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ABSTRACT

This article discusses the early pioneer-
ing work of both telephone and radio
engineers in effecting improvements in
the noise performance of communica-
tion systems. This work led ultimately
to the explosive growth of communica-
tion activities following World War II.
Radio engineers during the 1920s were
most concerned with reducing the
impact of externally generated “static,”
and showed this could be accomplished
by the use of directional antennas and
moving to higher-frequency transmis-
sion. Telephone engineers during that
period of time, most prominently John
R. Carson of AT&T, were led to
include the impact of “fluctuation
noise” (shot and thermal noise) as well.
Carson, using the then novel concept of
noise frequency spectrum, showed how
the appropriate choice of bandwidth
and frequency of transmission could be
used to improve the signal-to-noise
ratio, anticipating the concept of a
“matched filter” introduced 20 years
later during radar developments of
World War II. This early work on
improving the noise performance of
communication systems led, in the early
1930s, to Edwin H. Armstrong’s spec-
tacular leap ahead with his invention of
wide-deviation low-noise frequency
modulation (FM), followed a few years
later by the invention by Alec Reeves
of pulse code modulation (PCM), the
first low-noise digital communication
system of the modern era.

INTRODUCTION AND OVERVIEW

The fields of communication theory
and information theory developed
explosively after World War II, follow-
ing extensive radar development during
that war. Critical to both of these fields
is the study of system performance in
the presence of noise. Communication
system noise performance has its gene-
sis in early work in radio telegraphy,
telephony, and radio telephony, begin-
ning circa 1920 and continuing on
through the 1920s and 1930s, and then
culminating in the radar research activi-
ties of World War II. Basically, the
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problem in all fields of communication,
including radar, is that of appropriately
detecting signals in the presence of
noise. In this article we focus on studies
during the 1920s in both radio (wire-
less) communications and telephony to
determine how best to reduce the
impact of noise on system performance.
As we shall see, the term “noise” had
two different meanings during that peri-
od of time: to radio engineers it meant
atmospherics or static, arising from nat-
ural environmental causes and interfer-
ing with good radio reception, since
that form of disturbance predominated
at the time; to telephone engineers,
aware of and initially concerned about
static as well, it became apparent in the
early 1920s that fluctuation noise was
the basic and more fundamental con-
tributor to noise interfering with the
appropriate reception of telephone sig-
nals.

The study of random or fluctuation
noise and its impact on communication
systems appears to have begun in 1918
with the publication of a now classic
paper by Walther Schottky, a German
physicist working for the Siemens orga-
nization at the time [1]. He was the first
to describe the two types of fluctuation
noise in electronic circuits, thermal or
resistive noise (Warmeffekt in his ter-
minology) and shot noise (his Schrottef-
fekt). The first is due to random
temperature-dependent motion of
charge flowing through an electrical
conductor; the second is due to the
variations in electrical current as dis-
crete charges, whose motion gives rise
to the current, are randomly emitted
(hence the term “shot” effect). Note
that Schottky’s formulations came
shortly after the vacuum-tube amplifier
came into prominence. Although Schot-
tky’s paper describes both types of
noise, its focus is on shot noise, since it
was apparently much stronger than
thermal noise in the amplifiers of the
time. (As noted above, however, it was
“atmospheric static” that dominated
studies of radio noise for many years, at
least until 1930.) Schottky’s paper stim-
ulated a great deal of activity on shot
noise, both experimental and analytical.
It was not until the work of J. B. John-
son of the Bell System in the 1920s,
who initially began studying shot noise
and then found that thermal noise was

the more fundamental type of fluctua-
tion noise, that thermal noise began to
receive serious consideration. Johnson’s
experimental work on thermal noise
and Harry Nyquist’s theoretical study
and explanation of thermal noise were
presented in two classic papers, appear-
ing back to back in the July issue of the
1928 Physical Review.

A number of historical studies of
fluctuation noise in electronic systems,
with particular emphasis on the physical
generation mechanisms of shot noise in
vacuum tubes and later in solid-state
devices, have appeared in the recent lit-
erature. (See, e.g., [2].) In this article
we avoid discussions of the physical
mechanisms involved with noise genera-
tion and focus instead on the history of
the impact of noise on communication
systems, how engineers linked the per-
formance of communication systems to
the noise encountered in their use, and
developed methods for reducing (never
eliminating!) the effect of noise. We
cover the initial period of investigation
of the impact of noise on communica-
tion systems during the 1920s, leading
to the monumental work of Edwin H.
Armstrong who, with his 1933 patent
for noise-reducing wideband FM, pro-
vided a spectacular leap ahead in
improving the noise performance of
communication systems.

