Seventy-five Years of the Telephone:
An Evolution in Technology

By W. H. MARTIN

EVENTY-FIVE years ago—on March 10, 1876—the inventor spoke
and his assistant heard the first sentence to be transmitted by tele-
phone: “MR. WATSON, COME HERE; I WANT YOU.” Three days
earlier, U.S. Patent No. 174,465 had been granted to Alexander Graham
Bell for his concept of means for making the conversion between the air
vibrations of an uttered sound and their corresponding electrical undulations.
On this historic occasion, Bell talked into his liquid transmitter, and
Thomas A. Watson listened to a tuned-reed receiver. In this receiver, shown
at the right of Fig. 1, the free end of a steel armature was caused to vibrate
by the undulatory currents through an electromagnet. Bell’s famous patent
showed such a structure with the free end of the reed attached to the middle
of a stretched membrane, as at the left of Fig. 1. In Bell’s liquid transmitter,
. in the middle of Fig. 1, a wire attached to a sound-vibrated diaphragm varied
the length of its contact with some acidulated water, and thus produced a
resistance changing in accordance with the impinging sound waves. This
sound-controlled variable resistance in a battery circuit provided a means
of associating amplification with the conversion of speech waves into their
electrical counterparts. Thus, the first telephonic transmission of informa-
tion demonstrated the two general principles of making the conversion be-
tween sound and electricity which have continued to be embodied uni-
versally—after much evolution through invention, research and development
—in the transmitters and receivers of commercial telephony.

Today Bell would be called a scientist. He had been trained for work in
the field of speech and hearing. He set himself the problem of transmitting
and reproducing speech, which he approached analytically and experi-
mentally. Where he thought more knowledge would help him in the solution,
he tried to get it. Watson was the engineer of the team; he expressed Bell’s
ideas in forms for further experimentation and for use. The telephone busi-

‘ness came into being out of such procedures and in a laboratory; that lab-
oratory was the progenitor of the Bell Telephone Laboratories.

In this anniversary article, it has been deemed appropriate to portray
the evolution of the methods and technology, and the scope of the activities
in Bell Telephone Laboratories and its predecessors in the line of descent,
which have been applied to the development of Bell’s telephone instruments
to bring them to their present state. This portrayal will show that Bell’s
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SEVENTY-FIVE YEARS OF THE TELEPHONE 217

vision of the telephone and his precepts and practices in following it have
guided the scientists and engineers who have followed him and still live in
the expansion of his activities in these Laboratories which bear his name.
Before moving into this evolution of devices, methods and technology,
it should be recalled that Bell’s vision covered not only the devices which
he invented and which formed the basis of telephony, but extended also to
the manner of providing a communication system extending throughout the
land. While in England in 1878 Bell wrote:
“...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 de-
sired, establishing direct communication between any two places
in the city. Such a plan as this, though impracticable at the pres-
ent moment, will, T firmly believe, be the outcome of the intro-
duction of the telephone to the public. T 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 com-
municate by word of mouth with another in a distant place. . . .
Believing, however, as I do, that such a scheme will be the ultimate
result of the telephone to the public, T will impress upon you all
the advisability of keeping this end in view, that all present arrange-
ments of the telephone may be eventually realized in this grand
system. .. .”®™
In Bell’s prophetic conception of the telephone system, it is evident that
there was then in his mind a realization of the invention and development
that would be required beyond his work on the telephone itself to make pos-
sible the kind of communication system which he envisioned. In ‘“keeping
this end in view,” there has been a continuing activity over the years to
make Bell’s telephone perform better and better to meet the requirements
of the “grand system.” An important factor from this standpoint was em-
bodied in Bell’s liquid transmitter. It has been the continued development
of the variable resistance transmitter that has made available at the talker’s
position a thousand-fold amplification of the small amount of energy in
speech sounds. This has made it possible to use lower cost, smaller wires
in the extensive network connecting private dwellings, shops, manufactories
and central offices as contemplated by Bell.
For the “outside plant’ and “‘central office’ portions of Bell’s 1878 con-
@) This and other information about the early years of the telephone are taken from

the well documented book “Beginnings of Telephony” by F. L. Rhodes. Item 1 in Bibliog-
raphy at end of this article.
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cept of the “grand system” for local and toll service, there has likewise been
continuing invention, research and development over the years for their
advancement in performance and application. While it would be necessary
to include also these portions of the telephone system to show the extent
of the influence on technology of Bell’s vision, the activities covered here
will be those in the “station’ portion of the plant, and primarily those on
the transmitter and receiver.

In looking back over the progressive development of the telephone, the
four factors—invention, experiment, theory, and measurement—may be
noted as tending to be dominant in turn for a period. It is perhaps unneces-
sary to state that the claimed dominance of any one of these factors in a
period does not imply there were not important contributions from the
others. It should be added that this succession of dominant factors is not
confined to the development of the telephone but exemplifies the progress
in adapting other contemporary devices to man’s use. It is thought, how-
ever, that the development of the telephone has certain distinctions, pos-
sibly in degree of complexity and application, and of the effects of subjective
performance.

