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Here’s why MYCALEX 410___

is the “Last Word” in

low loss insulation

For more than 27 years MYCALEX has consist-
ently demonstrated its superiority as an insulat-
ing material — supplanting one old-fashioned
material after another as electronic advance-
ments have made insulating needs more
exacting.

MYCALEX excels wherever high dielectric
strength and extremely low loss factor are im-
portant . . . where resistance to arcing and high
temperature is desired . . . where impervious-
ness to oil and water must be virtually 100%.

Latest and greatest of MYCALEX advance-
ment is MYCALEX 410 (Molded Mycalex). This
highly perfected insulation, together with our
exclusive injection-molding techniques, now
makes available a wide variety of unusual or
intricate shapes . . . especially with metal inserts
or electrodes molded in to form a perfect bond
or hermetic seal.

Our engineers invite your inquiries on all
insulating problems.
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Editor’s Introduction

HE preparation of the Standard FM Handbook may have-been an experience unique
in the annals of technical literature. The work of planning and correlating the chap-
ters was like trying to hold down a six-foot length of slippery eel with two hands.

That was because so many changes and so much progress have come to FM at such
a rapid rate. For example, a chapter on FM transmitters was planned originally. At that
time, we had data on RCA and REL equipment, representing reactance-tube and direct
crystal-controlled circuits. Just when the text was ready to release, we realized that the
chapter would not be complete without including the G.E. Phasitron. While we were
wondering what to do, Federal and Westinghouse came out with their versions of FM
transmitter circuits. Before we could meet that situation, we learned that Collins, Western
Electric, and Raytheon were engineering something new.

At that point, we were faced with the choice of either having the chapter on trans-
mitters incomplete, or holding up publication of the whole book for an indefinite length
of time. We finally compromised by omitting the chapter entirely from this First Edition!
It will appear in the Second Edition, however, and it will be complete, we hope.

Similar conditions confronted us in the chapters originally planned on communica-
tions equipment. Here, changes and impending shifts in frequencies were responsible. As
for home receivers, very little data was available from manufacturers. The chief engineer
of one company said: “We’re going to hold up the release of complete data on our sets
until more of our competitors have finished designing their first models!” We couldn’t
blame him.

In.the end, we boiled down the chapters to those subjects which have jelled sufficiently
to be used for reference purposes.

The net result will undoubtedly be subject Yo, a certain amount of justified criticism.
We aren’t satisfied, either, so that makes it unanimous.

Looking back on this undertaking, we realize that a standard handbook on any sub-
ject has to grow up from year to year with the progress of the art to which it is devoted.
Now, with Frequency Modulation set up on what should be an uninterrupted course of
development and expansion, we can promise you, s we have promised ourselves, that
future editions of the Standard FM Handbook will grow in usefulness as a reference work.

Mivron B. SLEEPER
September 11, 1946

COPYRIGHT 1946, BY MILTON B. SLEEPER

Published by FM Company, Great Barrington, Mass.
NEW YORK OFFICE: 511 FIFTH AVENUE

Price: Paper Bound $2.00 — Lifetime I.ibrary Binding $4.00



Chapter 1

Background of Frequency Modulation

Testimony by Major Armstrong before Senate Interstate Commerce Committee
Reviews Early Struggles of FM for Recognition

N December 6, 1943, Major Edwin H.
Armstrong appeared before the Senate
Interstate Commerce Committee which,
under the chairmanship of Senator Burton
K. Wheeler, was charged with investigat-
ing tlhe need for new legislation to amend
the Communications Act of 1934.
Taking part in this hearing, in addition
to the Chairman, were Senators White,
McFarland, Moore, and Hawkes. After
the customary preliminaries, Major Arm-
strong was asked:

Tue Cuairman: You might give us,
briefly, your experience in connection
with the radio art.

Dx. AvmstrRONG: My experience in the
radio art began in 1906, and my connec-
tion with it has been continuous since
that date.

I am the inventor of the regenerative
circuit, the superheterodyne method of
reception, the super-regenerative cireuit,
and the method of eliminating disturb-
ances in radio signaling which has become
known as Frequency Modulation, or FM.

For the sake of the record, I would like
to say that the regenerative circuit inven-
tion, which was made in 1912, revolu-
tionized the then existing means of radio
communication and made possible over-
seas reception and radio broadcasting.

The superheterodyne principle is used
in practically all receivers manufactured
today.

The super-regenerative circuit is widely
used in portable equipment and has been
used extensively in military applications
in the present war.

The FM system is also being used by
the Armed Forces of the United States.
Since March of 1941 I have waived all
royalty payments under my patents for
apparatus manufactured for this use, and
this waiver continues for the duration of
the war.

I am the recipient of the Medal of
Honor of the Institute of Radio Engineers,
the Holley Medal of the American Society
of Mechanical Engineers, one of the Na-
tional Modern Pioneer Awards on the oc-
casion of the one hundred and fiftieth
anniversary of the American Patent Sys-
tem, the Franklin Medal of the Franklin
Institute, the Egleston Medal from Co-
lumbia University, the John Scott Medal
awarded by the Board of City Trusts, City
of Philadelphia; and the Edison Medal of
the American Institute of Electrical Engi-
neers. These awards I have listed only
because there exists a difference of opin-
ion between the scientific world and the

courts on a matter which may come up
during the course of this hearing.

I served overseas in the Signal Corps
of the A E.F. from 1917 to 1919. With
that exception, I have been continuously
engaged in radio work in the Hartley Re-
search Laboratory at Columbia Univer-
sity, where I am at present professor of
electrical engineering.

It is my understanding that this com-
mittce is particularly interested, insofar
as I am concerned, in any information
which I have that bears upon the effects
that the FM system may have upon post-
war broadcasting and communications.
There is not the shadow of a doubt but
that the effect will be a revolutionary one.
It has already been so, particularly in the
field of broadcasting.

It seems to me, Mr. Chairman, that
perhaps the best way to convey a picture
of what is about to happen is to tell you
something about the past history of this
invention and explain how it has devel-
oped. There is, I believe, a lesson which is
of great importance to the future develop-
ment of the art. But I will, of course, pro-
ceed in any way which the committee
would like to have me do.

Tuae Cuairman: We wanted you to go
ahead and explain something about the
engineering problems of FM, and any
other problems of the radio art you may
see fit to talk about. In other words, some
of us want to get a little education as we
go along.

Dr. ArMsTRONG: Well, Mr. Chairman, I
will do my best to try to make clear a
complex technical principle, and I will
try to forecast as best I may what the
effect of the invention and the system
popularly known as FM may have on the
future of the broadcasting and communi-
cations art.

I suppose in order to make clear what
the FM principle is, I will have to go back
quite a ways in the history of radio. Along
about 1914, after the invention of the
regenerating circuit, which revolutionized
the radio art at that time, the problem of
static interference became the great prob-
lem of the radio art. Practically everyone
in the engineering part of radio undertook
to try to solve it. The results were un-
successful, and for a_great many years the
reason for the failure was unknown. Even-
tually it was understood that the reason
static could not be filtered out from the
radio waves was because static was prac-
tically identical in nature with the waves
that we were using in trying to com-
municate with them.

Around 1924 the problem was practi-
cally given up as an insoluble one. I had
started to work on this problem in 1914,
and along about 1924, after I too had con-
cluded it was an insoluble problem, I got
an idea which led me into a line of re-
search which resulted in the discovery of a
new principle. That principle was that the
way to overcome the effects of static was
to produce a kind of wave which was
different in character from the kind of
wave which static disturbance could pro-
duce. But the way it was done was by the
use of a method of modulation which was
very old in the art.

This method of modulation dates back
to the time when I was a student at Co-
lumbia “University, but by using it m a
new system and in a particular way, it
became possible to generate a wave which
was different from the static disturbance,
and to make a receiver which was immune
or refused to respond to waves of the
ordinary kind, or to those waves produced
by static, and which was responsive only
to the new type of wave. Now that system
has become known as Frequency Modula-
tion or, for short, FM.

Compared to the existing system, or the
system which was in use at the time this
discovery was made, the static disturb-
ances are reduced in power by an order of
500 to 1,000 times. I do not hesitate to say
that that is beyond the wildest dreams of
any inventor, to ever have had the good
fortune to run into a discovery of that
kind.

Around 1933 I had succeeded in setting
up in my laboratory a complete demon-
stration of the system, with measuring
equipment, to demonstrate the noise-
reducing capabilities of the system.

Toward the end of 1933 this invention
was brought-to the attention of the execu-
tives and engineering department of the
Radio Corporation of America. At that
time no one credited any static eliminator
which was demonstrated only in the lab-
oratory, from one room to another. So the
equipment was moved in the spring of
1934 to a station owned by the National
Broadcasting Company, and located on’
the top of the Empire State Building in
New York City. It was a relatively low
power television station which was then
not in operation, and I modified it to work
as a frequency modulation system.

The original tests of the system were
made in June 1934 over a distance of 70
miles. The results showed that, during
periods of heavy static, a transmitter op-
erating on power of only 2 kilowatts was



capable of outworking a 50-kilowatt stand-
ard broadcasting station.

For a period of about a year, I con-
tinued the demonstrations but was unable
to persuade the Radio Corporation of
America to take the next step, which was
to build a high-power transmitter which
would give a strong enough signal to wipe
out the bad spots which occur -in the
broadcastingof ultra high frequency waves.
I should like to add here that in the long
series of tests which were conducted by
the Radio Corporation of America, there
were found certain bad spots in the
coverage pattern, and the logical next step
to overcome this difficulty was the erec-
tion of a higher power transmitter.

In the end of April 1935 I decided that
I would have to take the job myself of
erecting a high-power station, and I wrote
to the Radio Corporation of America’s
manufacturing department asking them to
give me a quotation on some power equip-
ment. One week later the Radio Corpora-
tion of America announced that it was
starting a series of field tests of television;
that a million dollars would be spent
toward putting television into use.

Now, from that point the story that:

the committee will be particularly inter-
ested in really begins.

SeEnATOR Moore: When did you say
the announcement was made that ex-
periments with television would be made
by the Radio Corporation of America?

Dr. ArMsTrRONG: May 6, 1935, at the
annual meeting of the corporation’s stock-
holders.

Tae Caamman: When was your ex-
periment completed, or substantially com-
pleted, with reference to FM?

DR. ARMSTRONG: With respect to dem-
onstrating it for the Radio Corporation of
America?

Tae CHAIRMAN: Yes.

Dr. ArMsTRONG: The equipment was
left there until October of 1985. I turned
the equipment over to their engineers to
run further tests on it themselves.

Tae CuammaN: Why was it that FM
was never adopted?

Dr. ArmsTRONG: I believe there were
two reasons, Senator Wheeler: 1) That
the technical advantages of this system
were underestimated at the time; and 2)
That perhaps it meant too many new
stations on new networks. As to which of
these two reasons was controlling, I do not
know at the present time.

In November 1935 I read a paper before
the Institute of Radio Engineers and ex-
plained fully the capabilities of this sys-
tem. No one questioned, either at that
time or since, any of the statements which
I made.

Toward the end of the year —

Tre Cuamrman: What year was that?

Dr. ArmMsTrRONG: That was in 1935, in
November of that year, Mr. Chairman. I
might say here that the principal objec-
tion which was raised against the system
was that it could not work through the
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man-made electrical disturbances, such as
automobile ignition, or the great variety
of noises which we have in cities, electrical
machinery, power lines, or the like. The
obvious answer to any of those criticisms
was to build a high-power station and
then demonstrate that the criticism was
unfounded.

When I approached the Commission,
which I did informally through an inter-
view with the assistant chief engineer, he
informed me that he was not satisfied T
had done anything in the public interest
that would warrant the granting of a

FM CAME UP THE HARD WAY

AJOR ARMSTRONG'S story of his.

invention of Frequency Modulation,

as told in the U. S. Senate records, is an

inspiration to the thousands of pioneer-

ing spirits who have carried the radio art

to its high level of achievement for peace
and war in the United States.

As Major Armstrong told the Senators:
tt]t isn’t ignorance that causes the trou~
ble in this world; it’s the things that
folks know that ain’t se.” That has been,
indeed, FM’s greatest stumbling block.

This testimony reviews the early efforts
to eliminate static; the final acceptance |
of the static problem, in the 1920’s, as be~
ing Insoluble; the Major’s discovery of a
method by which static was reduced in
power to an extent beyond the dreams of
those who had quit trying; of newspaper
accounts which acknowledged that re-
ception from the 2kw. FM station he built
from an NBC television transmitter on
the Empire State Building was superior
at 85 miles to reception from 50-kw. AM
stations, yet ‘“Major Armstrong’s new
system is utterly impractical —and the
quest for static elimination must go on.”

Fortunately, that quest did go on.
When the assistant chief engineer of the
FCC refused Major Armstrong’s reguest
for permission to build a high-power FM
station, he still persisted, and a con-
struction permit was finally granted.
The station was built and its perform-
ance confirmed Major Armstrong’s theo-
retical conclusions.

The story of the fight to overcome the
obstacles of opposition and indifference
to the advantages of FM, as disclosed in
this testimony, is a fascinating 'story,
and supplies background to the plans
now heing made for the postwar expan-
sion of FM broadcasting.

The testimony qulished here is taken
from the 1022-page record of ‘‘Hearings
before the Committee on Interstate Com-~
merce, United States Senate, Seventy-
Eighth Congress, First Session, on S.
814, a Bill to Amend the Communications
Act of 1934, and for Other Purposes.’”’

license. Not even though I was spending
my own money to demonstrate this prin-
ciple. He suggested that I build a 1-kilo-
watt low-power FM transmitter and com-
pare it with an AM transmitter. In other
words, do exactly the same thing which I
had already been doing for the past 2 years.

TrE CrARMAN: Who was that? .

Dr. ArMsTRONG: Mr. Andrew Ring,
who was then assistant chief engineer of
the Federal Communications Commission.

Tae CrARMAN: You may proceed with
vour statemernt.

Dr. ARMSTRONG: About the same time
also there appeared in the Boston papers
an interview with Mr. Ring labeling this
invention a visionary dream. I can supply
the committee with a copy of the articles
as they appeared in the press, such as the
Boston Globe and the Christian Science
Monitor, they being the two papers I saw.

SENaTOR McFarranD: What was the
substance of that interview? I did not
catch what you said.

Dr. ArmsTRONG: The interview was
given by Mr. Ring to one of the editorsof
Broadcast Magazine who syndicated it
through the press. How many other news-
papers carried it I do not know, sir, but I
did get copies of the Boston Globe and the
Christian Science Monitor.

SENATOR McFArRLAND: What was the
substance of the interview?

Dr. ArmMsTRONG: I will look it up.

TrE CHATRMAN: You can put it in the
record later on if you do not have those
clippings at hand.

Dr. ArMsTRONG: I am sorry. I thought
I had them right here.

TeE CHAalRMAN: You can furnish them
to the clerk of the committee later on to be
inserted in the record.

Dr. ArmsTRONG: The substance of the
interview was that it was an impractical
invention; that the receivers required too
many tubes; that it would have to work
in the ultra-high frequency range, and
that that had not been made commer-
cially possible by the Commission; and,
in-general, if it was of any interest it was
years away.

Tre Crarrman: When was it that you
gave a demonstration at Senator White’s
home which I attended?

Dr. ArmsTRONG: L would say about
February 1940, Mr. Chairman.

SenaToR McFarLaAND: What became
of Mr. Ring?

Dr. ArmsTRONG: Mr. Ring has not
been with the Commission for several
years. I believe he is in private consulting
practice, engineering FM stations.

SeENaTOR McFaRLAND: That is rather
surprising. Mr. Chairman, in view of the
last answer by the witness I think the
interview will be of especial interest to the
members of this committee.

TrE CHAIRMAN: Very well. It will be
furnished by Dr. Armstrong when he can
get opportunity to find them.

Dr. ArmstroNG: I will be glad to do
that.

* * * * *

Mr. Ring’s interview, afterward fur-
nished by Dr. Armstrong, is as follows:
(From the Christian Science Monitor, November

18, 1935)
FINAL USE OF ULTRA-SHORT WAVES
FOR STATICLESS RADIO FORECAST

A staticless era under ultra-short wave pro-
gram radiocasting is foreseen by Andrew D.
Ring, chief broadcast engineer of the Federal
Communications Commission, after having
viewed the new staticless transmitting system
developed by Major Edwin H. Armstrong of



Columbia University. Major Armstrong was
the inventor of the super-generative- circuit
which is employed by most radio amateurs in
5 meters.

If the time comes when ultra-short waves
are used for program radiocasting, Major
Armstrong’s new staticless circuit will becomne
of value. (Ultra-short waves are those below 10
meters.) The new circuit, however, is imprac-
ticable today on the present 200-500-meter
radiocasting band. It is obvious, however, the
crowded condition of the radiocast channels
may one day cause entrance of radiocasters into
the ultra-shorts where there will be room for
many more hundreds of radio stations than
there are at the moment on medium waves.

FREQUENCY MODULATION

Major Armstrong’s new system, which em-
ploys frequency modulation, is too complex for
the final answer, according to Mr. Ring, who

Major Armstrong’s staticless circuit, the Monz-
tor is indebted to Martin Codel, Washington
radio writer, for a very clear description of the
method the Major employs.

“Stripped of its technical ramifications,”
Mr. Codel says, “the system employs a multi-
plicity of so-called ‘carrier waves’ — the tracks
along which radio impulses are conveyed —in
lieu of the present single carrier wave. Assume
that radio sounds are comparable to a high-
speed train, traveling along a monorail (single
carrier wave). Then liken the ‘modulation’ of
the carrier wave (i.e., the superimposition of
sound amplitudes on it) to the right-of-way
of the railroad.”

Over WiDER PATH
“The Armstrong system,” Mr. Codel con-
cludes, “while utilizing only one carrier wave,
spreads this carrier during modulation over a
right-of-way of 200 kilocycles. The result.is a

Frequency Allocations between 40 and 129 Megacycles

onstrated by his invention (during the war) of
the superheterodyne circuit that makes. mod-
ern radios so highly selective and sensitive,
Mr. Ring sees two big obstacles in the way
of “frequency modulation,” which he calls a
visionary development many years in advance
of broadcasting’s capacity to utilize it.

In the first place,. it requires a 200-kilocycle
path of frequeéncies for the transmission of its
interference-free and noise-free signals — and
such wide avenues of ether are simply not
available today except among the plentiful
ultra-short waves which are still labeled ex-
perimental. In the second place, it is so complex
that it requires, at least in its present stage 'of
development, a receiving set of 57 tubes, which
is out of the question as a commercial and
marketable possibility.

