Fig. 4-7. The
drop-bracket arrangement was most widely used, because of simplicity,
until the advent of carrier transmission at high frequencies, at which
time the point-type transposition began to receive wide use because of
the more precise balance which could be achieved.

Thus by the last decade of the nineteenth century a distinctly “tele-
phone” type of open wire line had evolved and pole line standards had

% ). A. Barrett; U. S. Patent No. 392,775; filed May 9, 1888; issued November 13, 1888.

" A more complete discussion of crosstalk and of the methods developed for its
control will be found in Section 5.3.1. Figure 4-91 illustrates Barrett’s first transposition
scheme.
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Fig. 4-7. Two standard methods for transposition on pole lines: top, point type, and
bottom, drop-bracket type.

been established. These lines, using transposed metallic circuits of hard-
drawn copper, were to form the backbone of the long-distance plant
for many years and even today are the economic and accepted medium
for wire telephone circuits in sparsely populated regions where only a
few circuits are required.

The improvement inlines, together with improvements in telephone
instruments, gradually extended the distance for usable telephone trans-
mission until by 1892 a line was in operation between New York and
Chicago, a distance of about 900 miles. In 1897 service was begun be-
tween New York and Omaha, over 1,300 miles. At this distance the
attenuationof theline was so great, even with very large conductors, that
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service was just barely acceptable.® Thus it appeared that the limit of
long-distance telephony had been reached unless a major advance of
some kind could be achieved.

These advances were forthcoming after 1900, but before discussing
them we should perhaps have a better understanding of the strengths
and weaknesses of open wire lines so that the further evolution of
transmission systems can be better appreciated.

The open wire line was in many ways not a bad medium for telephone
transmission. The approximate attenuation for such a line at telephone
frequencies?® is given by
cC G [L
L

*2N©

This relation between the primary constants and attenuation was not
fully understood at the time, but with its help we can now see the basis
for the pragmatic approach adopted of minimizing R through the use of
copper (about 10 percent the resistance of steel) and minimizing G
through the proper design of insulators. With a well-insulated line the
part of the equation involving R was somewhat more significant than
the G component. Intuitively one can sense the need for minimizing
C, as a shunt across the line; but it was some time before Heaviside,
Campbell, and Pupin convinced the practitioners that there could be a
benefit from adding to the series inductance. In fact, there is for any
line an optimum relation between C and L since a high C/L ratio increases
the effects of R and a low ratio increases the effects of G. For open wire, it
turns out, the ratio is not too far from optimum, though some improve-
ment can be obtained by increasing L beyond the inherent inductance of
spaced wires. The expression for A also shows that it is independent
of frequency, and thus the transmission of voice frequencies is, in
simple theory, without distortion. In actuality this is not quite true, since
neither R nor G is itself independent of frequency. As the frequency is
increased, R in particular is severely modified since the internal induc-
tance of the conductor forces the current to flow near the surface. As a
result of this “’skin effect,” the effective resistance ultimately gets higher
and higher, increasing in proportion to the square root of frequency so

A=

B

® For these long circuits it was necessary to use No. 8 BWG hard-drawn copper wire 165
mils (about Y% inch) in diameter. This was the largest size found practical. It weighed
435 pounds to the mile and corresponded roughly to No. 6 gauge in the B and S
system usually used to describe cable conductors.

¢ This approximation does not apply at the low frequencies of telegraph where the series
impedance is predominantly resistive rather than reactive, and is completely inapplicable
to cable circuits. The quantity A is in nepers per unit length of line, the neper being a unit
of attenuation equal to the natural or Napierian logarithm of the current or voltage ratio, or
Y2 log. of the power ratio. The other terms, all on a unit length basis, are ohms,
hennes, farads, and mhos.
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that ultimately attenuation is no longer constant but also increases as the
squareroot of frequency. Fortunately, for copper wire, this effectis small
at voice frequencies. With iron, internal inductance is higher because
of its high permeability and the skin effect becomes noticeable even in
the voice range. This causes an additional penalty for the use of iron
and a discrepancy from expectations which proved puzzling to the prac-
tical communication man until skin effect was understood.

Thus, for voice-frequency currents, the metallic copper open wire
line proved to be a good means for meeting the electrical requirements,
since resistance and capacitance were low and the inductance nearly
large enough to be optimum and in any event sufficient to offset some of
the effects of capacitance and provide a nearly distortionless line. One
undesirable aspect was that leakage tended to increase during rainy
periods with consequent increase in attenuation. This effect was not too
serious on early telephone lines but became more important as the line
impedance was raised by the use of loading in the early 1900s.'® Later,
when frequencies well above the voice band were used for carrier trans-
mission, weather which caused the formation of sleet or hoar frost be-
came a serious problem. Under these conditions not only the leakage but
also the effective resistance and capacitance were radically altered .

Physically, the open wire line was far from desirable, since it was
bulky and unsightly and required a large amount of expensive copper
and a complex supporting structure. The solution obviously was the
use of small insulated conductors in close proximity; in other words, a
cable. But the electrical effects were highly discouraging; not only
did the use of smaller conductors increase the resistance but the close
proximity between wires increased the capacitance by a factor of about
10 and decreased the inductance to a negligible amount. The reduction
in conductance G, resulting from the improved environment, was only
a small compensation. Even for the same size conductors the attenua-
tion of cable at 1,000 hertz was roughly ten times as great as
that of open wire, and for practical sizes of cable conductors the
attenuation might be 30 times that of heavy open wire. Further, since
the inductive reactance of cable was negligibly small at voice
frequencies, the effect of the capacitance was controlling and the at-
tenuation increased as the square root of frequency. Transmission was
no longer distortionless, the quality of speech deteriorating as the
circuit was lengthened because the high frequencies were attenuated
more rapidly than the low.

As the effects of capacitance and inductance were better appreciated,

!° Leakage was a particular problem in ‘“alkali’* country where the dust deposited on the
insulators contained a large quantity of conducting salts. At one time the Mountain
States Company, operating in the Salt Lake region, used steam from the boiler of a Stanley
Steamer automobile to clean insulators.
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the possibility was explored of reducing the high attenuation by adding
inductance in some manner. The practical answer to the question came
after 1900 and will be covered shortly as we describe the evolution of
loading. At this point it suffices to say that this was a partial and highly
valuable solution which considerably ameliorated the distortion and
reduced attenuation by a factor of 3 or 4; but the final solution to the
attenuation problem did not come until amplification became practical.

2.3 Cable
2.3.1 Structural Design

The first need for cable arose, as it did earlier in telegraphy,
where it was necessary to go through tunnels or to cross small bodies
of water, either above the surface or on the bottom. Telegraph
practice was followed using cables made up of insulated wires drawn
into metal pipes or sometimes merely protected by canvas jackets.
Gutta percha, rubber, or a rubber compound (such as Kerite) was
used as insulation. Single-wire, ground-return circuits were employed.
The close proximity of the wires greatly increased interference between
circuits as compared to the wider-spaced open wire lines. This inter-
ference, or some components thereof, was reduced by shielding,
i.e., covering each insulated wire with a conductor at ground potential.
Lead, tinfoil, or spiraled copper wires were used for the shield.
By 1880 four cables, each with seven conductors, had been installed
on the Brooklyn Bridge.

These cables had many faults. The insulation had a high dielectric
constant, causing high attenuation; the insulating materials tended to
deteriorate with age; and the shielding was only partially effective.
Thus the use of any but short lengths was impractical. But the
need for cables was increasing rapidly as telephony grew, and even
early in the 1880s the congestion on open wire lines in the cities was
so serious (Figs. 4-2 and 4-8) that some way to reduce the bulk was
essential. The hazards of wind and ice storms had always been a
serious problem with open wire. When these were combined with the
great numbers of wires required as telephone customers multiplied,
chaotic breakdowns in service could occur (Fig. 4-9) that might require
weeks to restore. It was therefore of critical importance for telephone
engineers to solve the cable problem.

David Brooks, an independent engineer, and later his son and name-
sake, were to take important steps in this direction. In 1878 Brooks
had discovered that cotton and other fibrous materials were good in-
sulators if kept dry. He made cables in which the individual
conductors were insulated with a wrapping of cotton and a smaller,
similarly insulated, copper wire was spiraled around the conductor

TCI Library: www.telephonecollectors.info



210 Engineering and Science in the Bell System

Aol

A

as a shield. A number of these assemblies were pulled into iron
gas pipe, with special recessed couplings, which acted as a protective
sheath. Brooks dried the cable core by heating it in oil, and kept it
dry by drawing it directly from the oil into the iron pipe, which was
then filled with oil. A reservoir of oil above the highest part of the
piping system served to maintain the system under pressure, the theory
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Fig. 4-9.

Boston central station after sleetstorm of 1881, Inset shows installation of underground cables. (From contemporary account in
Telephone Topics.)
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being that in case of a small leak, the oil would seep out and
prevent the entry of moisture. The Brooks system did not work too
well in practice and was not widely used, but it did establish the
possibility of textile insulation, and the use of oil under pressure
was the precursor of gas pressure techniques introduced much
later. Brooks also discovered that a metallic circuit with twisted pairs
would solve the crosstalk problem, but in a patent interference
suit it was found that Bell had come up with this idea as early as
1876 and he was judged to have priority. Bell was granted a patent
in 1881 in which he stated with his usual clarity and comprehension
of basic principles, “With twisted wires the relative distance of the
wires is of little or no consequence so far as obviating inductive dis-
turbance is concerned, since by the twist the wires of each pair are
brought alternately to the same position relative to the other wires.”

In 1880 the Western Electric Manufacturing Company (soon to be-
come affiliated with the Bell System as the Western Electric Company)
became interested in the Brooks cable, and obtained the rights to
manufacture it. A young Western Electric man, W. R. Patterson,
was assigned the task of working with Brooks and learning how the
cable should be manufactured and installed. While engaged in this
task, Patterson arrived at two very significant conclusions. First, if
the pipe could be maintained free of leaks and if all moisture had
been removed from the core, the oil filling was unnecessary.
Second, a flexible pipe of lead, if it could be maintained leak-
proof, would offer important advantages over the rigid iron pipe.

Patterson experimented with various techniquesforimplementing his
conclusions. He developed alloys of lead that would provide pipe
with adequate strength and resistance to corrosion. At first he was
tempted to produce cable without any filler, but apparently his cable
customers were not convinced that the filler was unnecessary and he
cast about for a substitute for the oil filler.!!

One of the materials which had engaged Patterson’s attention was
paraffin wax. He noted that when melted paraffin cools, it hardens
gradually, shrinking as it solidifies. He tried charging melted paraffin
with gas and allowing the mixture to cool under pressure. With this
treatment, the material did not shrink but assumed a white, spongy
appearance. When used as a filler in lead-sheathed cable, this spongy
paraffin not only kept out moisture, but greatly improved the
transmission characteristics (see Fig. 4-10). It was determined later that
the improved transmission characteristics of this cable over previous
cables with solid dielectrics were due to the fact that the gas in the

"' Patterson has been quoted as saying, "It would have been as easy to sell a cable
filled with air as to sell a sausage filled with air. So it was necessary to find a filler.”
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PATTERSON CABLE.

The « Patrerson Cable™ is a group of conductors, cach covered
with two or mere windings vt cotton or jute, or both, saturated with
parafline wwd protected by a lead pipe.  The space between the gronp
of coundnctors (or core) and the pipe is filled with acrated parafline.
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The core may be made in continnous ](‘llj_:‘l'l.\ of 1,500 feet, and the
protecting pipe is jointed over itin lengths of 35 to 100 feet, Any

“7 Hlaw whicloiay exist in the pipe wnd any leaky joint is deteeted by
the process of filling.

The almost invisible globules of gas, seattered uniformly through
the maxs of the parathine filling,
render it elastie, so that the natural
shrinkoge of the paraffine in ceol-
ing is compensated {or by the ex-
pansion of these globules, prevent-

2 ing the formation of cracks and
longitudinal fissures, through which water would
penctrate indefinitely in case of a hreak in the protecting pipe.

Fig.4-10. Description of the Patterson cable, taken from the 1883 Western Electric catalog.

paraffin reduced the dielectric constant and thus reduced the capacitance
between conductors. Over 75 years later, in the age of plastics,
this principle was to be revived when expanded polyethylene and
similar substances were studied as potential wire insulation.
Although difficult to manufacture, the Patterson cable, as it was
called, became an important item in the early 1880s and provided
the telephone industry with its first dependable multiconductor
cable.” In 1883 the cable was being made available with either

'2 The status of cable development at the time of Patterson’s work is well illustrated by a
quotation from the American Bell Telephone Company Annual Report for 1882: *‘There is
no strictly underground telephone system in any part of the world, the Paris wires being
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single-line conductors or twisted pairs, but by 1887 only balanced,
twisted pairs were being supplied.

The Patterson cable was not without competitors, a few of which
should be mentioned to illustrate the ingenuity of the American
engineer. One example was the Delaney Button cable, in which four
No. 20 cotton-covered wires were run through a long string of ordinary
shirt buttons. The buttons were spaced close enough to keep the wires
from touching but far enough apart to form a flexible cable
that could be wound on a reel and drawn through the desired
size of pipe or conduit. Many years later, the coaxial cable was to
use a not unsimilar scheme to position the center conductor. Another
unique idea, which neither at the time nor later enjoyed much success,
was the cable made up of about 20 bare wires, each drawn into a small
glass tube. The group of tubes was then drawn into a lead pipe and a
solution of some kind of grease or rosin forced in under pressure. When
the pipe was bent, the tubes were, of course, broken, but the desired
separation of the wires was supposedly maintained by the injected
material holding the glass in place.

Because of the many different types of cables in use and under
development in the mid-1880s, the need for standardization became
more and more apparent. A Cable Conference was called in September
of 1887 at which leading telephone executives and engineers gathered
to discuss their experiences with cables and to establish the qualities
needed for good performance.

Specifications for telephone cables were issued in 1888, based on
the conclusions reached at this Cable Conference. These specifications
called for the use of No. 18 B and S gauge copper wire covered to an
outside diameter of %8 inch with not less than two wrappings of cotton.
The conductors were to be twisted in pairs with a 3-inch twist and
formed into a core made up in spiraling layers with alternating
directions of lay. The spaces in the core and between the core and
the pipe were to be filled with an insulating material. The sheath was
to be an alloy of 97 percent lead and 3 percent tin about Y8 inch
thick. Electrostatic capacitance was limited to a maximum of 0.20
microfarad per mile, each wire tested against all others grounded."

placed in huge sewers, practically large galleries, entirely altering the ordinary under-
groundelectrical conditions. Foreign companies are apparently waiting to see what is done
in America; we have, therefore, nothing to guide us but our own experiments.”

¥ This was the common way to express capacitance in the early days of cable develop-
ment and was logical with ground-retumn circuits. When metallic circuits became com-
mon, it was realized that capacitance between wires was the significant characteristic and
this wasaccordingly specified afterabout 1890. There is not aunique relation between the
two figures but the capacitance between wires usually runs lower than the capacitance
of a single wire to ground by a small amount (roughly 10 percent).
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With these requirements, 52 pairs of wires could be placed in a
cable having an outside diameter of 2 inches.

The next important step in the development of cables was the
transition from cotton-insulated, filled cable to paper-insulated, dry-
core cable. This type of cable served as a prototype for essentially
all paired and quadded cables for the next 50 years, at which time
the advent of reliable plastics began to influence design significantly.
However, even in the late 1960s, 80 years later, over half of the cable
conductors manufactured utilized some form of paper insulation.

The major advantage of these materials was a significant decrease in
the electrostatic capacitance, due to the fact that the wire insulation
was mainly air rather than solid dielectric. It became possible not
as the result of a single invention but more as a matter of gradual
evolution resulting from a number of developments. It will be re-
membered that Patterson had suggested early in his work that a filler
would be unnecessary if the sheath could be maintained water-
tight. Improvement in manufacturing technique and the development
of extruded lead sheathing were to solve this problem.