After discussing these four factors with respect to the development of
the telephone instruments, some brief indications will be given of the great
effects of the work on the last two—theory and measurement—on the per-
formance and design of these devices in the latter part of this seventy-five
year period.

INVENTION

Following the transmission of the first sentence, Bell continued to experi-
ment in his Boston laboratory and Watson to make models embodying the
ideas coming out of this work. By May of 1876, Bell had devised the “iron
box”® receiver with its permanent magnet and peripherally supported
diaphragm of iron. In October 1876, these two ideas were incorporated in
the first “box” telephone®, and in May 1877 in the wood-encased hand
telephone.@ This ‘box’ telephone was used to introduce commercial teleph-
ony but was followed soon by the hand-held type.(

Bell’s invention stimulated others to work and invent in this field. A
series of variable resistance transmitters quickly followed Bell’s liquid type.
In 1878 Blake invented the platinum-carbon contact transmitter, Edison
patented his compressed lamp-black carbon transmitter and Hunnings ap-
plied for a patent in England on a transmitter containing a pulverized form
of carbon to secure a large number of microphonic contact points. Edison’s

() Bibliography item 1, p. 30.

@ Thid., p. 176.

@ Thid,, p. 43.
() Ibid., pp. 176, 177.
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patent application on granules of carbonized hard coal was filed in 1886.®"

As early as 1878, the idea of mounting both the transmitter and the re-
ceiver on a common handle had been invented and such “handsets” were
used by hoy operators in the ‘Gold and Stock’ telephone exchange in New
York City.? .

In 1878, Watson patented his polarized two-gong ringer and designed
the hand-cranked magneto for its actuation. The receiver-operated switch-
hook was invented in 1877. Patent applications were filed in 1877 covering
the association of an induction coil with the transmitter.

Thus, by the end of 1878, the general nature and principles of operation
of most of the components of the present-day telephone set had been in-
vented. One of them, the ringer, has come through the years in a form very
similar to its original design. Other components, such as the carbon trans-
mitter and the handset, have called for a large amount of research and de-
velopment to make the application of the general principles satisfactory for
the conditions of modern commercial telephony.

Other important inventions which affected the telephone set were the
centralized battery for signaling in 1880 and the common battery for both
talking and signaling purposes in the latter part of that decade. The bi-
polar hand receiver came into use in 1890 and the White solid-back carbon
transmitter was invented in 1890. The rotary dial was first used by the
Automatic Electric Company in 1896.

Figure 2 shows telephone equipment manufactured in 1882 by Charles
Williams, Jr., in whose shop Bell had met Watson. This represents an early
idea of combining in a unit-mounting the various pieces of apparatus for
the use of the telephone. This unit—suitable for installation on the premises
of a telephone subscriber—may be taken as typifying the first step toward
the telephone station set as we know it. This 1882 telephone set included
the Blake transmitter, single-pole hand receiver, ringer, magneto, switch-
hook and induction coil. Incidentally, this arrangement of apparatus was
later produced by the Western Electric Company which became the manu-
facturing organization of the Bell System in 1882.

Many changes have taken place in the elements and form of the station
sets used in the Bell System since this 1882 set. Certain outstanding steps
are illustrated in Fig. 3, showing a deskstand of 1919, the handset of 1927,
the combined set of 1937, and the set on which production started in 1950,
The 1919 set used a solid-back transmitter and a bipolar hand receiver
which were the results of several stages of improvement of the types intro-
duced in the 1890’s. The 1927 handset required the invention of important
changes in the granular carbon transmitter. The 1937 set introduced a new

0 Tbid., Chap. V.
@ Numbers refer to items in the Bibliography.



220 THE BELL SYSTEM TECHNICAL JOURNAL, APRIL 1951

Fic. 2—Telephone equipment manufactured by Charles Williams, Jr. in 1882.
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F16. 3—The telephone deskstand of 1919, at top; the handset of 1927, left center; the
combined set of 1937, right center; and the 500-type set of 1950, bottom.
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principle of receiver operation and the 1950 set incorporated the invention
of a radically new receiver structure.

EXPERIMENT

The solid-back granular-carbon transmitter and the bipolar hand re-
ceiver which were introduced in the last decade of the nineteenth century
typify in their general structures the telephone instruments of the first
quarter of the twentieth, in the Bell System and elsewhere. Throughout
most of this period the progress made in telephone instruments may be
characterized largely as improvements determined by experiments on modi-
fications in details of form. Many important results were obtained in this
field by this empirical or ‘“‘cut and try” method, as was also the case with
the other elements of the telephone set and with apparatus in many other
fields in this period. That was generally the technology of the time. Progress
by “cut and try,” however, tends to be cumbersome, slow and unsystematic.