IMPRACTICABLE AT PRESENT
Major Armstrong has demonstrated quite
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sees two obstacles in the way of this new radio
circuit which he calls “a visionary develop-
ment years in advance of broadcasting’s capac-
ity to utilize it.”

First, it requires a 200-kilocycle  path of
frequencies for the transmission of its inter-
ference-free 'and noise-free signals — and such
wide avenues bf the ether are simply not
available today except among the plentiful
ultra-short waves which are still labeled “ex-
perimental.” Second, in its present stage of
development it requires a receiving set employ-
ing 75 tubes which is out of the question as a
commercial and marketable possibility.

Major Armstrong has been esxperimenting
with his new system from the R.C.A. experi-
mental ultra-short-wave station atop the Em-
pire State Building and he demonstrated quite
satisfactorily how he transmitted high fidelity
voice and music for distances up to 85 miles
with low power and without a trace of the buzz-
ing and frying sounds that are characteristic
of lightning and other atmospheric interference.
Indeed, the reception with his system was more
satisfactory than that from 50,000-watt sta-
tions over the same distance. Hitherto it has
been assumed that high power is the only way
to override static—and the trend in radio-
casting today is toward higher and higher
powers.

While those familiar with radio circuits have
not been able to get intelligible descriptions of

dissipation of the sound over a wider path and
its transmission and reception with much
greater clarity. That this is achieved by Arm-
strong is entirely admitted by radio engineers.”

(From the Boston Sunday Globe, November 17,
1935)

INVENTS RADIO WITHOUT STATIC

If and when the ultra-short waves are
adopted for program broadcasting, which will
mean a plenitude of wave lengths for thou-
sands of local stations as against 96 channels
on which about 800 North American stations
are now crowded, the new “staticless” trans-
mitting system developed by Prof. Edwin H.
Armstrong, of Columbia University, will pro-
vide a revolutionary new departure in radio.
Under the present system of broadcasting on
the intermediate waves between 550 and 1,500
kilocycles, Major Armstrong’s new system is
utterly impracticable —and the quest for
static elimination must go on.

This s the conclusion of Andrew D. Ring,
chief broadecasting engineer of the Federal
Communications Commission, who saw the
demonstration of Major Armstrong’s new
“frequency modulation” system before the
Institute of Radio Engineers in New York last
week. Though he pays high tribute to Major
Armstrong’s inventive genius, already dem-

satisfactorily how he transmits high-fidelity
voice and music for distances up to 85 miles
with low power and without a trace of the buzz-
ing and frying sounds that are characteristic
of lightning and other atmospheric interference.
Indeed, the reception with his system is more
satisfactory than that from 50,000-watt stations
over the same distance. Hitherto it has been
assumed that high power is the only way to
override static — and the professor, one of the
veterans of wireless, is highly enthusiastic about
his system as the answer to the static problem,
bane of most distant reception.

The Armstrong system, while utilizing only
one carrier wave, spreads this carrier during
modulation over a right-of-way of 200 kilo-
cycles. The result is a dissipation of the sound
over a wider path in its transmission and re-
ception with much greater clarity. That this is
achieved by Armstrong is entirely admitted.

The possibility, however, of securing ether
paths as wide as 200 kilocycles is virtually nil
under the present system of broadcasting.
Used in the present broadcasting band, it
would permit of only about 5 channels of
transmission, or 1 where 20 are now available.
It would render mbdern broadcasting entirely
obsolete, quite aside from the fact that it would
require brand-new types of receiving sets to
pick up its signals.

On the ultra-short-wave lengths, which be-
come more numerous and the use of which
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can be duplicated about every 100 miles, it is
very likely that the Armstrong system could be
used to good advantage. The ultra-shorts,
however, have practically no audience today
even for the few experimental stations operating
on them. It is improbable that they ever will
have a substantial audience unless and until the
Washington authorities decree that they shall
be used for regular commercial broadcasting
purposes. Even then entirely new audiences
will have to be built up to tune them in — audi-
ences equipped with entirely new types of re-
ceiving apparatus.

* % % k¥

Tre CumamsaN: You may continue
your statement, Dr. Armstrong.

Dr. ArmsTroNG: I was unable to secure
Mr. Ring’s approval to construct a high
power FM station, and during the early
part of 1986 I made the acquaintance of
Mr. Horace Lohnes, who is an attorney
‘practicing before the Commission, who
succeeded in securing for me the neces-
sary permission in July of 1936. 1 believe
the chief engineer of the Commission at
that time, Commander Craven, overruled

Frequency Allocations between 40 and 129 Megacycles

small black slices were all that were
allocated to FM.

Now, this allocation ‘was on an experi-
miental basis. The theory on which the
allocation was set up was a good one; it
was that the Commission could not at
that time fully determine the needs of the
different services, but that as they de-
veloped this allocation would be revised,
as one service developed faster than an-
other and showed the need for greater
space.

SExATOR McFARLAND: Mr. Chairman,
I regret to have to leave this very inter-
esting discussion but it is necessary for me
to go to another committee. I do not want
the witness to think that my'leaving the
room shows a lack of interest. I will read
your testimony, Dr. Armstrong.

Dr. ArmsTRONG: Thank you.

Tre CHamrMaxN: You may continue
your statement.

Dr. ArustronGg: While this allocation
to. FM was ample for the purpose of mak-
ing a demonstration, yet it had a very
unfortunate effect. It had the effect’ of

I gave several hundred demonstrations,
scores of lectures throughout the country,.
and gradually converted a large number
of broadcasters to a belief that the FM
system was the system of the future.

Now, those converts were not the major
chains. They were the men who had small
stations, who never could hope to get into
the front row of broadcasting, as it were,
with a 50-kilowatt station. But they were
willing to go into this new development
where they could get a seat in the front
row.

About 150 applications had been filed
in the beginning of 1940, when there was a
hearing before the Communications Com-
mission, set for mid-January of that year,
to consider making permanent the tele-
vision assignments shown in the chart and
to make television commercial.

Had that been done FM would have
been hamstrung for all time for lack of
space. It would never have survived that.
There was also set a hearing, for March
1940, in which the question of allocating
more space to the service of FM broad-
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the position which the assistant chief
engineer had taken.

In June 1936 thére was held a hearing
by the full Commission to determine how
the high frequencies, that is, frequen-
cies from 30 megacycles up, were to be
allocated. At that time only two men
spoke 1n favor of the FM system, myself
naturally, and the chief engineer of the
Yankee Network, a small network operat-
ing in New England, Paul de Mars. As a
result of that hearing, in which the claims
of television broadcasting were also con-
sidered, an allocation was made by the
Commission, under I believe General Or-
der 19, which as finally set up in the fall
of 1987 resulted in the allocation which
I have blocked out on the chart I now
hand to you gentlemen. The squares
marked “T” are, as I have indicated,
television. The “G” represents space al-
located to governmental purposes, the
*“A” represents amateurs, and the two
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leading the rest of the broadcasting art
to believe that the nmext major develop-
ment of the art would be television, that
it would not be Frequency Modulation
broadcasting, and that there was really no

. place left in the spectrum for Frequency

Modulation, because obviously in either
one of these small blocks it would not be
possible to set up a national service, and
without a national service no new broad-
casting system could hope to succeed.

Tue CuAIRMAN: That diagram may be
made a part of the record.

(The chart entitled < Frequency allocations
between 40 and 129 megacycles, October
1987 to May 1940 is shown in Fig. 1.)

Tue CHAIRMAN: You may resume your
statement.

Dr. ArmstrONG: The obvious next step
was to demonstrate to as many practical
broadcasters as possible the capabilities
of the FM system. And during the suc-
ceeding” 8 years I undertook to do that.

casting was to be taken up. That question
would have been moot had the purpose of
the January 1940 hearing been carried
through.

I appeared before the Commission at
that time and pointed out what the situa-
tion was; and I thinkifor the first time it
was brought home to the Commissioners
what the situation was that had really
developed from the error of the June 1936
allocation.

The Chairman, Mr. Fly, stated that the
Commission would hold over its decision
on making the television assignments
permanent, until they had been able to
hear the FM case.

Now, shortly thereafter a very great
effort was made in the commercial world
to launch television, and to sell as many
television receivers on the number 1 chan-
nel as could be sold, to block up the logi-
cal place for FM to expand.

At the hearing in March 1940 — well, T



want to add just one thing before I go
into the March 1940 hearing. Television
had been given a limited commercial
status by an order of the Commission some
6 months prior to the time I am now talk-
ing about. That order was withdrawn
when it became apparent that there was
an attempt being made to fill up the No.
1 television channel with receivers, so
that no change in the allocation could be
made without working hardship on pur-
chasers of those receivers.

Now, getting back to the March 1940
hearing, the facts of the case and the needs
of FM for greater channel space, were
presented to the Commission, and as a
result of that the Commission took the
No. 1 television band,! allocated it to FM
and gave the band marked “Govern-
ment”” from 60 to 66, to television. So
that television had® exactly the same
number of channels as before, but —

Electric Co., Mr. Chairman.

Tae CHAIRMAN: You may resume your
statement. )

Dr. ARMSTRONG: At this point I want
to make this statement, that I have heard
the chairman of the Commission has been
accused of holding up FM. At this point
he certainly did not hold up FM. Another
chairman might well have done so, but at
this point Mr. Fly gave FM its greatest
boost. Later on regulations by the Com-
mission did hold up FM, and they are
still doing so.

Tre CrARMAN: In what way?

Dr. ArmsTrONG: The invention, Mr.
Chairman, is 10 years old. There are still
no channels assigned for relaying pro-
grams of FM about the country. It is one
of the great developments which is surely
coming, and that will be the relaying of
FM broadcasting around the country
without the use of connecting wires.

Frequency Allocations between 40 and 129 Megacycles
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the allocation of these frequencies to
television and Government, and that there
is no space available.

Now, that reason was given a good
many years ago, when allocations were
based on the theory that everything about
radio was known for all time; that there
was a certain limited amount of spectrum,
and that it had to be allocated among
the different services. But I think the en-
gineering department of the Commission
has gained wisdom since that time.

SenaTOorR HawkEes: Has gained what?

Dr. ArMsTRONG: I think the engineer-
ing department of the Commission since
that time has acquired much wisdom.

SexaTor Hawkes: It is to be hoped so.

Dr. ArmsTRONG: And I believe that we
will in the future have much more sympa-
thetic treatment of that particular request
for relay channels.

Senaror Hawkes: But their position
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Senator WaiTeE: What do you mean
by “the No. 1 television band’?

Dgr. Armstrone: I am sorry, Senator
White, as I should have cxplained that.
The No. 1 television channel is from 44
to 50 —

SuxaTor WHITE: You mean the first
white block on the chart, to the left,
bearing a “T,” do you?

Dr. ArvstrONG: Yes. That was moved
up into the position of 60 to 66, and the
television bands were renumbered. The
old No. 2 television band became the new
No. 1 television band. And with that the
enthusiasm to . promote television sub-
sided.

Tuxr Cuarrvan: When Mr. Ring left
the Commission didn’t he go with the
General Electric Company?

Dr. ArvsTtroNG: I believe Mr. Ring is
in private consulting practice. I believe
that he formerly was with the General

t This band, 44 to 50 mec., was used by the R.C.A.
station on the Empire State Building, New York City,
when this station opened officially at the time of the
World's Fair. (Editor's Note.)

Tur Cuairman: How did the Commis-
sion hold it up?

Dr. ArmstronGg: The Commission has
never allocated a band of frequencies for
that purpose, although the bands which
could be utilized for relaying might be
anywhere in a region as far up as 300
megacycles or more. They have had it
under consideration, and perhaps if it had
not been for the war there would have been
something done about it, but nothing yet
has been done.

Sexator Hawxes: Dr. Armstrong; do
you mean by that to say that they could
have made these available to FM without
initerfering with the established channels
at all?

Dr. ArMmsTRONG: Yes, Senator Hawkes.
There are vast spaces up in the upper fre-
quencies where, prior to the war, no
stations whatsoever were operating.

SenaTor Hawkms: What have they
given as a reason for not extending that
privilege, or that license, to you for FM?

Dr, ArMsTrRONG: Informally that the
existing allocations system provides for

was at that time, when this hoped-for
wisdom you are speaking about had not
been acquired, was that they could not
make those assignments without inter-
fering with other assignments already
made; is that correct?

Dr. ArmstroNG: Yes. That is, assign-
ments which had been made over large
areas. of the spectrum, where you could
take a receiver and listen from morning
until night and never hear a station. There
was plenty of room to put relays in.

There was another reason why the relay
broadcasting should have been put into
use. It would have been years before any
demand would have arisen for these
channels for the purpose to which they
were allocated, and by that time we would
have learned how, through using these
channels, to have moved the relay stations
on up into the higher part of the spec-
trum, out of the way of the demands of
some new service.

As this art develops you see more and
more the impossibility of making progress
under the rigid allocations of the past, for
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they were made on the theory that there is
a limited quantity or number of channels.
That is the lesson I am trying to get across
by relating the experience in FM, of get-
ting it under way; and while at the present
time FM has escaped that danger, the
danger of being blocked off, I want to
assure the committee that I as an inventor
am not anxious to run the risks again that
I ran in undertaking to put this thing into
use.

TrE CHAIRMAN: As Senator White has
just suggested to me, at that time no one
knew much about these ultra high fre-
quencies, I take it.

Dr. ArMsTRONG: Yes; that is true, Mr.
Chairman. A few of us knew, but it was
not possible by the use of the English
language to convert people to your point
of view. I haven’t that power of speech.
The only way that it could ever be done
was to build a station, set it up, and wipe
out by the demonstration of the things
that people kmew that were not so.
(Laughter.)

SENATOR Moorg: If that could be ap-
plied to other activities of the Govern-
ment, it would be very desirable.

Dr. ArmstrONG: I do not know of any
other way of making progress in the radio
art. I have been in the field of inventing
since 1912.

Senxator Hawges: Your experience in
proving what you knew yourself is very
similar to the experience of anyone who
has made a brand-new discovery in the
mythical field; isn’t that correct?

Dr. ArmsTrONG: Yes; that is true.
But in the ordinary type of human en-
deavor you are usually able to go ahead
without being blocked in any way. Now,
here was the case where if the engineering
department of the Commission made a
mistake, you never would get the op-
portunity to prove that you were right.
That is the lesson of the development of
FM. The history of all inventions is that
most engineers are wrong; at the time the
invention is made the only man who is
right is the inventor, and everyone else is
wrong. So that if you prevent him from
developing what his idea is, he will never
have the opportunity of making any
converts. It is a tough problem.

TrHE CrAmrMAN: The inventor has to
prove that the other fellows were wrong.

Dr. ArmstrRONG: Invention is going
ahead in the face of the established rules
of scientific knowledge, and in showing
that it either does not apply or it is being
wrongly applied. As Josh Billings has said:
“Tt isn’t ignorance that causes the trouble
in this world; it is the things that folks
know that ain’t so.” (Laughter.)

SeEnaTOR HAwkEs: You will remember
that at the end of the Civil War some-
body suggested we ought to close the
United States Patent Office because there
was nothing new to be discovered.

DR. ARMSTRONG: Yes, Senator, I re-
member that very well.

I have a few copies of another chart

here which will illustrate the situation as
it is at the present time, in the same
frequency range of the chart I have al-
ready given you. I only have two or three
copies of this chart.

SENaTorR WaITE: Will you state again
what this is.

Dr. ArMSTRONG: ‘That is the existing
aJlocation between 40 megacycles and 129
megacycles, as it stands today.

Tae CHAIRMAN: And it is your thought
that that is not sufficient.

D=r. ArMsTRONG: FM has developed so
much more rapidly than the majority of
people believed it could. develop, that
additional space will be required.

(The chart entitled “Frequency alloca-
tions between 40 and 129 megacycles May
1940 to date” is shown in Fig. 2.)

Dr. ArmstrONG: I have here a chart
which indicates what additional space is
now being asked for by the Association of
FM Broadcasters. It is just the same as
the charts which I have given you with
the exception that the No. 1 television
band is shown as allocated to FM broad-
casting.

(Tke chart entitled *“Frequency allocations
between 40 and 129 megacycles (with modifi-
cation proposed by F.M.B.I.)” is shown
in Fig. 3.)

SenaTor Hawkes: You may have
stated it before I came into the room, but
how many FM broadcasting stations are
there in the United States now?

Dr. ArMsTRONG: Around 50, Senator.
I do not know the exact number but it is
*of that order.

SenaTOR HawkEs: And that is related
to how many in the AM or standard
broadcasting field?

Dr. ArMsTRONG: Around 800, or per-
baps even more than that. Under the
present allocation there would be room
for many thousands of FM stations
scattered throughout the country, but in
congested areas, such as New York, Chi-
cago, and Los Angeles, the opinion is that
there are not enough channels at the pres-
ent time, and as this art develops at least
an addition of the present number 1 tele-
vision band 2 will be necessary.

You can see from looking at the charts
what a really small part of the spectrum
has been allocated to the service of FM
broadcasting. The natural habitat of
service such as television is in the higher
frequencies, and I have a further chart
which indicates that there is ample space
for television to expand up into the higher
frequencies.

(The chart entitled ““Frequency alloca-
tions between 40 and 129 megacycles (with
modification proposed by F.M.B.1.)” is
shown in -Fig. 4.)

SexaTor HawkEs: In order to use these
higher spaces would it require a complete
change in the apparatus now used for
television?

Dr. ArmstRONG: It will' require a

3 That is, 50 to 56 mec. (Editor’s Note.)

change in the transmitter principally. The
difficulties of getting high power out at
the higher frequencies were very much
greater a few years ago than they are at
the present time. The point I want to
make, however, is that in order to get
enough television channels to operate a
national service, television must learn to
work in the higher frequencies. So it makes
very little difference whether television
starts at 50 megacycles and winds up in
the hundreds, or starts at 60 megacycles
and winds up in the hundreds of mega-
cycles. But it makes a very great difference
to the full development of the FM system.

SENATOR HAwKES: In other words, the
FM system can develop very much more
rapidly and successfully in the lower fre-
quencies.

Dr. ArmsTRONG: I believe so. It can
work in the higher frequencies, but I
think the position it is now in is probably
the best for it. :

Tue CHAIRMAN: Was it your idea that
the industry engaged in AM broadcasting
was blocking FM? Or, to be specific, that
the Radio Corporation of America was
blocking it? Was that your idea, as I
gathered from your statement?