Both radio and telephone engineers
contributed to this early work on effect-
ing improvements in system noise per-
formance, although, as noted earlier
and as we shall shortly see in more
detail, radio engineers in the 1920s
focused almost exclusively on reducing
the impact of externally generated “stat-
ic,” while telephone engineers led by
John R. Carson of the Bell System
broadened the scope of their investiga-
tions to include the impact of shot and
thermal noise, generically called “fluc-
tuation noise,” as well. It was only in
the early 1930s, especially in the case of
Armstrong’s invention, that radio engi-
neers began to take fluctuation noise
into account in the design of systems. It
was during the period of the 1920s that
engineers, principally those working in
the telephone industry, began to recog-
nize that the noise power in a given sys-
tem was proportional to the bandwidth
of the system. (Nyquist, for example, in
his July 1928 Physical Review paper dis-
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cussing thermal noise, came up with the
famous equation showing the noise
power was directly proportional to the
bandwidth.) Spectral considerations, the
variation of noise and signal power den-
sity with frequency, also began to be
developed and clarified in the 1920s.
Since noise power played such a signifi-
cant role in system performance, much
effort went into system design consider-
ations for reducing the noise. Radio
engineers recognized that a measure of
the performance of radio receivers was
given by the “signal-to-static” ratio, and
attempted to design systems to improve
this quantity. Carson and his colleagues
broadened this measure of noise per-
formance to include fluctuation noise,
and they, and other engineers, began
working with the performance measure
more generally called the “signal-to-
noise ratio,” or SNR. It was soon found
and understood that the noise in the
first stages of an amplifier was most
critical in determining the SNR in a
receiving system: both noise and signal
were equally amplified in moving
through a system; hence, it was most
important to reduce the noise at the
input to the system. In fact, as already
noted, in radio receivers the noise
determining performance was, for many
years, atmospheric noise or “static”
picked up by the antenna. Radio engi-
neers thus worked to reduce the static
picked up by antennas, as well as
designing receiver front-end circuitry to
reduce the impact of atmospheric noise.

In the next section we describe the
work of radio engineers in attempting
to understand the phenomenon of stat-
ic, as well as developing methods of
designing systems to reduce the impact
of static on radio receivers. In the third
section we focus on the work of Carson
and his colleagues in enlarging the
scope of the investigation of noise to
include fluctuation noise as well. We
summarize the findings of this article in
the concluding section.

RADIO ENGINEERING AND
“STATIC"” REDUCTION

As noted in the previous section, early
radio engineers worked to reduce natu-
ral interference, “static,” being picked
up by receiving systems in addition to
the desired signals. This type of inter-
ference, generated, for example, in elec-
trical storms or in emanations from the
sun, was found to vary with the seasons,
location, and frequency. It was also
noted previously that radio engineers
focused almost exclusively on the phe-
nomenon of static. Although work on
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understanding the generation of shot
noise in vacuum tubes was going on
throughout the 1920s in a number of
laboratories in the United States, Eng-
land, and Germany, results of these
studies being published in a variety of
journals, it is interesting to note that
very little of this work appeared in the
radio engineering literature. A compre-
hensive perusal by this author of the
Proceedings of the Institute of Radio
Engineers (IRE) from its first issue in
January 1913 through 1929, for exam-
ple, shows only occasional reference in
passing to vacuum-tube shot noise.!
Monthly issues throughout much of that
period feature a list of References to
Current Radio Literature prepared by
the (U.S.) Bureau of Standards, which
covers the literature from throughout
the world, including the United States,
England, France, Germany, and Japan,
among other countries. There were no
references at all found in these listings
to shot or thermal noise. The only ref-
erences to natural noise of any type
were to atmospheric noise or static, as
already noted. It was not until 1930,
with the publication of a paper by F. B.
Llewellyn of AT&T in the February
issue of the Proceedings of the IRE [5]
for that year, that shot and thermal
noise, generically called fluctuation
noise, received full recognition in the
radio literature. This paper was fol-
lowed soon thereafter, later in 1930 and
in 1931, by a flock of papers on fluctua-
tion noise. This lack of technical infor-
mation on fluctuation noise in the radio
engineering literature until 1930 was
presumably due to the fact that static or
“atmospherics,” as this type of noise