The vibrating diaphragms of both transmitter and receiver had their
primary resonances in the transmitted range of voice frequencies. By listen-
ing to the speech sounds reproduced by various structures, judgments were
made as to their relative merits on the sources of loudness, intelligibility
and naturalness. By such qualitative tests, the primary resonances of these
structures were moved to around one thousand cycles as being the most
advantageous location in the audible frequency range.

Since the resonance of the vibratory elements of these instruments con-
tributed so much to their overall conversion efficiencies, the changes in the
design tended to enhance these resonance effects. Improvements came in
efficiency, reliability and form, but the resonance effects remained peaked
around one thousand cycles. Loudness of the sounds reproduced at the
other end of the circuit was of great importance and it was early realized
that the ear and mind of the listener can do an amazing job in associating
distorted reproduced sounds with those spoken by the talker. So amplifica-
tion by the granular carbon in the transmitter and the fostering of efficiency
by resonances in both instruments were features of development in this
period and played a large role in keeping down the cost of the circuits re-
quired for the expansion of telephony.

The undesirable effects of resonance were increasingly appreciated
throughout this period of experiment, but no practicable means were dis-
covered of reducing resonance without sacrificing unduly the loudness of the
sounds reproduced in the ear of the listener. Since resonance had to be—
and the importance of the loudness was so readily recognized—the efforts
were directed to making the most of resonance.

An outstanding feature of this period in the progress of the telephone was
the difficulty of measuring performance. The technical people then working
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in telephony strove to be quantitative. In their judgments of the relative
talking performance of two instruments or circuits, percentage figures were
used to show degree of difference. Later the length of trunk in one of the
circuits was adjusted to get judged equality of performance and, at the be-
ginning of the century, there was adopted the Standard Cable Reference
System, with an adjustable network representing a 19-gauge cable pair in
the trunk connecting commercial type common battery station sets. By
comparisons and substitutions, numbers of “miles of cable” were associated
with relative performances on the basis of effect on the loudness of the re-
produced sounds.

In 1912, a bulletin was issued for the use of the Bell System Operating
Companies—Tlargely the work of O. B. Blackwell—in which quantitative
ratings in terms of the cable reference system were placed on the perform-
ances of various instruments and sets, and loops and trunks of different
gauges of conductors.

THEORY

Around the beginning of the 20th century, the ‘“theory” factor began to
increase significantly, Prior to that, the theoretical material applicable to
telephony was very limited—such as that produced in Europe by Helm-
holtz, Hertz, Rayleigh, Poincare and Heaviside. Within a decade, there was
produced a wealth of theoretical material dealing specifically with the prob-
lems of telephone transmission. This is exemplified outstandingly by the
work of G. A. Campbell—his theory of loading,® from which he developed
the theory of the electric wave filter,® theories of electrical networks as
published in his article “Cisoidal Oscillations™ and his exposition of maxi-
mum output circuits® covering all ways of achieving, with one transformer
and one balancing impedance, what has come to be called the “anti-side-
tone” station circuit. While some of this work of Campbell’s was not pub-
lished until later, it was available to his colleagues.

The results of these theoretical studies of Campbell and those of his con-
temporaries of that time, notably Blackwell, were utilized to explore by
computation the transmission of telephonic currents over lines and through
the various circuits associated with these lines in central offices and at tele-
phone stations.

Because of the complexity of many of these circuits and the need for ex-
ploring them for the range of frequencies involved in telephonic transmis-
sion, use developed of the equivalent network for computing the transmission
effects of circuits consisting of pieces of open wire and cable, with the trans-
formers, relays and networks associated with them at terminal or switching
points. The application of these theories to the solution of telephone net-
work problems was presented in books by K. S. Johnson? and T. E. Shea.!®
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While much of this theoretical material had very little effect at the time
upon the development of telephone instruments, it provided a storehouse
to be drawn upon later for that purpose by the brilliant concept of an
analogy.

A further publication to be noted in that first decade of this century is
another by Campbell on the use of syllables to measure the efficiency of
telephone circuits in reproducing intelligible speech." '

MEASUREMENT

With this sketch of the roles of invention, experiment and theory, the
stage is set for the great part to be played by measurement and what it
fostered. The major theme of this part may be briefed as the role of measure-
ment in promoting and implementing the application of theory lo design.

In communication by telephone, the performance of the telephone system
is inextricably combined with the performances of its users. This relation-
ship is close for all the devices of the telephone set which directly involve
the user, but is especially so for the instruments. This means that not only
are physical measurements needed of instrument performance—input and
output sounds and corresponding electrical counterparts—but also subjec-
tive measurements of performance involving the talkers and listeners—the
generation and understanding by them of speech sounds and their reactions
to the conditions of telephony.