Dr. ArMSTRONG: Senator Wheeler, I
would like to answer that question this
way: That if at the June 1936 hearing,
that is, the hearing before the Commission
which resulted in that very narrow alloca-
tion to FM (Fig. 1) the Radio Corporation
of America as the recognized leader in the
industry, had said one thing, and that is,
that what Armstrong is saying as to the
capabilities of FM is true, then we would
never have had any of this trouble about
allocations. I am quite sure the Commis-
sion would have had nothing left to do
except to allocate a substantial band to
FM.

Tae Cuamman: Wouldn’t the Radio
Corporation of America make more money
with FM by reason of selling more equip-
ment, than by not having it?

Dr. ARMSTRONG: Yes, Senator Wheeler;
and there is a difference of opinion within
the Radio Corporation of America. One
part, I believe, wants to go into FM,
and another part does not.

Sexatror WHITE: I think everybody
recognizes, Dr. Armstrong, that you are
the final word in the development of this
branch of the radio art. I am a little curi-
ous on this point, because I have no
knowledge about it: What attention has
FM attracted in England, or in Germany,
orin other European countries? They have
lagged far behind us, haven’t they?

Dr. ArmsTRONG: The British did not
take it up as quickly as they should have.
I believe the reason for that was that when
they made inquiry to us through the es-
tablished channels in this country, the
possibilities were rather talked down to
them. I got that impression from talking
to some British engineers years later.

In Germany they fully appreciate the
advantages of FM, as shown by some of



their technical publications which came
to my hand just before the war started.
But I have no information as to what they
have done with it since that time.

Senator Hawkes: Has FM developed
to any appreciable cxtent in any other
country than the United States?

Dr. ArmstrONG: No; I believe that
Canada is probably in second place, and
they are just beginning to go into it, or
were, prior to the war.

Tue CrAmMAN: Have you demon-
strated FM in England, or in any other
country? Have you tried to push FM in
other countries?

DR. ArMSTRONG: No, Senator Wheeler.
I have demonstrated it in this country
after I completed the construction of the
large station located at Alpine in 1939.
That aroused a great deal of interest, as
shown by the articles which subsequently
appeared in the British technical press. I
have no doubt that it will go into use
throughout —

plemented by the spoken word in order to
carry the point I wanted to make.

Tae CaHARMAN: Do I understand that
the spectrum from 129 to 200 can be
utilized in the future for FM broadcast-
ing?

Dr. ArMsTRONG: Yes; it can be utilized
for FM, television, and various cornmuni-
cation and relay circuits, all sorts of new
forms of communication will arise in there.

Tae Crairman: Your idea is that you
will not have to use telephone wires, that
you can communicate directly; is that
correct?

Dr. ArmstroNG: No. I do not believe
I have the imagination to go that far
ahead at the present time.

Tae CaamrMan: Then I misunderstood
you.

Dr. ArMsTRONG: I think that a great
many point-to-point communications will
be set up in there, and radio relays be-
tween broadcasting stations in different
regions, and perhaps eventually we will
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answer is, but should like to have it from
you.

Dr. ArMsTRONG: Yes: Of course, any
program can be sent over FM. If, how-
ever, the program comes from one of the
existing wire lines, while you will get the
full benefit of the suppression of static,
and will get a somewhat better quality
than you would if the program was sent
out over an AM station, you will not
realize the full advantages of FM because
the line transmission characteristics limit
it.

SenaTor WHITE: As a practical matter
any program that could be broadcast over
the standard broadcast bands could be
also transmitted by frequency modula-
tion?

Dr. ArMsTRONG: Yes; certainly Senator
‘White. And a great many stations that
are operating on FM now are doing that.

SenaTor Hawxkes: It is your conten-
tion that the quality of these programs
will be equal to or better than the quality
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Tae CHAmrMAN: In what State is that
station located?

R. ARMSTRONG: In New Jersey, just
north of the George Washington Bridge.

SenaTor HawkEes: Do you mean that
you demonstrated FM at the Alpine Sta-
tion to the representatives of Great Britain
and other countries?

Dr. ArmstronG: Yes. I have given
countless demonstrations during the first
year or two after the station went into
operation. And if it had not been for the
war the thing would now be in operation
in all parts of the world, and particularly
in the tropics where static disturbances
arc very great.

SenaTor Hawkes: Do I understand
that the Alpine Station went into opera-
tion in 19397

Dr. ARMsTRONG: The large station that
I have referred to. I had a small station
erected at the home of an amateur friend
of mine, with which I gave demonstrations
during the period of 1936 until the big
station was ready. But that was the case
where the demonstrations had to be sup-

50'TO 56-MC. BAND TO FM

see coast-to-coast networks. But I do not
want to predict at the present time when
that will be.

Senaror Warre: Will you state for the
purpose of the record whether there is any
difference in the type of program that can
be sent over FM transmitters and re-
ceived by FM receiving sets, than for
standard broadcasting?

Dr. ArMsTRONG: Yes; and I thank you
very much, Senator White, for reminding
me of that. I shouldn’t have forgotten it.

SexaTor WHITE: I got the suggestion
elsewhere. It was not original with me.

Dr. ArmstroNG: The quality of the
transmission is very, very much superior
to anything that can be done over the
existing AM system.

SenaTOR WHITE: That refers to the
quality of the transmissiom: I was inter-
ested to have you put something in the
record as to the type of program, whether
you can send the same type of program by

- FM that you can send under standard
- broadeasting. I think I know what the

of the programs over AM; do I understand
that from your statement?

Dr. ArmsTrONG: Yes, Senator; but I
would go further than that. I would say
that they are much better, and that it is
even possible on transeriptions to put out
a program which is more pleasing than the
program which comes over a line of the
existing character and goes out on an AM
station. I have very definitely gotten that
reaction from the listeners to my Alpine
transmitter. '

Tae CaamMAN: You are speaking of
transcriptions. Is it possible to use a
transcription today which will be as good
as the voice coming over the radio from a
distant point over AM?

Dr. ArmsTrONG: Yes, Senator; I think
you can do a better job.

Tae CHAlRMAN: I was going to say I
had been informed that as a matter of
fact today you can do a better job on
transecriptions than you can by getting it
from the original point over the wire, be-
cause of the technical improvements in
transeriptions.
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Dr. ArmsTRONG: Yes; if the transcrip-
tions are sent out over FM, that is
certainly so, and transcriptions will in
the post-war period be very substantial-
ly better than they are at the present
time.

Tue Coamman: Then, so far as con-
cerns the announcing that a certain pro-
gram is a transcription, the need for doing
it or the reason for doing it will be to some
extent eliminated, will it not be — that is,
announcing that “This is a transeription”?

Dr. ArMsTRONG: I have seen transerip-
tions in the laboratory that, without such
an announcement, would be mistaken for
a direct pick-up.

THE CuarMAN: Yes. Some have con-
tended that the transcription is better
than the pick-up, that it can do a better
job. I was wondering whether that was
correct, in your opinion.

Dr. ArmsTrONG: I would not go so far
as to say —

Tae CaamrMAN: You would not-go that
far.

Dr. ArMsTRONG (continuing): That the
transcription is better than the direct
pick-up, but I think it can be made so
nearly equal to it that most people would
not know the difference.

Tae Crarrmax: Your idea is that the
transeription from FM could be made bet-

ter than the direct pick-up over AM.

today?

Dr.’ArvsTrRONG: Yes; that is my state-
ment, Mr. Chairman.

Tae CHAIRMAN : The main thing, one of
the principal things that you do, however,
in FM is to eliminate this static which you
get today in case of a thunderstorm or
many other things that come up?

Dr. ArmstronG: That is one of the
advantages of the system, although a
large number of the listeners who have
been interrogated choose the better qual-
ity as the principal advantage of the sys-
tem. I think it depends to a considerable
extent where the listener is located with
respect to the nearest AM station. If he
is out on the fringes of the AM station’s
range, then FM comes through clearly and
he thinks that the principal advantage is
in the noise-reduction feature. If he'is
located near an AM station, where he
doesn’t get much static, then the better
quality is the more striking difference
between the two.

Tre Cuamrvax: Now, would you ex-
plain to the committee the difference be-
tween AM and FM?

Dr. ArmsTrRONG: Mr. Chairman, I will
try my best. It is something that I have
been trying to do from the lecture plat-
form for the last 7 or 8 years, add it is
difficult because there is no good mechani-
cal analogy between the phenomenou
which occurs in Frequency Modulation
and anything with which we are familiar.
But I will do my best.

Tre Crarman: I should like to have
you tell us what the difference is in the
transmitter, too, and what the difference

has to be in your receiving set. Do it in
simple terms so that we can understand
it. .

Dr. ArmsTrRONG: In order to explain
Frequency Modulation, T have to explain
modulation; and in order to explain modu-
lation it is necessary to explain radio
transmission.

Radio transmission is really a fairly
simple thing. We have at the sending end
an elevated conductor of some sort which
is connected to an electrical pump at its
base which pumps electricity up into this
conductor and sucks it out again-a great
many times a second. The electrical pump
is what we call the transmitter. The num-
ber of times that the electricity is pumped
up and down may be in the hundreds of
thousands or millions of times a second.

By a process that we need not inquire
into, any other conductor located'at a

"distance has set up in it a feeble electric:

current which likewise goes up and down
in the wire or elevated conductor in the
transmitter. Now, that is electrical trans-
mission. It is not, however, electrical com-
munication. To get communication you
must do something at the transmitter;
modulate the current in the transmitter so
that the effect of that can be observed in
the receiver. The oldest way of doing that
is to change the strength of the current
which is going up and down the antenna
in accordance with the fluctuations of the
voice. That is called amplitude modula-
tion. The electrical pump. continues to
pqnhp at a constant rate, the same number
of times per second.

Now, in Frequency Modulation you do
not change the strength of the current in
the transmitting antenna, but you change
the speed .of the pump in accordance with
the fluctuations of the voice. That is, you
speed the pump up or slow it down; and
you may, and in practical FM broadcast-
ing you do, change the speed of the pump
from, let us say, 89,900,000 times a second
to 40,100,000 times a second, and that
can be done very accurately in accord-
ance with the flictuations of the voice.

TraeE CaarMAN: Does it eliminate the
fading that you get on radio at times, or
not?

Dr. ArmstroNG: That is another of the
advantages of the FM system, that it
does not suffer within its service range
from the present trouble which the AM
system has, and the FM system will work
beyond the fading range of our present
day AM transmitters if it is constructed
of high enough power and on a good
elevation.

At the receiving end, we have for- AM
a particular kind of receiver, and for FM
we have a different kind of receiver. The
FM receiver must not respond to ampli-
tude changes, nor must it respond to
small frequency changes, but must re-
spond only to the wide changes in the
speed of the pump at the transmitter.

Now, I hope I shall be spared from the
difficulty of undertaking to explain just

how that process is brought about. When
I first explained it to the best men in the
industry, it usually took a week or two
before it sank in.

Tae CaatrMaN: We will not press you
for that.

Sexaror WrrtE: We know as much
now as we ever will. (Laughter.)

SenaTor Hawkes: Dr. Armstrong,
there is a converter that might be at-
tached to the ordinary receiving set that
has been receiving AM transmission, that
will receive FM ; is that correct?

Dr. ArMsTRONG: Yes, Senator, there
have been a number of devices which
make use of the loudspeaking part of the
AM set and which do it fairly effectively.
The static-reducing features of FM are
retained, but of course the quality is de-
pendent on the excellence or otherwise
of the loudspeaking system in the AM set.

SenvaTor Hawkes: Is there any neces-
sity of having anything other than this
converter we are talking about, to use
the ordinary set that people possess at the
present time, in order to get the results
you are talking about from the FM?

Dr. ARMSTRONG: No. That can be done,
provided there 1s a place to connect the
translator, as it is called, into the loud-
speaker system of the existing AM set.

SeEnaTOR HawkEss: Is there a place to
make that connection — that is the point
I have in mind — in most of the sets that
are now in existence?

Dr. ArmstrONG: If T had to hazard a
guess, I would say that probably less than
half of the sets now in existence would
have a place where such a connection
could be easily made.

Sexator Hawkes:. Thank you.

Tuae CuairMaN: You could, however,
have a receiving set for AM and FM in
the same cabinet, could you not?

-Dr. ArmsTrRONG: Yes, Mr. Chairman.
And T think that at the termination of
hostilities the great majority of sets will
be made that way. The manufacturers are
already making plans to include an FM
band on all sets selling beyond a certain
minimum value.

Tae Crarvman: Now, with the devel-
opment of FM can you have an unlimited
number of wave lengths, so that you can
have many more stations, or not?

Dr. ArmsTrONG: Practically so, Mr.
Chairman. I think that the number of
wave lengths is so large that we are going
to be limited by the number of stations
which communities —

Tue CrsmrMan: Can support.

Dr. ArysTrRONG: Can support, rather:
than by the lack of wave lengths to go
around.

Sexaror WHiTE: In your charts your
top band to which you make reference is
from 119, I think, to 129 megacycles.
How much farther into what I will call
the upper reaches of the spectrum do you
think we can usefully go?

Dr. ArmsTRONG: I hesitate to answer.

Sexator WaHITE: I do not know that



anybody can answer that definitely, but
I thought I would like to have your no-
tions about it.

Dx. ArmsTrONG: Because I can remem-
ber when all the wave lengths above 1,500
kilocycles — that is 114 megacycles —
were considered so useless that they were
given to the amateurs, I really do not
know what the upper limit is going to be
for broadcasting.

Senxaror Warite: I do not suppose any-
body really knows the answer with defi-
niteness at this time, but I was just
curious. How much above 129 megacycles
are we now .going in any branch of the
radio industry?

Dr. ARMSTRONG: The highest frequency
that I know of that was used prior to the
war was around 500 megacycles. Since the
war that range has been exceeded many
times.

SenaTor Winre: What use, if any, is
being made of the many bands between
129 megacycles and 500 megacycles? Is
that area up in there being put to useful
purpose now?

Dr. ArMsTrONG: Prior to the war I do
not believe there were many applications
in there. Of course, now it is being put to
all sorts of military uses.

SExaTOR WiITE: The thing that im-
presses one witl: limited understanding of
all this is the tremendous advances coming
from day to day almost. I don’t know
whether I am right about it or not, but
my recollection is that at the last interna-
tional conference in ’38 they went only to
about 30,000 kilocycles in making their
allocations of the spectrum. Am I right
about that?

Dr. ArmsTroNG: I am afraid my recol-
lection doesn’t serve me on that.

SenaTor WhITE: I do not say that is
so, but my recollection was that we went
only to about 80,000 or slightly above. All
of this development beyond that really
has come in 5 years of time.

Dr. ArmsTRONG: Five or six years; yes.

Senxator WaiTE: Five or six years. So
that makes onc a little timorous as to
speculating as to the future.

Dr. ArmstronG: I agree, Senator.

Tue Cuairmax: If phone lines are used
to connect FM stations can any better
tone quality be had on network programs
over FM than is now secured on AM?

Dr. ArmsTroNG: Senator, I am sorry.
Would you repeat your question?

Tue CHarman: I say, if phone lines
are used to connect FM stations will the
reception and the quality be any better

than it is over AM, in your opinion, on °

network programs?

Dr. ArmstroNG: Yes; if the existing
phones lines are used the quality is better
than over the existing AM stations. How-
ever, the full advantage cannot be ob-
tained.

THE CHAIRMAN: Does that complete
your statement?

Dr. ArMsTRONG: I think so, Mr. Chair-
man. I think that I ought to add just one

thing, perhaps; that if I have been too
hard on the engineering department of the
Commission in the past I want to say that
the engineering department of the Com-
mission at the present time is doing every-
thing in its power to help this FM system
get under way, and I think that we will
have all the channels that we need when
they have completed their studies of the
situation.

Tae CaairMAN : You think there will be
a big development in FM after the war?

Dr. ArMsTrONG: It will be the major
development in the radio art. There isn’t
any question about that, Mr. Chairman.
We will have television later. I am not
prepared to say how long it will take to
attain the same status as FM has now.
There is no ‘question at all but that, we
will have television, but the next develop-
ment and the one which has been the
logical development for the past 10 years
is the FM system.

SenaTor WHITE: I was going to say,
I don’t know where either the Commission
or the industry could find a better chief
engineer than the present chief engineer of
the Commission.

Dr. ArmstroNG: I would like to agree
with you on that, Senator, if I may. Mr.
Jett ¢ has done a very fine job In a very
difficult situation.

SEnATOR WuiTE: I think he has knowl-
edge and ability and character.

Dr. ArmstroNG: I agree there also.

(This concluded the taking of testi-
mony, and the session was adjourned.)

HIGH POINTS
OF FM HISTORY

HILE the technical details of Major

Armstrong’s invention of Frequency
Modulation were told in his original I.R.E.
paper, the story of his work was described
only in terms of measurements and
apparatus.

However, every engineer who has worked
over the solution of problems that re-
quired original tliinking knows that the
facts of science are only the outward mani-
festations of the very human struggle by
which they are produced.

Inventions are not created by mathe-
matics and equipment. They are only
tools. They are merely the means to the
end sought by the man who uses them.
They are of value only as he can relate
what they show to other knowledge, and
thus find the path which leads to ultimate
success.

To many an inventor, there is satisfac-
tion enough in finding the way to the
solution of a problem. But that is purely
selfish satisfaction for, if effort stops at
that point, there is no henefit to society,
and nothing real has been gained. Indeed,

3Mr. E. K. Jett was subsequently appointed &
member of the Commission. (Editor’s Note.)

the work is wasted, and the invention is
lost if it is not carried on to a state of
reality in which it can perform useful
service.

It is very interesting to see how these
two phases in the invention of the FM sys-
tem were marked by log book entries in
the records kept at Westhampton Beach,
Long Island, and at Alpine, N. J.

The former was the location of the re-
ceiving equipment used for the first long-
distance tests of FM transmission from
the NBC station at the Empire State
Building. Alpine was the site of FM broad-
cast station No. 1, set up by Major
Armstrong.

The Westhampton tests, proving that
the FM system did show a tremendous re-
duction of static over AM on the same fre-
quency, represent the completion of the
first phase of this invention.

Exactly what took place on this occa-
sion is described in the entries reproduced
here from the original log: The first part
is in the handwriting of C. R. Runyon.
Entries from 11:15 to 11:45 were made by
George E. Burghard, at whose home the
equipment was set up. The conclusion was
written by Major Armstrong. Because the
reproduction is not entirely clear, this
record is set in type below:

Log —
Westhampton Beach, L. 1.