John A’ Barrett, working on Bell System cable problems, was instru-
mental in first introducing the lead extrusion technique into the
manufacture of telephone cable. He became acquainted with John
Robertson, an inventor, who had developed a process for extruding
a thin lead sheath on single electric-light wires. Barrett worked with
Robertson on extending the principle to multiple-conductor telephone
cables, and in 1886 a press capable of extruding a pipe 2 inches in
diameter was built and limited production begun. The lead was alloyed
with about 3 percent tin to improve mechanical strength and increase
resistance to corrosion. This alloy had been developed earlier by Patter-
son and provided considerably higher breaking strength and resistance
to corrosion than unalloyed lead. Figure 4-11 pictures an early sample
of cable with extruded lead sheath.

About 1907 work was started to develop a material that would be at
least as satisfactory as the lead-tin alloy but less expensive. Extensive
laboratory tests and field trials covering a wide range of alloys
were conducted over a period of four or five years. This work resulted
in the development of a new cable sheath material consisting of about 1
percent antimony alloyed with the lead. This material was adopted for
underground cables early in 1912 and for aerial cables about a year
later. It was used almost universally until 1948, when the use of
plastic-sheathed cable in aerial installations was started.™

%1t is of interest that in England, in 1845, William Young and Archibald McNair
received a very broad patent (No. 10,799) on the manufacture of cable. The patent
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w

Fig. 4-11. Early cable with extruded lead sheath (1888).

These developments made the dry core possible, but several other
developments were required before the modern type of structure was
evolved. The use of cotton insulation, which required winding the
conductors with a layer or two of fine yarn, was slow and expensive
and experiments with the use of a strip of paper in place of yarn
had begun at an early date.

described ““Certain Improvements in the Construction and Means of Manufacturing Ap-
paratus for Conducting Electricity”” and covered the manufacture of a cable made up of
wires surrounded by nonconducting substances enclosed in tubes. The use of thread in
plaited or braided form as insulation was described, and means were outlined for
impregnating the wire assembly with an insulating compound, the whole being en-
closed in a lead pipe extruded around the core by means of hydraulic pressure.

This patent certainly anticipated much of the work on cable which we have described,
but seems to have been premature since there was little follow-up and many of the ideas
bore no fruit until they were independently resurrected 35 to 40 years later. It illustrates
the fact that an invention, to be useful, must come at a time when there is both a need
and a sufficiently developed technology to make it feasible.
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At the 1889 Cable Conference, W. R. Patterson stated:

. . itis the sense of this conference that it is very important to follow up the
experiments in the use of paper or other materials as a substitute for
cotton and that it is desirable to authorize such substitution wherever the
manufacturers will guarantee a substantial reduction in static capacity
therefrom.

Early work with paper involved the use of sealing compounds, but
experience with a cable in which the penetration of the compound
was imperfect demonstrated the benefits that might arise from its
omission. Toward the latter part of 1889 it was clearly recognized that
the sealing mixture in a cable detracted from the desired electrical
properties, and by the same time it had become apparent that
trustworthy cable sheaths could be produced in large quantities.
Some important installations of dry-core cable were made at about this
time, and experience indicated that they were very satisfactory. By
1891, the cable specifications called for paper insulation as a standard.
The size of the conductor was reduced to No. 19 B and S gauge
and the electrostatic capacitance requirement was made 0.085 micro-
farad per mile (between the wires of a pair), very close to the present-
day standard for exchange cable.

From this time on, the development of cables using the paper-
insulated dry-core principle was rapid, with most of the effort
going into the production of cables with finer gauges so that more
and more conductors could be placed in a sheath. In 1901, for
example, cables were placed in use containing 400 pairs of No. 22 gauge
wire, followed the next year by cables containing 600 pairs of the same.
These and other steps in the evolution of cable are shown in Figs. 4-12
and 4-13.%°

Until the late twenties the layer type of structure, illustrated by the
24-gauge cable in Fig. 4-14, was common. This, it will be noted,
is the type of structure, with reversed layers, described in the 1888
specifications. Originally all pairs had a 3-inch non-staggered twist, but
in 1920 staggered-twist cables were introduced that used two different
lengths of twist to reduce crosstalk in adjacent pairs. Later, as many
as five twists were used in a layer. These measures greatly improved
crosstalk suppression by reducing the chance of coincident twists in
adjacent pairs.

In the late twenties the unit type structure was introduced with the
manufacture of 26-gauge cable. This structure, clearly illustrated at the
right of Fig. 4-12 and at the bottom of Fig. 4-13, was made up of a
number of bundles of conductors (or small cables) which had been

¥t is to be understood that the use of fine-gauge cables became practical only
after the introduction of measures for improving transmission which will be described
shortly.
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Fig. 4-13. Principal stages in the development of paper-insulated exchange cables.

CABLES SHOWN BELOW WERE FULL-SIZED CABLES AS OF THE DATES INDICATED.
PHOTOGRAPHIC REPRODUCTIONS ARE REDUCED IN SIZE {ACTUAL OUTSIDE DIAMETER
OF CABLES IN THE LAST TWO ROWS 25/8 INCHES!)

1888 1982 1895 1895
50 PAIRS 100 PAIRS 122 PAIRS 152 PAIRS
nNO. 18 A W. GA. NO. 19 A.W.GA. NO. 19 A. W GA. NO. 19 A.W. GA.

(26 LBS. PER WIRE MILE} (20.6 LBS. PER WIRE MILE] (20.6 (BS. PER WIRE MILE) (206 LBS. PER WIRE MILE)

1896 1896 1901 1901
180 PAIRS 208 PAIRS 404 PAIRS 303 PAIRS
NO 19 AW GA. NO. 19 A.W. GA. NO. 22 A.W. GA NO. 19 A.W. GA.

{206 LBS. PER WIRE MILE) [20.8 L8S. PER WIRE MILE) (10.3 LBS. PER WIRE MILE) (20.6 L8S PER WIRE MILE}

1902 1912 1914 1918

606 PAIRS 909 PAIRS 1212 PAIRS 455 PAIRS
NO. 22 A.W. GA NO.22 A W.GA NO. 24 A.W.GA. NO. 19 A.W.GA.
£10.3 LBS. PER WIRE MILE} (10.3 LBS. PER WIRE MILE) (65 (BS. PER WIRE MILE} (20.6 LBS. PER WIRE MILE)

1928 1939 1939
1818 PAIRS 1515 PAIRS 2121 PAIRS
NO. 26 A.W. GA. NO. 24 AW. GA NO 26 AW. GA

(40 LBS. PER WIRE MILE] (6.5 LBS. PER WIRE MILE) (4.1 LBS. PER WIRE MILE)

Fig. 4-14. A 1212-pair, 24-gauge cable showing how pairs are cabled together (outside
diameter of 2% inches). )
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formed in an earlier step in the manufacturing process. The use of a
large number of twists was important in controlling crosstalk within a
unit. Current cables are made up of 25-pair units, each pair of which
has a different twist.

Another important change in cable manufacture began in the twenties,
the use of a homogeneous paper covering formed directly on the wire
in place of a helically wound paper tape. This “pulp-insulated” cable
eliminated several steps in the fabrication process and led to consider-
able cost reduction. Work on the process began in 1921 but it was not
until about 1925 that the process began to appear feasible. At this
time a 10-wire machine was used to supply pairs for a number of
experimental cables, several of which were installed in the plant.
The work was so promising that the pulp-insulating machine was
expanded to a 50-wire size and began operation in March 1928.
Expansion after this was rapid; by 1932 all 24- and 26-gauge exchange
area cables were being manufactured with pulp insulation.

2.3.2 Cable Splicing

The adoption of the air-core, lead-sheath cable introduced several
problems in joining cable sections together.

During the splicing operation it was necessary to avoid the entrance
of moisture through the open end. Hence a first step in splicing, after
making the conductors accessible by removing the end of the sheath,
was to pour molten paraffin over the conductors until it penetrated
back into the sheathed portion far enough to block the penetration of
moisture. This “‘boiling out” process was much later supplemented by
the addition of desiccants (such as silica gel) before resealing.

The wires themselves were ordinarily joined by simply twisting the
two ends together after removing the paper insulation. The twisted
joints were often solder-dipped when the wires were large or in toll
cables. The twisted joint was insulated by slipping over it a woven
cotton tube. A large lead collar covered the spliced wires and was
connected to the lead sheath by the standard plumbing practice of
“wiping.” This consisted of manipulating hot lead alloy around the
junction of the collar and sheath until they were integrally joined.

2.3.3 Cable Installation Techniques

Use of cable was stimulated by a need to reduce the space occupied
by the wires carried on overhead structures and, beyond this, by the
desiretoreplacethese structuresentirely with underground installations.

Originally, overhead installations of cable were used in place of open
wire on bridges, where space was limited, and in the neighbor-
hood of central offices, where congestion was particularly severe. These
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installations were often little more than bundles of wires insulated with
gutta percha or rubber, banded together with a wrapping or protective
jacket, and usually suspended between rather closely spaced supports.
As lead-sheathed cable became available, largely in response to the
need for underground installation, it was also used overhead, and a need
arose for supporting this heavy but inherently weak structure on pole
lines having the wide spacings developed for open wire. Several
attempts were made to manufacture self-supporting cable by incorpo-
rating steel wires during the manufacturing process. An interesting
approach was the use of two longitudinal steel wires outside the
sheath, held in position by circumferential wires spaced 3 inches apart
and soldered to the longitudinal. This proved difficult to handle
and tended to cause sheath breaks at the circular wire supports. The
most practical approach, adopted at an early date, was the use of
a supporting strand or messenger with the cable supported directly
below it by means of metal or rope hangers at frequent intervals, as
shown in Fig. 4-15. This technique continued until the advent of
the lashing process, about 1939. In this process the cable is temporarily
suspended from the messenger and a small reel of binding wire is
pulled along the assembly in such a way that the wire is wrapped
around the cable and messenger in long spirals and firmly lashes the
two together (see Figs. 4-15 and 4-16). It is interesting to note that a
similar process using tarred rope cord for lashing was used about
1881 or 1882, and while described as “very original, practical and
effectual,”” it apparently did not prove as satisfactory at this time
as the hanger technique.

After the initial need for short cables for river crossings and the
reduction of congestion near offices, the greatest need was for under-
ground installations to avoid the potential damage from storms and
fire and to meet the public demand for eliminating unsightly over-
head structures. In these cases, greater lengths were required and the
inherently high attenuation and distortion of cable assumed importance.
These effects were small for a short entrance cable or river crossing
but became serious when long cables were tried. Often the reason for
the poor performance was not clearly understood. The discouragement
prevailing at the time was eloquently expressed later by Thomas Watson:

My recollection of all this work is chiefly characterized by a feeling
of hopelessness I then had. I felt as if I were gazing into an abyss
that must be bridged by lives of work and experiment before we could
get to the other end.

A major concern, when attempts were first made to place cables
underground, was how to protect them from moisture, corrosion, and
physical damage. An 1881 installation in Pittsburgh indicates one ap-
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Fig. 4-15. Cable supported by wire “messenger.”” Wire hangers support lower cable;
lashing is used on upper cables.

Fig. 4-16. Method for lashing supporting wire to cable.
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proach. Three Patterson cables having 50 conductors each of No. 26
copper were laid in a wooden box and covered with pitch or asphalt.
The following year eight more cables were installed. These experi-
ments did not prove very successful, possibly because the very small
wire made the attenuation quite high. In addition, the installation
techniques proved laborious and not very practical.

Over a hundred schemes had been proposed for getting wires
underground, and an experimental evaluation of some of them was
obviously needed. This was undertaken about 1882 in a 6-mile
installation along the right-of-way of the Boston and Providence
Railroad. The trench for the cables was opened by a plow drawn by
the train employed in the experiment. After the cable was placed and
joined and the jointing boxes made watertight, the trench was back-
filled by an improvised scraper pulled by the train. Various types of
cable using rubber-insulated wire were laid for comparison, the whole
weighing nearly 30 tons and filling three freight cars. This ambitious
experiment was not too encouraging. None of the cables gave very
good transmission, presumably because of a high attenuation.

One thing became clear at this time. Considering the imperfections,
both mechanical and electrical, of the types of cable then current,
it was not wise to bury the structure permanently. Rather, it was
concluded, a system of ducts should be provided into which the
cable could be drawn, and from which it could be withdrawn for
salvage or replacement if there was failure or if improved cable
became available.

The first such duct system was installed in Boston. The ducts con-
sisted of buried wrought-iron boiler pipes about 3 inches in diameter.
A flaring bell attached to each pipe at a manhole prevented injury
to the cable as it was drawn into the duct (Fig. 4-17). The man-
holes were constructed very carefully in an attempt to exclude water.®
Several different types of cable were installed in such a conduit
system early in 1883. Even though ground-return circuits were still
commonly used,the conductors in these cables were twisted together in
pairs. Thus it was possible to use them later for metallic circuits.

As time went on, other types of conduit were developed for use
with underground cable. For example, in the latter part of 1885
trials were made of Dorsett conduit composed of a mixture of asphalt
and sand. This material was molded into cylindrical sections. How-
ever, it was not very satisfactory, since its interior surface wasrough and
the sealing material squeezed through the cracks at the joints,
making projections which broke off and then had to be cleaned out.

'* The idea of building a watertight conduit system was soon abandoned in favor of a
watertight cable system.

TCI Library: www.telephonecollectors.info



224 Engineering and Science in the Bell System

Fig. 4-17. First telephone “drawing-in” underground conduit system—Boston,
Mass., 1882. (a) Cross section in street. (b) Arrangement of ducts entering manhole. (c)
Brass bell attachment to ducts to prevent injury to cable when drawing in. (Rhodes
1929, Figs. 14 and 15)
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The American Bell Telephone Company Annual Report for 1887
indicates that progress, though slow, was significant:

It will be noted that the number of miles of wire underground has materially
increased, and we expect further large additions to the underground
mileage in the current year, especially in New York, where the Subway
Commission has made arrangements for the working of an underground
system, which will meet the requirements of the wire companies. . . . The
Metropolitan Telephone and Telegraph Company is prepared to put a large
part of its wires into subway conduits as soon as the obstacles referred to
are removed. (The obstacles in this case were legal.)

Two different types of wooden conduit were developed and used to
a limited extent. First there was the Macdonald conduit (Fig. 4-18)
consisting of blocks of wood so grooved that when they were
assembled a series of holes 2% inches in diameter was available
for drawing in the cables. Next came a creosoted wooden conduit
called a “pump log.” Each log was several feet long and about
42 inches square, pierced longitudinally with a 3-inch round hole
(Fig. 4-19). A much less sophisticated approach was represented by the
very early creosoted wooden conduit shown in Fig. 4-20.

Around 1890, vitrified clay or glazed tile was tried out as a conduit
material. Trouble was encountered with breakage and with cables
becoming jammed so that they could not be removed. Shortly there-
after production was started on conduits of another form of vitrified
clay known as hollow brick. These hollow bricks were laid in cement
mortar and the entire structure then embedded in concrete. Following
this, a vitrified clay conduit called the “multiple duct” came into use.

Fig. 4-18. Macdonald wooden conduit. (Rhodes 1929, Fig. 18)
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Fig. 4-19. “Pump log” conduit. (Rhodes 1929, Fig. 19)

In this construction a separate square hole was provided for each cable,
the sections being generally made with four, six, or nine holes.
This type of conduit was used very widely, and is similar to that
employed in modern construction (Fig. 4-21).

It would be fair to say that by the nineties the general pattern
had been set for underground conduit systems as we know them
currently. Much later the plowing technique was to be revived when
high-grade cables and tractor-drawn plows came into existence, but
for about 50 years the system of manholes spaced to fit cable

Fig. 4-20. Early creosoted wooden conduit.
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Fig. 4-21. Multiple-duct vitrified clay conduit. (Rhodes 1929, Fig. 20)

reel lengths and connected by vitrified clay conduit characterized the
majority of underground installations.