Until the early part of the 20th century there was no means of measuring
electrical currents or voltages of the magnitudes and frequencies involved
in telephony. Progress in the field of acoustics also had been small because
the means for quantitative measurement there were limited. For the design
of telephone instruments there was little quantitative information as to the
relations which should be maintained between the original sounds and the
reproduced sounds to provide for their recognition. This situation tempers
any criticism against the lack of great progress in the period which was
necessarily limited to development by “cut and try” and crude qualitative
judgments of performance.

Plysical Measurements

The electronic vacuum tube—the epochal invention of Lee DeForest—
was first welcomed into telephony as the long-sought means of stretching
the toll lines across the country and thus making Bell’s “grand system”
cover the nation. Soon after this accomplishment, however, it was recog-
nized that the vacuum tube had other important applications—as an ampli-
fier for measuring the currents and voltages™ of telephony and as an oscil-
lator in generating currents of the frequencies in the voice range. Fora
short time prior to the availability of the vacuum tube, the Vreeland mer-
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cury-arc oscillator®® was used as a source of currents for measurement with
a thermocouple operating a galvanometer. Telephone circuits were measured
by these cumbersome means but there were limitations to the range of fre-
quencies and levels. This oscillator was used also with various forms of
bridges for measuring the impedances of lines and apparatus.

The vacuum tube amplifier and oscillator quickly opened up the electrical
measurement of telephone circuits at the levels of speech current and re-
placed the laborious computation of circuit performance. Also the amplifier
made it possible to use the oscillographs of the time to make photographic
records of speech currents and of single frequency currents of corresponding
levels.!*: '* These measurements and records revealed a lot about telephone
transmission properties of lines and apparatus and put the design of trans-
formers!'® and other circuit elements on a better basis.

In 1915 a proposal was made by Dr. H. D. Arnold, the carrying out of
which had momentous effects. The proposal was that the vacuum tube
amplifier be associated with as nearly perfect devices as could be developed
to carry out the functions of transmitter and receiver and by these means
to create a practically perfect telephone transmission system which would
approach air transmission. With the large amplification available, it would
be possible to utilize transmitters and receivers in which efficiency of con-
version could be sacrificed to the extent necessary to approach freedom from
distortion.

Arnold also had the conception that, with this nearly perfect transmission
system, the effects of distortion on the intelligibility of reproduced sounds
could be studied in a controlled manner—that is, distortion could be in-
troduced into the electrical part of this transmission system by electrical
networks and therefore be specifiable and reproducible.

In carrying out this proposal, Crandall and then Wente worked on the
development of the required transmitters and receivers and from this work
came the condenser transmitter'”-'® and later the high quality moving coil
receiver.!?

From this activity then came some more important concepts and results.
A transmitter of the condenser type which was stable and uniform in re-
sponse over a wide range of frequencies was used with an amplifier operating
into a meter to give a direct-reading indication of the magnitude of sounds
even at quite low levels. With this there was developed®® *!: * the theory
of the thermophone as a means of setting up, in a specified closed chamber
associated with the condenser microphone, an absolute level of sound, so
that the combination of the condenser transmitter and amplifier could then
be used to give an ahsolute measurement of the intensity of a sound field
at a point. This made possible the absolute measurement of sound over the
range of intensities and frequencies involved in speech and hearing. By
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associating a probe tube with the condenser transmitter, absolute measure-
ments of sound intensity could be made in the ear canal.

This method of sound measurement led also to the closed-coupler artificial
ear® 2 means of measuring the acoustic output of a telephone receiver under
specified conditions approximating those of a typical human ear.

Another important measuring device derived from this work was the
volume indicator®: 2 whose rate of response to the fluctuations of speech
sound energy was made to approximate the ear in this respect. This indicator
when connected through a suitable amplifier to a telephone circuit could be
used to measure the level of speech currents at that point. When a volume
indicator was associated through an amplifier with a suitable pickup micro-
phone it became a sound level meter for giving a measurement of the level
of the complex tones of speech, music and noise.

Another device made practicable by the availability of the vacuum tube
amplifier was the loudspeaker. This permitted suitable sound levels to be
delivered by loudspeakers®: ¥ % which were progressively freed from dis-
tortion as the theory and technique of electroacoustic devices was advanced.
The loudspeaker was employed in the artificial mouth* as a means of pro-
ducing speech sounds of prescribed character and level for the testing of
transmitters.

This combination of sound and electrical level meters, artificial mouth
and ear, provided for the measurement of the physical performance of trans-
mitters and receivers over the frequency range involved in telephony, for
the levels at which they were operated and with both speech sounds and
single frequency tones. The overall physical performance of these devices
were thereby brought to quantitative determination.