June 9, 1934 — Daylight Saving.

9:10 a.Mm. Received carrier from W2-
XDG (W2XF) — on amplitude — 1,000
cycle tone.

9:57 a.M. Frequency Modulation system
on at Empire State no modulation.

10:07 a.mM. 1,000 cycle tone, frequency
modulation.

10:17 a.m. Music — freq — modulation.

10:23.5 A.m. Perfect!

11:15-11:30 a.m. Changing from frequency
to amplitude modulation full carrier —
half carrier — Hundreds or thousands
(of times) more noise on amplitude.

These tests made with half wave ver-
tical pick up capacity coupled to 2nd
rf stage. Also coupled same antenna to
detector and still got perfect reception.

11:45 a.m. Put on V antenna and listened
to organ recital from chain. Low notes
fully reproduced.

1:00 p.m. W2XDG signed off. All tests
performed exactly according to Hoyle.
This experiment concludes just twenty
years of work on this problem. It is with
the deepest gratification that I record
here that my two oldest friends, George
Burghard and Randolph Runyon, old
timers who saw the genesis of regenera-
tion, took part in the culmination of this
work. An era as new and distinct in the
radio art as that of regeneration is now
upon us.

After ten years of eclipse, my star is
again rising.

Edwin H. Armstrong

The “culmination of this work” repre-
sented only the inventor’s personal satis-
faction over the evidence that he had truly
overcome static and that, in so doing, had



not sacrificed but had  improved the
quality of reception.

He might very well have stopped at that,
point, for the system and its performance
were received by the industry with com-
plete indifference. Actually, on June 9th,
1934, while he was recording the conclu-
sion of the first phase of his work, the log
shows that'he was preparing to bring about
that ““era as new and distinct in the radio
art as that of regencration.”

The second phase extended over a period
of five years, spent in laying the ground-
work for the commercial application of
FM in the service of public interest, con-
venience, and necessity.

A year’s work at the Empire State
Building transmitter brought no progress
in the adoption of FM, and in the summer
of 1935 he was asked to remove his ap-
paratus to make room for television.
Comments on Major Armstrong’s paper
at the November, 1935 meeting of the
LR.E. with a few exceptions, generally
expressed the fecling that the system was
““a visionary development many years in
advance of broadcasting’s capacity to
utilize it.”

The exceptions were limited to engi-
neers whose experience dated back to the
days before broadcasting began, for they
had seen other revolutions take place.
Those who had come into radio with the
advent of broadcasting were unable to
visualize a revolutionary change.

Some engincers expressed surprise that
the man who had made such practical
contributions to the art as regeneration,
the superheterodyne, and super-regenera-
tion should propose the use of a system
so radical that it would require revision
of the entire broadcasting structure. Nor
did these engineers foresee that future
circumstances would bring about the
widespread use of FM in the police and
emergency fields, or that it would serve
on every front of a total war! Particularly
notable was the use of FM relays for com-
munications over the English Channel.

Since the demonstrations of transmis-
sion from the Empire State Building had
reached an inconclusive end in the spring
of 1935, so far as commercial application
was concerned, Major Armstrong set about
planning a 20-kw. FM transmitter of his
own. During this period, he had recourse
toamateur station W2AG, owned by C. R.
Runyon, at whose home an FM trans-
mitter was installed. This was used for the
demonstration at the  November, 1935
LR.E. mceting, and for scores of other
demonstrations up to the time Alpine
went on the air. The log of W2AG is
highly interesting, and its story may be
told some day.

There was opposition to this idea in the
engineering department of the FCC, but
in July, 1936 he was granted a construc-
tion permit for such a station to be erected
at Alpine, N. J. The permit did not be-
come effective until the end of 1936. In the
spring of 1987, construction was started.

Here were new difficulties to be over-
come, but the log of station W2XMN was
finally opened, and this entry was made on
page 1:

April 10, 1938
4:10 p.M. Frequency — Carrier on — 48.7

mc/600 watts input to transmitter
‘(Using temporary antenna).

This was not for purposes of transmis-
sion, but only to test for the proper termi-
nation of the antenna transmission line.

Subsequent entries were made during
the further progress on the installation un-
til, on page 132, the start of the first
regular schedule of FM broadcasting was
recorded:

Tuesday, July 18, 1939
First day — regular schedule on the air
at 10:50 A.M. — 80-kw. input. Programs
consisted of records played at Alpine.

4:01 p.M. WQXR programs 11:00 p.M.

Thus the second phase of the invention
of FM drew to a close, for the performance
of the Alpine station was conclusive and
convincing evidence to broadcasters and
manufacturers alike that a new era had
come to radio.

The manner in which it came about,
however, was not anticipated at that time.
‘While the early commercial stations were
being installed, and receivers for home
use were started in production, a state-
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wide, 2-way FM communications system
was going into service for the Connecticut
State Police. Also, the performance of
FM, successful even beyond the hopes of
its sponsors, attracted the attention of the
Signal Corps, and led to a gruelling series
of AM vs. FM tests of communication
with tanks. When the scores were added,
FM was found to be far in the lead, and
orders were placed for quantities of FM
tank installations.

equipment in every type of military velii-
cle. FM equipment to the value of over
15 billion dollars was produced for our
Armed Forces. Col. Grant' A. Williams,
Chief Signal Officer of the 1st Army, said
this of its performance: “Wherever FM
and AM equipments are used for the
same purpose, FM proves distinctly su-
perior.”

Meanwhile, the evolution of FM broad-
casting has continued steadily. Since
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In the midst of all this activity came the
attack on Pear! Harbor, followed by the
freeze order which stopped all production
of civilian military radio equipment. This
did not stop the progress of FM. On the
contrary, it was accelerated immediately,
for the war brought a heavy demand
from police departments, particularly in
cities along our coasts, for 2-way FM
apparatus.

At the same time, the mobile nature of
the fighting created the need for radio

il i

A ————— T — o 3 4

‘CONCLUDING REMARKS ON FIRST LONG-DISTANCE FM RECEPTION TESTS

Pearl Harbor nearly 800 applications have
been filed with the FCC for construction
permits to erect FM stations, and FM
circuits will be provided in all but the
cheap models of the new home radios.

Al this has come about because Major
Armstrong did not stop ten years ago
when the radio industry merely shrugged
its shoulders over an invention too far “in’
advance of broadcasting’s capacity to
utilize it.”

Few people remember now, if in fact

many ever knew, the cheerful predictions
of some ten years ago that FM transmit-
ters, and more particularly FM transmit-
ters of the phase-shift type, were just too
complicated for broadcast work in any
practical sense of the word.

How strange and foolish today seem the
statements accepted then that: “You
can’t get that much power on the ultra-
high frequencies.” Today it is a demon-
strated fact that FM stations with up to
50 kw. can operate with the regularity and
reliability of standard broadcast practice.
For over five years the Alpine transmitter
has met this standard, most of the time
with 40-kw. operation.

The gap between the predictions of ten
years ago and the performance of high
power EM transmitters today means, of
course, that someone must have done a
great deal of very good and very hard
work. The success of the operation of sta-
tion W2XMN has depended on the work
of two individuals. Major Armstrong
gives Perry Osborn, the chief engineer, the
full credit for working an experimental
transmitter, giving a problematical 20 kw.
for a short time, into a device capable of
supplying 50 kw. in accordance with all
requirements of broadcast station reliabil-
ity. Charley Fowler, rigger, is given the
credit for keeping in operation a com-
plicated antenna structure through the
severe storms of every kind, including one
hurricane, which: have been encountered
since the station was erected.

The multitude of difficulties, expected
and unexpected, and the manner of their
solution, would make an interesting and
instructive story.

Now, 'as his Alpine station enters its
eighth year of scheduled transmission,
FM’’s period of service to men at war has
drawn to a close and its era of service to
society at peace has begun in earnest.



Chapter 2

Theory of Frequency Modulation

Section 1: Amplitude Modulated and Frequency Modulated Waves

ECENT years have witnessed the
growth of a new system of radio com-
munication, which is having a revolution-
ary effect upon nearly all branches of the
radio art. This system, invented by Major
Edwin H. Armstrong, is sometimes re-
ferred to as “Wide:Band Frequency
Modulation.” More often, it is simply
called “FM.”

Not only does FM provide transmission
in which distortion is reduced to a very
low order, but it virtually eliminates noise
at the receiver, whether this noise be of
atmospheric or man-made origin. Further-
more, uncertainties due to interference
between stations and changing propaga-
tion characteristics which affect AM cir-
cuits are overcome by FM. For these rea-
sons, FM has gained a firm foothold in
radiotelephone communications as well as
in the broadcasting industry. Also, FM
has made possible many new services,
while others have been converted from
AM to FM.

The highly desirable characteristics of
FM are due in part to the nature of the
frequency-modulated wave and in part to
the design of the FM receiver. In order to
gain an insight into the methods where-
by the vast improvement in reception is
obtained, it is necessary first of all to un-
derstand the basic differences between
the amplitude and frequency modulation
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FIG. 1, ELEMENTARY AM TRANSMITTER

systems of radio telephone transmission
and reception.

Modulation * The continuous transmission

12

of a radio wave of constant amplitude, or
output power, and unvarying frequency
conveys no information to the listener,
other than that an unidentified station is
on the air. It becomes possible to transmit
intelligence on the wave only when one of
the characteristics of the wave, such as its
amplitude or its frequency, is subjected to
a controlled variation at the transmitter.
Modulation is the process of varying the
amplitude or the frequency of the wave in
accordance with the instantaneous varia-
tions of a control device, such as a tele-
graph key or a.microphone.

Amplitude Modulation * When the power out-
put of a radio transmitter is made to vary
above and below an average level in keep-
ing with the vibrations of a microphone
diaphragm, as in Fig. 1, the transmitter is
said to be amplitude-modulated.

The transmitter in Fig. 1 is of the most
elementary type, but will serve to illus-
trate a method by which amplitude modu-
lation can be accomplished. The circuit is
that of a tuned-grid triode oscillator in
which an' inductive load in the plate cir-
cuit causes regenerative feedback by way
of the plate-grid capacity of the tube. If
the losses in the tuned circuit are compen-
sated for by the transfer of energy from
the plate to the grid circuits, a radio fre-
quency current will be generated in the
tuned circuit. The frequency of this cur-
rent is determined by the values of induct-
ance and capacity in the tuned circuit.
The amplitude of the current will depend
upon the resistance of the tuned circuit,
assuming that the plate supply voltage
and other factors remain constant.

Most of the resistance in the tuned
circuit is introduced by the carbon-button
microphone in series with the coil and the
condenser. When the diaphragm is at rest,
the resistance of the microphone limits
the current to a definite level, and the
transmitter sends out a wave of constant
amplitude. As mentioned previously, the
presence of the unmodulated wave can be
detected in a receiver but the wave'is in-
capable of transmitting intelligence in
itself; it serves merely to establish a chan-
nel between the transmitter and the re-
ceiver, over which intelligence can be
sent by modulation. The unmodulated
wayve, therefore, is termed the ““carrier.”

If a sound wave now strikes the micro-
phone, the vibration of the diaphragm
causes the carbon granules to be subjected
alternately to increased and decreased
pressure. The resulting respective decrease
and increase of microphone resistance
causes the output of the transmitter to

rise and fall in accordance with the vol-
ume and frequency of the sound, as shown
in Fig. 1. The frequency of the wave
remains-the same since the inductance and
capacity of the tuned circuit are not al-
tered appreciably during modulation.

Frequency Modulation * An elementary cir-
cuit for the production of a form of fre-

_quency modulation is shown in Fig. 2.

Here the carbon microphone of Fig. 1 has
been removed and a condenser microphone
is placed in parallel with the condenser
of the tuned circuit. The oscillator gen-
erates a current of a frequency determined
by the inductance of the coil and by the
sum of the capacities across the coil.
When a sound wave strikes the micro-
phone, the diaphragm is first. flexed toward
the back plate, increasing the microphone
capacity and hence also increasing the
total capacity acting across the coil. This
causes the oscillator to generate a lower
frequency. Subsequently the diaphragm

CURRENT AMPLITUDE

ONE CYCLE OF MODULATION

FIG. 2. ELEMENTARY FM TRANSMITTER

is flexed away from the back plate and the
frequency of the oscillator is increased,
because of the reduction in the amount of
capacity in the tuned circuit. If a louder
sound is made at the microphone, the
‘diaphragm is flexed more in each direc-
tion, and the frequency is varied to a
greater ‘extent. In both cases, since the
frequency of the generated wave has been
varied above and below an average value
by the action of sound waves on the micro-
phone, a form of frequency modulation
has been produced. Note that nothing
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eration of what occurs when the amplitude
or the frequency of the modulating voltage

Effects of Modulating Amplitude and Frequency *

has occurred during modulation to affect

the power output. Hence the am

th

is changed. In Fig. 8, the audio frequency
modulating voltage and the resulting am-

The contrast between the amplitude-
modulated and frequency-modulated car-
rier wave will be emphasized by a consid-

plitude of

e generated wave is constant during

modulation.



plitude- and frequency-modulated carrier
waves are plotted to equal scales of time.

At the extreme left is illustrated the
condition of zero modulation. It will be
observed that the outputs of the ampli-
tude- and the frequency-modulated trans-
mitters are exactly identical, both being
of constant amplitude and unvarying
frequency.

Next to the right is shown a condition
of slight modulation at a low frequency,
such as would occur when a soft, low-
pitched note is sounded at the microphone.
In the case of the amplitude-modulated
wave, the output power rises and falls
over a narrow range, in keeping with the
very low level of the modulating voltage.
In the case of the frequency-modulated
wave directly beneath, there is no change
in output, but the frequency is increased
and decreased slightly, at a rate corre-
sponding to the modulating frequency,
and to an extent corresponding to the low
volume level.

Next to the right in Fig. 3 is shown the
effect of an increase in the amplitude of
the modulating voltage, the frequency of
the modulating voltage remaining un-
changed. This condition would be caused
when the same low-pitched note is sounded
at the microphone with greater intensity.
The successive radio frequency peaks of
the amplitude-modulated wave vary over
a greater range, in accordance with the
increased amplitude of the modulating
voltage, but the time taken to complete
cycle of variation is the same.

The frequency-modulated wave is ob-
served to rise to a higher frequency and
to fall to a lower frequency -than before,
but going through this cycle of change at
the same rate as before.

Further to the right are shown the
forms of the modulating and the modu-
lated waves when both the frequency and
the amplitude of modulation are in-
creased. This is equivalent to sounding a
louder and higher-pitched note at the
microphone. In the case of the amplitude-
modulated wave, the modulation peaks
and troughs are more pronounced, and
are created at a higher rate. The fre-
quency-modulated wave still has no varia-
tion of its amplitude, but shifts to higher
and lower frequencies than before, and
completes each cycle of frequency varia-
tion at a faster rate.

If the amplitude of the modulating
voltage is increased still further, as shown
at the extreme right in Fig. 3, so that the
negative peak of modulation would tend
to exceed the carrier amplitude, then the
amplitude-modulated wave is rendered
discontinuous and severe distortion of the
wave form of the modulation results.
This limitation upon the extent of modu-
lation is inherent in the amplitude-
modulated wave. Under the same condi-
tion of modulating voltage, the frequency
of the frequency-modulated wave would
simply increase and decrease over a still
greater range, the limitations of the range

i

being set by the transmitting and re-
ceiving - equipment rather than by the
nature of the wave.

Analysis of AM Wave % From the above physi-
cal concepts of the two types of modulated
waves, certain points of contrast are
already evident. Other significant differ-
ences can be discovered when each of the
waves is analyzed with a view to learning
the nature of its components.

At the top of Fig. 4 is shown a wave of
radio frequency F that is being subjected
to amplitude modulation by a modulating
voltage having a_sine wave form and an
audio frequency Fr. )

In describing the extent of the modula-
tion, it is customary to state the per-
centage relationship which the maximum
variation from carrier amplitude bears to
the carrier amplitude itself. For example,
if the amplitude of the modulated wave
on a positive modulation peak is twice the
carfier amplitude, then the percentage of
modulation is 100(2 — 1)/1 or 100 per
cent. Similarly, if the amplitude rises to
1.5 times carrier amplitude at a positive
peak of modulation, the modulation per-

centage is 100(1.5 — 1)/1 or 50 per cent.

However, in describing the extent of
modulation in equations of the wave, it is
more convenient to use the modulation
factor symbol M, which is the decimal
equivalent of the modulation percentage.
The condition show in Fig. 4 is that of
100 per cent modulation, equivalent to a
modulation factor M of 1.0.

In writing the equation immediately
beneath the diagram of the wave, it has
been arbitrarily assumed that the modu-
lated wave begins (when { equals zero)
at the positive maximum of the modula-
tion cycle. This assumption has been
made solely to facilitate the construction
of a clear drawing, and accounts for the
difference between the equation shown
and other equally correct forms which may
be encountered in textbooks.

By using the trigonometric identity
shown (for readers who are interested in
the mathematical procedure) the equation
is rewritten in the form which indicates
that the amplitude-modulated wave may
be regarded as the sum of three compo-
nents: 1) A component of the same am-
plitude and frequency as the unmodulated
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wave, usually termed the carrier compo-
nent; 2) a component whose frequency is
higher than that of the carrier by the
amount of the modulation frequency, and
whose amplitude is directly proportional
to the modulation factor, but never ex-
ceeding half the carrier amplitude (called
the upper sideband component); 3) a
component whose frequency is lower than
that of the carrier by the amount of the
modulation frequency and whose am-
plitude is the same as that of the upper
sideband component. This component is
called thie lower sideband.

The carrier and the sideband compo-
nents have been drawn underneath the
modulated wave to a common scale of
time in order to facilitate graphical proof
that the sum of the carrier and sideband
components at any instant will equal the
value of the modulated wave at the same
instant. The vertical dotted lines repre-
senting several instants selected at ran-
dom will aid in checking this point.

It may be remarked here parentheti-
cally that many laymen unfamiliar with
the mecthods of mathematical analysis
doubt the reality of sidebands; others,
acknowledging that sidebands may exist,
are inclined to question the propriety of
looking upon the amplitude-modulated
wave as a single-frequency variable-
amplitude affair in one instance and as
the sum of three different frequency com-
ponents of constant amplitude in another
1instance.