2.4 Special-Purpose Wire and Cable

The facilities just discussed were the basic transmission media used
in the early years of telephony. It was not long, however, before the
need was recognized for specialized forms of wire and cable. For
example, the conductors used for connection into the actual customer’s
premises needed to be resistant to the abrasion of tree limbs, and the
connections into a central office were subject to space limitations
because of the hundreds of pairs of wire. Submarine cable obviously had
to be protected from a quite different natural environment, whereas
toll cable had special characteristics dictated by the transmission
requirements of long, balanced circuits.

2.4.1 Drop-Wire

At the user’s end of the transmission facility it was impractical to
continue the main line facilities all the way to the customer’s
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premises. With rooftop distribution the customer’s line was ““dropped”’
to his premises below using the available type of insulated con-
ductors. As pole distribution was introduced, these connectionsretained
their name of ““drop-wire,”” but a special twisted pair was developed
with each wire insulated by a rubber compound. The rubber was covered
with a braid saturated with asphaltum which protected it from abrasion
and the deteriorating effects of light. This type of drop-wire, with No.
14 copper conductors, was adopted about 1900. Ten years later, higher-
strength conductors of bronze or copper-steel were used to permit the
use of longer spans and smaller wires. Since the total length of drop-
wire used was commonly small, the increased attenuation was not
important. In the late 1920s a parallel pair was used with insulation
extruded over the two wires simultaneously. Initially a braid cover was
also used but as the more durable synthetics, such as neoprene,
superseded rubber it was omitted. This parallel construction not only
was cheaper, because it required fewer manufacturing operations,
but avoided degradation of transmission during wet weather by
eliminating the crevice between wires. Moisture had tended to ac-
cumulate in the crevice, increasing attenuation because of the high
dielectric constant of water.

2.4.2 Terminating and Office Cables

Special facilities were also required at the central office end of tele-
phone lines. Originally drop-wire was used, but as the number of
wires increased, cable was introduced to decrease the bulk. With the
introduction of dry-core cables, it became necessary to seal them at the
ends to prevent the entrance of moisture. To some extent plugs of
paraffin or similar substances were used, but it became more common
to splice on a “tip cable,” often with textile insulation filled with
wax or other impermeable substance. At the outer end, the tip
cables terminated in screw terminals to which the open wire was
connected. At the office end, these cables were connected to distribu-
tion frames!” for interconnection with the office equipment. Within the
office, “office cabling” was used which employed textile insulation
saturated with wax, the whole being enclosed in a textile jacket treated
with fire-resistant compounds.

2.4.3 Toll Cable

The early forms of cable were used universally, wherever needed.
As the intercity or “toll” plant grew, pressure developed for under-
groundinstallationas protection against storms. Because of the very high

17 See Chapter 6, Section 3.4.6.
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attenuation of cable relative to open wire, it was necessary to use
large conductors and a loose “pack” of the wires to minimize
capacitance. Thus, low resistance and low capacitance'® were the main
distinguishing characteristics of toll cable until the introduction about
1910 of “quadded” cable which was required to implement the
phantom principle. Briefly, quadded cable was made up of two twisted
pairs which were both twisted together. After about 1911, essentially
all toll cables manufactured were of the quadded type. The phantom
technique and the requirements it placed on cable will be discussed
in Section 4.1.1.

2.4.4 Submarine Cable

As early as 1880 an attempt was made to telephone over the
Atlantic telegraph cable, but without success. The reasons for failure
were not clear at the time but it is now obvious that the attenuation
and distortion of the medium were far too great. Three years later,
success was achieved in a more modest trial when five cables
crossing the North River between New York and New Jersey were
connected in tandem, totaling 5 miles. Blake transmitters were used
with Bell receivers, and it was reported that “conversation was carried
on with the greatest of ease.” In 1884 a 4% mile, 7-conductor,
gutta-percha-insulated cable was laid across the bay between San
Francisco and Oakland.

As lead-covered cables were developed for underground use they
were also used for short water crossings, but the cables were usually
filled with bitumen to prevent the penetration of water in the event of
sheath injury. As experience demonstrated the reliability of lead
sheath, dry-core cable came into use about 1899. Protection and
strength were provided by the use of extra thick sheaths covered by
jute, the whole being surrounded by spiraling galvanized-steel armor
wires. Hemp, saturated in a preservative compound, was wrapped
around the armor. About 1900 a double lead sheath without armor
was used in a few deep-water crossings where damage from dragging
anchors was unlikely. The reasoning behind the double sheath was
that defects in the two sheaths would probably not occur near enough
together to cause serious damage.

These cables were all essentially the same as underground cables
except for mechanical protection and since the pressure of cost dictated
the use of small conductors, their use was limited to short distances.

As inductive loading became available for reducing attenuation,
as described later, it was also applied to submarine cables. Ex-

'® Wires as large as No. 10 B and S gauge (0.1-inch diameter) and cables with
capacitance as low as 0.04 mF per mile were used.
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amples were the Chesapeake Bay crossing in 1910,'® the Tarrytown
to Nyack crossing in 1916, and the Raritan Bay crossing in 1917.
All of these were relatively short cables in shallow water, using
specially encased loading coils.

About 1920, long-distance types of submarine cable were developed
through adaptations of the single-conductor telegraph-type cable, and
systems over 100 miles long were placed in service. One of these,
the Key West-Havana system (Fig. 4-22), also revived a very early
form ofloading, in which inductance was added in a continuous manner
along the line.

III. THE SITUATION IN THE NINETIES

Though the telephone system after 25 years was still somewhat short
of attaining its inventor’s goal of nationwide interconnection, progress
had nevertheless been quite remarkable considering the technical
obstacles, and it can fairly be said that by the end of the nineteenth
century the service had come of age and established itself as a vital
social and economic necessity. Thus the late 1890s offered in retrospect
a view of vast local and regional expansion, outwardly apparent in
lengthening mileage of pole lines and multiple crossarms, but with the
revolutionary inventions still not at hand for solving the problem of
transmission over long distances in an economical way.

3.1 Growth

By the turn of the century almost 2,000,000 miles of wire were
devoted to telephone transmission in the Bell System, about six times
the amount in use ten years earlier. Bell telephones, numbering over
800,000, were to be found in every major city and every part of the
country; indeed, even as early as 1881 there had been only nine
cities of more than 10,000 population without a telephone exchange.
Some interesting statistics on thisrapid growth appearin Fig. 4-23, taken
from the Annual Reports to Stockholders of the American Bell
Telephone Company (1880-1899) and the American Telephone and
Telegraph Company (1900).

In 1885, as already recorded in Section 1.9 of Chapter 2, the American
Telephone and Telegraph Company had been formed to build and
operate lines interconnecting cities not only in North America but
“also by cable and other appropriate means with the rest of the known
world.” For reasons that we have touched upon but shall examine
in more depth, progress in interconnection was more difficult than

'% This was the first Bell System underwater cable to use loading and it pioneered

practices that were followed 1in later projects. It contained 17 pairs of 13-gauge paper-
insulated conductors and was loaded at two underwater points.
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Fig. 4-22. Key West-Havana submarine cable construction.

had been originally expected. The first truly long-distance circuit was
provided by the experimental copper line between New York and Boston
in 1885. Two years later commercial service was opened from New York
to Philadelphia. Lines spread out rapidly thereafter and by 1893
service from New York had extended as far south as Washington, as
far north as Augusta, Maine, and as far west as Chicago. By the turn
of the century western expansion had reached Omaha. While this was
still far from the ultimate goal, it was sufficient to demonstrate
the potential of long-distance telephony to the using public and to show
the determination of the System to overcome technical limitations.

3.2 The Physical Problem

In the beginning, as we have noted, it had been necessary to use
the highly unsuitable transmission media that had evolved for teleg-
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Stations* Exchange Lines * Toll Lines™
Year on | mites of | Totar | M °T | Miles of | Total
Tor! gii::ililti: Lﬁﬁlees M;/L/isreOf ground fi?qus ’v“lefisreOf
Wire
1880 48 _NA* NA 28 NA 0.7 1
1882 98 NA NA | 69 NA 6 14
1885 138 NA 10 | 14 3 31 42
1887 159 NA 17 146 8 32 56
1890 203 NA 24 240 55 36 9
1892 232 23 23 308 90 43 133
1895 282 95 25 460 185 53 215
1897 384 NA 23 626 283 68 325
1900 801 538 30 1,354 705 101 608

* All figures in thousands.
t Data not available.

Fig. 4-23. Bell System telephone growth, 1880-1900.

raphy, but within 20 years new media had been developed which
were better adapted to the specific needs of telephony. In spite of
the inadequacies in theory under which early technicians worked, these
media were fundamentally so sound as to require no basic changes
for many years.

The open wire line had been standardized using transposed
balanced pairs of hard-drawn copper, with insulators, crossarms, and
poles basically the same as used 50 years later. As time went on,
improved transposition systems were to be introduced to care for
larger numbers of conductors and later to permit the transmission of
frequencies far beyond the voice range. These changes were to be
accompanied by use of improved insulators and means for tensioning
wire to give uniform sag. The supply of long-life cedar and chestnut
poles was to become exhausted and means were found to protect the
more abundant and cheaper woods from decay and make them suitable
for long-life plant. Yet, important as these developments were, they
represented no basic change in the open wire line available in the 1890s.

Similarly, the fundamental cable systems using dry-core construction
with sealed lead (or lead alloy) sheath had been developed. These
and the suspension and conduit systems were to remain basically
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unchanged for many years. This in no way implies that progress in
developing cable systems stopped in the late nineties. Indeed, the great
bulk of cable development lay ahead but emphasis changed from
developing a basic structure to developing this structure into a practical
and economic reality. Cable manufacturing processes were improved to
speed fabrication and reduce cost. Crosstalk was reduced by the use
of staggered-twist pairs, and ultimately the spiraled paper tape used
on many forms of cable was superseded by pulp insulation. In the
twenties the earlier idea of using dry air (or nitrogen) under positive
pressure for testing and for avoiding the entrance of moisture be-
came practical and its application has since become widespread. These
were highly valuable developments and essential to the provision
of telephony of the high quality and low cost which we have today
but did not fundamentally change the basic structure, designed
by Patterson and his co-workers, which has continued in use until
the present. A new structure, the coaxial, was introduced for long-haul
systems in the thirties, but it was not until the forties and later
that plastics began to effect fairly fundamental changes in paired
cable construction. Even today the underlying principle in most
balanced-cable design is the use of twisted pairs, with thin insula-
tion, loosely packed in a sheath so that air (or other dry gas)
forms the significant part of the dielectric.

It is fair to say, therefore, that the basic physical problems of
providing transmission media suitable for telephony over short to
medium distances, strong enough to withstand the elements and capable
of being compressed into a small space, had been solved by the middle
nineties; but progress on the problems of longer-distance transmission
and the problems of cost offered no cause for satisfaction.

3.3 The Distance Problem

The distance over which conversations could be conducted was
severely limited by the attenuation of the lines. As we have noted,
the problem differed from that encountered by telegraphers in two
ways. First, the attenuation was much greater at telephone than at
telegraph frequencies, and somewhat more for the metallic circuit
required for telephony than for the ground-return telegraph circuit.
Second, it was relatively easy to “repeat” the telegraph signal (i.e.,
send out a reasonably good facsimile of the original) after attenua-
tion or distortion had reduced it to the point where it was just
recognizable. While a similar need to repeat or amplify the telephone
signal was recognized in the early years of telephony, the problem
was not to be solved successfully until the next century.

During the first 25 years of telephony the major contribution to
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reduced attenuation was the use of copper in place of steel. When,
for a given size wire, the line had been extended to the point where
total attenuation was sufficient to render the speech signals un-
recognizable, the only remedy was to use more copper, i.e., larger
wire. Wires as large as one-sixth inch in diameter were used for the
longest distances.

For open wire, the attenuation per mile was roughly proportional
to the resistance, so that doubling the limiting transmission distance
required twice the cross-sectional area of copper. This meant that the
cost of long-distance lines did not merely increase in direct proportion
to length; rather, the copper costs tended to increase as the square of
the distance. This explains to a large extent why growth in long
distance was slow and limited, as Fig. 4-23 indicates. With the 165-
mil copper which was considered to be about the largest size
economically and physically practical, the length over which conver-
sation could be carried, even with the greatest effort, was not much
over 1,000 miles.

Cable made the situation much worse because of high capacitance
between wires. For practical cables the attenuation per mile in the
middle of the voice-frequency range was 10 to 25 times as great as
for common types of open wire, and the limiting length was reduced
accordingly. Moreover, the attenuationof cable, unlike that of open wire,
was affected by frequency f and, because of the absence of appreci-
ableinductance, depended almostentirely on resistance and capacitance
as follows:

This was a very unfortunate situation since it meant that attenuation
was greater at high frequencies than at low and telephone technicians,
long before they understood the cause, learned that increasing the
length of cable circuits not only reduced the volume of the speech
but distorted it severely. In addition, because of the square-root
relationship, the old remedy of “more copper” was less effective than
with open wire lines since it required four times the cross-sectional
area to cut the attenuation in half. Thus, for a given limiting
total attenuation the copper costs increased as the cube of distance.
Obviously cables were admirable for solving the problem of bulk in
the cities, where distances were short, but would only have aggravated
the difficulty of conquering distances.

A partial solution to the attenuation problem came in a few years
with the advent of loading, but the final solution, amplification,
came only during telephony’s second quarter-century.
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3.4 The Cost Problem

It is apparent by now that the first two decades, while bringing
solutions to the physical problems of line configuration and construc-
tion, appeared to bring only retrogression from the standpoint of
cost. The dismay of the early telephone manager can easily be
imagined when he learned that the single-wire circuit must be re-
placed by a pair of wires and the relatively inexpensive steel wire
by costly copper. Then there was further disappointment when it was
found that much larger wire sizes were needed as the distance was
extended. And finally, cable, which made it physically possible to use
very small wires, proved usable only for very short distances.

Fortunately the technician, even though he did not have the answers,
had begun to understand the problem. First, there was needed a
means for reducing attenuation that would be cheaper than adding
copper. Second, a way must be found to use the circuits more
efficiently by multiplexing several conversations on a single pair.

IV. BEGINNING THE TWENTIETH CENTURY

Although practical solutions for the distance and cost problems had
not yet been found, the outlook at the turn of the century was
far from bleak. The preceding ten to fifteen years had seen a
marked increase in interest in the theoretical aspects of telephone
transmission, coinciding with a period of healthy reform in the rela-
tions between theorists and the so-called practical men. If the latter
could justly complain of the aloofness of the theoreticians and their
unwillingness to express their results in usable form, it was equally
appropriate for Lord Rayleigh in 1884 to chide the practical
electricians “whose ideas [as he put it] do not easily rise above
ohms and volts.” Thus, under the pressure of the telephone
transmission problem, there was a gradual rapproachement as the
work of Heaviside, Pupin, Campbell, and others developed a
theoretical basis for solving these critical problems. In particular,
Heaviside in Britain demolished the simplistic view of electric
currents that had been prevalent even into the telegraph age, and
showed that the propagation of speech currents over wires must be
understood on the basis of waves—the electrical analogues of
mechanical waves, as elucidated by the mathematician Lagrange a
century before, and waves in fluids as studied by Newton a century
earlier; with the inherent requirement—the sine qua non—for efficient
transport of any kind of wave: a continuously moving cross-
shuffle of potential and kinetic energy. It was the kinetic energy,
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lodged in the magnetic field, that had been appropriately ignored for
the low frequencies of telegraphy, where the counterelectromotive
force induced by the field was small compared with the potential
drop in the series resistance.