With this situation the “standard cable system” was replaced as a refer-
ence system in the latter part of the twenties by what was termed the
“Master Reference System for Telephone Transmission.””?? This system—
an outgrowth of Arnold’s “perfect” transmission system—with the thermo-
phone means for absolute calibration of the transmitter and the closed
coupler arrangement for absolute calibration of the receiver, provided a
telephone reproducing system, the performance of which was specifiable in
absolute physical terms. Means were furnished in this Master System for
including distortion networks to make the idealized instruments of the
reference system approximate the characteristics of the instruments used
commerically; this distortion facilitated loudness balances with commercial
instruments and circuits. This reference system became the reference for
expressing loudness reproducing efficiency of commercial circuits and their
components. It was adopted as a standard by the Bell System and by the

C.CILF.}

t Comite Consultatif International Telephonique.
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Subjective M easurements

We come now to the carrying out of Arnold’s concept of using this refer-
ence system as a means of investigating the effects of distortion on the recog-
nition of reproduced speech sounds. This was first started in the Laboratories
under Crandall and then continued under Fletcher and his associates. This
work involved the use of people as meters, with the problems of their cali-
bration.

For such tests, lists of monosyllables were prepared which went far be-
yond the simple lists proposed by Campbell. A large amount of work was
done in the determination of the basic sounds to be used, the most suitable
form of syllables and the arrangement of syllables in groups to have balance
with respect to their content of basic sounds.*®

Starting with the earlier versions of the Master Reference System, the
effects were measured by these articulation tests of changes in loudness,
distortion and accompanying noise, on the understanding of the reproduced
sounds and syllables. This study of distortion included resonance such as
characterized commercial instruments and the variation of response with
frequency as encountered in commercial circuits. Also, extensive articulation
tests and analyses were devoted to the fundamental investigation of the
effects of bandwidth as provided by electric wave filters of the Campbell
type, and from these was derived a quantitative determination of the im-
portance of the different parts of the transmitted band on the recognition
of the reproduced sounds of speech. This work is described in Fletcher’s
book ““Speech and Hearing”® and in many papers listed in the bibliog-
raphy 32 8, 3. 35, 36, 37

From this work there was developed also a procedure for computing the
articulation of a telephone circuit from the physical characteristics of the
circuit. With the availability of this computational method®: #* it has been
practical to discontinue articulation testing itself except for special purposes.

Another factor which comes into telephony as an important effect in the
use of the telephone is “sidetone.” The speaker’s voice reaching his own
ear through the sidetone path of the telephone set reacts on his loudness
of talking, this loudness being decreased unconsciously as the sidetone is
increased. Also, in listening, sidetone introduces into the listening ear the
room noise picked up by the transmitter. Both of these effects of sidetone
were studied in the laboratory under controlled conditions, so that an ap-
preciation was obtained of the magnitude of their effects.

There still remain the question as to applicability of the effects of vol-
ume, distortion, noise and sidetone as determined in the laboratory to com-
mercial telephony with the conditions uncontrolled at the telephone stations
and the users untrammeled in their habits and reactions. Information re-
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garding this extension was obtained by observations on circuits covering a
range in the various factors affecting transmission, and a count made of
the number of repetitions which were requested per unit time by the users
in carrying on normal telephone conversations. This repetition-rate method
of measuring performance of telephone circuits bridged the gap between
the laboratory and the plant, and established a relation between physical
and subjective measurements in the laboratory and subjective results in
service.*®: 4 In fact, the rating method derived from the repetition count
observations was needed to prove that the effect of the reduced sidetone of
the anti-sidetone circuit was sufficient to offset the additional circuit losses,
complexity and cost of that circuit and so to justify its general use.

The development of the idealized transmission system and of the devices
for measuring the electrical and acoustic inputs and outputs of telephone
instruments, and the carrying out of the articulation and repetition rate
measurements, together with the analyses of their results and deduction of
relationships, required a large amount of activity for about fifteen years
from the time of Arnold’s concept, to cover the scope outlined here. Sub-
sequent work has been directed to refining the devices and the results.

This work of physical and subjective measurement produced the knowl-
edge of the performance characteristics which telephone transmitters and
receivers should have and also the way to specify and analyze their per-
formance—in other words, what to strive for in the development of new
designs and how to determine the degree to which it has been attained.

DrsicNy THEORY

The work which was done in developing the transmitters and receivers
for the idealized transmission system promoted an evolution of the theory
of the vibratory elements of such devices, including the effects of the as-
sociated air chambers. From this came large advances in the theoretical
understanding of electro-acoustic converters, as exemplified by the book of
Crandall “Theory of Vibrating Systems and Sound’* and publications by
Wegel,*® Wente”- # and others.