The cardinal principle that guides the
mathematician in this matter is the
axiom which states that the whole is equal
to the sum of allits parts. Once it has been
definitely etablished that a given whole
is equal to the sum of certain components,
thereafter the whole, or the expressed sum
of all the components of the whole, can
be used interchangeably. It is only neces-
sary to observe all the laws of algebra and
to account for all components. Whether
the whole or the expressed sum of all the
components of the whole will be em-
ployed is merely a choice of convenierice
for attacking the problem at hand.

This principle finds very wide usage
in all mathematical work. For example,

to find the complement of an angle of

25°, one subtracts 25 from 90°. However,
to find the complement of an angle of 37°
15’ 22", one subtracts from 89° 59’ 60”’.

Similarly, when describing the opera-
tion of a deviee that is responsive to
voltage amplitude, such as a diode de-
tector, the amplitude-modulated wave
will be regarded as having a single fre-
quency and a variable amplitude. On the
other hand, when considering the effects
of a tuned band pass circuit upon an
amplitude-modulated wave, it is more
convenient to consider the wave as the
sum of a carrier component and side-
bands, because the effects of the circuit
upon the different frequency components
may not be the same. To keep the ampli-
tudes of the sideband components and
the carrier in their original proportion
with respect to each other, the band-pass
circuit must pass all three frequencies
with equal ease. This demands that the
band width be twice the modulating fre-
quency and that its tuning be centered on
the carrier frequency. In the usual case
where the wave is subject to amplitude
modulation at various modulating fre-
quencies; the band width must be twice
the highest modulating frequency, in order
that the amplitudes of the high audio
frequency components of the reproduced
sound at the receiver may have the same
proportion with respect to the low audio
frequency components as exists at the
microphone.

From the analysis of the wave shown
in Fig. 4, it .is also evident that during
modulation the amplitude of the carrier
frequency component is unaffected, but
two sideband components are added. This

means that the power in an amplitude-,

modulated wave is greater than that in an
unmodulated wave by the sum of the
two I’R products of the sideband cur-
rents. What is the source of this extra
power? What is its significance in trans-
mitter design?

The essential elements of a modern
amplitude-modulated transmitter circuit
are shown in Fig. 5. At the left is a radio
frequency amplifier which is excited from
an oscillator, either directly or through

one or more intermediate amplifiers. At
the right in the diagram is an audio power
amplifier or modulator whose output volt-
age 1s applied in series with the plate
supply voltage of the radio frequency
amplifier.

In the absence of modulation, the volt-
age across the secondary of the modula-
tion transformer is essentially zero, and
the amplitude of the radio frequency out-
put is determined by the RF amplifier
plate voltage. Power is drawn only from
the DC plate voltage source and a portion
of this power is converted to the RF car-
rier output of the amplifier.

When sound waves strike the micro-

‘phone at the studio, the modulator is

excited at audio frequency through a
chain of speech amplifiers, and an audio
modulating voltage appears  across the
secondary of the transformer. This voltage
alternately adds to or subtracts from the
plate supply voltage of the RF amplifier
causing a proportionate increase and de-
crease in the RF amplifier plate current.
The RF oscillations set up in the tuned
circuit (tank) by the plate currént pulses
undergo the same audio frequency varia-
tion of amplitude.

During ‘modulation the average plate
current drawn from the DC plate supply
of the RF amplifier remains unchanged,
because for each pulse whose amplitude
exceeds the unmodulated value by a
certain amount, there is another pulse,
180° later in the modulation cycle, whose
amplitude is less than the unmodulated
value by the same amount. With both
the average current and the voltage of
the DC plate supply unchanged, this
source furnishes the same amount of
power as when there is no modulation.
It follows that the extra power furnished
to the RF amplifier for the generation of
sidebands during modulation is the audio
frequency power output of the modulator,
derived from the DC plate supply of the
modulator tubes.

Under a condition of complete or 100
per cent modulation, the amplitude of
each sideband is one half that of the car-
rier. Since the power expended in a fixed
amount of resistance varies as the square
of the current amplitude, each of the
sidebands represents one fourth as much
power as the carrier. The total power in
both of the sidebands may therefore be as
great as one half that in the carrier.
Furthermore, the modulator must also
furnish the power dissipated in the radio
frequency amplifier in the course of its
generation of the sidebands. Suppose the
rated carrier output of the transmitter is.
1,000 watts, and the efficiency of the final
radio frequency amplifier is 60%. At
100%, modulation, the sideband. power is.
500 watts and the modulator is called
upon to furnish 500/.6 or 833 watts of
audio power, not including modulation
transformer losses!

There are several stratagems available
to the designer for reducing such large
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audio power requirements. For example,
the final stage may be modulated in the
grid circuit rather than-in the plate cir-
cuit, or the stage before the final may be
modulated. However, it is not practical
to attempt amplitude modulation at an
early, low power stage, and to employ a
chain of several linear amplifiers to bring
the modulated wave up to a high power
level; it is too difficult to adjust linear
amplifiers for good linearity. Thus in
transmitters of moderate or high power
output employing amplitude modulation,
the modulation is effected at or near the
final amplifier stage. In.general, therefore,
tubes of the power rather than the voltage
amplifier type are used in the modulator.

Of greater importance is the fact that
on peaks of 1009, modulation the radio
frequency amplifier must deliver four
times as much power-as during carrier
level condition. It is necessary that the
tubes have adequate filament emission to
supply a momentary two-fold increase in
plate current over that occurring at carrier
level. Also, the average power delivered
during a cycle of 1009, modulation is half
again as great as the power furnished at
carrier level. Thus the output obtainable
from tubes in an AM final amplifier is only
about” two thirds that obtainable in an
application where the amplitude is con-
stant, as in FM. Hence tubes in AM final
amplifiers .operate at relatively low effi-
ciency.

Summary of AM- x The salient points about
amplitude modulation, which will pres-
ently be contrasted with conditions found
in frequency modulation, may be sum-
marized as follows:

1. The amplitude of the wave, or the
radiated power, is varied during modula-
tion but its frequency is unchanged.

2. A higher modulating frequency in-
creases the rate at which the amplitude is
varied.

3. An incréase in the amplitude of the
modulating voltage causes the amplitude
of the transmitted wave to vary over a
wider range.

4. The limits of the range over which
the amplitude can be varied is determined
by the carrier amplitude. If the negative
modulation peak tends to exceed tlie car-
rier amplitude, it is not reproduced and
the wave is rendered discontinuous, which
results in serious distortion.

5. When subjected to amplitude modu-
lation at a single modulating frequency
of sinusoidal wave form, the AM wave
becomes the sum of three components, a
carrier identical’ in frequency with the
unmodulated wave, and a pair of side-
band components of frequencies above
and below the carrier by the amount of
the modulation frequency.

6. The modulation factor is defined as
the ratio of the maximum variation from
carrier level during modulation to the
unmodulated carrier amplitude. As the
modulation factor is-increased, the ampli-
tudes of the upper and lower sidebands
increase in the same proportion, reaching
a maximum of half the carrier amplitude
when the modulation factor is at its maxi-
mum value of 100 per cent. The ampli-
tude of the carrier component of the wave
is unchanged during modulation.

7. Since only one pair of sidebands is
produced during amplitude modulation,
a band width of twice the modulating

TABLE 1

frequency is sufficient for satisfactory
passage of the amplitude-modulated wave
under any degree of modulation.

8. Inasmuch as amplitude modulation
can only be effected in or near the final
stage of the transmitter, a relatively large
audio output is required to obtain the
considerable increase in power output
during modulation peaks.

9. Inorder-to have the margin of safety
necessary for handling the highest posi-
tive peaks of modulation, the tubes in the
final stage of the radio frequency amplifier
must be operated at considerably less than
their normal ratings during carrier-level
conditions; this tends to lower the overall
efficiency of the transmitter.

Analysis of FM Wave * At the top of Fig. 6 is
shown the form of a frequency-modulated
wave. In the mathematical expression for
.the wave immediately beneath the dia-
gram, I represents the carrier or mean
frequency of the wave, and the audio
modulating frequency is designated by
FM.

The amplitude of the FM wave, of
course, is .constant and the extent of
modulation must be described in other
terms than those of the amplitude-modu-
lated ‘wave.

When referring to a class of stations
operating in the same service, a certain
maximum frequency swing may be agreed
upon by engineers as representing 1009,
modulation. For example, in the case of
FM broadcast stations, a frequency swing
of £75 ke. from the unmodulated center
frequency is commonly considered as be-
ing the equivalent of 1009} modulation.

However, the more widely applicable

BESSEL FACTORS FOR FINDING AMPLITUDES OF CENTER AND
SIDEBAND FREQUENCY COMPONENTS*

M Jo (M) Ji (M) I (M) J5 (M) Ji (M) J5. (M) Js (M) J; (M) Js (M) 15 (M)
F FFy F= 2F, F 3F, F£ 4Fy F= 5F, F £ 6F, F+7F, F+ 8F, F= 9F,

0.0 1.000

0.1 .9975 0499

0.2 .99 .0995

0.3 .9776 1483 .0112

0.4 .9604 196 .0197

05 .9385 .2423 .0306

0.6 .912 .2867 .0437

0.7 .8812 .329 .0589 .0069

0.8 .8463 .3688 .0758 .0102

0.9 .8075 .4059 .0946 .0144

1.0 .7652 .4401 1149 .0196

1.2 L6711 .4983 .1593 .0329 .005

1.4 .5669 .5419 .2073 .0505 .0091

1.6 .4554 .5699 .257 .0725 .0150

1.8 .3400 .5815 .3061 .0988 .0232

2.0 .2239 .5767 .3528 .1289 /034 .007

3.0 ~.2601 .3391 4861 .3091 .1320 .0430 0114

4.0 —.3971 —~.066 .3641 .4302 .2811 L1321 .0491 .0152

5.0  —.1776 —.3276 .0466 .3648 .3912 L2611 131 .0534 0184

6.0 1506 —.2767 —.2429 1148 .3576 .3621 .2458 1296 .0565 .0212

.To find the amplitude of any sideband pair, enter. the table with the modulation index M, read the amplitude factor for the sideband pair and multiply the factor by the amplitude of the
unmodulated carrier, The amplitude of the center frequency component isifound in the same manrer, taking the factor from the Jo{M) column,
* Where no value is given, the actual value is less than .005 and the sideband ‘pair is not important,
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method of describing the extent of modu-
lation lies in stating the value of the
modulation index. This index (3 in the
equations of Fig. 6) is simply the ratio of
the amount by which the transmitted
frequency swings from its average fre-
quency to the amount of the modulating
frequency. For example, if the modulating
voltage has an amplitude sufficient to
swing the transmitted frequency over the
range = 35 ke., and the modulating fre-
quency is 5,000 cycles, then the modula-
tion index, M, is 5000/5000 or 1.

Tt is to be carefully noted, in describing
the extent of frequency modulation, that
the modulation pereentage and the modu-
lation index are defined in a different
manner. The modulation percentage is
proportional to the frequency swing. The
modulation index is not only directly
proportional to the frequency swing but
also is inversely proportional to the
highest modulating frequency. Thus, in
contrast to amplitude modulation, the
modulation index of a frequency-modu-
lated wave is not the decimal equivalent
of the modulation percentage. The modu-
lation index of a frequency-modulated
wave, for example, will exceed 1 by many
times when the frequency swing 1s large
and the modulating frequency is low.

By higher mathematics, it can be shown
that the frequency-modulated output is
the sum of a center frequency component
and numerous pairs of sideband frequency
components. The center frequency com-
ponent has the same frequency as the
unmodulated carrier. The two compo-
nents of the first sideband pair have fre-
quencies respectively higher and lower
than the center frequency by the amount
of the modulating frequency, just as in
amplitude modulation. In frequency mod-
ulation, however, there are additional
pairs of sideband components which can
have appreciable amplitude. For example,
the second pair of sidebands, having fre-
quencies that are higher and lower than
the center frequency by twice the amount
of the modulating frequency, can also be
important. The same can be true of the
third pair of sidebands, which is removed
from the center frequency by three times
the modulating frequency, and of higher

orders of sideband pairs whose frequencies.

differ from the center frequency by cor-
respondingly greater amounts.

When the modulation is slight, only
the pair of sidebands nearest in frequency
to the carrier frequency component will
have sufficient amplitude to be important.
Under this condition, the band width re-
quired is,no greater than for an amplitude-
modulated wave.

As the frequency modulation is in-
creased, however, more pairs of sidebands
acquire appreciable amplitude and the
band width requirements are greater than
for amplitude modulation.

The actual amplitudes of the various
components of the frequency-modulated
wave, cOmpared to an unmodulated car-

rier amplitude of 1, may be read directly
from Table I for modulation indices up
to 6.

Consider the case where the modulating
frequency is 5,000 cycles. and the fre-
quency swing is = 5 ke., making M equal
to 5000/5000 or 1. For M of 1, Jo(M) is
0.7652, indicating that the amplitude of
the center frequency component is 76.52%,
of the amplitude of the unmodulated
carrier. Similarly, the relative amplitude
of each of the first pair of sidebands, of
frequencies F + 5,000 cycles and F —
5,000 cycles, is J.(M) = .4401 or 44 per
cent. The second pair of sidebands, of
F =10,000 cycles, has a relative ampli-
tude of 11.5%; and the third pair, of
F = 15,000 cycles, has a. relative ampli-
tude of 1.969,. The fourth pair has an
amplitude of less than .01 or 1%, and
hence is_considered unimportant.

The components have been plotted to a
common scale of time in Fig. 6, so that
graphical addition can be made to check
the validity of the mathematical work.

Note particularly that the band width
required depends upon the number of
important pairs of sidebands as well as
the modulating frequency; for this reason
the band width required can be greater
than the overall frequency swing resulting
from modulation. In the case cited above,
three pairs of sidebands are important.
The frequencies of the third pair differ
from the center frequency by the greatest
amount and hence determine what band
width will be needed. One of these side-
band frequencies is higher than the center
frequency by the amount of three times
the modulating frequency of 5 ke., and
the other sideband frequency is lower
than the center frequency by the same
amount. Thus the difference between the
frequencies of the third pair of sidebands,
which establishes the band width, is six
times the modulating frequency of 5 ke.,
or 80 ke. The extent of the frequency
swing is only = 5 ke., or 10 ke. from peak
to peak.

The values of Jo(M), J(M) and J=(M)
over the range M =0 to M =16 are
plotted in Fig. 7. A study of these curvesre-
veals some interesting facts about the com-
position of frequency-modulated waves.

Jo(M) is less than 1 for all values of M
greater than zero. This indicates that as
sideband components appear with modu-
lation, the amplitude of thé center fre-
quency component is less than its ampli-
tude in the absence of modulation. The
reasonableness of this fact is evident when
it is remembered that the amplitude of
the frequency-modulated wave is con-

stant, so that the average power during

each radio frequency cycle is the same as
that during any other radio frequency
cycle. In order that the power in the
wave may not change when frequency
modulation causes sideband currents. to
appear, the amplitude of the center fre-
quency component must decrease suffi-
ciently to keep the total of the I.R prod-

ucts of all the components equal to the
power of the unmodulated wave.

Fig. 7 also shows that at certain degrees
of modulation the center frequency com-
ponent disappears altogether. This fact is
the basis of a certain method of modula-
tion measurement to be discussed later.
It will also be observed that at certain
degrees of modulation the carrier compo-
nent is negative, a reversal of phase.

When M is less than about .4, only the
first pair of sidebands is important, and
the relative amplitudes of sideband and
carrier components can approach those of
an amplitude-modulated wave. However,
it should not be supposed that the two
types of waves can be identical when both
waves are slightly modulated. The side-
bands of the FM wave are differently
phased and add themselves to the carrier
frequency component in.a different man-
ner from those of the AM. wave.

Reference to Table I shows that for
values of M between 0.4 and 3, the num-
ber of important sideband pairs is about
2M. As M is made to exceed 3, the num-
ber of sideband pairs continues to increase
but is somewhat less than 2M. This in-
formation provides a useful rule of thumb
for estimating the band width required,
since the width needed is determined by
the number of pairs of important sideband
pairs that are present, as well as by the
modulating frequency.

For example, if the amplitude of the
modulating voltage of an FM station is
such as to cause a frequency swing of
= 20 ke., and the frequency of the modu-
lating voltage is 10 ke., then the value of
M is 20/10 or 2. By the rule of thumb
given above, the number of significant
sideband pairs is 2M or 4. The total band
width required is 4 X 2 X 10 ke. or
80 ke. Again, the band width required
(80 ke.) has been found to exceed the
peak to peak frequency swing (40 ke.).

Suppose that while the frequency swing
is maintained at = 20 ke., the modulating
frequency is reduced from 10 ke. to 4 ke.
The modulation index becomes 20/4 or 5.
The number of important sideband pairs
can be expected tobe somewhat less than
2M or 10. Reference to Table I shows
the values of the factors for the carrier
and successively higher orders of sideband
pairs to range from — .1776 for Jo(M) to
0184 for Js(M). For J4(M) and higher
order factors, the amplitude is less than
.01; hence the ninth and higher orders of
sidebands are unimportant.

It is evident that the reduction in
modulating frequency has caused the
number of important sideband pairs to
increase from three to eight. However,
the band width required is now 2 X 8
X 4 ke. or 64 kc., which is less than before.

In general, it can be said that for FM
waves having the same frequency swing,
the greatest spectrum area will be required
by the wave having the highest modulat-
ing frequency. As the modulating fre-
quency is lowered, more sidebands are
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FIG. 6. THE FREQUENCY-MODULATED WAVE AND ITS COMPONENTS WHEN THE MODULATION INDEX IS 1

created, but the number of sidebands does
not increase as rapidly as the frequency
interval between the sidebands is reduced;
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hence, the overall effect of lowering the
modulating frequency while keeping the
frequency swing unchanged is a reduc-

tion in the channel width.
If the modulating frequency is made
very low, but the volume level”is kept




constant to maintain the same frequency
swing, M becomes quite high and a veri-
table multitude of sideband pairs are
created; however, the band width re-
quired is reduced still more, although it
can never be less than the peak to peak
frequency swing nor twice the modulating
frequency, whichever is the greater.