I An example appears in [3] in which the
authors, all from AT&T, state that at radio
transmission frequencies where radio noise is
often “practically absent,” measurements of
noise “tended to approach the minimum deter-
mined by the set [tube] noise.” The non-radio-
specific electrical engineering literature does
show that engineers were familiar with shot
noise even as early as 1920. In the January 1920
issue of the British Journal of Electrical Engi-
neers, for example, in a paper on amplifier
design using triode tubes, a number of refer-
ences are made to “valve noise,” the British
term for tube noise [4]. The author here notes
that atmospheric disturbances are the prime
source of interference, but that valve noise “con-
stitute[s] one of the most formidable obstacles
to the attainment of very high amplification” [4,
p. 69] 1t is interesting to note that this paper was
published only two years after Schottky’s paper
[1], the latter written in German and the work
for it done presumably during World War I.

was often called, was the dominant form
of noise appearing in radio receivers
throughout the 1920s.The noise prob-
lem was of course very different in the
wired telephone field, and, as we shall
see in the next section, telephone engi-
neers did study the effects of fluctua-
tion noise appearing in the wired
transmission receivers of the time.

Radio engineers, in focusing on
reducing the impact of static on radio
reception during the 1920s, tried to
both determine the origin of the static
encountered during radio reception and
design systems to improve receiver per-
formance in its presence. As part of this
process, many experiments were carried
out to characterize the types of static
they found appearing in radio receivers
as well as determining their origin. For
example, a series of papers by G. W.
Pickard, beginning in 1920, summariz-
ing experiments he carried out, pro-
posed a solar origin for static [6, 7].
This conjecture in 1920 led him to pro-
pose as well a form of directional loop
antenna to reduce the static entering a
radio receiving system [7]. Such an
antenna pointed in the direction of the
desired signal picks up a maximum
amount of signal energy while at the
same time reducing the static coming
from other directions. Later work on
improving reception of trans-Atlantic
radio telephone signals in the presence
of static referred specifically to
Pickard’s directional loop antenna [7]
as pioneering in this area. Harold H.
Beverage at RCA developed the so-
called wave antenna or Beverage anten-
na with marked directivity soon
thereafter [8]. An even earlier example
of an improved receiving system devel-
oped by the Marconi Corporation for
the purpose of reducing static was one
incorporating multiple receiving anten-
nas [9]. An early paper by AT&T and
Western Electric engineers focusing on
radio telephony notes that the “amount
of noise [static] received is dependent
upon the directional and selectivity
characteristic of the receiving system.”
[10] Here “selectivity” means that the
receiver bandwidth should be kept as
small as possible consistent with clarity
of voice reception. The implication is
that the amount of static energy intro-
duced into the receiver increases with
bandwidth. Carson of AT&T would
shortly thereafter quantify this concept,
as explained in the next section.

Many other investigations of the ori-
gin and characterization of atmospheric
static over a period of years were
reported on in the radio literature of
the 1920s. Examples include work by L.
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W. Austin of the U.S. Naval Radio
Research Laboratory (e.g., [11] and
papers in subsequent issues of the Pro-
ceedings of the IRE); by other workers
in the radio field; and, more specifical-
ly, work by AT&T engineers reporting
jointly with RCA engineers in the
February 1926 issue of the Proceedings
of the IRE, on measurements of static
as to variation with frequency, time of
day, season of the year, and location.
One of their conclusions was that the
“major source of long-wave static, as
received in England and the US [was]
of tropical origin.”2 Many other refer-
ences to papers on atmospherics from
radio journals throughout the world
may be found in the References to Cur-
rent Radio Literature, the regular
monthly section of the Proceedings of
the IRE mentioned above.

One of the conclusions of these vari-
ous measurements and studies of static
was that these atmospherics decreased
with increasing frequency [3, 11]. In
particular, experiments carried out on
short-wave transmission (3-30 MHz) in
the early and mid-1920s [12] indicated
that there was “very little trouble due
to strays [static]” and that the “actual
limit for reception [was] fixed by set
[shot] noise.”