One further concept was necessary to bring the design theory on instru-
ments to its present level. As has been discussed earlier, the analysis of
telephone circuits from the electrical standpoint made extensive application
of the idea of the equivalent network. The new concept involved two steps:
One was that the theory of electro-acoustic devices could be reduced to the
simplicity of electrical network theory by using electrical analogs for the
vibrating system. This was well brought out by R. L. Wegel in his paper
of 1921%. The second step, promoted by H. C. Harrison,* 4 E. L. Norton
and others, was that mechanical wave transmission systems could be de-
signed as analogs of electric circuits.



SEVENTY-FIVE YEARS OF THE TELEPHONE 229

This concept brought to bear on the development and design of electro-
acoustic devices all the wealth of electrical transmission theory and meas-
urement techniques, and especially the Campbell filter idea of designing a
system to transmit efficiently a band of frequencies. With this analytical
method, the means of controlling resonance could be explored quantitatively
and systematically. Also thereby, means could be studied of compensating
for limitations in the behavior of one part of the network by corrective
measures elsewhere. ‘

This electrical analog equivalent network concept not only facilitated the
analysis of the overall performance of electro-acoustic devices but also made
possible the study of the contribution of each element and of changes in
each characteristic of each element to that performance. This could be done,
mathematically or by measurement, on the simulating electrical network.,
Such studies promoted the understanding of the functioning of such devices
and indicated what needed to be done to improve their performance. This
method of analysis made it readily possible to determine the effect of modi-
fications in the material properties and dimensions of the mechanical and
magnetic parts, and of damping and dissipation in the acoustic elements.
This pointed the way to meeting the response characteristics which were
shown to be desirable by the subjective measurements on the intelligibility
of reproduced sounds.

With this technique, advances can be made intelligently in the kinds of
materials’” used for the diaphragms of instruments and for the other mag-
netic parts of receivers; and the designer has been put in the position not
solely of considering the materials that are offered to him by the metal-
lurgist and other material engineers, but also of giving to them the speci-
fications of desired properties. Incidentally, this specific tailoring of the
characteristics and dimensions of the material to the performance require-
ments of the part in which it is used is an important factor in the miniaturi-
zation of apparatus and in minimizing in its design the old “factor of safety”
(or “factor of ignorance” as it might be termed with present technology).

DESIGN FOR PERFORMANCE

With this evolution, the technology of telephone transmitters and re-
ceivers has made great progress since the beginning of the era of measure-
ment. The situation will be indicated by considering the development and
design of these instruments from several aspects and by noting certain
salient accomplishments.

By “design for performance” is meant the process of determining the per-
formance characteristics to be striven for, then developing systematically
the means for meeting them and embodying these means in a suitable op-
erating design. In selecting the performance objectives, due regard must of
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course be given to the likelihood of their achievement. In the era when ex-
periment was the dominant factor in development, advancement in per-
formance was largely expressed in terms of the modification which was
tested.

The results of this era of measurement began to have their effect on the
design of commercial telephone instruments about twenty-five years ago.

Though the idea of a handset goes back to the early days of telephony?
it was not found out until the middle 1920’s how to get, in the instruments
of a handset, service performance comparable to that afforded by the then
available instruments when supported and separated as they were in the
wall set and deskstand set. There were twoimportant limitations toachieving
this result—one, the so-called “howling” resulting from the coupling be-
tween the diaphragm of the transmitter and the diaphragm of the receiver;
and the other, the degradation of the performance of the granular carbon
transmitter with position. The importance of the amplification provided by
this granular carbon on the design of the telephone plant has been indicated
and it was the magnitude of this amplification and the resonances in the
instruments that caused the howling difficulty in the handset. With such
instruments directly coupled mechanically, the howling problem was diffi-
cult to solve.®®

In the early twenties, in the development of the handset which was made
available in 1927, the coupling factor between the diaphragms of the two
instruments was measured for a variety of proposed designs of handle; and
the development and selection of the design was on the basis of a handle
having resonance out of the range of the instruments used and of such ma-
terial as to provide dissipation of energy in this mechanical transmission
path.t®

The other factor that made possible the solution of this problem was the
development of a transmitter in which the vibratory system was essentially
free from resonance and the positional effect of the carbon chamber was
materially reduced. This transmitter—the first non-resonant transmitter*?
in commercial telephony—gave a decrease in the magnitude of the electrical
output. It was demonstrated, however, by articulation and repetition-rate
tests, that the reduction in loudness output was compensated for by the
lower distortion of the reproduced sounds; and hence the combination of
higher quality with decreased loudness gave a resultant intelligibility in
service comparable to that obtained with the then available deskstand trans-
mitter. The change in transmitter response is shown by a comparison of
curves A and B of Fig. 4(a). The elimination of sharp resonances gives an
additional improvement in transient response.

A comparison of curves A and B of Fig. 4(b) shows that the small receiver
of the 1927 handset was made to give the same performance as the preceding
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larger hand-held receiver. This was the result of improved magnetic circuit
and materials.