For.example, consider the design of the
output network of an FM broadcast trans-
mitter whose maximum frequency swing
is = 75 ke. and whose maximum modulat-
ing frequency is 15 kc. The modulation
factor M has a value of 75/15 or 5, indi-
cating that eight important pairs of side-
bands are present, as explained above.
The band width of the output network
theoretically should be 2 X 8 X 15 ke.
or 240 ke. The actual width employed can
be slightly less because the amplitude of
the eighth sideband pair is quite small,
being only 1.84% of the unmodulated
carrier amplitude. The band width used
may be in the order of 225 ke., or 50%
greater, in this case, than the peak to
peak frequency swing of 150 ke. -

Summary of FM * Frequency-modulated
waves differ from amplitude-mogi'ulated
waves in the following respects: |

1. During modulation the frequency is
varied but its amplitude remains un-
changed.

2. A higher audio modulating frequency
increases the rate at which the radio fre-
quency is varied.

3. An increase in the amplitude of the
audio modulating voltage causes the radio
frequency to be varied over a wider
range.

4. The limits of the range over which
the radio frequency can be varied is
determined by the characteristics of the
transmitter, rather than by the nature of
the frequency modulated wave.

5. When subjected to frequency modu-
lation at a single modulating frequency
of sine wave form, the FM wave becomes
the sum of a component at the center fre-
quency, and numerous pairs of sideband
components above and below the center
frequency, at intervals equal to the
amount of the modulation frequency.
When the modulation is slight, the am-
plitude of the pairs of sidebands more re-
mote from the carrier becomes so low that
their presence may be ignored.

6. The extent of the frequency modu-
lation can be described in two ways. A
certain frequency swing is agreed upon as
being equivalent to 1009 modulation.
The extent of modulation can also be
specified by stating the modulation index.
This index is the ratio of the maximum
frequency swing (away from the center)
to the highest modulating frequency. In
the case of FM, therefore, the modulation
index is'not the decimal equivalent of the
.modulation percentage.

7. The band width required in FM
depends upon the level of modulation
and upon the modulating frequency. The
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greatest channel width occurs when the
wave is subjected to its maximum modula-
tion at the highest modulating frequency;
this band width may exceed considerably
the peak-to-peak frequency swing. The
least band width is required under a condi-
tion of slight modulation, but the channel
width is never less than the amount of
twice the modulating frequency.

8. Inasmuch as linearity of amplitude
reproduction is not demanded of the am-
plifier stages of an FM transmitter, it is
not necessary to introduce the modulat-
ing voltage at or near the last stage.

9. Since the RF power output of the
FM transmitter is constant, modulation
can be introduced: in an early stage. Not
‘only are the power output requirements
for the modulator made extremely small,
but also the tubes in all the stages of the
transmitter subsequent to the modulated
stage can be operated at their maximum
Class C ratings, which makes for high
overall efficiency.

REFERENCE DEFINITIONS

AwvpriTupe: The amplitude of a quan-
tity tha} is varying according to a sine
wave form is the maximum value which
the quantity attains; the peak value of
the sine wave.

AM, AwmruitupE Mobpuration: The
process whereby the amplitude of a wave
is caused to vary according to the instan-
taneous variations of another wave.

Baxp-Pass CircurT: A circuit having
filter characteristics such that frequencies
within a certain range are passed while
frequencies outside the range are blocked.

Banp-winta: Range of frequencies
passed by band-pass circuit.

Carrier FrEqQUENCY: Frequency of an
unmodulated AM transmitter.

CentEr FrEQUENCY: Frequency of an
unmodulated FM transmitter.

CycLE: A complete course of change,
at the end of which the original state is
restored.

FreqQUuexcy: The number of cycles oc-
curring in one second.

FreqQuency MopuraTion: The process
whereby the frequency of a wave is caused
to vary according to the instantaneous
variations of a modulating frequency.

FM: Abbreviation for Armstrong sys-
tem of Frequency Modulation.

MoburaTion: The process whereby one
characteristic of a wave, amplitude, fre-
quency, or phase, is varied as a function
of the variations of another wave.

Positive Peax oF Mobpuration: In
amplitude modulation, the maximum of
that alternation of the modulation cycle
which causes the amplitude of the wave:
to rise above carrier level.

NEeGarive Peax oF MopULaTION: In
amplitude modulation, the maximum of
that alternation of the modulation cycle
which causes the amplitude of the wave
to fall below carrier level.

SipEBanDs: Frequencies higher and/or
lower than the carrier frequency, produced
during modulation.

TricoNouETRIC IDENTITY: Statement
of the equivalence of two trigonometric
expressions which holds for every value of
the angles involved.
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Theory of Frequency Modulation

Section 2: The Operational Advantages of FM Circuits

HEN Major Armstrong presented his

original paper on Frequency Modula-
tion before the Institute of Radio Engi-
neers in November 1935, he referred to
his invention as “A Method of Reducing
Disturbances in Radio Signaling by a
System of Frequency Modulation.” This
description is most appropriate, for an
outstanding advantage of FM is its free-
dom from the various types of inter-
ference that beset AM reception.

FM also has a number of other impor-
tant advantages, such as the economies in
transmitter design and operation which
have been explained, and the improve-
mentsin fidelity that willbediscussed in the
latter part of this chapter and in coverage,
which will be taken up subsequently. How-
ever, the initial effort which led to the
development of FM was directed primarily
at the problem of overcoming static and
other types of radio interference.

Sources of Interference * The principal dis-
turbances to AM reception can be classi-
fied as follows: 1) Interference resulting
from the reception of signals from stations
other than the one whose program is de-
sired. 2) Thermal agitation noise, arising
from the small potentials set up by the
random motion of electrons in the conduc-
tors of the first stage of the receiver. 3)
Tube noise, caused by random fluctua-
tions in the rate at which electrons arrive
at the plates of the vacuum tubes in the
early stages of the receiver. 4) Static,
arising from electrical discharges in the
atmosphere. 5§) Man-made interference,
which occurs when there is spurious radia-
tion from such sources as electrical power
equipment and automobile ignition sys-
tems. 6) Hum modulation of the signal,
which can take place in the early stages of
AC receivers, where alternating current is
used to heat the cathodes, and where the
rectified DC plate supply may be inade-
quately filtered.

All these types of interference can be
practically overcome or at least greatly
reduced by the use of frequency modula-~
tion in a particular way, provided that
the voltage of the desired FM signal is
somewhat greater than the voltage of the
disturbance. The method by which the
receiver is made unresponsive to disturb-
ances can be understood from a knowl-
edge of the various types of disturbances.

Interference hetween Two Waves x Consider
first the simple case of the interference
between two waves shown in Fig. 8. Here
an undesired signal A is present at the
receiver along with the desired signal B.
The amplitude of the desired signal B is
twice that of the interfering signal 4, and
the frequency of the interfering signal is
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slightly less, in this case, than that of the
desired signal.

The voltage at the grid of the first
tube of the receiver is the resultant or
sum of the two signal voltages. The wave
form of the resultant voltage 4 + B is
shown at the lower left of Fig. 8, and was
obtained by adding the values of waves 4
and B from instant to instant.

It will be observed in Fig. 8 that the
resultant signal has an amplitude variation
between the limits of .5 and 1.5 times the
amplitude of the desired signal taken
alone. The form of the amplitude varia-
tion appears to approach that of a sine
wave, although the negative peak is some-
what sharper than the positive peak. The
frequency of the amplitude variation is
the difference between the respective fre-
quencies of the desired and the interfering
signals.

In Fig. 8 it is noted that exactly the
same amount of time 1s required for the
completion of twelve cycles of the re-
sultant as for the completion of twelve
cycles of the predominant (desired) signal.
Thus the average frequency of the re-
sultant is the same as that of the pre-
dominant (desired) signal. However, Fig.
8 also shows that the curve of the result-
ant wave does not intercept its axis at
equal time intervals, indicating that the
resultant has a variation of frequency as
well as a variation of amplitude. For ex-
ample, in Fig. 8, the time taken to com-
plete the first cycle of the resultant signal
is somewhat greater than that required for
the completion of the first cycle of the
desired signal. To the lag acquired by the
resultant during its first cycle is added a
smaller amount of lag acquired during its
second cycle, and so forth, until at instant
T a maximum amount of lag has accu-
mulated. Thereafter, and until instant T,
the resultant signal shortens its time pe-
riod per cycle, first diminishing the lag to
zero and then causing the accumulation of
a lead. At instant T’ the lead is at a max-
imum, and for the remainder of the wave
shown in the diagram, the periods of the
cycles increase, diminishing the lead to
Zero.

The amount of the mazimum accu-
mulated lead or lag of the resultant with
respect to the predominant (desired) sig-
nal is called its peak phase deviation. The
amount of the deviation is,of interest
because it plays a part in determining the
effectiveness of the reduction of inter-
ference In the FM receiver, as will be
shown presently. The amount of the
deviation depends upon the ratio of the
amplitude of the desired signal B to that
of the interfering signal 4; in the present
case, the ratio B/A4 is 2 to 1. It will be
noted at instant T, in Fig. 8 that with

B/A = 2, the maximum lag occurs when
the desired signal B has completed 120°
more of its cycle than has the interfering
signal 4 of its cycle. This agrees with the
angular relationship of 4 to B in the
vector diagram for instant T, also shown
in Fig. 8, for readers interested in the
mathematical procedure of determining
the amount of peak phase deviation. It is
found that the maximum lag or lead
occurs when the resultant 4 + B is
tangent to the circle described by the
terminal point of vector 4 as it rotates
about the terminal point of vector B asa
center. In the present case, the side 4 op-
posite the deviation angle is equal to
one-half the hypotenuse B, which makes
the phase deviation equal to 80°, meas-
ured in terms of a cycle of the predom-
inant (desired) signal as 360°. When the
ratio of the amplitude of the desired sig-
nal B to that of the interfering signal 4
1s greater than 2 to 1, the peak phase
deviation is less than 30°.

It should be noted particularly that the
amount of deviation depends solely upon
the ratio of the amplitude of the desired
signal to that of the interfering signmal,
and is independent of the frequencies of
the two signals. As the difference between
the frequencies of the two signals is made
greater, the amplitude of the resultant
pulsates at a higher frequency and the
interval between the successive instants
of maximum lag or lead is reduced; how-
ever, the amount of the deviation at these
instants remains unchanged. For example,
if the amplitude of the desired signal is
twice that of the interfering signal, the
resultant signal will alternately acquire
lags and leads of only 30° with respect to
the predominant (desired) signal, regard-
less of what the difference in frequency of
the desired and interfering signals may
be. This fact has an important bearing on
the matter of how the effects of inter-
ference are overcome in the FM receiver,
as will be explained later.

It has been mentioned previously that
while the average frequency of the result-
ant is equal to the frequency of the pre-
dominant (desired) signal, the resultant is
continually varying in frequency alter-
nately above and below its average fre-
quency value. The maximum amount of
the frequency variation is called the fre-
quency deviation. Unlike the phase devia-
tion, the frequency deviation depends, in
part, upon the frequencies of the desired
and interfering signals. As a matter of fact,
the frequency deviation is directly pro-
portional to the amount of phase devia-
tion, and also directly proportional to the
rate at which the instants of maximum
lag or lead recur, that is, to the difference
of the two signal frequencies. This rela-



tionship is to be expected, for the extent
to which the time periods of the cycles
must be lengthened and shortened de-
pends not only upon how much lag or
lead is to be accumulated but -also upon
how many cycles occur during the process
of accumulation.

For cxample, if the signal frequencies
differ only slightly, then the amplitude of
the resultant pulsates quite slowly and
there is a long time interval between the
instants of maximum lag or lcad. Many
cycles of the resultant wave occur during
the process of accumulating the maximum
lag or lead, and the amount by which the
time period of any individual cycle is
lengthened or shortened is quite small.
Conscquently, the frequency of the result-
ant is varied over a narrow range. On the
other hand, if the signal frequencies differ
considcrably, the amplitude of the result-
ant pulsates rapidly, the time interval
between the instants of maximum lag or
lead is much shorter, and greater frequency
deviation is required to give the same
amount of phase deviation.

Overcoming Eifects of an Interfering Wave x It has
been noted that an interfering signal acts
upon a desired signal of greater amplitude
to create a resultant which differs from
the desired signal by having variations of
amplitude and frequency. It follows that
to reduce the effects of the interfering
signal, steps should be taken to minimize
the amplitude and frequency variations of
the resultant.

In the FM receiver, the amplitude varia-
Lions are removed by the actionof a limiter
stage, located immediately after the last
IF amplifier stage, as shown in the block
diagram of Fig. 9. Previous to the limiter,
the general arrangement of the recciver is
like that of the conventional AM super-
heterodyne broadcast receiver, except that
the tuned circuits are designed for higher
RF and IF frequencies, and greater band
width. Thus the amplitude and frequency
variations of the resultant signal voltage
at the grid of the first tube of the receiver
are transferred to the IF voltage at the
nput of the limiter.

If, for purposes of explanation, the volt-
age at the input of the limiter is assumed
to have the wave form shown at the lower
left in Fig. 8, then the output voltage of
the limiter will have the wave form shown
.at the lower right in Fig. 8 (assuming that
the limiter output impedance is constant at
all frequencies). It will be observed that
whenever the instantaneous voltage ap-
plied at the input of the limiter begins to
-exceed a predetermined level, the limiter
operates to prevent its output voltage from
increasing in a like manner. If the limiting
action begins at a level below the least
amplitude of the applied voltage at the
limiter mput, then the amplitude varia-
tions arc practically absent in the limiter
output. Thus the limiter overcomes one
of the effects of the interfering wave. The
use of a circuit that minimizes the cffects
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of the amplitude variation of the resultant
wave, such as a limiter, is necessary for the
reduction of interference in the FM re-
ceiver.

The frequency variations of the input
voltage to the limiter, however; are carried
over into the output, as indicated by the
fact that the intercepts of the limiter out-
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put voltage curve with its axis (Fig. 8,
lower right) occur at unequal time in-
tervals.

While the amount of frequency varia-
tion due to the interfering signal is not
reduced in the limiter, the effects of such
frequency variation can be minimized if
wide-band frequency modulation is used
for conveying intelligence on the desired
signal. For example, if a sound wave
striking the microphone at the studio
causes the radio wave emitted by the FM
transmitter to vary in frequency by thou-
sands of cycles, then a supplementary fre-
quency variation of, say, fifty cycles, n-

the phase deviation), of the limiter output
voltage.

When the variation of frequency is si-
nusoidal, the frequency deviation in cycles
is equal to the product of the phase devia-
tion in radians and the number of times
that a complete cycle of frequency varia-
tion recurs in one second. In the case of the
FM wave mentioned above, having a phase
deviation of 75 radians and a modulation
frequency of 1,000 cycles, the frequency
deviation due to modulation is 75 X 1000
or 75,000 cycles.

In the case of the resultant of the inter-
fering wave and the FM wave, whatever

RF IF
AnpLIFIER [|CONVERTER™ supLiFier

LIMITER

.| oiscrim- ] AF
INATOR AMPLIFIER

OSCILLATOR)

FIG. 9. BLOCK DIAGRAM OF A CONVENTIONAL FM RECEIVER

troduced by the interfering signal at the
receiver, is of negligible effect.

Consider the case of an FM broadcast
transmitter. The maximum frequency
swing away from the center frequency
amounts to 75 ke., which is five times the
highest modulation frequency of 15 ke.
This is a wide-band FM system. Suppose
that a 1,000-cycle note of sine wave form
is sounded at the microphone with an
intensity sufficient to cause the transmit-
ter to be fully modulated. The frequency

swing of the transmitter will be 75 ke. The .

modulation index is 75000/1000 or 75.
The angle of phase deviation of the trans-
mitter in radians is equal to its modula-
tion index: Since one radian is equivalent
to approximately 57.3 degrees, the phase
deviation of the transmitter amounts to
75 X 57.3 or about 4300° in this case!
Assume that at the receiver an inter-
fering signal is present, having a frequency
100 cycles higher than the center fre-
quency of the desired signal, and an ampli-
tude one-half that of the desired signal.
The ratio of the amplitude of the desired
signal to that of the undesired signal is 2
to 1, making the phase deviation of the re-
sultant with respect to the desired signal
equal to 80°, regardless of the frequency of
the desired signal, as explained previously.
The ratio of the phase deviation due to
modulation to that caused by the inter.
fering wave is 4300/30 or about 148 to 1.
However, it must not be concluded from
this that the intensities of the 1,000-cycle
and 100-cycle tones at the speaker of the
receiver will be in the ratio of 143 to 1.
The discriminator stage which follows the
limiter-in Fig. 9 produces a voltage for
exciting the audio amplifier that is propor-
tional to the frequency deviation (and not
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the frequency of the latter, the supple-
mentary phase deviation caused by an
interfering wave having one-half the am-
plitude of the desired FM wave is 80° or
.52 radian. If the frequency variation of
the resultant caused by the interfering
signal is assumed to be sinusoidal, then
the supplementary frequency deviation
caused by the interfering signal is .52 X
100 or only 52 cycles!

(Strictly speaking, the value of 52
cycles must be regarded as an approxima-
tion, since neither the amplitude nor the
frequency variation of the resultant caused
by the interfering signal is sinusoidal.
However, the variation of frequency
caused by the interfering signal is suf-

ness of the reduction of interference, -es-
pecially when it is remembered that the
amplitudes of the desired and interfering
signals are m the ratio of 2 to 1. If the
ratio were greater than 2 to 1, the dis-
turbance of reception by the interfering
wave would be even less.

Fig. 10 shows, .from left to right, the
voltage at the limiter input, at the limiter
output, and at the discriminator output
when a wide-band frequency-modulated
signal is being received in the absence of
interference. Any amplitude variations
caused by interfering signals are removed
by the limiter and any frequency varia-
tions caused by interfering signals are
rendered negligible by the fact of the
much greater frequency variations caused
by modulation. The discriminator creates
a voltage whose amplitude at any instant
is proportional to the amount by which
the frequency of the output voltage of
the limiter differs from the frequency
to which the:discriminator as well as the
limiter and IF amplifier tuned circuits is
aligned. The polarity of the discriminator
output voltage at any imstant depends
upon whether the frequency at the limiter
output is greater or less than the align-
ment frequency of the discriminator tuned
circuits, When the variation of the fre-
quency of the limiter output voltage is
sinusoidal about its center frequency, the
discriminator furnishes a sinusoidal al-
ternating voltage for excitation of the
audio amplifier, as shown in Fig. 10.