As the revelations of Heaviside got across in their full portent,
there was a diligent search in the telephone laboratories for ways of
implementation. Thus, during the first quarter of the twentieth
century an interim solution, in the form of inductive loading, was
widelyimplemented, and in addition rudimentary multiplexing schemes
evolved. Later the development of a practical amplifier lifted the barrier
on distance, and the amplifier, together with the wave filter, opened
the way to the use of carrier-current systems. These systems greatly
extended the use of the multiplex principle and were to prove the most
significant single factor in the evolution of long-haul and low-cost trans-
mission systems during the middle portion of the twentieth century.?®

4.1 Interim Solutions to the Cost and Distance Problems
4.1.1 Multiplexing—Phantom Circuits

As noted earlier, the cure of the interference problem carried with it
a bitter pill indeed, the use of two wires per telephone circuit
instead of the single wire which had been adequate for telegraphy. The
notion of countering this setback by using the same wires for more
than one communication channel must have been in the minds of
telephone engineers practically from the beginning.

The first proposal of a telephone multiplex is attributed to Frank
Jacob in England. Jacob, in 1882, suggested superimposing, by means
of a Wheatstone Bridge arrangement, additional telephone conversa-
tions on circuits already carrying a conversation.?! Several schemes for
implementing this were proposed, the most significant one being
shown in a simplified manner in Fig. 4-24a. The superposed circuit,
for telephone C, soon to be called a ““phantom circuit,” was carried
on two metallic circuits already in use for telephones A and B.
In essence, the current from C was divided into two equal parts
by means of a resistance bridge and each part transmitted over one
wire of the pair used for A. Similar arrangements served to combine
the components at the far end and to provide a return path over the
pair used for B. Since the phantom currents flowed in the same
direction over the two wires of the pair, there would be no mutual
interference between the ““phantom’ circuit and the “’side” circuit

2 While most of the basic inventions and developments which made carrier
transmission possible came during that first quarter of the twentieth century, one was
not to materialize until just afterward. This was the invention of negative feedback by H.
S. Black in 1927.

21 F. Jacob; U. S. Patent No. 287,288; filed May 2, 1883; issued October 23, 1883.
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Fig. 4-24. Development of the phantomn circuit: (a) phantom circuit, based on concepts
of F. Jacob, intended for the simultaneous operation of three telephone circuits over
two metallic circuits; (b) phantom circuit (scheme of J. ]. Carty) using induction or repeat-
ing coils instead of resistances. A, B, and C are telephone sets. (Redrawn from Rhodes
1929, Figs. 43 and 54)

carried metallically on the pair so long as the phantom currents
were equal in the two wires.

The resistances proposed by Jacob for deriving the phantom
crcuit provided an easy way to divide the current into two equal
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parts, i.e., to “balance” the currents between the two wires of a pair,
but introduced a considerable attenuation to the voice currents. In
1886, J. ]J. Carty proposed a scheme for avoiding the major part
of thisloss by using transformers (repeating coils) in place of resistances.
The Carty equivalent of the Jacob proposal is shown in Fig. 4-24b.

In theory, the phantom circuit was very simple, but the basic re-
quirement of precise division of the current into equal parts was not
easy to achieve at all frequencies within the voice range. Difficulties
were encountered in attempts to make repeating coils with satisfactory
balance, and the state of the electrical art at that time was not such
as to enable even a skillful professional to comprehend all the steps
involved. Thus for many years the phantom circuit remained scarcely
more than an interesting scientific curiosity.

In 1894 and 1895 tests were conducted on phantom circuits on
interoffice trunk lines in underground cable, and in a few cases
fairly favorable results were obtained. Then in 1899 tests were made
on open wire lines with the following results, as reported by C. H.
Arnold:

The trunks between Gloversville and Johnstown in their present condition
cannot be commercially duplexed because it would be impossible to ring
on the duplexed trunks because the phantom would be too noisy and
because there would be objectionable crosstalk on the phantoms and on
certain trunks. Before further duplex tests on aerial lines are made,
systems of transpositions for duplexed lines should be worked out.

In the latter part of 1902 a phantom circuit was put into commercial
operation between Lewiston, Maine, and Berlin, New Hampshire,
over a transposed line. Although the results were fairly satisfactory, it
was not until 1903 that really good performance was obtained by re-
placing the coils originally used in this installation with new repeat
coils of the toroidal type.

It was the impetus given to coil design by the exhaustive early
work on loading (described subsequently) that finally resulted in the
production and use of phantom deriving coils of the toroidal type
which, in connection with the working out of suitable plans for
transposing the wires, put the use of the phantom circuit for open
wire lines on a commercial basis in the 1904-05 period.?

The first transposition system for preventing crosstalk between
phantom and other circuits was proposed by Carty in a patent issued
in 1889. As soon as well-balanced coils became available, improve-
ment followed improvement in rapid sequence, no less than eight
phantom transposition specifications being issued by Bell engineers
in a period of about four years, from 1904 to 1908.

* Full commercial use of the phantom principle, however, did not come until the
development, about 1910, of phantom loading and quadded cable.
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The design of cables for phantom circuit operation was considered
as early as 1894. In April 1895, C. H. Arnold stated in a report
that the simplest arrangement of wires in a cable for multiplexing
would seem to be twisted pairs twisted. This arrangement had
previously been proposed by J. J. Carty. First tests with such a cable
were unsuccessful in keeping the crosstalk between the phantom and
side circuits within commercial limits. The basic approach was sound,
however, and continued development produced in 1910 a successful
cable made up of “quads,” consisting of twisted pairs twisted
together.?* The important refinement was to use manufacturing methods
giving the greatest possible degree of symmetry in the two conductors
forming a pair and of the two pairs making up the quad. Different
pair and phantom twists were used on quads in close proximity.
Cable cores were built up in layers with successive layers spiraled
in opposite directions. In installation, the capacitance unbalance be-
tween pairs was measured and successive lengths spliced so as to
minimize the accumulation of unbalance.

These measures made phantoming practical, and after about
1911 all toll cable manufactured for the Bell System was of the
quadded type. The use of phantoming on both open wire and cable
was to grow rapidly on the longer circuits until about 1930 when it
became apparent that phantoming tended to complicate the application
of carrier techniques, which in the long run offered much more promise
as a method of multiplexing.

The phantom technique could in theory be pushed beyond the gain
of one circuit for each two pairs. It was, in principle, possible to
superimpose a “ghost” circuit on two phantoms and an additional
“wraith” on two “ghosts.”” These were of more theoretical than
practical interest, since the gain was small and the difficulty of
maintaining balance was formidable. “Ghosts”” were, however, oc-
casionally used where the value of an extra circuit was very great,
as on some submarine cables. Even phantom circuits were limited
largely to long circuits, since on short circuits the cost of achieving
good balance could be greater than the copper saving.

Cost reduction through an increase in the number of circuits
per pair was the principal benefit from phantoming, but there was an
additional small bonus applicable to the distance problem. Since the

* The multiple twin-quad, adopted by the Bell System, was not the only cable
structure that could be used for phantom circuits. In Europe, the star-quad has been
extensively used. In this structure the plane of the wires in one pair is at right
angles to the plane of the other pair. If this configuration is rigorously maintained,
there is theoretically no coupling between the pairs. The choice of the multiple twin
structure for the Bell System was based on a number of practical factors involving
both manufacture and application which are too complex to discuss here. An important
consideration was the belief that if phantoming proved to have limited use, the twisted
side circuits would prove superior to the side circuits of a star-quad.
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phantom used two conductors in parallel, the resistance was cut in half,
and since the capacitance was increased by only 50 percent, the
net result was about a 20 percent reduction in attenuation. As a
consequence, phantom circuits were for some time preferred over side
circuits for very long hauls.

4.1.2 Multiplexing— Composite Circuits

The phantom principle could also be used for transmitting tele-
graph signals over pairs in use for telephony. The basic concept is
illustrated in Fig. 4-25, which shows how a telephone pair can be used
to provide a ground-return telegraph circuit. This is basically the
“simplex” circuit, the evolution of which will be described elsewhere.

From the standpoint of cost reduction and the solution of basic
transmission problems, the simplex concept was far less significant
than the composite principle which was first used in 1892 and developed
into its present form within the next few years. This too was a
scheme for transmitting telegraph signals over working telephone
lines. Whereas the simplex telegraph circuit merely replaced a phantom
telephone path, the composite scheme employed a different principle
which today we would call “’frequency-division” multiplex.

As we have noted, telegraph signals require only a path for low
frequencies, roughly under 50 to 100 hertz. Telephony, on the other
hand, involves much higher frequencies and indeed is quite satis-
factory in quality if nothing is transmitted below about 300 hertz.
When this was understood, it became obvious that the two types
of signals could be transmitted simultaneously over the same pair of
wires, without mutual interference, if the two frequency bands could
be kept separate. In the 1880s the Belgian, van Rysselberghe, had ob-
tained patents on schemes for doing this.?* These ultimately evolved
into the “composite” circuit, illustrated in Fig. 4-26. In essence, this
was a combination of high-pass and low-pass filters separating the
telegraph and telephone frequencies. It permitted the addition of two
ground-retum telegraph circuits to a metallic telephone circuit.

Prior to the development of composite telegraphy, signals in the
telegraph range (roughly about 20 hertz) were used to control
circuit switching. When this band was used for telegraph, it became
necessary to develop new signaling techniques. This was done by
using a frequency of 135 hertz, which fell between the telegraph
and telephone bands.

# F. van Rysselberghe: U. S. Patents Nos. 306,665 (October 14, 1884); 320,987 (June
10, 1885); 321,404 (June 30, 1885); 322,333 (July 14, 1885); 323,239 (July 28, 1885);
361,734 (April 26, 1887). In a sense, the basic idea of frequency multiplex had been
anticipated by Cromwell Fleetwood Varley in British Patent No. 1,044 (April 8, 1870)
?clwering the superposition of “tone’ signals on dc telegraph by means of rudimentary
ilters.
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Fig. 4-25. Telegraph simplex based on the Jacob concept. A and A, are telephone
sets, T, and T, are telegraph sets. (Redrawn from Rhodes 1929, Fig. 52)

Obviously, compositing was an important contribution to cost reduc-
tion since the telegraph circuits could bear part of the cost of a metallic
pair. In retrospect, compositing was perhaps even more important
as the first application of the frequency-division principle which was
later to be exploited so extensively in carrier-current telephone
transmission.

4.1.3 Inductive Loading

Well before the end of the nineteenth century the importance of
minimizirig resistance and capacitance to control attenuation was
appreciated by telephone technicians. In 1854, before the invention
of the telephone, Lord Kelvin had propounded the so-called KR law
in connection with telegraph transmission. In essence this ““law”
stated that the maximum speed (characters or impulses per second) of
telegraph transmission possible over a line was inversely propor-
tional to the product of the total capacitance K and total resistance R
of the line. It is obvious that Kelvin was thinking in terms of signal

i
[
41
TELEPHONE
SET
i
1
LINE
T TELEGRAPH
b I SET I
EEJ .':5 ] TELEGRAPH
“ SET

Fig. 4-26. Basic ‘composite’’ circuit for operating telephone and telegraph systems on
the same line without interfering with each other. (Redrawn from Jewett 1923, Fig. 12)
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distortion (intersymbol interference), not attenuation, since he
specifically stated that the number of current reversals (i.e., signaling
speed) was independent of the applied emf.

The telephone problem was different. Here the initially applied
emf was very small because of the weak transmitting devices avail-
able, and distance was limited not so much by distortion as by attenua-
tion, which reduced the signal below the sensitivity of the receiving
device (or below the interfering noise on the line). Nevertheless,
prominent telephone technicians agreed that some form of KR
law was applicable, since telephony required the transmission of
specific frequencies which imposed an upper limit on the KR product.
Hence it was felt that the limiting length of transmission could be
specified in terms of the resistance and capacitance per unit length.

There was a fair amount of justification for this argument,
particularly for cable circuits where the attenuation is indeed
determined by the capacitance-resistance product. There was, perhaps,
just enough justification to delay a full understanding of the effects of
the other primary constants.

A number of people challenged the KR concept, but Oliver Heaviside
in England probably deserves the credit for expounding most
completely the theory of electrical transmission. His results appeared in
a series of papers presented in The Electrician and in the Philosophical
Magazine beginning in 1873 and continuing until about 1901.

An outstanding disclosure in Heaviside’s work was that series
inductance could be beneficial at voice frequencies. Today we can
illustrate this by means of a simplified formula such as the one
referred to in Section 2.2:

. R ||'L.' G /L
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What occurs, when inductance is added, is that the line impedance
is increased, and a given amount of power can be transferred with
less current (but at a higher potential). The result is a reduction
in the series losses (first term of the equation) and an increase in
the shunt losses (second term). Since the former are usually pre-
ponderant, there is a net reduction in attenuation until the inductance
is increased to the point where series and shunt losses are equal. The
process is somewhat analogous to the use of high-voltage lines for
long-distance power transmission.

While these relationships are easy enough to comprehend after
many years of experience with the transmission equations, it was not
nearly so easy to appreciate Heaviside’s work when it appeared,
particularly when the KR path had been followed so long. It is
likewise understandable why the practical telephone man was reluctant
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to accept the idea that insertion of an additional series impedance
in the line could improve transmission. There were, however, a number
of men capable of following the theory and comprehending its
significance; two outstanding examples in the United States were Pro-
fessor Michael I. Pupin of Columbia University and Dr. George A.
Campbell of the Boston laboratory of the American Telephone and
Telegraph Company. Along with these should be mentioned Dr.
Hammond V. Hayes, Chief Engineer of AT&TCo, and John Stone Stone
of his staff. Stone was probably the first member of the American
telephone community whose interests were almost entirely in the theory
of transmission. He, as well as Hayes, had been following the
theory developed by Maxwell, Kelvin, Heaviside, and others and they
were convinced that the analysis of Heaviside, recognizing the role
of the magnetic field in propagation of the signal, offered the hope of
solving some of their problems. Stone, as early as 1894, had
suggested the use of cable conductors with continuously distributed
inductance as a means for reducing attenuation, and increasing the
impedance, of entrance cable in order to provide a better terminating
impedance or “match” for long-haul open wire lines. In 1897 he
received a patent on a bimetallic wire to accomplish this. Hayes, im-
pressed with the potential of the theoretical work, obtained ap-
propriations to continue it and also, in 1897, recruited Campbell to
join the small laboratory force. Campbell, a graduate of M.LT.
with five years of additional training at Harvard, Paris, Vienna,
and Gottingen, was the logical person to continue Stone’s work when
the latter resigned in 1899.

Campbell took over this work in February of 1899 and was soon
convinced that it would be far more practical to concentrate the
inductance in “loading” coils introduced at discrete intervals if the ef-
fects would be equivalent to distributed inductance. He promptly
developed the necessary theory and in September 1899 experimentally
verified it in the Boston laboratory using reels of actual cable. Experi-
mental loading coils were used on two 24-mile cable circuits in
Boston in May 1900 and on a 670-mile open wire line in July of
that year. Both installations were later used commercially.

Shortly before the installation of the experimental cable loading,
the American Telephone and Telegraph Company learned that Professor
Pupin of Columbia University had independently worked out a
theoretical solution of the coil-loading problem and had filed a patent
application in December 1899. On June 19, 1900, two United States
patents were issued to Pupin. The conflicting claims of the Pupin
and Campbell applications resulted in extended interference proceedings
which ended, on April 6, 1904, in an award to Pupin on the basis of
two weeks’ priority in disclosure. Before the interference action
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had gone far, Pupin’s rights in the invention were purchased to
protect the AT&TCo interest whichever way the case might be decided.

While Pupin has commonly received credit for the invention of
the coil-loaded line (outside of the United States it is referred to as
a “Pupinized” line), it is only fair to note that he and Campbell were
working in an era when there was a great expansion in theoretical
effort, many contributions being made in both Europe and the United
States. Heaviside had outlined the basic principles in June of 1887 and
suggested bimetallic wires in which iron was to be one of the metals
to provide additional inductance, and had also suggested the use of a
wire insulation impregnated with iron dust.