The handset of 193759 * included a new design of transmitter which was
made available about 1934 for use in the earlier handset. In this transmitter
the freedom from resonance was preserved and the effect of the improving
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analytical and quantitative approach is demonstrated by the much higher
electrical output than that of the 1927 transmitter. This is shown by the
comparison of Curves B and C of Fig. 4(a).

For the 1937 handset, the objective was set of making the receiver also
free of resonance. The method of obtaining this result in terms of the equiv-
alent electrical circuit is discussed in the W. C. Jones paper®® of 1938, which
shows also the electrical analog for the transmitter of this handset. A com-
parison of the receiver of the 1927 and 1937 handsets is given by Curves
Band C of Fig. 4(b). Tt is seen that the diaphragm resonance is completely
eliminated. The Jones paper indicates how the air spaces associated with
the diaphragm and an acoustic resistance element are employed to control
the motion of the diaphragm.

In the 1937 receiver, three special magnetic alloys are employed—per-
mendur for the diaphragm, 45 percent permalloy for the pole pieces and
remalloy for the magnets. In the manufacture of these receivers, each one
is magnetized to its optimum value.??

In the instruments of the telephone set of 1950, the application of these
design procedures has been carried still further. As brought out in a cur-
rently published paper,® the performance requirements for these instruments
were set on the basis of what it was desired to have in the way of bandwidth,
frequency characteristics, and efficiency. The instruments were then devel-
oped to attain these characteristics.

The response of the 1950 transmitter is shown by Curve D in Fig. 4(a).
The shape of this response was deliberately planned to be as shown in order
to approach the characteristic of the air transmission path. The gain over
Curve C of the 1934 transmitter is obtained with a decreased size of dia-
phragm and unit.

Also in the 1950 transmitter, a further improvement has been made in
the granular carbon to increase its stability with time. For many years, in-
tensive studies®:  have been made of the performance of granular carbon
in the telephone transmitter to understand the contact action and to deter-
mine the causes of aging with use and time, and the means of alleviating
these effects. From these and other studies of the structure of the chamber
containing the carbon, have come remarkable results in improving the per-
formance of this very critical mass of loose granules. It has been stated that
the telephone system is built around a loose contact which is a thing that
the electrical engineer hopes to avoid. The fact is that, today as a result of
all this work which has been done on the use of granular carbon in the trans-
mitter, little of value would be gained in the quality of reproduction in
commercial telephony by the replacement of the current desgins of this
simple low-cost means of making the conversion between acoustic and elec-
trical energy, by a combination of a passive device with a vacuum tube form
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of amplification. Furthermore, the carbon transmitter has been made to
behave well with respect to position, use and time.

The 1950 receiver, invented prior to World War II, involves a radically
new structure—a receiver having a composite diaphragm with an outer an-
nular portion of magnetic material and an inner circular part of domed
impregnated fabric. This invention was stimulated by the analytical demon-
stration of the benefits of a diaphragm of low dynamic mass. A paper®®
published in the January 1951 issue of this Journal gives the theory of this
receiver and describes the manner in which it was developed and designed
to have the projected performance. That presentation shows the high level
which the technology of the design of such devices has now reached.

From Curve D of Fig. 4(b), it is seen that this latest receiver is 5 db more
efficient than the 1937 design and reproduces a wider frequency range. The
dropping of the response at the lower end is intentional to avoid increasing
the interference from power systems.5

By these extensive studies in theory, the development and application of
physical and subjective measurements, and the advanced technology of de-
sign, the present generation of the descendants of Bell’s transmitter and
receiver approach in their performance the inherent limitations of the struc-
tures and materials, with the compromises that are chosen in the interests
of quality and cost of production, and ruggedness and uniformity in use.
As embodied in the 1950 set, the efficiencies of conversion of the transmitter
and receiver are now so high that, on the shorter loops, losses are automat-
ically introduced in order to avoid the delivery of sounds of too great loud-
ness to the ear of the listener.

DEsiGN For PropucTION

Since the war, production of the instruments of the 1937 type handset
reached a rate of around five million a year apiece. This production has
demonstrated that devices of such sensitivity and refinement in design can
be made in large quantity with closely controlled quality and at low cost.
The analytical quantitative approach to design in the case of these instru-
ments has been an important factor in the adaptation of these designs to
quantity production with present manufacturing techniques. Such produc-
tion may call for changes from the designer’s ideas as to the properties of
the materials, their fabrication or the tolerances to be met. With the ana-
lytical quantitative approach to design, the effect of such changes can be
readily evaluated, and proper judgments reached as to whether such com-
promises with the design are justified in the interests of control of product
and lower costs. Such judgments can be made without the necessity of ex-
ploring the range of possibility by a series of models.