While the essential function of the
discriminator is the demodulation of the
FM signal, it also serves to supplement
the action of the limiter. The discrimina-

‘tor tends to balance out the effects of any

amplitude variations that are not com-
pletely removed in the limiter, providing
the discriminator is correctly tuned. A
properly aligned limiter and discrimina-
tor give a very marked reduction of the
effects of amplitude variation of the sig-

IF AMPLIFIER OUTPUT
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FIG. 10. WAVE FORMS OF LIMITER AND DISCRIMINATOR VOLTAGES IN RECEIVER

Aiciently close to a sinusoidal form to
justify the above assumption in making a
rough estimate of the frequency devia-
tion.)

A comparison of the frequency swing of
75,000 cycles caused by modulation to'a
swing of 50 or 100 cycles caused by the
interfering wave emphasizes the effective-

nal, whether such variation be the result
of noise, AM hum modulation in the early
stages of the receiver, or an interfering
wave.

It should be noted that the suppression
of the frequency variation of an inter-
fering wave is not always as effective as
in the case for which figures were cited



above. For example, if the frequency of
the interfering signal differs from the fre-
quency of the desired signal by a greater
amount, the phase swing remains un-
changed but the frequency swing of the
resultant is increased. Also, during much

same conditions are met, namely that:
1) The amplitude of the desired signal is
two or more times the peak amplitude of
the interfering signal, so that the sup-
plementary phase swing caused by the
interfering signal is never more than 30°
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of the time when a program is on the air,
the transmitter is not fully modulated,
so that its frequency swing does not over-
shadow the frequency deviation caused by
interference at the receiver to as great an
extent.

For example, if the difference in fre-
quency of the desired and the interfering
signals is increased from 100 to 10,000
cycles, the phase swing caused by the
interfering signal remains at 80° or .52
radian, but the frequency swing caused
by the interfering signal is increased to
52 X 10,000 or 5,200 cycles. Such a
swing is appreciable compared to a trans-
mitter swing of 75,000 cycles. The situa-
tion is even less favorable at lower degrees
of modulation where the swing of the FM
.wave is in the order of, say, 15,000 or
20,000 cycles. Since the higher frequency
components of program material are gen-
erally of less amplitude than the lower
frequency components, this characteristic
might appear to be a serious obstacle to
the achievement of high fidelity FM recep-
tion. However, the situation can be easily
remedied by the use of pre-emphasis and
de-emphasis, as will be explained later.
Even without the use of emphasis net-
works at the transmitter and receiver, the
mterference is less noticeable than with
AM.

When the frequency of the interfering
wave differs from that of the desired sig-
nal only slightly, the disturbance is sup-
pressed by the FM receiver more effec-
tively than ever. This is in marked con-
trast to AM, where it becomes increasingly
difficult to tune out the interfering signal
as its frequency approaches that of the
desired signal.

In the above discussion it was assumed
that the interfering signal was unmodu-
lated. Equally effective suppression of
interference in the FM receiver occurs
when the interfering wave is amplitude-
or frequency-modulated, provided the

or..52 radian. 2) The least amplitude of
the voltage at the limiter input is in excess
of the voltage at which limiting action
starts, so that amplitude variations are
removed in the limiter. This explains the

ters. The general term applied to such
disturbances is noise.

Noise voltages are made up of sharp
pulses of various amplitudes occurring at
irregular intervals. When the voltage
peaks are infrequent and sharply defined,
with successive peaks clearly separated,
the noise is described as being of the
tmpulse type. When the peaks follow one
another in such rapid succession that there
is overlapping, the noise is described as
being of the random type. Both types of
noise are usually present in varying de-
grees at any receiver.

Impulse noises usually originate in
sources external to the receiver, such as
automobile ignition systems, faulty power
lines, and the sparking brushes of electric
motors.

Random noise can be caused by the
usual form of static, arising from a more
or less continuous series of electrical
discharges in the atmosphere. In addition,
there is always an appreciable amount: of
random noise originating in the early
stages of all radio receivers.

One source of such random noise is the
thermal agitation voltage which is de-
veloped in all conductors at temperatures
above absolute zero. It is the result of the
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importance of high gain RF and IF-ampli-
fiers in the FM receiver. 3) The intelli-
gence is conveyed on the desired signal by
the use of wide-band frequency modula-
tion, so that the frequency variations due
to modulation will greatly overshadow the
frequency variations due to the interfering
signal..

Noise Disturhantes * In addition to the inter-
ference - caused by  continuous signals
picked up from undesired radio transmit-
ters, there may be interference from volt-

ages of a discontinuous nature arising

from sources other than radio transmit-

haphazard motion of free electrons in the
conductors, and depends upon the: tem-
perature as well as the resistance of the:
conductors. While thermal agitation is.
present in all the conductors of a receiver,
only that present in the input circuit.
preceding the first tube is usually im-
portant because the signal voltage is at its-
lowest level at this point.

Another source of random noise within
every receiver is a slight fluctuation in the
rate at which the electrons arrive at the
plates of the tubes. This fluctuation occurs
continuously, regardless of whether or not
there are larger variations of plate current
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caused by the incoming signal. A certain
amount of random fluctuation is inherent
in the nature of plate current, which is a
bombardment of the plate by a hail of
separate particles rather than the smooth
flow of a continuous fluid. This fluctuation
creates a noise voltage across the output
load of the tube, which is termed shot
effect. Additional slight fluctuations of
plate current are caused by variations in

the rate at which electrons are emitted

from the cathode of each tube and by
variations-of the ratio in which the elec-
trons are divided among the collecting
elements of the tube. The resultant of all
these effects is called tube noise, and 1s of
importance in the early stages of the re-
ceiver, where the signal voltage is still of
relatively low amplitude.

Analysis of Noise Voltages * Since random
noise voltages come from forces which act

equal to the sum of a component at ‘the
fundamental frequency, a component at
twice the fundamental frequency having
one-half the amplitude of the fundamental
frequency component, a component at
three times the fundamental frequency
with one-third the amplitude of the funda-
merital, and an infinite series of higher
harmonics each having an amplitude in-
versely proportional to the order of the
harmonic. The spectrum distribution for
impulse noise is approximately depicted
in Fig. 12.

While noise voltages are made up of
components at all frequencies, a radio re-
ceiver at any particular setting of the
tuning dial responds only to. frequencies
within a comparatively narrow band of*the
spectrum. The center frequency of the
band is the assigned frequency of the
station to which the receiver is tuned; the
width of the band, that is, the difference

From alternating current theory, it will
be remembered that when two or more
components of voltage, or current, at dif-
ferent frequencies are present in a circuit,
the root mean square or RMS value of
the resultant is equal to the square root of
the sum of the squares of the RMS values
of the components. If the components are
all of equal amplitude, then the RMS
value of the resultant is proportional to
the square root of the number of com-
ponents present. It was shown above that
under conditions encountered in practice,
the amplitudes of the components at
different frequencies of both impulse and
random noise tend to be uniform within
the response band of the receiver. Thus
the RMS values of random noise and of
impulse noise can be expected to be propor-
tional to the square root of the width of
the radio frequency band to which the
receiver is responsive at any particular

by
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in an uncontrolled and haphazard manner,
it is to be expected that they will have no
particular frequency. As a matter of fact,
the energy of random noise is almost uni-
formly distrbuted over the spectrum from
zero frequency to the highest of radio
frequencies. True random noise voltage
may be regarded, therefore, as consisting
of an infinite number of components at
different frequencies, each frequency dif-
fering from the next higher or lower fre-

quency by an infinitesimal amount. The

individual components have no specific
time or phase relation with respect to
-each other, and the average amplitude of
.all the components in a frequency band
in one portion of the spectrum is equal to
‘the average amplitude of the components
in a frequency band of the same width in
any other portion of the spectrum. An
-approximation of the spectrum distribu-
tion characteristics for random noise is
shown in Fig. 11.

Impulse noises are in the form of sharp
peaks, occurring at irregular intervals. To
analyze the spectrum distribution of en-
-ergy received from a single pulse, the pulse
may be regarded as one of a series of pulses
recurring at a very low frequency. When a
recurrent pulse of exceedingly short time
-duration is analyzed, it is found to be
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between the highest and lowest frequen-
cies of the band, is largely determined by
the adjustments of the tuned circuits of
the IF amplifier. In practice, the width of
the frequency band to which the receiver
responds at any particular dial setting is
quite small compared to the center fre-
quency of the band. For example, in FM
broadcast reception, the band of fre-
quencies to which the receiver is respon-
sive when the receiver is tuned to a
station is in the order of 200 kc. wide,
while the frequency of the station (that is,
the center frequency of the band) is in the
order of tens of thousands of kilocycles.
Thus the receiver band widths -indicated
in Figs. 11 and 12 are shown as narrow
portions of the spectrum located well up
the frequency scale. Note particularly that
under such conditions, the amplitudes of
components at different frequencies within
the receiver response band are practically
uniform. This is to be expected in the case
of random noise, Fig. 11, but.in the case of
impulse noise, Fig. 12, the practically uni-
form amplitudes are the result of the
location of the band in a region of the
spectrum where the limiting frequencies of
the band differ by only a small percentage
from the frequency at the center of the
band.

FI1G. 14. SPECTRUM DISTRIBUTION OF FM RECEIVER NOISE,
INDICATED BY THE SHADED AREA

dial setting. That such is the case has been
confirmed experimentally.

It is the peak value of a noise voltage
rather than its RMS value, however, that
largely determines the extent to which
noise irritates the listener. In the case of
random noise arising from thermal agita-
tion, the ratio of the peak to the RMS
value, called crest factor, is about 4 to 1.
When random noise voltage arises from
sources other than thermal agitation, the
crest factor can assume a somewhat higher
value, but will tend to be constant at that
value in the presence of a strong signal.
Thus the peak as well as the RMS value of
random noise at the IF output of the re-
celver i1s approximately proportional to
the square root of the band width of the
receiver.

The peak value of the impulse noise
voltage, however, varies directly as the
band width, and not as the square root of
the band width. The reason for this re-
lationship is to be found in the fact that
the components of the impulse noise are
all in harmonic relation to the funda-
mental, and so timed with respect to each
other that they are all in phase at the
instants when the pulse starts or stops.
Thus the péak value of the impulse noise

‘voltage is the arithmetical sum of the



amplitudes of the components. In a re-
ceiver whose response band is located well
up in the frequency spectrum, where the
amplitudes of the impulse noise com-
ponents are nearly uniform, the peak volt-
age is proportional to the number of com-
ponents added. The number of compo-
nents added varies, in turn, as the band
width, since the components are located
in the frequency spectrum at intervals
equal to the fundamental frequency of the
impulse. Thercfore, the peak value of the
impulse noise voltage is proportional to
the frequency band passed by the re-
ceiver. }

The distinction between the relation-
ships of peak random and peak impulse

spaced at equal frequency intervals in the
response band of the receiver, it follows
that reduction of this noise as well as of
the interfering signals can be expected in
the FM receiver. Also, it is to be expected
that the noise components at frequencies
nearest the signal frequency will be most
effectively suppressed while those com-
ponents whose frequencies are more re-
mote from the signal frequency will cause
more disturbance in the receiver output.

These anticipated effects are found in
practice, so that in Fig. 18 the curve
A’0A shows how the radio frequencies of
the noise components at the receiver input
determine the amplitudes of the audio
frequency components of noise at the
receiver output. The

diagram applies to
the case of peak im-

o

S

pulse noise and as-
sumes that the ratio
of carrier-to-noise is
2 to 1. While the aim-
plitudes of the com-
ponents of impulse
noise are known to
be practically uniform
within the width of
the receiver response
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FREQUENCY OF NOISE COMPONENTS

+75KC band at the source, it

is observed that the
frequency modulation

FIG. 15. SPECTRUM DISTRIBUTION OF AM RECEIVER NOISE,
INDICATED BY SHADED AREA

noise to the band width accounts for a
difference in the effectiveness of the FM
receiver in reducing the noise, which will
be explained presently.

Comparative Noise in AM and FM Receivers x In
the discussion of Fig. 8, it was noted that
the effect of an interfering signal upon a
stronger desired signal is to create a result-
ant which has varying amplitude and
varying frequency. The amplitude varia-
tibn is largely removed in the limiter and
the effects of any remaining amplitude
variation in the limiter output are min-
imized in the discriminator. The frequency
variation, caused by the interfering wave
is not reduced in the limiter, but is ren-
dered negligible by the much greater
frequency swing of the desired signal
during modulation. However, it was noted
that as the frequency of the interfering
signal differs from the frequency of the
desired signal by an increasing amount,
the frequency swing caused by the inter-
fering wave (and hence the amount of in-
terfercnce in the receiver output) increases
in direct proportion.

The above observations for the case of
one interfering signal also hold with
respect to two or more interfering signals,
provided the peak value of the resultant
of the interfering signals is not greater
than one-half the amplitude of the desired
signal. Since impulse noise can be aua-
lyzed as consisting of a series of compo-
nents of practically uniform amplitude

due to noise increases
in direct proportion to
the amount by which
the noise components are higher and
lower in frequency than the signal.

The areas of triangles OAB and 04’B’-

therefore represent noise in the discrimina-
tor output. However, all of this noise
may not be passed through the audio am-

are proportional to the highest frequency
passed by the audio system of the re-
ceiver. These triangles are shown as
shaded areas in Fig. 14, which represents
the noise output of the FM broadcast
receiver. As will be explained later, by
the use of pre-emphasis and de-emphasis
cirenits at the FM transmitter and re-
ceiver, it is possible to reduce the already
small amount of FM receiver noise repre-
sented by the shaded triangles still fur-
ther.

In Fig. 18, if the perpendiculars ¢'D and
C'D’ are extended upward until they inter-
sect the horizontal line AA’ at EE’, a
means 1s afforded for visualizing the im-
provement in the signal-to-noise ratio that
is effected in the FM receciver.

In an AM receiver, all the noise com-
ponents at radio frequencies differing
from the signal frequency by less than the
highest audio frequency are amplified in
the receiver equally as well as the intelli-
gence of the signal being received. The
peak impulse noise at the AM receiver
output is therefore proportional to the
area of rectangle E'EDD’ of Fig. 18. This
rectangle is shown as the shaded area of
Fig. 15. The ratio of the area of the AM
receiver noise rectangle of Fig. 15 to the
total area of the FM receiver noise trian-
gles of Fig. 14, called the improvement ratio,
is the figure of merit of the FM system.
The improvement ratio tells how many
times the signal-to-noise ratio in the out-
put of the FM receiver is increased over
that in the output of an AM recceiver,
where both receivers have the same carrier
strength and the same -carrier-to-noise
ratios at their inputs.

What determines the magnitude of the
improvement ratio for peak impulse noise

30

20

DECIBELS P
10

o

4/

1,000 10000
FREQUENCY IN CYCLES PER SECOND

400,000

FiG. 16. STANDARD PRE-EMPHASIS CHARACTERISTIC FOR FM TRANSMITTERS

plifier. For example, in FM broadcasting
the maximum frequency swing, as repre-
sented by OB and OB’ is 75 ke., whereas
the highest frequency that is passed
through the audio system is in the order of
15 ke. The noise created in the discrimina-
tor output by noise components differing
in frequency from the signal by more than
15 ke. is therefore prevented from reaching
the receiver output. Thus, in the diagram
of Fig. 13, the noise reaching the FM re-
ceiver output is represented by triangles
OCD and OC’D’, whose bases OD and 0D’

reduction in the FM receiver? In other
words, what determines the ratio of the
area of rectangle E’EDD’ in Fig. 18 to
the area of the triangles OCD and 0C'D’?
The construction line €¢’C aids in evalu-
ating the ratio. The area of the large
rectangle E'EDD’ is greater than the
area of the small rectangle C’CDD’ by as
many times as dimension ED is greater
than CD, or as AB is greater than CD, or
as BO is greater than DO. The ratio
BO/DO makes the more useful reference,
since it represents the ratio of the peak
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frequency swing of the transmitted sig-
nal to the highest audio frequency handled
by the audio channel of the receiver. This
ratio is commonly called the deviation ratio
of the FM system.

‘The ratio of the area of the large rec-
tangle E'EDD’ to the small rectangle
C'CDD' is equal to BO/DO or to the devi-
ation ratio of the FM system. The small
rectangle C'CDD’ in turn has twice the
total area of the triangles 0CD and 0C’'D’.
Thus the improvement ratio of the FM
system in the case of peak impulse noise is
equal to twice the deviation ratio of the
FM system. In Fig. 13 the deviation ratio
B0O/D0 s 5 to 1, making the improvement
ratio for the FM receiver on peak impulse
noise equal to 2 X 5 or 10 to 1. Thus the
area of the shaded rectangle in Fig. 15 is
10 times the area of the shaded triangles in
Fig. 14. The signal-to-noise ratio for peak
impulse noise is ten times as great in this
case at the FM receiver output than in the
AM receiver output, assuming that both
receivers operate with the same carrier
strength and the same carrier-to-noise
ratio at their inputs, and that the full noise
reducing potentialities of the FM system
are realized through careful design.

In the case of peak random noise, the
diagram of Fig. 12 does not apply, because
the components of random noise have no
particular timing with respect to each
other, and the peak value of random volt-
age is proportional to the square root of
the band width, rather than to the width
of the band. The improvement ratio for
peak random noise is equal to the square
root of the ratio of the areas that are
created when each of the noise amplitudes
of the triangles and rectangle is squared
before plotting. By the use of calculus, the
value of the improvement ratio for peak
random noise is found to be the square
root of 8 or approximately 1.73 times the
deviation ratio of the system. Thus the
improvement in the case of peak impulse
noise is 2/1.73 or 1.16 times greater in the
case of peak random noise. In both cases,
however, the respective improvements are
proportional to the deviation ratio of the
FM system. That is why it is desirable to
have as large a frequency swing -at the
FM transmitter as feasible with a due re-
gard for the fact that the spectrum must
be shared with other stations. It is why the
audio channel of the receiver should ac-
cept and amplify frequencies up.to the
highest necessary in the particular type of
FM service involved, and should reject
frequencies that are higher. When these
precautions are observed in setting up the
FM transmitting and receiving system,
the largest possible deviation ratio will
be obtained and the greatest improvement
in the signal-to-noise ratio can be achieved
in a well designed receiver.