It was recognized early on that it
was the “signal-to-static ratio” that
determined the performance of a
receiving system, as measured by its
ability to detect an incoming signal. For
as static entering the receiver increased,
the received signal power had to be cor-
respondingly increased to keep the sig-
nal detectable [9]. We find the authors
of [10] noting that the basic perfor-
mance parameter for radio telephony
was the ratio of speech and noise (stat-
ic) “volume,” as measured at the audio
output. Reference [3] similarly used the
ratio of signal to noise (the term noise
here referring to static) as a perfor-
mance measure to be made as large as
possible. This author and others of the
time use the generic acronym SNR to
represent the signal-to-noise ratio. By
the late 1920s and early 1930s, with the
knowledge that both static and inherent
fluctuation noise played a role in signal
detectability, engineers generalized this

2 The term “long-wave” refers to measurements
made in the frequency range 17-57 kHz, for
which the corresponding transmission wave-
lengths ranged from 18,000 m down to 5300 m.
These “long-wave” wavelengths compare to
“short-wave” wavelengths of 100 m down to 10
m, corresponding to a frequency range of 3-30
MHz.

HISTORY OF COMMUNICATIONS

concept, using the ratio of signal power
to noise power in a communication sys-
tem to determine the performance of a
communications system, whether radio
or telephony. Here noise power refers to
the power of any interfering signal,
whether static, fluctuation noise, or a
combination of the two. The term SNR
began to be adopted as the performance
measure of the communication system,
the basic objective to be maximized. As
was the case with static, if the noise
power increases in a given environment,
the signal power must increase corre-
spondingly to maintain the same perfor-
mance.

As noted in the introduction to this
article, John R. Carson of the Bell Sys-
tem was among the first to recognize
the significance of both static and fluc-
tuation noise in determining the perfor-
mance of communication systems, and
to use SNR or related concepts in
attempting to improve performance.
We therefore move on in the next sec-
tion to describe his work and that of his
colleagues in the Bell System on noise
performance during the 1920s.

CARSON’s WORK ON NOISE IN
COMMUNICATION SYSTEMS

John R. Carson, who had received his
electrical engineering training at Prince-
ton University, graduating with a B.S. in
1907, an E.E. degree in 1909, and an
M.S. in 1912, joined AT&T in 1914. He
is best known for his invention of single
sideband transmission in 1915 and his
1922 analysis of FM bandwidth. That he
did groundbreaking work on noise in
communication systems is less well
known. His first published paper on this
subject appeared in the Proceedings of
the IRE in 1923 [13]. This paper com-
pares the signal-to-static interference
ratio in single and double sideband
transmission. This measure of system
performance is precisely the one cited
earlier as having been used as a perfor-
mance measure for radio systems as
early as 1919 [9]. The difference, how-
ever, is that by “static interference”
here is meant not only interference
such as atmospherics, but, presumably,
random noise as well. (This point is
somewhat ambiguous, Carson stating, in
footnote 1 of his paper [13], that “The
word static is used in a generic sense to
cover random and irregular interfer-
ence, such as atmospherics, as distin-
guished from the interference from
another station.” [Emphasis added].)
This ambiguity is cleared up at about
the same time in a paper Carson co-
authored with Otto J. Zobel, also with

the Bell System [14], in which the
authors state specifically that random
disturbances or interference can be
“static” in radio transmission and
“noise” in wire transmission. There is
thus a distinction made between atmo-
spheric static and the noise introduced
in the system circuitry. The analysis car-
ried out by these authors groups the
two phenomena together, treating them
both as examples of random distur-
bances.

In this second paper by Carson and
Zobel [14], the authors study the trans-
mission of signals, including random
disturbances, through “[frequency-]
selective networks” or “wave-filters,”
models for receiving systems that are
tuned to specific frequency ranges. They
use their study to derive a general
expression for a quantity closely related
to the SNR, specifically the “statistical
signal-to-random interference energy
ratio.” They term this quantity the
“selective figure of merit of the network
with respect to random interference.”
Although this paper is a theoretical
one, providing general formulas only, it
obviously arose out of work at AT&T
and presumably elsewhere on means to
reduce the effect of noise and static on
communication systems. The authors
state directly on the first page of the
paper that there has been a “uniform
failure of wave-filters to suppress irreg-
ular and transient interference, such as
‘static,” in anything like the degree with
which they discriminate against steady-
state currents outside the transmission
range. This limitation is common to all
types of selective networks and restricts
the amount of protection it is possible
to secure from transient or irregular
interference.” The work described in
this paper is therefore a direct attempt
to provide a better understanding of the
quantitative impact of noise on electri-
cal systems, thereby leading to specific
design considerations.