In the July 2, 1887, issue of La Lumiere Electrique, the French-
man, A. Vaschy, likewise suggested that uniformly distributed
inductance would improve transmission. Again in 1889 he proposed
to improve transmission “without modifying the state of the line, by
introducing at certain distances . . . coils offering sufficient self-
induction and insignificant resistance.” But he gave no indication
of the construction of such coils, or of how they should be spaced.

In 1893, Professor S. P. Thompson in England suggested techniques
using inductive shunts and transformers, but these ideas did not
prove of much practical value. Also in 1893 Heaviside mentioned
the possible use of series coils and suggested a spacing of 1
kilometer. He specified the inductance to be used and recommended
that the inductor make use of a closed magnetic circuit using
finely divided iron.

Another way of adding inductance to a cable circuit was proposed
by Carl Emil Krarup of Copenhagen, his idea being to wind a fine
wire of soft iron around the copper conductor. A cable with this
continuous loading was placed between Elsinore and Helsingborg in
1902. This method of loading was also used on three submarine
cables installed between Key West and Havana, Cuba, in 1921. These
cables, each about 115 miles long, were the longest and most
deeply submerged undersea telephone cables in the world at the time.
While continuously loaded cables have proved of some importance
for submarine applications, the use of discrete coils has been almost
universally preferred for loaded land cables.

Amongst these and other contributors, Pupin and Campbell
deserve special recognition since they not only recognized the benefits
of coil loading but also established the rules under which these
benefits could be realized.?® They showed that a continuously

* As might be expected, the long litigation, which finally awarded the patent to Pupin
on the basis of two weeks’ prior disclosure, did not end discussion of the merits
of the case. An interesting and very thoroughreview of the history by Dr. James E. Brittain
of the Georgia Institute of Technology appeared in Technology and Culture as recently
as January 1970 and will be found very rewarding by those who desire details of the
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loaded line could be simulated by a coil-loaded line when the coils
were closely spaced, but that the simulation failed with increased
spacing. The important factor was the length of the wave corresponding
to the frequency being transmitted. With ten coils per wavelength,
for example, the equivalence is quite close. Expressing this somewhat
differently, for a given spacing between coils the simulation is good at
low frequencies (long wavelengths) and becomes poorer with increasing
frequency (decreasing wavelength) until a critical or cutoff frequency is
reached where there are 7 (that is, 3.14) coils per wavelength.?®
Beyond this point, transmission essentially ceases. Thus the cutoff
frequency is given by:

1
'r,"r..L

where
L = coil inductance
S = coil spacing in miles
C = capacitance per mile.

The benefits ultimately to be realized through the introduction of
loading on cable are clearly illustrated by the curves of Fig. 4-27,
drawn many years later. Obviously a large transmission improvement
was possible with the line when loading was designed to place the
critical frequency above the important speech components. Not only
is the attenuation itself reduced, but transmission becomes much more
uniform over the major part of the passband, thus overcoming the
undesirable distortion of non-loaded cable.

To achieve these results, however, much more was required than
devising rules for coil inductance and spacing. There was at first
no experience to assist telephone engineers in determining the permis-
sible cutoff frequency, or to guide them in the actual fabrication of
good coils for this application.

Campbell’s 1899 tests carried the cutoff up to 11,000 hertz, but for
the early commercial tests it was reduced to 4,100 hertz. Further
testing resulted in 1904 in the adoption of 2,300 hertz, this remaining
the standard until 1918. At that time there commenced a trend

controversy. Dr. Brittain strongly favors Campbell for reasons which require discussion
beyond the scope of our history. Regardless of the detailed argument, there is no doubt
that Campbell playedthe major partin developing loading in the Bell System (and the many
administrations that followed Bell practices). Campbell was not only readily available as
a consultant to the Bell engineers who reduced it to practice but also had provided a
mathematical analysis more exact and more useful to designers.

* The wavelengths referred to here are those of an equivalent loaded line with
inductance uniformly distributed. Near cutoff the wavelengths on a coil-loaded line are
shorter than on a uniform line and the actual wavelength at the critical frequency is
twice the coil spacing.

TCI Library: www.telephonecollectors.info

- #



246 Engineering and Science in the Bell System

1.8 T I DES
NON-LOADED NO. 19 AWG CABLE
R = 85 OHMS
L 0.001 HENRY |- PER MILE
C = 0062 MF
L6 —t t
L4 /
1.2 //
NOTE:
SHUNT DISSIPATION
3 LOSS IS NEGLIGIBLE °
: / °
@ <€
[+4
w10 x
= w
2 2
17 oo
172} W
o >
= =
5
& I g
Z 08 =40383 @
= i | z
= LOADED NO. 19 AWG CABLE = 5
= COIL INDUCTANCE = 0.174 HENRY |
z COIL SPACING = 6,000 FEET |
06 l 0387
CUTOFF FREQUENCY —
LUMPINESS EFFECTS |
!
a4 — 1 T it s | WL
CORRESPOMDIMG SMOOTH LINE
o fp—
—— d
F T 1
a — = L rf,.'f - +—— e
DIELECTRIC LOSS—CABLE AND COILS /(
IRON LOSS—COILS / |
COPPER LOSS—COILS /
I
COPPER LOSS—CABLE CONDUCTORS ) I
[ N ; !
0 500 1,000 1,500 2,000 2,500 | 3000
FREQUENCY IN HERT2 I
- I 1 I 1 I l
0 018 036 053 071 089 1.0

RATIO OF FREQUENCY TO CUTOFF FREQUENCY

Fig.4-27. Attenuation-frequency characteristics of loaded and non-loaded No. 19 AWG
cable. [A 1926 curve. Note that attenuation is given in Transmission Units (TU), renamed
decibels in 1929.] (Redrawn from Shaw and Fondiller 1926, Fig. 1)

TCI Library: www.telephonecollectors.info




Wire Transmission 247

toward higher cutoffs in order to meet the more stringent require-
ments of repeatered transmission and to take advantage of improved
telephone instruments which responded to higher frequencies. Cut-
off standards have gone through several stages which cannot be
covered in a brief history, but currently all transmission systems,
including those employingloading, are designed to transmit frequencies
from user to user from about 300 up to 3,000-3,300 hertz with only
minor distortion.

The coils used in the experiments of 1899-1900 were of the air-
core solenoidal type. These were unsatisfactory for commercial use.
For one thing, their resistance was not at all negligible but rather
reminiscent of Heaviside’s speculation that “inductance coils have
resistance as well, and if this be too great the remedy is worse than
the disease.” Moreover, being large in size, the coils created a
considerable external magnetic field which could interfere with other
loaded circuits. By April 1901 a toroidal or doughnut-shaped coil
had been developed using a core made up of about 10 miles of
very fine (4-mil diameter) lacquer-insulated iron wire. The toroidal
form confined most of the magnetic field within the core, the high
permeability of iron as compared to air reduced the number of
turns (and resistance) of the inductive winding, and the use of fine
insulated iron wire for the core reduced eddy current losses. The
inductive winding was divided into two halves, one half being
introduced in series with each line wire (see Fig. 4-28). By using a
single core with two windings, the mutual inductance was added to
the self-inductance, further reducing the required number of turns
(and the resistance).

Many improvements in loading coils have been made since 1901
(see Figs. 4-29 and 4-30), but the basic principles of the toroidal
coil with split windings on an iron core designed to minimize eddy
currents have continued in use. About 1916 the core was changed
by using powdered iron, with the granules insulated and compressed
into rings, in place of the iron wire. Later, special heat-treated
iron alloys (the permalloys), having higher permeability, were
introduced, further reducing the core size.

As noted previously, it was the work on loading coils that made
possible the development, in 1904, of a repeating coil (transformer)
which met the requirements for deriving phantom circuits. This coil
opened the way to commercial application of phantoming, but its
widespread use did not come about until coils could be developed
for loading the phantom circuits as well as the side circuits. This was
accomplished in 1910 by using a set of three coils (Fig. 4-31),
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Fig. 4-28. Early loading coil and circuit.

one for each side circuit and one for the phantom. While the basic
design principles were the same, refinements were needed to achieve a
very high degree of balance and to make the side circuit coils
essentially non-inductive to the phantom circuit and vice versa. This
required close magnetic coupling between the line windings in each
coil, achieved by careful interleaving of the two halves of the winding.

Early priority in the development of loading was given to open
wire systems in order to extend the maximum usable communica-
tion distance. By means of loading, the attenuation of such lines
could be approximately halved. The open wire application turned out
to be particularly difficult, requiring protection against lightning
surges, the maintenance of stable magnetic properties despite these
surges, the coordination of coil spacing and transpositions, and the
maintenance of low line leakage.?” Final standards were not developed
for a number of years (1905 for 104-mil lines and 1910 for 165-
mil lines), but sufficient initial progress was made on the manu-

" Leakage was a particularly difficult problem in the case of 165-mil lines, for which the
leakage component was an important part of the total attenuation, even without loading,
and was aggravated by loading. This accounts for the late development of commercial
loadingforthe large-size conductors. The use of suitable double-petticoat insulators played
a large part in controlling leakage. Originally, molded porcelain was used, but the
opacity of this material seemed to encourage the nesting of insects under the petticoats
with consequent impairment of insulation. In a few years porcelain was superseded by
glass.
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Fig. 4-30. Six stages in the development of cable loading coils.

facturing and other problems to permit the introduction of improved
service on an existing 165-mil line between New York and Chicago
in November 1901. In May 1902 commercial service was inaugurated
on three 104-mil loaded open wire lines between Philadelphia and
Chicago. By 1911 the problems of open wire loading combined with
phantoming had been solved and a 165-mil phantom group between
New York and Denver was put into commercial service in May. This
represented about the maximum practical distance for non-repeatered
telephone circuits, leaving coast-to-coast service still unrealized.

Experience gained in developing loading coils for open wire lines
assisted in the development of satisfactory toroidal-type coils for the
first commercial loaded cable project, a 19-gauge underground cable
between New York City and Newark, New Jersey, completed in
August 1902. Prior to the invention of loading, a relatively expensive
13-gauge non-loaded cable had been planned for this route. Thus
from the very beginning the use of loading yielded large economies
in the cable plant of the metropolitan areas.

The commercial exploitation of loaded cables went forward rapidly
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after the New York-Newark installation, resulting by 1904 in the adop-
tion of loading system standards that prevailed for over a decade.
Figure 4-32 lists characteristics of the first standard loading systems.

A loaded cable was installed between Boston and Worcester in
1904, and cables between New York and Philadelphia and between
New York and New Haven in 1906.

A sleet storm in 1909, just before the inauguration of President
Taft, disrupted communication with Washington and painfully empha-
sized the need for storm-free facilities along the eastern seaboard.
Plans for a loaded cable using No. 10 and No. 13 B and S gauge
conductors began the following year. The Philadelphia-Washington sec-
tion was placed in service in 1912 and the complete Boston-
Washington service opened in 1913. (The latter circuit employed an
early repeater of the mechanical type.)

It was soon appreciated that cable transmission was the field in
which maximum benefits would be realized from the application of
loading, and by the end of 1907 about 60,000 loading coils had
been installed on some 86,000 miles of cable circuit. It has been
estimated that by the end of 1925 about 1,250,000 coils were in use
in the Bell System to load about 1,600,000 miles of cable circuits
and 250,000 miles of open wire. Since the loading coil spacing is

. Approx
Coil Coil Nominal
Loading Induct— 5 O! Iomn;a Attenuation at 1,000 hertz
Designation ance pacing mped-— (dB per mile)
(henrys) (miles) ance
(ohms)
Copper Open Wire 104-mil dia 165-mil dia
Non-loaded 650 0.075 0.033
Heavy 0.265 8 2,100 0.031 0.014
g Cable 19 ga 16 ga 14 ga
AWG (B&S)|AWG (B&S)|AWG (B&S)
Non-loaded 1.05 0.74 0.59
Light 0.135 2.5 900 051 0.27 0.17
Medium 0.175 1.75 1,300 0.39 0.21 0.14
Heavy 0.250 1.25 1,800 0.28 0.16 0.1

Nominal cutoff of all loaded circuits is about 2,300 hertz.
Open wire attenuation assumes dry line.

Cable attenuation assumes capacitance of 0.070 mF/mile.

Later toll cables had capacitances of 0.062 mF/mile and gauges as large as No. 10
were used giving attenuation of 0.050 dB per mile on side circuits and 0.042 dB
per mile on phantoms with heavy loading.

Fig. 4-32.  Characteristics of first standard loading systems.
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much smaller for cable (about 1 mile) than for open wire (about 8 miles),
this meant that about 95 percent of the coils were on cable. Since
1925, open wire loading has been discontinued, while cable loading has
continued on the increase.

The reason for this rapid growth of cable loading is obvious.
Loading greatly reduces the distortion inherent in cable and reduces the
attenuation by a factor of 3 or 4 at 1,000 hertz and much more at
higher frequencies. To achieve the same reduction in attenuation would
require roughly a ten-fold increase in copper at an enormously
greater cost.

Before the advent of repeaters, loading was essential on long open
wire circuits since no other practical way existed to extend the
limiting communication distance. The benefits, however, were not as
great as on cable. The attenuation was decreased only by a factor of
about 2, and this was accompanied by some increase in distortion.
Without loading, open wire was a reasonably distortionless medium,
and loading tended to introduce certain undesirable transmission ef-
fects associated with the sharp rise in attenuation near cutoff. In
addition, by raising the line impedance, loading increased the problems
of line leakage and crosstalk. Thus, as the repeater art developed,
it was found that open wire circuits with improved quality and lower
cost could be obtained by using repeaters, instead of loading, to
reduce overall attenuation. Years later, beyond the time frame of this
chapter, the introduction of carrier on cables provided an economic
alternative to long-haul loaded cable, but even as this is written
(the mid 1970s), loading continues to be the economic means for
reducing attenuation on cable circuits only a few miles in length.

4.2 Longer-Term Solutions to the Transmission Problems

With the vastly superior facilities at our disposal today, it may be
hard to appreciate the importance of phantoming and loading to
the growth of telephony in the early twentieth century. These
techniques came at a time when cost and attenuation were seriously
impeding the development of a nationwide system. Within a few
years phantoming reduced the cost of long circuits by roughly
a third, while loading not only doubled the maximum communica-
tion distance but also greatly extended the usefulness of cable
circuits, previously limited to very short distances. Perhaps the best
indicator of the importance of these measures is their effective life.
Phantoming remained an important technique for over a third of a
century, and loaded circuits are still being added to the telephone
plant in large numbers after some 65 years.?8

# The production for 1974 was 14,500,000 loading coils or well over ten times the total
number in the plant in 1925.
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Nevertheless, these measures provided only limited solutions to the
cost and attenuation problems. The phantom principle, pushed to its
extreme theoretical capability, could have only doubled the number of
circuits per pair of wires, and a 50-percent increase proved to be the
practical limit. Loading could never, even theoretically, overcome fully
the effects of attenuation; it could only reduce them. In practice,
reduction by a factor of 3 or 4 on cable and 2 on open wire was
about all that could be achieved.

By contrast, the two techniques of amplification and carrier transmis-
sion, which were soon to follow, provided almost unlimited potential
for solving the transmission problems when the necessary technology
for their application had been developed. Today, by the use of carrier
methods, the capacity of a pair of wires, originally designed for a
single voice channel, has been increased by a factor of 12 to 16 (much
more with special structures), while amplification permits the use of
conductor attenuations three or more orders of magnitude greater
than those which limited transmission in the early years of the century;
and it is still not evident that a limit has been reached.