Furthermore, to carry out such kind of production, many of the meas-
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uring devices, such as the artificial mouth, artificial ear, with calibrated
condenser transmitters and oscilloscopes, are carried to the factory assembly
line to measure precisely each instrument as produced.

In the case of the instruments of the 1950 set, knowing that they were
destined for large scale production by modern machines, tools, processes
and assembly lines, the design for production was carried along with the
design for performance. Thus the dictates of theory and laboratory per-
formance were being continuously matched with those of fabricationand cost.

DESIGN FOR SERVICE

It has long been the practice in the Bell System to make trials in the
operating plant of laboratory models or samples from the initial production
of new designs. This has two major purposes—one to determine functioning
under service conditions and the other to detect if there are weaknesses
which may result in unexpected deterioration or failure. In addition, routine
and special studies are made of service performance and troubles through-
out the use of a device or system. As a result, information is continually
being supplied to the designers to show the benefits of improvements and
the needs for changes. This knowledge of service functioning and main-
tenance can thus be coordinated with the procedures which have been
termed “design for performance” and ‘“‘design for production.” In the de
velopment of new designs or the modification of current ones, the Bell Tele-
phone Laboratories designer is in a position to integrate concurrently the
dictates not only of the laboratory and of the factory, but also those of
service performance. This “design for service” can be carried out in the
interest of getting the optimum ratio of service for the users, to the cost of
employing the device in the plant, including not only the carrying charges
on the initial price but also the cost of its operation and maintenance. Since
the customers of the telephone system are paying for service and not buy
ing equipment, the purpose of “design for service” is directed toward the
goal of giving the most service for the money.

One result of this integration of plant experience into design has been a
reduction in the last fifteen years of four to one in the service troubles with
telephone instruments in the Bell System plant. These devices now approach
the performance in this respect of many passive circuit elements.

CONCLUSION

In closing this scant presentation of the scope and results of the ac-
tivities which have been carried on in Bell Telephone Laboratories primarily
to improve the telephone devices invented by Alexander Graham Bell, men-
tion should be made of the many important benefits which have been de-
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rived from this work in other fields. The condenser transmitter developed
for the ideal telephone transmission system was the pickup microphone used
in the introductory period of public address systems, radio broadcasting,
electrical recording for phonograph reproduction and both disc and film
recording for sound pictures. Subsequent other high quality micro-
phones®—8° in these fields and the succession of loudspeakers®—% of increasing
quality of reproduction owe their development to the same techniques which
were evolved to improve Bell’s instruments. The same techniques of design
were applied also to the light valve®: % for film records, the electrical re-
corder*®: % 67 for disc records and to the many types of reproducers.®® Thus
this technology of telephone instruments has had widespread application in
the mass use of sound reproduction in the phonograph, sound pictures and
broadcasting.

Another application which would have been especially pleasing to Dr.
Bell was that to the microphones and receivers of hearing aids®*-"% and to
the measurement of hearing impairments’®7°. Also of interest to him would
have been the contributions which these measuring techniques have made
to the work on the nature of speech and hearing.

In addition, these measurement tools and devices derived from them
have provided solutions to many problems of architectural acoustics, and
of noise and vibration reduction.

In World War II, this technology made it possible to determine quickly
the desirable performance characteristics of microphones and receivers suit-
able for the high noise conditions of military applications such as in planes
and tanks, and to develop the structures to provide this performance and
meet the other military requirements. In the submarine field, this tech-
nology was applied to develop rapidly the instruments and methods for the
measurement of underwater sound and to design and improve the various
acoustic devices employed in that field.®°

The analytical quantitative equivalent network method of design for per-
formance, which has been applied in such a refined manner and so success-
fully to electro-acoustic devices, has been extended to mechanisms outside
the acoustic field. Many of those who participated in pioneering this kind
of design in acoustic devices are now engaged in the Laboratories on the
development of improved mechanical devices. This method is a powerful
tool but requires a type of training which is beyond that generally offered
to mechanical designers; their studies might well be directed along the lines
of the material in some of the articles cited here.

All this constitutes a wonderful illustration of the manner in which the
results of research and fundamental development in a particular field and
for a particular purpose can ramify into other fields, and have as by-prod-
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ucts many other important applications. One indication of this ramification
is the widespread use of the “db”, the unit which was originally adopted
for telephone transmission work.

While this evolution in technology, which has been outlined here, has
been presented in its application to the telephone transmitter and receiver,
it is in keeping generally with the progress of the technology of the times.
To expand a previous statement, this application has claims to distinction
in the degree to which it has been necessary to go in measuring subjective
performance, and in the degree to which it has been possible to go in inte-
grating the dictates of the laboratory, factory and field in making “design
for service” approach its goal of maximum ratio of service to cost.

Although only a few have been named here, many have taken part in
this evolution in technology. These many are collaborators in this anniver-
sary article and in furthering Bell’s vision of the “grand system.”
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