To develop the figure of merit, the
authors first provide a model for the
random disturbance at the input to a
receiving system. To this end, they use
a shot-noise-like model for the random
interference, a model used much earli-
er, in 1909, by Norman Campbell in
England [15] in studying the random
emission of particles such as o particles
(He+ + ions), B particles (electrons),
and lightwave particles (photons), all of
which had been discovered or postulat-
ed by the early 1900s. This model was
also used by Schottky [1] and later
investigators in studying the shot effect.
Quoting Carson and Zobel, the model
consists of “a large number of individu-
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al impressed forces... which are unre-
lated and varying in intensity and in
waveform in an irregular, indeterminate
manner and thus constitute what will be
called random interference.” [Their
emphasis.]| Since they are studying the
transmission of signals and noise
through frequency-selective electrical
networks, they must convert the shot-
noise-like model for the noise to an
equivalent formulation involving the
variation of the random interference
energy with frequency. This variation of
energy with frequency is called the ran-
dom interference energy spectrum.
(“Spectrum” specifically refers to the
variation of a physical quantity, here
the random interference or noise ener-
gy, with frequency.) This frequency-
based approach uses Fourier analysis,
after the French mathematical physicist
Fourier who, in the 1820s, first intro-
duced the concept of a frequency spec-
trum for signals varying in space or
time.

Carson and Zobel in this paper sim-
ply write down the defining equation
for this energy spectrum of the random
interference, with no indication of how
it was obtained. There are no refer-
ences provided; it is stated as a given.3
(The expression is now well known, but
this clearly was not the case at the time
their work was done.) This expression,
using, in their notation, the symbol
R(w) for the energy spectrum, is given
by

R(0) = (IT) |F(0) |

Here o is the radian frequency, 2n
times the frequency measured in Hertz,
and F() is the Fourier transform, gen-
erally a complex quantity, of the sum of
the “individual impressed forces” taken
over an interval 7 seconds long. The

3 A Fourier integral representation of random
impulses, the “individual impressed forces,”
such as adopted for the random interference
model here, appears to have been controversial
at the time: Thornton Fry, a mathematician
and colleague of Carson and Zobel at AT&T,
stated, in a 1925 paper on the shot effect [16],
that the Fourier representation of a random dis-
turbance did not exist. Schottky, however, in a
1926 paper [17], dismissed Fry’s objection and
indicated that the Fourier representation of shot
noise was valid. Researchers at GE, among oth-
ers, used a Fourier representation of shot noise
in 1925 [18] in comparing theory with experi-
ment in shot noise studies. Johnson and
Nyquist used the spectral representation of ther-
mal noise without qualms in their 1928 papers
as well.
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two vertical bars represent the absolute
value of the Fourier transform. As
noted, no reference is given for this
equation. It is simply stated as a given.
The authors use this equation for the
energy spectrum of the random inter-
ference to develop a measure of the
“mean energy absorbed per unit time
by [the electrical network] from the
random interference.” Using this quan-
tity, they go on to define a “figure of
merit of a selective network with respect
to random interference,” essentially the
SNR, to be maximized. They point out
that in order to proceed with a rigorous
evaluation of the effect of random inter-
ference on signal transmission, R(®)
must be completely specified (i.e.,
known) over the entire frequency range
(spectrum) of interest. R() is generally
not known. They note, however, that “it
would appear that all frequencies are
equally-probable in the spectrum
R(w)... [making it] a constant, indepen-
dent of [the frequency] w. This infer-
ence, however, has not been
theoretically established.” (Note that
this corresponds to saying the noise has
a flat or constant spectrum over the fre-
quencies of interest. This assumption of
what is now called bandlimited white
noise was quite a remarkable conjecture
at the time!) Their conclusion [14, p. 2]:
“This formula leads to general deduc-
tions of practical importance regarding
the relative merits of selective net-
works... [as well as] a method for exper-
imentally determining the spectrum of
random interference.” They then go on
to state that “fortunately,... a complete
specification of R(®) is not at all neces-
sary for a practical solution of the prob-
lem.” They show that for a selective
network, that is, one involving, as noted
earlier, frequencies in a range (band-
width) about a specific center frequen-
cy, one can come up with a formula for
the figure of merit. In their words, “this
formula... furnishes... a means of esti-
mating the comparative merits of the
very large number of circuits which
have been invented for the purpose of
eliminating ‘static’ in radio communica-
tion, and leads to general deductions of
practical value [for solving | the ‘static’
problem.” They follow with examples of
selective circuits or filter types. The
implication, therefore, is that one may
evaluate and compare the signal-to-
noise performance of many different
types of practical circuits, using simple
models of these circuits, without actual-
ly building them or analyzing them in
detail. This represented quite a stride
forward in the understanding of the
noise performance of communication

systems and how one might design sys-
tems, using simple models, to increase
the SNR.