We now tum to the development of these powerful techniques which
originated during the second quarter century of telephony and have
since come to dominate evolution of telephone transmission.?®

4.2.1 Amplification by Mechanical Means

As we have noted earlier, it had long been recognized that if
electrical speech waves, having been attenuated by passage over a long
line, could be faithfully restored to their original magnitude, they could
then be transmitted over an extended line. By repetition of this
process, transmission might then be possible over almost any distance.
What was needed, therefore, in the parlance of telephone engineers,
was a source of gain to compensate for the attenuation or loss
introduced by the line.

One source of gain for speech signals had long been avail-
able. The carbon transmitter was not only a converter but also an
amplifier, supplying electric power some 100 or more times greater
than the acoustic power impinging on its diaphragm. Thus, a logical
approach to the amplification problem was to use the attenuated
speech signals to move the diaphragm of a carbon transmitter,
which would then yield a much greater energy output by varying the
resistance of a transmitter controlling the current flow from a local
source of dc power. Within a few years after the Bell invention, patents
had been filed by Edison, Thompson, Houston, Hughes, Ludtge, and

2 Only part of the story is told here since, as related in Chapter S, these develop-
ments in wire telephony were closely related to parallel work in radio, effort in each area
benefiting the other.

TCI Library: www.telephonecollectors.info



254 Engineering and Science in the Bell System

others for the amplification of speech by means of the receiver-
transmitter combination. Thomas Lockwood, in reviewing the repeater
situation in 1896,% noted that some 27 U.S. patents on repeaters had
been issued. Most of the early patents covered minor variations of
the same basic principle of using a telephone receiver or its equivalent
to actuate a carbon transmitter but Edison made an important step
forward by devising circuitry for using the mechanical amplifier as a
true telephone repeater providing bilateral gain.®' This was the 21-
type repeater circuit which is discussed more fully in Section 4.2.4.
Lockwood in his review stated that by 1896 the art had advanced to
the point where technical success had been achieved, but doubted
that the principles so far developed would lead to a repeater that
would be of practical value in extending the limiting length of trans-
mission. In his opinion the feebleness of the currents available
at the end of a long line and the distortion introduced by the
mechanical structure would restrict the output so much that only a
negligible amount of line could be added.

Regardless of the opinion of the experts, the fact remained that in the
early years of the twentieth century the simple approach of using the
vibrations of a telephone receiver to actuate a transmitter was still
the only one that appeared possible. In 1903, H. E. Shreeve was
assigned the problem of developing a mechanical amplifier,3 using the
receiver-transmitter principle. It was recognized by Shreeve and his
superiors that the requirements for such a device would be very severe,
since it would have to be sensitive to small inputs, produce an
adequate output, faithfully reproduce the input wave, and, finally,
remain stable over long periods of operation. Shreeve first dispensed
with the diaphragms of the transmitter and receiver. Their normal
functions relate to the collecting and emitting of actual acoustic
waves, and he recognized that these were unnecessary features in an
amplifier for electric waves only. He then developed a mechanical
linkage, so arranged that the voice currents in the electromagnetic
receiving coil drove a piston-like rod which was connected directly
to a plunger acting on the carbon granules of a transmitter.

A major difficulty encountered in earlier mechanical amplifier de-
signs had been packing of the carbon granules in the transmitter
over a period of time. This reduced the transmitter resistance and
seriously reduced the output. Shreeve found that this packing was due
to expansion caused by heat generated in the carbon chamber. In his

% In a series of three articles appearing in the November 14, 21, and 28 issues of the
Electrical World.

31T, A. Edison; U. S. Patent No. 340,707; filed December 15, 1884; issued April 27, 1886.

32 These devices are often referred to as ““repeaters.”’ It seems somewhat more desirable
to use the term “amplifier’” and retain “repeater’” to describe the assembly of amplifiers
and other equipment required for the practical introduction of gain in a telephone circuit.
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first successful laboratory amplifier he used a stretched steel strip as a
connecting link between the receiver and the transmitter, the trans-
mitter being designed so that the expansion of its parts under the
influence of heat did not subject the granular carbon between the
electrodes to increased pressure. This device was successfully tested in
1904 on a circuit between Amesbury, Massachusetts, and Boston. A
schematic diagram of the basic mechanical element is shown in Fig. 4-33.

It was recognized that the large inertia of the moving parts of this de-
vice impaired the quality of reproduction. The moving parts were there-
fore made lighter and the natural or resonant frequency of the moving
system increased, resulting in an improved model which was commer-
cially operated on a circuit between New York and Chicago from August
1904 to February 1905 (Fig. 4-34).

In spite of the success of this first commercial installation the amplifier
was not standardized, since its performance was extremely difficult to
reproduce. As a partial remedy the sensitivity of the transmitter was
regulated by a thermostat in the form of a zinc strip, the strip being
heated by a coilconnected in series with the transmitter so that whenever
the current through the transmitter increased as a result of incipient
packing, it served to withdraw the rear electrode and thus decreased the
tendency to pack—an interesting early example of feedback control.
This device (Fig. 4-35) was coded the 1A “repeater”® in 1906.

3 Although called a repeater at the time it was developed, it was an amplifier under
the definitions used here.
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Fig. 4-33. Schematic diagram of a basic mechanical amplifier.
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The 1A gave fair satisfaction and was used to some extent, but there
was sufficient distortion of the speech to preclude the use of a number of
them in tandem on the same line. Since three or more would have
been required to achieve transcontinental distance, the search for im-
proved characteristics was continued, resulting in the 3A (Figs. 4-36 and
4-37). This amplifier, developed in 1912 and standardized about 1914,
had a higher natural frequency and incorporated additional compensat-
ing features. Particularly novel was the use of a plug-in cartridge con-
taining those working parts which might become defective and therefore
require replacement.

The 3A represented the ultimate in mechanical amplifiers and was
standard for Bell System use until the vacuum tube amplifier was intro-
duced. Like all mechanical repeaters, its performance was limited by
distortion, for it was not possible at the time to build a device with the
necessary efficiency that would also amplify all frequencies equally.
In addition, the output did not vary linearly with the input, the sensi-
tivity falling off rapidly at low inputs. As a consequence the signal was
not faithfully reproduced and the speech quality was further degraded
with each successive amplifier. Even the best mechanicalamplifiers were
thus limited in use to about three in tandem, so that their employment
in the telephone plant never became widespread.? Even so, the mechan-
ical amplifier played an important role in the evolution of telephony, for
the effort going into its development did much to clarify the require-
ments for a more nearly ideal amplifier and stimulate the invention of
circuitry for adapting the amplifier to the specific needs of telephone
communication. Largely because of this early work, it was possible to
move forward rapidly when a far better amplifying device became
available a few years later.

4.2.2 Electronic Amplifiers—The Vacuum Tube

The search for amplification was not confined to the mechanical
principle.®® About 1910, Dr. F. B. Jewett, Transmission and Protection
Engineer in the Engineering Department of AT&TCo, alive to the need
for a new approach, told his friend Dr. Robert A. Millikan of the Uni-
versity of Chicago about the repeater problem and asked him to recom-
mend a man trained in the “new physics’”” who could conduct research

34 The principle was revived about 1940 and a considerable number of mechanical
amplifiers were used in telephone stations for the hard of hearing (No. 332- and 324-
type telephone sets). A few years earlier similar amplifiers were used in hearing aids.

3 As early as 1907, G. A. Campbell, then at the Boston laboratory, appears to have
recognized the need for investigating the use of the high-speed electron stream as a means
for solving the amplification problem. The depression of that year and the subsequent
reorganization which brought about Campbell’s move to New York seems to have pre-
vented the active pursuit of these ideas.
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Fig. 4-34. The Shreeve mechanical amplifier (circa 1904). Fig. 4-35. The early Shreeve 1A repeater.

Fig. 4-36. Cartridge-type mechanical repeater.
(Model 3A cartridge repeater, which became the
standard type.)
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in the area. Jewett’s statement of the problem, quoted many years later
by Millikan, shows unusual insight:

. . Such a device, in order to follow all of the minute modulations of the
human voice, must obviously be practically inertialess, and I don’t see that
we are likely to get such an inertialess moving part except by utilizing
somehow these electron streams which you have been playing with here
in your research work in physics for the past ten years . . .

In due course Millikan recommended Dr. H. D. Arnold, who joined the
newly formed Research Branch of the Engineering Department of
Western Electric in January 1911. By 1912, Arnold had developed an
amplifier based on earlier work by Peter Cooper Hewitt on mercury-
vapor-discharge tubes. In this device a stream of ionized molecules of
mercury was controlled in deflection by the magnetic field from tele-
phone currents flowing through a coil transverse to the discharge (Figs.
4-38 and 4-39). Though capable of amplification and fairly free from dis-
tortion, it had problems of starting and maintenance such that special
engineering supervision was necessary in its use, and thougii units
were installed experimentally on several lines, including the first trans-
continental line, such amplifiers were never used commercially.

Other devices, such as the von Lieben cathode ray type of amplifier
worked on in Germany, were also examined. The invention from which
the solution ultimately evolved was disclosed as early as January 15,
1907, in a U.S. patent granted to Lee de Forest for a “’Device for Ampli-
fying Feeble Electric Currents.””%% Lee de Forest’s invention consisted
first of a heated filament (cathode) emitting electrons which were drawn
to a plate (anode) charged positively with respect to the filament—as
already done in the “Fleming Valve,” a thermionic type of rectifier of 1904
based on the ““Edison effect” known since 1883. De Forest's very
essential contribution was to introduce a third or control electrode so
placed as to influence the flow of electrons to the plate. In the original
patent the control electrode was shown near the cathode but not in
themain electron stream. Thusits influence on the electron flow was not
great; but in a second patent—‘Space Telegraphy’’—the added elec-
trode was shown as a grid or screen through which the electrons would
pass.?” A potential applied to this grid would, under proper conditions,
markedly affect the flow of electrons (plate current) while causing but
little current flow to the grid itself. Thus a small amount of input energy
to the grid circuit could control a large amount of output power in the
plate circuit, and since an almost ““inertialess” stream of electrons was
involved, postulated by Jewett as a necessity for a successful amplifier,
the frequency response was no longer subject to mechanical limitations.

% L. de Forest; U.S. Patent No. 841,387; filed October 25, 1906; issued January 15, 1907.
37 L. de Forest; U.S. Patent No. 879,532; filed January 29, 1907; issued February 18, 1908.
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Fig. 4-39. Drawing from patent of Arnold’s mercury-arc amplifier.
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For nearly five years this potential application for de Forest’s device
was essentially unrecognized by anyone, even the inventor. For one
thing, it had been found almost immediately to be a very sensitive
detector of modulated radio waves, far surpassing any previous means.
We now know that this was largely attributable to its amplifying capa-
bilities but at the time the device, called the “audion” by de Forest, was
merely looked upon as an improved detector and was sold almost ex-
clusively to enterprising wireless amateurs for this purpose, only a few
going to experimental laboratories.?*

In January 1912 Fritz Lowenstein demonstrated to Bell officials an
amplifier in a sealed box using a device that later was proved to be an
audion. The equipment amplified erratically and uncertainly but since
the amplifying device and circuitry were not disclosed at the time, there
was no basis for judging its potential on that occasion.® In the mean-
time John Stone Stone, who had been in the Boston laboratory of Ameri-
can Bell from 1890 to 1899 but was now on his own, learned of experi-
ments, made by de Forest in 1912, aimed at using theaudion as an audio
amplifier. Stone appreciated its amplifying capabilities and, because of
his background, had recognized its potential value in telephony. He and
de Forest demonstrated the device as an amplifier to Bell officials on
October 30 and 31, 1912, with full disclosure of the circuit used. Again
the performance was erratic and the output too low for a telephone re-
peater, but the telephone people were impressed with its possibilities
and organized a project under H. D. Amold to study the device and the
circuits to see whether its shortcomings could be overcome.

Arnold noticed immediately that a blue glow, indicative of ionized
gas, occurred when the plate voltage was raised in an attempt to increase
the output. Arnold, unlike others (including de Forest), believed that the
presence of gas was unnecessary and that its elimination would permit
the plate voltage to be raised and a larger output power obtained. Pre-
liminary steps during the next two weeks convinced Arnold that he was
on the right track, but it was not until April 1913 that a pump giving

3 L. de Forest was an inventor almost solely interested at this time in wireless.
There is rather good evidence that, in spite of the broad title of one of the patents, he was
thinking almost entirely in terms of very weak wireless currents when he invented his
audion. Though this preoccupation of his is understandable, it is surprising that some-
one in the field of telephony did not appreciate the potential of the audion before 1912.
A partial explanation may lie in the state of wireless development at this time which was,
to a considerable extent, dominated by promoters and stock jobbers—an environment
not conducive to dissemination of technical knowledge. Robert Marriott, one of the
founders of the Institute of Radio Engineers, relates in his autobiography the relief he felt
in 1912 when he joined a Federal regulatory organization and entered into “‘a job where
none of my associates sold stock.”

% Several years later, an incidental feature in the box, namely, the “C” battery for
rendering the grid negative, proved to be vital and the right to use was purchased by the
Bell Company from Lowenstein.
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the necessary high vacuum?® had been obtained from Germany. By
October 18 of that year, less than 12 months after the Stone-de
Forest demonstration, tubes had been built and tested on commercial
circuits between New York and Baltimore. In July 1914 vacuum tube
amplifiers (Fig. 4-40) were used on the transcontinental line to go into
commercial use six months later. The mechanical amplifiers which had
been built for this service as well as the Arnold mercury-arc amplifiers
were installed on a standby basis but never used commercially.

Thus the “audion” or electron tube, within a year after being brought
to Arnold’s attention, was developed into the long-sought telephone
amplifier; but its usefulness was to extend far beyond amplification of
the voice. The amplifying property made it easy to generate oscillations
or electric waves of any desired frequency by coupling output to input
through suitable control circuits. Already used as a “detector” or
demodulator of electric signals, the device was soon found capable of
serving also as a modulator.®! Circuitry for all of these applications

4 Irving Langmuir of General Electric also pursued the high-vacuum path in improving
the vacuum tube, and applied for a patent in 1913, which was issued in 1925. After long
litigation the U. S. Supreme Court declared the patent invalid on the basis that the use of a
high vacuum was “a natural development of the art,” citing the prior work of Amold and
others. A more complete treatment of early vacuum tube developmentisgiven in Chapter8,
Section VII.

# Modulation and demodulation are explained briefly in Section 4.2.5.

Fig. 4-40. Vacuum tube used in repeaters on the first transcontinental telephone line.
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was rapidly developed by Arnold, van der Bijl, R. V. L. Hartley,
E. H. Colpitts, R. A. Heising, and many other Bell engineers.

Chapter 5 will discuss some of this circuitry and its application
to the evolution of radio telephony. Elsewhere, more will be said about
the development of the crude audion into the sophisticated and reliable
device that has played such a large part in the growth of electrical com-
munication, but before we leave this subject we should mention the
important contribution of H. J. van der Bijl.*? He was largely responsible
for analyzing tube performance in terms of simple parameters and
establishing techniques for designing circuits with performance predict-
able from these parameters. This work was reported in a number of
publications, beginning about 1913, and culminated in the 1920 book,
The Thermionic Vacuum Tube and Its Applications, which guided de51gners
for many years.

4.2.3 The Transcontinental Line

At this point we digress from our discussion of specific technical
developments to note a highly important event in the evolution of
telephony—the opening in January 1915 of telephone service between
New York and San Francisco (Fig. 4-41), a major step in the conquest
of distance. If any doubt still lingered that the Bell System concept of
worldwide telephony would be achieved, it was surely dispelled later
in the same year when wireless waves carrying speech, sent out from
Arlington, Virginia, were received in both Paris and Honolulu. By the
end of 1915, fundamental technical barriers to the problem of distance
had been largely overcome.

The wireless story will be told in Chapter 5. Here we should note that
the establishment of transcontinental service was a crowning achieve-
ment of 40 years of development in transmission over wires.

Most of this New York—San Francisco line was built of No. 8 (BWG)
copper (diameter about % inch), weighing 870 pounds per loop mile.
Supported on 130,000 poles, the weight of copper in the line totaled
2,500 tons. Loading coils were placed every 8 miles, and the line was pro-
vided with three 2-way vacuum tube repeaters. Early in 1915 three more
repeater points were added,* and in 1918 two more for a total of eight.

The application of loading to this line reduced the usable bandwidth
to about 900 hertz, giving poor intelligibility to the transmitted speech.*

** Van der Bijl returned to his native South Africa in 1920 and took a leading part in the
scientific and industrial development of his country, becoming Director-General of
Supplies during World War II.

* The original line with three repeaters was, in a sense, an experimental installation
to prove the feasibility of transcontinental telephony and the vacuum tube repeater. There
was, however, some commercial use.

* As noted previously, the theoretical cutoff frequency of the loading systems in use
at the time was about 2,300 hertz, but the attenuation of the line increased rapidly with
frequency and little useful power was transmitted above 1,250 hertz. Repeating coils,
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Fig. 4-41. Opening of the first transcontinental telephone line on January 25, 1915. Seated at the table in the New York City offices of
the American Telephone and Telegraph Company are, left to right: J. J. Carty, AT&TCo Chief Engineer; G. McAneny, President of the New
York City Board of Alderman; U. N. Bethell, AT&TCo Senior Vice President; Alexander Graham Bell; Mayor J. P. Mitchell of New York City;
C. E. Yost, President of the Nebraska Telephone Company; and Comptroller W. A. Pendergast of New York City. A similar group, including
Thomas A. Watson, was in the San Francisco officq‘@ﬂ_ﬁbgd?ygiﬁ&wﬁﬂemmWeﬂ,qgrgphf&ompany (Mills et al. 1940, p. 30)
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As repeaters were improved, it became possible to space them more
closely and thus provide enough gain without the use of loading. In 1920
the transcontinental line was unloaded and equipped with 12 repeaters
using 3,000-hertz filters. As a result, the transmission band was
doubled, the loss cut about in half, and the speed of propagation in-
creased by a factor of 3.5. This last factor greatly reduced the effect of
echoes, which, we shall see, can seriously impair transmission on long
loaded circuits.

The problem of cost was still not solved. The charge for a 3-minute
call in 1915 was $20.70. Means for reducing the cost of the service, as
well as improving the quality, have been the goals of transmission de-
velopment ever since this epochal triumph over distance in 1915.
Accordingly, after this brief recognition of a milestone in telephone
history, we return to the development of technology.

4.2.4 Adapting Amplifiers to the Telephone Line

While a suitable amplifying device was the key to solving the attenua-
tion problem, its successful application to telephony required much
ingenuity. Fortunately some of thebasicneedshad been recognized early
in the search for amplification when mechanical amplifiers offered the
only prospect for introducing gain. The development of circuitry for
introduction of amplification accordingly proceeded in parallel with de-
velopment of the amplifying devices themselves.

One complication arose from the fact that telephone pairs were nor-
mally used for transmission in both directions at once. Thus a telephone
“repeater,” to be used in a conventional two-way telephone circuit, had
to provide gain in each direction, while amplifiers are normally one-way
devices with separate input and output terminals. The solution of this
problem was complicated by the fact that if amplified currents found
their way back to the input they would again be amplified, with the
consequent possibility of oscillation or “singing’’ at a frequency deter-
mined by the circuit constants.

Several solutions to this seemingly difficult problem had been pro-
posed. One of the first was the ingenious circuitry shown in Fig. 4-42.
This was referred to as the 21-type repeater since it provided two-way
transmission with one amplifying device.* With this circuitry the output
currents were divided between the eastbound and the westbound lines
so that if these were precisely alike, none of the output was returmed to

composite circuits, etc., cut off the lower end of the speech band and limited ef-
fective transmissien te frequencies abeve 350 hertz; hence the bandwidth figure of 900
hertz given above.

4% The principle is essentially the same as disclesed in the Edisen patent ef 1886 (Ne.
340,707) mentioned earlier.
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- Fig. 4-42. Block diagram of the 21-type repeater circuit.

the amplifier input. If, however, the two lines were not precisely alike,
some of the output was returned to the input, depending upon the de-
gree of symmetry or “‘balance,” and singing would occur unless the
amplifier gain was reduced to the point where it was less than the lossin
the path coupling outputto input. In actual practice it was never possible
to make two lines precisely alike and the amount of gain achievable with
a 21-type repeater was severely limited.

George Campbell had studied this problem in 1912 (when mechanical
amplifiers were still the only source of gain) and had provided an analysis
of the balance requirements. He concluded that the 22-type*¢ of repeater,
shown in Fig. 4-43, would be greatly superior to the apparently simpler
21-type. This arrangement required two amplifiers for two-way trans-
mission but there were important compensations. Each line was con-
nected to the input of one amplifier and the output of another by means
of a so-called “hybrid coil,” a transformer arrangement with four points
of access. When the line was balanced by an identical artificial line, or
“network,” connected as shown, there was equal division of the ampli-
fier output between the real line and the network and no transfer of
energy across the hybrid to the input of the other amplifier. One
advantage of this arrangement was that since each line was balanced by

* The 22-type repeater was not new. It had been invented by W. L. Richards in
1895, long before practical amplifiers were available. At first it was believed that the
balancing networks would have to be complex multisection lines, but Campbell found a
simple solution using a basic 3-element network plus a few “building out” components.
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Fig. 4-43. The 22-type repeater. (Redrawn from Bouton 1938, p. 116)

its own network, the two lines did not have to be alike (e.g., one could
be cable and the other open wire). It also turned out that the allowable
unbalance of each line was about double that with the 21-type repeater,
and singing did not occur with even very bad unbalance on one line if
balance was adequate on the other.

Even so, practical requirements limited the balance (and gain) rather
severely. Campbell made numerous suggestions for improving repeater
operation, including one which must have appeared unbelievably radi-
cal. He pointed out that the path of the 22-type repeater circuit shown
dashed in Fig. 4-43 could be stretched out and even include additional
line and one-way amplifiers, as indicated in Fig. 4-44. A two-path
voice-frequency telephone circuit, such as this, is usually spoken of as a 4-
wire circuit. The apparent extravagance in the use of line conductors by
4-wire circuits is offset by the fact that much higher repeater gains are
allowable than in 2-wire circuits, and accordingly smaller wires may be
employed or the amplifiers may be spaced farther apart. This idea was
tested with mechanical amplifiers in 1913 and was used commercially
in April 1915 with electron tube amplifiers on a 450-mile cable circuit
between Boston and Washington. Because of the high gains possible,
and the consequent large saving in copper, this 4-wire technique was to
prove the answer for many years to the economic use of essentially
storm-proof cable forlong-distance service. By 1925, 4-wire cable circuits
were introduced between New York and Chicago and by 1933 New
York-Dallas cables were in service. By this time the technical problems
had essentially been solved for transcontinental-length circuits, but
before these could be introduced a better solution was provided by
other techniques using carrier multiplex.

Although 4-wire transmission was the preferred technique for long-
distance cables, the use of 2-wire with 22-type repeaters was preferable
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for open wire since the conductor size, largely dictated by physical con-
ditions, could not be reduced sufficiently to pay for the extra pair of wires.

Present-day readers familiar with the extreme miniaturization of
circuitry achieved in recent years will be interested to see the amount
and kinds of apparatus required for a repeater with the technology avail-
able in the first quarter of the twentieth century. The wall-mounted
repeaters used in 1915 on the transcontinental line are pictured in Figs.
4-45 and 4-46. In 1917 these were replaced by the floor-type repeater of
Fig. 4-47, which shows the beginning of the relay rack type of mounting.
In all of these it is difficult at first glance to find the electron tube. While
this was the vital element without which a successful repeater could not
be built, it was physically a very small part of the complex apparatus
required to make it function in a working telephone circuit. For many
years the physical bulk and the cost of a repeater resided largely in the
devices forderiving one-way circuits, for controlling gain, for protection
against lightning, for bypassing signaling and telegraph, etc. Some re-
duction in size was achieved by 1920 when the Reading-type repeater
ofFigs. 4-48 and 4-49 was introduced, and in 1923 the Type 22A-1 vacuum
tube repeater (Fig. 4-50) was put in production. This repeater, which
could be used with either open wire or cable, remained the standard for
many years. It should be noted that, at about this time, it became the
practice tomount apparatus required for different functions on separate
racks in order to achieve greater flexibility in installation and modifica-
tion with plant growth. Accordingly, the photograph of the 22A-1 re-
peater does not include all the types of equipment (e.g., telegraph
bypass, etc.) shown in the earlier photographs.

While the adaptation of a one-way amplifier to the two-way telephone
line was the outstanding initial problem in the use of gain, others were
soon to become apparent. Some of the more outstanding were:

(i) Equalization of frequency response

(if) Regulation of gain

(iii) Control of echo.

As we have noted, the increase in attenuation with frequency which is
characteristic of cable circuits produced highly objectionable distortion
of the voice sounds, an effect greatly reduced by the use of loading; yet
even small variations in the attenuation-frequency characteristics could
become important in the case of very long circuits in which undistorted
or “flat” amplification was employed to reduce the overallloss. On open
wire lines the solution was easy. The distortion was introduced largely
by the loading itself and the return to non-loaded lines, when repeaters
became available, provided not only less distortion but also a less
expensive line, since repeaters were cheaper than loading. This solution
was not possible with cable because of itsinherent distortion. Two means
were resorted to: one, an increase in the cutoff frequency of the loading

TCI Library: www.telephonecollectors.info




s I-; !i i

Fig. 4-45.

A group of the first vacuum tube repeaters installed at Brushton, Pa., on the transcontinental line.
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Fig. 4-46. One of the repeaters of Fig. 4-45 with the cover removed. Fig. 4-47. Floor-type repeater which replaced Fig. 4-45 units in
1917. Equipment for one 2-wire circuit of loaded or non-loaded open
wire line (22-type repeater circuit). (a) Front view. (b) Side view.

TCI Library: Www.telephonégoﬁg?:fo‘?is(e.MTO

washs 113 ayp ur 2oud1dG pup SurasurSug

|



Fig. 4-48. Front view of Reading-type repeater. Equipment for one 2-wire circuit of
loaded cable (22-type repeater circuit).
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Fig. 4-50. Type 22A-1 vacuum tube repeater.

system, giving a flatter attenuation characteristic; the other, introduction
(in the repeater) of equalizers having attenuation characteristics inverse
to those of the line. In this way the repeater gain could be made equal
atallfrequencies to thelineloss. The design of these equalizing networks,
including filters to prevent amplification at frequencies where line
balance was difficult to achieve, was one of the outgrowths of Campbell’s
work on the mathematical theory of the loaded line.

The attenuation of any line is dependent on temperature, rather large
relative changes (5 to 10 percent) being possible from winter to summer
or even between day and night. For lines with small attenuation these
changes are unimportant, but as amplifiers permitted the use of very
large attenuations, a 5- or 10-percent change with temperature became
prohibitive on an absolute basis. The solution was the development of
automatic regulation, i.e., devices to adjust the repeater gain to com-
pensate for the effects of temperature. An early solution, introduced in
1923, was the pilot wire regulator. This device measured the resistance of
a “pilot” wire in the cable and by means of a simple “‘computer”
determined the gain required and adjusted all the repeaters using the
cable accordingly.

The problem of echo was the most complicated of all. At any point in
a circuit where an electric wave meets a discontinuity, a portion of the
wave is reflected back to thesending end and is heard by the talker as an
echo. These discontinuities may occur anywhere along the line due to
irregular spacing of loading coils, mismatch between lines and balancing
networks, etc., but the most common source is the impedance mismatch
between the line and the terminating telephone station. The echo is not
troublesome if it is small or is not greatly delayed in its return. For practi-
cal conditions any echo which returns to the talker in less than 40 or 50
milliseconds is not objectionable. For circuits which propagate waves
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near the speed of light (186,000 miles per second) echoes are not trouble-
some for circuit lengths of 3,000 to 4,000 miles. However, when a circuit
is loaded to reduce attenuation, one of the attendant penalties is a
reduction in speed of propagation to 10,000—20,000 miles per second.
Thus in a circuit 1,000 miles long having a 10,000-mile speed, 100 milli-
seconds are required for the wave to travel to the end and another 100
milliseconds for the echo to return. Such a delayed echo, if strong, can
make conversations almost impossible. This problem was studied ex-
tensively aslong-distance circuits were developed, and a practical solu-
tion was achieved in the early 1920s with the development of the echo
suppressor. Later, as we shall see, the echo difficulty was greatly reduced
with the use of high-speed carmrier circuits and did not again become
serious until recent years when submarine cable and satellite circuits
extended communication to distances of many thousands of miles.
The action of an echo suppressor can best be described in connection
with a 4-wire circuit. In an oversimplified form the arrangement con-
sists of relays so connected that the return path of the 4-wire circuit is
short-circuited whenever the forward path is in use (Fig. 4-51). This
was accomplished by bridging two similar high-impedance amplifier-
detectors across the two sides of the 4-wire circuit, each amplifier-
detector having anassociated relay which operates whenever an alternat-
ing voltage of sufficient strength is present (Fig. 4-52). The operation of

iz

Fig. 4-51. Basic operation of echo suppressor in a 4-wire circuit.
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Fig. 4-52. Simplified circuit diagram of one-half of a 4-wire echo suppressor, corresponding to either block E-W or W-E of Fig. 4-51.
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eitherrelay, due to strong speech on one side of the 4-wire circuit, places
a short circuit across the opposite side, thereby not only blocking pas-
sage of any signal on that side but also insuring that the other relay
will not be actuated and short-circuit the first side. A similar effect
could be achieved by opening instead of closing appropriate circuits.

A number of echo suppressors were placed on 4-wire lines in Harris-
burg, Pennsylvania, during 1924 (Fig. 4-53). Techniques were also de-
veloped about this time for applying echo suppressors to 2-wire lines.

The basic method of echo suppression outlined above continues to
be used and has been successful in almost completely eliminating
echoes, but does introduce some transmission impairments of its own
which tend to be characteristic of voice-operated devices. One short-
coming of the echo suppressor is the limiting of transmission to only
one direction at a time. Thus there is difficulty in breaking into a flow of
speech once started, so that the natural two-way flow of conversation is
impeded. In more recent years some rather sophisticated techniques
have been introduced so that the modern echo suppressor has improved
break-in characteristics and better behavior in several other respects.

With echoes under reasonable control, and with means available for
amplification, equalization, and regulation, it would have been
technically possible to provide cable circuits over transcontinental
distances—a desirable objective in the interest of maintaining
trouble-free service. The problem of costs, however, had not been fully
solved in spite of the many economies made possible by the electron
tube amplifier.

It will be recalled that the initial impact of the vacuum tube
telephone repeater had been on open wire transmission, where it
made transcontinental telephony possible without using conductors so
large as to be completely uneconomic. The repeater was now proving
its effectiveness in the economics of cable transmission; by the 1920s,
even the longest cable circuits employed 19-gauge (36-mil diameter)
conductor in place of the earlier 13-gauge (72-mil diameter) conduc-
tors. But this saving was offset to some degree as 4-wire transmission
began to replace 2-wire for greater stability on the longer cable routes,
so that even with phantoming, only three-fourths of a two-way
telephone circuit was available per pair of wires. As repeaters were
reduced in cost, some further economies could be made by trading off
additional repeaters for reduction in wire diameter, but potential for
such improvements was definitely limited by physical restrictions on
wire size. A satisfactory solution of the cost problem required
transmission facilities much less costly than promised by this
approach; facilities that would permit rates so low that long-distance
calls would become a commonplace, not a rarity.