Carson and Zobel’s paper was fol-
lowed up a year later by another paper
by Carson in the Transactions of the
AIEE (American Institute of Electrical
Engineers) [19] essentially repeating
and clarifying the sections on random
interference in the earlier paper. (The
same paper was reprinted in the April
1925 issue of the Bell System Technical
Journal.) Several significant new points
are made and discussed, however. One
deduction is that “even with absolutely
ideal selective circuits, an irreducible
minimum of interference will be
absorbed,” and that the resultant noise
output power will increase linearly with
bandwidth. Hence, the object is to
choose a bandwidth as narrow as possi-
ble as required to transmit the signal,
but no narrower. For, as Carson points
out, too narrow a bandwidth results in
“sluggishness of [signal] response, with
consequent slowing down of the possi-
ble speed of signaling.” Implicit, there-
fore, in the sense of maximizing the
SNR is the idea that there exists an
optimum receiving system bandwidth,
neither too narrow nor too wide. More-
over, as Carson points out, “The only
way in which the interference can be
reduced, assuming an efficiently
designed band filter and a prescribed
frequency range [bandwidth], is to select
a carrier frequency at which the spec-
trum R(w) is low.” Both ideas, that of
choosing an optimum bandwidth and
selecting signaling frequencies at which
the noise is low, are early versions of
the matched filter concept, which was
introduced 20 years later in the study
and design of radar systems during
World War II. Carson’s comments on
what we now call a matched filter are
best summarized in his own words:
“Discrimination between signal and
interference by means of selective cir-
cuits depends on taking advantage of
differences in their wave forms and
hence on differences in their frequency
spectra. It is therefore the function of
the selective circuit to respond effec-
tively to the range of frequencies essen-
tial to the signal while discriminating
against all other frequencies.” [Original
emphasis.] These thoughts of Carson
are prescient and quite remarkable,
despite their apparent simplicity.

SUMMARY AND CONCLUSIONS

Summarizing the previous discussion,
by the late 1920s we have the following
status of understanding of the impact of
noise on communication system perfor-
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mance:

* The concept of designing systems
to maximize a signal-to-noise ratio
was well recognized, with the term
“noise” being used interchangeably
for static (atmospherics) and fluc-
tuation noise.

* Workers in the fields of radio and

telephony generally knew that
noise at the first stage in an elec-
tronic system was paramount in
determining the signal-to-noise
ratio, although radio engineers
were most concerned with “atmo-
spherics” or static. Carson and his
coworkers in the telephone indus-
try included both static and circuit
noise in their discussions of fluctu-
ation noise and its impact on sys-
tem performance.

* Measurements of radio noise indi-

cated that the noise decreased with
frequency, essentially becoming
comparable to fluctuation noise at
short-wave frequencies.

e The spectrum concept as applied
to noise was beginning to be used,
despite the unease expressed by
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some workers as to its applicability

to random phenomena. There was

recognition that, at least at radio
frequencies, the spectrum of fluc-
tuation noise was flat.

e Carson had early on implicitly rec-
ognized the concept of what was
later called the “matched filter” in
maximizing the signal-to-noise
ratio.

Some years later, in 1933, Arm-
strong’s invention of wide-deviation
(wideband) FM demonstrated that noise
in communication systems could be
reduced considerably by purposely
widening the transmission bandwidth.
Armstrong’s work was followed by Alec
H. Reeves’ invention, in 1937, of pulse
code modulation, which similarly
demonstrated a noise-bandwidth trade-
off, albeit for digital rather than analog
signals. These two inventions changed
the study of the impact of noise on sys-
tem performance dramatically. Within a
few years of these inventions, it began
to be understood by the telecommunica-
tions community that both of these sys-
tems were in a class of communication
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systems for which one could trade
increased bandwidth off for improved
signal-to-noise ratio. Both FM and PCM
had a revolutionary impact on commu-
nications technology as well. Their work
was followed by path-breaking work on
noise in radar systems during World
War II, culminating in the development
of new communication systems and the
rise of the new field of communication
theory after World War II.
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