What was needed was a fundamentally new transmission technique
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Fig. 4-53. An early echo suppressor.
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that would permit a more efficient use of the conductors. This advance
came in the form of carrier multiplexing, applied first to open wire and
later to cable. This development, now to be described, permitted the
use of a single set of conductors for a number of telephone
conversations, ultimately a large number. It proved to be a technical
innovation of far-reaching consequence in the reduction of transmis-
sion costs and the resulting stimulation of toll usage.

4.2.5 Carrier Multiplexing

The basic concept of increasing line capacity by carrier multiplexing
is older than telephony. It will be recalled from Section II of Chapter 1
that Bell was experimenting with telegraph multiplex (which he called
the “harmonic” telegraph) when he recognized the possibility of
transmitting the voice.

The primitive form of carrier multiplexing involved in the telegraph
application consisted merely in permitting the telegraph key to break
up the flow of an intermittent or alternating current, instead of steady
or direct current, into the appropriate coded sequence of impulses.
The alternating current or tone is referred to as the “carrier” of
information, and the key or other device is said to “modulate” this
carrier. By using different tones for different messages, they can all be
sent over the same wires (i.e., multiplexed) and decoded at the distant
end if means exist for filtering or separating the tones.

This was all pretty well appreciated in the 1870s and 1880s and
various schemes for telegraph multiplexing were proposed by Gray,
Bell, Van Rysselberghe, Edison, Mercadier, and others. These early
schemes depended on the use of mechanical resonance?’ for generating
and separating the tones, but in the early 1890s Pupin at Columbia,
Stone at American Bell, and Leblanc in France had made somewhat
more sophisticated proposals employing electrical resonance or tuned
circuits. Pupin was adjudged the earliest inventor in the United States.
His patent included not only the use of electrical resonance for
discriminating between the received tones but also the use of a
“detector” to convert the received pulses of tone into dc pulses.

While the early work on multiplexing was concerned with teleg-
raphy, the Frenchmen Hutin and Leblanc pointed out as early as 1891
the possibility of using the same basic idea for telephony. In the
United States, John Stone Stone was working along the same lines and

#7 The mathematician Maxwell had perceived, as early as 1868, the analogy between
electrical resonance in a circuit containing capacitance and inductance and the already well-
known mechanical resonance of a system involving a mass and a spring; but at that early
date there was no profession of electrical engineering and, as we have already observed

inconnection with Heaviside and hiswork in transmission theory, there were few channels
of communication between the analysts and the practitioners.
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tested a system in the laboratory of the American Bell Telephone
Company in 1894. Thus, by the middle 1890s the basic requirements
for carrier multiplex telephony were known, but the devices to make it
practical were unavailable.

The devices needed were: first, a source of continuous tone (or
carrier) at a frequency well above the maximum voice frequency
conveyed; second, a “modulator” to impress the voice currents on the
carrier so that it could convey the intelligence; third, a means for
separating the various modulated carmriers at the receiving end; and
finally, a means for demodulating the received carrier, i.e., deriving
the voice wave originally impressed on it. In addition, it was
necessary to adapt telephone lines for carrying the high frequencies
involved so as to overcome the effects of attenuation and interference
(or crosstalk) between pairs. Both of these effects were more serious at
carrier frequencies than at voice frequencies.

In the experiments carried out in the years up to about 1912,
carrier-frequency currents were mainly generated by electric arcs or
high-frequency alternators, these currents then being modulated by a
carbon transmitter and demodulated or converted to audio by a crystal
or other type of rectifier. Frequency separation was accomplished by
tuning resonant circuits. These, it will be recognized, were the
techniques of early wireless telephony, and carrier telephony as
contemplated at this time was often called wired wireless, much of the
work being done by those primarily concerned with wireless com-
munication such as Ernst Ruhmer in Europe (1908) and Major George
O. Squier in the United States (1910-11).

None of these components could be called really practical. Arc
oscillators were not very stable and alternators were ponderous. The
carbon transmitter was a very inefficient modulator for high-frequency
currents, and crystal detectors were highly unstable. Resonant circuits
could be built for selecting the narrow bands of frequencies required
for manually keyed telegraphy; but although modulation theory had
not been developed, there was general awareness that a carrier
modulated by the voice could no longer be considered as a single
frequency but involved a band of frequencies related to the frequency
spectrum of the voice itself. This meant that conventional tuned
circuits sufficiently selective to prevent interference between the
several speech channels would inevitably introduce large amounts of
distortion, due to discrimination within a desired band, unless the
carrier frequencies were widely separated. Finally, the attenuation of
telephone lines at the higher frequencies prevented use over practical
distances without amplification.

The state of the carrier art in 1912 is clearly brought out in a
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contemporary paper by John Stone Stone.* Stone, who earlier had
worked at the Boston laboratory of American Bell, was at this time an
independent worker with a broad theoretical background and long
communication experience. He was an early enthusiast for carrier
multiplex, his paper opening with the statement, ‘A new art has been
born to us. The infant art of high-frequency multiplex telephony and
telegraphy is the latest addition to our brood of young electric arts.”
His paper showed a good understanding of the promise of this new art
but reading it in retrospect we can also see quite clearly the limitations
of the technology proposed for implementing the principle. Most of
these limitations have been mentioned in the previous paragraph but
the paper gives emphasis to the importance of the Campbell wave
filter, the modulation theory developed by Carson, and the critical
problem of crosstalk between pairs.

By about 1914, concerted attacks on these problems in the Bell
System were commencing to bear fruit. The electron tube quickly
extended its versatility and became a stable device for tone generation
(oscillation), for amplification, and for modulation and demodula-
tion.* Van der Bijl and Heising in the Western Electric Engineering
Department showed how the non-linear portion of an electron tube
characteristic could be utilized to modulate and demodulate. The
problem of selective transmission of frequency bands was solved by
G. A. Campbell’s invention of the wave filter. Continuing on in the
Engineering Department of AT&TCo after his work on loading,
Campbell by 1910 had devised various types of selective circuits which
could limit the transmitted frequencies to those below a specified
frequency, or above a specified frequency, or within a particular range
of frequencies. These circuits, made up of inductances and capaci-
tances, were referred to respectively as low-pass, high-pass, and
band-bass filters. A typical band-pass filter used in an early carrier
system is shown schematically in Fig. 4-54, together with its frequency
transmission characteristics. This particular filter was designed to
transmit a band of frequencies about 2,000 hertz wide with little
distortion or non-uniformity and to offer high attenuation at any
frequencies 1,000 hertz or more outside of this band. It was thus
possible, by using a set of such filters, to have carmrier channels close
together with little mutual interference, a result quite unattainable
with circuits previously known. It would thus be no exaggeration to

® “The Practical Aspects of the Propagation of High-Frequency Electric Waves Along
Wires,” published in the Journal of the Franklin Institute for October 1912.

* Later, copper-oxide rectifiers were to replace the electron tube in the modulation and
demodulation functions in carrier systems, but the electron tube was used in the first
commercially successful systems.
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Fig. 4-54. Band-pass filter. (Redrawn from Colpitts and Blackwell 1921, Fig. 14)

state that the wave filter was fully as essential as the electron tube to
the successful development of carrier transmission.’

Concurrently with these achievements, a better understanding of
modulation and the modulated-wave frequency spectrum was de-
veloped. The laboratory notebook of a young Western Electric
engineer, C. R. Englund, for August of 1914 shows the geometrical
relationships of carrier and sideband waves as worked out by him,
and in 1915 ]J. R. Carson published a mathematical analysis of the
modulation and demodulation process, showing that when a carrier ¢
and a voice wave v were passed through a non-linear device, the
output contained not only the input frequencies of ¢ and v but also

50 As this is written, in the mid 1970s, the electron tube has been entirely superseded
by electronic solid-state devices, but the wave filter in highly developed form remains
an essential component of all frequency-division carrier systems.
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“’sidebands” of frequencies on each side of the carrier. As illustrated
in Fig. 4-55, the lower sideband contained the frequencies ¢ — v and
the upper sideband ¢ +v. Additional frequencies might also be
inadvertently generated but could be eliminated by wave filters,
leaving only the desired carrier and its sidebands. Carson showed that
when the carmrier and its sidebands were again passed through a
non-linear device (detector or demodulator) the original voice frequen-
cies were included in the output along with other, undesired,
frequencies which could be filtered out. Carson further showed that it
was not necessary to transmit the carrier and both sidebands, one
sideband being sufficient to convey the full information. At the
receiving end, this single sideband could be demodulated to produce
the original voice wave by supplying a local carrier of the same
frequency as the original.®! This type of carrier transmission (known as
single sideband, carrier suppressed) is highly advantageous, requiring
only half the frequency space of double sideband and simplifying the
design of repeaters, since suppression of the carrier greatly reduces the
electrical power on the line. When this was understood, modulator
circuits were devised for balancing out the carrier, the ever-useful
wave filter then being employed to suppress the unwanted sideband.
It can thus be seen that with single-sideband, carrier-suppressed
transmission, the modulation and demodulation processes are, in
effect, means for frequency shifting. Referring to Fig. 4-55, it can be
seen that the upper sideband is the same as the original voice wave
but with each frequency component shifted upward in frequency by
the frequency of the carrier. Thus it was possible to take a number of
voice channels, each necessarily arriving over its own pair of wires,
and shift each one by a different amount so that they were spread out

3 Actually, with single-sideband transmission, the original voice is reproduced satis-
factorily if the resupplied carrier is within a few hertz of the original carrier.
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Fig. 4-55. The modulation process.
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in frequency with no overlap as illustrated in Fig. 4-56. They could
then all be transmitted over a single circuit and amplified together in
common repeaters, to be eventually separated out by wave filters and
the original waves derived through demodulation. This is the power
of carrier multiplex.

While these basic contributions were being made, the development
of working systems was being actively pursued. By 1914, simple
carrier circuits, of which Fig. 4-57 is representative, were successfully
tested in the laboratory, after which a complete multiplex telephone
system was built for operation over an artificial line. This laboratory
apparatus (Fig. 4-58) was then installed in 1917°2 on an experimental
basis at Maumee, Ohio (near Toledo). This equipment was used with
highly successful results over a specially transposed commercial line to
South Bend, Indiana, at which point a repeater was installed and the
circuit looped back to Maumee. '

The first commercial carrier system, installed between Baltimore and
Pittsburgh in 1918, provided four two-way carrier channels above the
voice channel on open wire pairs in the frequency range between 5
and 25 kHz. This installation used the Maumee equipment at
Pittsburgh, but new and more compact apparatus was built for
Baltimore and was subsequently standardized as Type A camrier. One
of the longest Type A installations was between Chicago and
Harrisburg. The terminal installation at the former location is shown
in Fig. 4-59.

In the Type A system, each channel used the same frequency for
both directions of transmission, the necessary directional discrimina-
tion being secured by hybrid-coil balance at terminals and repeater
stations. The lower sidebands of carrier frequencies at 10, 15, 20, and

% Somewhat earlier, in January of 1917, a carrier multiplex telephone system operat-
ing over radio channels was installed by the Bell System on several U. S. Navy ships.
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Fig. 4-58. Type A carrier telephone system —experimental equipment used in original
carrier transmission tests at Maumee, Ohio, in 1917.

25 kHz were employed, with the carrier suppressed. Seven Type A
systems were ultimately installed, the last one remaining in service
until the 1940s.

The Type A system, by employing the same frequencies for both direc-
tions of transmission (i.e., 2-wire transmission), as was common for
open wire voice transmission, provided efficient use of frequency space,
and reasonably good service was given, but the number of systems that
could be placed on a pole line was limited by near-end crosstalk, that
is, undesired coupling between the outgoing carrier circuits and other
incoming circuits on the pole.® Also, repeater gains were limited by
the degree of balance obtainable from the hybrid coil, so that the utility
of the system for very long circuits was limited.

% Crosstalk problems are discussed in more detail in Section 5.3.1.
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In the next system developed, Type B (Fig. 4-60), a slightly different
approach was used. It was decided to reduce the number of channels
to three above the voice band and to use different frequencies for
transmission in the two directions. In this way wave filters could be
used to separate the two directions and it would not be necessary to
rely upon line balance to prevent singing. This is very much like the
4-wire voice transmission discussed previously and is usually referred
to as equivalent 4-wire transmission. This system also used single
sideband, but in an attempt to avoid the carmrier resupply problem the
carriers were transmitted. The lower sidebands on carriers at 6, 9, and
12 kHz were used east-to-west and the upper sidebands on carriers at
15, 18, and 21 kHz were used for the opposite direction.

This system demonstrated the great benefits of equivalent 4-wire
transmission from the standpoint of reduced crosstalk and increased
repeater gain, but the transmission of the camrier proved restrictive
and in the attempt to conserve frequency space the speech bands had
been narrowed undesirably. About a score of these systems were
built, beginning in 1920, and some continued in use until about 1940.

These two early systems tested out the basic principles and set the
pattern for the future. Subsequent to the development of Types A and
B, almost all®* carrier systems have been of the single-sideband,
carrier-suppressed type and have used 4-wire transmission (equivalent
4-wire transmission has commonly been used on open wire and physical
4-wire transmission on cable).

Type C, the next to be developed (Fig. 4-61), followed this new
pattern but employed better selectivity to separate the two directions
of transmission and the top frequency was increased to about 30 kHz
to provide wider bands.

Where a number of carrier systems were employed on the same pole
line, special transpositions had to be used to reduce carrier crosstalk.
In addition, it was found advantageous to shift slightly the frequencies
used on carrier systems being transmitted over adjacent pairs to obtain
a so-called “‘staggering advantage,” and thus reduce crosstalk impair-
ment. Thus, Type C systems having three slightly different frequency
allocations were developed, designated CN, CS, and CT. As im-
provements were made in the Type C system, successive models were
designated C2, C3, and C4, with letters added to indicate the
frequency allocations (CN4, CS4, CT4). The Type C system was again
redesigned (C5) in the late thirties. Type C is now largely being
replaced by more modern systems, but at its peak in the early 1950s

® An exception is the Type N system developed around 1950, which retumed to the
double-sideband principle. It employed both different pairs and different frequencies for
the two directions of transmission.
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about 1.5 million circuit miles of C carmrier were in use in the Bell
System. Repeaters (Fig. 4-62) were provided for the Type C system to
be spaced at about 125-mile intervals, and by their use the systems
could be used for total distances of 1,000—2,000 miles.

Although the Types A, B, and C systems had found ready
acceptance for application to long circuits, there were many places in
the toll plant where a less expensive type of carrier could be used to
advantage on open wire lines for shorter circuits and in areas of slow
growth. To fill this need, the Type D system was developed. Type D
provided one two-way telephone circuit on a pair of wires in addition
to the voice-frequency circuit already in use. Like the Type C system,
the Type D employed single-sideband transmission with the carrier
suppressed, and used different frequencies for opposite directions of
transmission, employing the lower sidebands of carriers at 10.3 and
6.87 kHz. Originally the system was used without amplification, but
later a repeater was supplied to extend the range of the system to
about 200 miles. A later and similar single-channel carrier system,
coded Type H, differed in plan from Type D in using the same carrier
frequency, 7.15 kHz, for both directions of transmission, the upper
sideband used for one direction and the lower sideband for the other.

In the early 1920s an investigation was undertaken to determine
whether telephone communication could be furnished over high-
voltage power transmission lines by means of carmrier currents. The
answer was in the affirmative, and a Type E system was developed for
the purpose. Previous development work on multiplex carrier tele-
phone systems on telephone lines was drawn on heavily, but many of
the problems were unique, such as theline irregularities, effectsof power
equipment, coupling to the line, etc. (Fig. 4-63). While these problems
were technically solvable, power lines did not provide, on an overall
basis, a practical medium for commercial telephony. A few Type E
systems were built to provide the communication needs of power
companies but the production of this type of carrier was not continued
by the Bell System.

One more ““first-generation” carrier system was to be designed, just
beyond the time frame of this volume, in the early 1930s. This unique
and simple single-channel system, designated Type G, was a first
attempt to apply carrier to the very shor