For example, in the FM broadcast serv-
ice, for realistic reproduction of the studio
program in the home, it is desirable that
the full range of audio frequencies up to
15,000 cycles be amplified in the audio
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system and converted to sound at the
speaker. Frequencies higher than about
15,000 cycles are inaudible to the average
human ear and the audio channel should
therefore cut off at about 15,000 cycles.
The frequency swing of the transmitter
should be sufficiently in excess of the
highest audio frequency of 15,000 cycles
to give a satisfactory deviation ratio.
Present practice is to provide for a fre-
quency swing of 75 ke. at full modula-
tion. This gives a deviation ratio of 75/15
or 5 to 1 with full modulation at the high-
est modulating frequency. Since the im-
provement ratio is from 1.73 to 2 times the
deviation ratio, depending upon the type
of noise, the signal-to-noise ratio in the
FM receiver output will be 9 or 10 times
greater in the FM receiver than in the AM
receiver where both receivers have the
same carrier-to-noise ratios and the same
carrier strengths at their inputs. The back-
ground noise in the FM receiver will be of
such low level as to be inaudible and the
full quality of 15,000-cycle reproduction is
enjoyed by the listener.

No such improvement of the signal-to-
noise ratio is inherent in the AM receiver
circuits. Even if AM broadcast stations
transmitted with modulation frequencies
as high as 15,000 cycles (most AM sta-
tions do not), the average listener could
not enjoy 15,000-cycle reception, for he
would be forced to use his tone control to
bring the audio channel down to the order
of 5,000 cycles or less in order to reduce
the noise to a tolerable, but certainly not
enjoyable, level!

Equally important as the frequency
swing, in determining the deviation ratio,
is the highest audio frequency which the
receiver audio system is designed to han-
dle. Suppose that while keeping the same
frequency swing, the highest frequency
transmitted by the audio system is re-
duced from15,000 cycles to 5,000 cycles or
in the ratio 8 to 1. The base of the AM
noise rectangle E’EDD’ will be narrowed
in the ratio 8 to 1, but its altitude will
remain unchanged. The area of the rec-
tangle representing the AM receiver noise
will have been reduced in the ratio 8 to1l.
In the case of the triangles OCD and
O0C'D’ however, both the bases and the
altitudes will be reduced in the ratio3 to 1,
indicating that the areas of the triangles
representing the FM receiver noise will
have been reduced in the ratio 9 to 1. Thus
narrowing the audio channel to one-third
in both the AM and FM receivers reduces
the noise in both receivers, but the im-
provement is 9/3 or 3 times as great with
FM as with AM.

The increase of the improvement ratio
with larger deviation ratios is of particular
interest in FM communications work.
Here the fact that an audio channel of
4,000 cycles or less will suffice for the
transmission of intelligible speech permits
operation with a signal frequency swing of
only 40 ke., maintaining a deviation ratio
for the system of 40000/4000 or 10 to 1,

which yields an improvement ratio in the
order of 20 to 1 for FM over AM. It is
not surprising that field tests of mobile
FM communications equipment have ex-
ploded the idea that “AM can do every-
thing that FM can do at the same fre-
quency.”

Pre-emphasis and De-emphasis * In the above
discussion of the effects of interfering sig-
nals and noise components, it was ob-
served that the noise and interference
effects in FM systems are very much less
than in AM systems. However, it was also
noted that the residue of these disturb-
ances that appears in the FM receiver
output is concentrated in the upper audio
frequency range. Since noise frequencies
in the upper register are more irritating to
the human ear, the noise concentrated at
high frequencies is more objectionable
than the same amount of noise energy
uniformly distributed over the whole au-
dio frequency range. This unfavorable
situation can be easily corrected in FM
circuits by the use of pre-emphasis and
de-emphasis.

Pre-emphasis refers to the use of a
simple network in the audio system of the
transmitter for the purpose of causing the
higher frequency components of the pro-
gram to be amplified much more than the
lower frequency components. The R.M.A.
standard of pre-emphasis calls for a gain-
versus-frequency characteristic that is flat
to 500 cycles, then rising to +20 db at
15,000 cycles, as shown in Fig. 16. Since
a 20 db increase represents a ten-fold
voltage step-up, the frequency swing of
the transmitter on a soft 15,000-cycle
sound is ten times as great as without pre-
emphasis, so that the intelligence of the
modulation overshadows noise in the re-
ceiver output far more effectively. There
is no danger of overmodulating the trans-
mitter seriously on the high frequencies
with pre-emphasis because the energy
content of the high frequency components
of program material is much smaller than
that of the low frequency components.

In the receiver, a simple de-emphasis
network is used to bring the highs down to
proper relation with respect to the lows.
Its gain-frequency characteristic is the
inverse of that of the pre-emphasis net-
work. For example, whereas pre-emphasis
causes the amplitude of a 15,000-cycle
component to be stepped up ten times
prior to modulation of the transmitter,
the de-emphasis network following the
detector in the receiver reduces the 15,000-
cycle component to one-tenth, thus restor-
ing it to a proper proportion with respect
to the low frequency components. At the
same time, the high frequency noise is

“reduced to one-tenth of the amplitude that

it would have without pre-emphasis and
de-emphasis.

The marked benefit obtained by the
use of the'emphasis networks is shown by
a comparison of Figs. 17 and 18. In Fig.
17, the triangular area under the curve



represents the amount and the frequency-
distribution of the noise in an FM system
not employing cmphasis, corresponding to
the sum of the triangular areas of Fig. 14.

signed to the same frequency must have a
considerable geographical separation, and
that adequate service to a continental
area like the United States requires a large

the amplifier gain control on weak pas-
sages and reducing the gain on the strong
passages. Such compression of the volume
range is necessitated by the inherent sig-

100

400

—a

80

80

60
|

40

I

NOISE AMPLITUDE, PER CENT
T

NOISE AMPLITUDE, PER CENT
20

[

|

olZ 54

5,000 40,000
AUDIO FREQUENCY, CYCLES PER SECOND

[ PR

15,000

- EE

A 10,000
AUDIO FREQUENCY, CYCLES PER SECOND

5,000

FIG.17. FM RECEIVER OUTPUT NOISE WHEN DE-EMPHASIS IS NOT

EMPLOYED

The area under the curve of Fig. 18 repre-
sents the noise in the FM receiver when
standard pre-emphasis and de-emphasis
are employed. Note particularly that the
greatest noise reduction occurs at the
highest noise frequencies; in other words,
the pre-emphasis and de-emphasis are most
effective in reducing the amplitudes of the
noise components at thefrequencies where
the noise is most likely to be annoying.

High Fidelity * In the discussion of noise
reduction above, a typical value of 15,000
cycles was used for the highest frequency
accepted. by the audio amplifier of the
FM receiver. This is in contrast to a value
of the order of 5,000 cycles or less which is
found in the typical AM receiver.

When it is remembered that the over-
tones of musical instruments such as the
violin and flute are of appreciable ampli-
tude in the frequency range from 10,000
cycles upward to the limits of human
hearing, the importance of having noise-
free reproduction of frequencies up to
15,000 cycles is evident. Why is it feasible
to have an audio amplifier of greater fre-
quency range with FM? ’

The reason is two-fold: 1) AM receiver
circuits arc not capable of increasing the
signal-to-noise ratio at the receiver output
over that at the input. The way in which
noise can be reduced in an AM receiver is
by narrowing the audio channel. In other
words, the loss of the higher audio fre-
quencies, which add so much realism to
the reproduction, is the price that 1s paid
for keeping the noise within tolerable lev-
els. 2) AM receivers do not use a system
which inherently reduces interference on
frequencies very near to the frequency of
the desired signal. In the AM service, the
strength of the desired signal must be at
least 100 times the strength of the inter-
fering signal, if the effects of the inter-
ference are to be neglibible ini the receiver
output. This means that AM stations as-

number of stations assigned to many dif-
ferent frequencies. As it has worked out,
the scparation between adjacent frequen-
cies assigned to broadcast stations in the
United States is only 10 ke., so that
modulation at frequencies higher than
5,000 cycles produces sidebands outside
of the assigned chamnel of the station.
Receivers whose IF band width appreci-
ably exceeds 10 ke. are therefore subject
to interference whiskers from the side-
bands of other stations.

The FM system, on the other hand,
inherently reduces noise. It is possible
therefore to widen the audio channel to
15,000 cycles and to obtain the resulting
realisin without raising the noise to an
objectionable level. Also, in the case of
FM, a 2 to 1 instead of a 100 to 1 ratio
of the desired signal to the interfering
signal overcomes the effects of inter-
ference, provided the FM receiver is well
designed, so that the full potentialities of
the FM system are realized. Thus in FM
more stations can be operating simul-
taneously with wider (200 ke.) channels
assigned to each, without creating a serious
interference problem.

Dynamic Range x The term dynamic range
vefers to the difference in sound levels be-
tween the loudest and softest portions of
program material. For symphonic music,
the range may be in the order of 70 db,
corresponding to a voltage ratio of about
3,000 to 1. The transmission of the full
volume range makes it possible to re-
produce at the receiving set the same
relation between the loud and soft pas-
sages as would be heard at the studio —
the relation, for example, between the
spoken word and a pistol shot, or be-
tween a violin solo and the brilliant finale-
of a symphonic orchestra.

In AM broadcasting, the volume range
is reduced by the control operator to the
order of 35 db. This is done by advancing

FIG. 18. REDUCTION OF NOISE INDICATED [N FIG. 17 WHEN DE-,
EMPHASIS IS EMPLOYED

nal-to-noise ratio in AM which, in best
practice, seldom exceeds 40 db.

Even where the line characteristics are
such that the full dynamic range of a
symphonic program can be transmitted,
the average AM receiver is incapable of
giving a satisfactory. reproduction of the
full dynamic range because of the pres-
ence of hum and noise. If the volume con-
trol is adjusted to a setting where the
loudspeaker is not overloaded on the loud
passages, reception can be satisfactory at
the high and medium levels of the music
in spite of the presence of noise because
the program energy greatly exceeds the
noise energy and thereby renders the noise
unnoticeable to the human ear. On the
soft passages of the music, however, where
the average amplitude of the music is
about 1/3000th of that on the loudest
passages, the hum and noise will be very
apparent; in fact, the music amplitude
may be well below the amplitude of the
disturbances, so that the music 1s not even
heard during the soft passages and the
noise level appears to have risen. Only by
narrowing the audio channel of the AM
receiver to reduce the noise, and by operat-
ing with a reduced dynamic range at the
AM transmitter so that the average am-
plitude on the weakest passages is not less
than 1/50th or 1/100th of that on the
strong passages, can tolerable reception
be achieved in the AM receiver. Tolerable,
perhaps, but not realistic!

In the FM system, thé noise in a well-
designed broadcast receiver 1s at such a
low level that it is possible to hear the
softer sounds satisfactorily without hav-
ing the volume control advanced to the
point where the speaker is overloaded on
the stronger passages. Also, by employing
a wide frequency swing at the transmitter,
a sufficiently high deviation ratio for the
FM system can be obtained to give a good
improvement in the signal-to-noise ratio
even with an audio channel extending as
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high as 15,000 cycles. The inherent signal-
to-noise ratio for best practice is 70 to 75
db. Thus full realism of reproduction can
be achieved in the FM receiver.

The reproduction of the full dynamic
range also adds presenceto the program at
the receiver output. The overtones of
musical instruments in the frequency
range above 10,000 cycles have already
been mentioned. Most instruments have
important overtones at lower frequencies,
also —even at frequencies of less than
1,000 cycles. A listener seated near the
orchestra in the studio hears these over-
tones better than a listener who is at a

greater distance, because the soft over-.

tones have a more favorable ratio with
respect to the room noise when the listener
is close to the orchestra. Similarly, a sys-
tem which does not reduce the dynamic
range appreciably in the course of trans-
mission and reproduction makes the lis-
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tener feel that he is present at the studio
in a way that mere loudness of the re-
produced sound can not accomplish.

The factor of dynamic range and high
fidelity are so noticeable to the owners of
well-designed FM. receivers that they are
able to state immediately whether a pro-
gram is being originated and transmitted
under circumstances that permit the real-
ization of the full capabilities of the FM
system, or whether the program has un-
dergone a compression of its dynamic
range and frequency range, as when it has
been passed over an AM network line.

Duplex Operation * Another operational ad-
vantage of the FM system is the possibility
of conducting two or more services to the
public simultaneously over the same sta-
tion while operating within its assigned
channel width. While multiplexing of
various unrelated transmissions is feasible,

the most frequent application of this
feature of FM will probably come in the
form of duplex operation, where a second
service is offered that is complementary
to the first.

For example, facsimile, the transmission
of printed material and pictures, may
complement the sound transmission. The
broadcast receiver owner may receive his
newspaper, complete with pictures, from
facsimile equipment attached to his re-
ceiver, without interference to his favorite
programs. Many newspaper publishers
have' already taken steps toward the es-
tablishment of facsimile services at a
yearly cost to the listener comparable to
that of a newspaper subscription.

Facsimile duplexed with sound may
become an important auxiliary to the
police radio systems. It is possible, for
example, to transmit photographs and
fingerprints rapidly.



Theory of Frequency Modulation

Section 3: Operational Advantages of Propagation at the FM Frequencies

HE two previous sections have ex-
plained the notable improvements that
are obtained when a well-designed system
of FM. transmission and reception is sub-
stituted for AM. The advantages in the
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FIG. 19. ARRANGEMENT OF THE SHELLS OF
THE EARTH'S ATMOSPHERE

favor of FM that were enumerated are
inherent in the FM circuits, and are not
dependent upon the signal carrier fre-
quencies employed in the two systems.
As a practical matter; however, since
FM requires a greater channel width than
AM, FM stations must be assigned to a
higher portion of the frequency spectrum,

could furnish only 5 channels 200 ke. wide.
Hence it has been necessary to assign fre-
quencies above 40 mec. to the FM broad-
cast stations. For the same reason, the
frequencies allocated to police radio and
other emergency communication systems
are considerably higher in the case of FM
than with AM.

This shift to a very high carrier fre-
quency, incidental to setting up an FM
system, introduces additional advantages
in terms of improved signal coverage, as
will be explained in this chapter.

In particular, the FM signals suffer less
from the effects of the Ionosphere than
AM signals at the lower carrier frequen-
cies. With a view to understanding the
difference between the propagation char-
acteristics of the FM and AM frequencies,
it is desirable to review briefly the nature
of the Ionosphere and its effects upon
radio signals.

Nature of the lonosphere x The atmosphere
of the earth can be regarded as consisting
of a number of concentric shells or layers
of various thicknesses above the earth’s
surface, as shown in Fig. 19. Each layer
has its own distinguishing characteristics
and certain of the layers exercise an in-
fluence upon radio waves, as will be
shown presently. ]

The shell nearest to the earth’s surface
is called the Troposphere, extending up-
ward about 10 miles. It is the weather belt
of the carth, with fluctuating tempera-
tures and barometric pressures.

Above the Troposphere in Fig. 19 is
shown the Stratosphere or Isothermal layer
of thin air, whose distinguishing charac-
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where a greater band of frequencies is
available.

For example, the FM broadcast station
channel width is 200 kc., while the channel
width of the AM station is 10 ke. The
present standard broadcast band, extend-
ing from 550 to 1,600 ke., provides 106
10-ke. channels for the AM stations but

teristic is a constant temperature of about
— 67° F.

The Ozonosphere, a third layer about 18
miles in thickness above the Stratosphere,
contains free oxygen which serves to ab-
sorb the actinic rays of the sun. Its tem-
perature rises as high as 200° F. during the
daytime but falls to — 67° F., like that of

the Stratosphere, at night. Above the
Ozonosphere is a layer about 20 miles
thick, called the Alio-troposphere. This
layer also absorbs sunlight and undergoes
wide variations of temperature between
day and night. The temperature varia-
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tions cause changes in atmospheric pres-
sure of an appreciable percentage, but the
order of all pressures at these altitudes is,
of course, quite low.

The fifth layer'is the Tonosphere, begin-
ning at a height of about 60 miles above
the earth and extending upward for several
hundred miles, at least. It is characterized
by an air pressure as low as .00000001 of
the normal pressure at the surface of the
earth. The pressure within the Ionosphere
is, therefore, in the order of that found
within a vacuum tube.

Throughout the earth’s atmosphere
there is ionization, that is, radiation from
the sun acting upon the molecules of the
gases of the air causes the liberation of
electrons and the creation of ions. The
ionization is very slight in the Troposphere
but tends to increase with altitude, be-
cause in regions of reduced atmospheric
pressure the likelihood of a rapid recombi-
nation of electrons and ions diminishes.
Particularly in the Ionosphere, where the
pressure is extremely low, a liberated elec-
tron can travel for a relatively long time
before encountering an ion. Thus compara-
tively large numbers of free electrons and
ions exist at the high altitudes of the
Tonosphere, as indicated by the curve of
Fig. 20.

It will be noted that the ionization
within the Tonosphere, Fig. 20, is not of
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uniform density but is concentrated in-at
least three layers, designated E, F; and
Fs, at various heights. This is believed to
be dite to a difference in the proportions of
the several gases at various levels in the
Ionosphere, since the gases differ in their
ability to absorb energy from solar radia-
tion.

When a radio wave from the earth ap-
proaches one of these layers of ionization,
it will tend to be reflected or refracted
back toward the earth, as shown in Fig. 21,
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provided the frequency of the wave is not
too high. The mechanism of bending is
explained as follows: When the wave
enters the ionized region, its electric field
sets the free electrons and ions into a
vibratory motion. The movement of the
heavy ions is so slight as to be unimpor-
tant, but the movement of the electrons is
appreciable. The path of movement of the
electrons is determined by the orientation
and the direction of motion of the elec-
tric field, and by the magnetic field of the
earth. The vibrating electrons represent a
current that creates a reradiated field,
which, together with the original field,
causes a bending of the direction of motion
of the wave, away from the region of more
intense ionization.

As the frequency of the wave is lowered,
the refraction or bending is greater. On the
other hand, if the frequency of the wave is
sufficiently high, the wave can penetrate
one layer, but may be refracted by the
next higher layer, which has a greater de-
gree of ionization. It is also possible for the
frequency of the wave to be so high that it
will penetrate all layers and be lost in
space. Whether or not the wave will be
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bent back to earth depends, therefore,
upon the frequency of the wave, the height
of the refracting layer, and its density of
ionization.

The density of ionization of a layer is
measured by determining the highest fre-
quency that can be returned to earth from
the layer, when the wave enters the layer
perpendicularly. This frequency is called
the critical frequency.

The virtual height of a layér is that
height at which reflection from a sharply
defined plane, in the absence of ionization,
would give the same transit time as is
taken by the refracted sky wave in travel-
ing over ifs curved path from the trans-
mitter to the receiver. In other words, in
Fig. 21, the same time would be taken to
travel over the path 4B’C at the velocity
of light as is actually required by the wave
in traveling its curved path ABC at a
velocity which, in the vicinity of B, is less
than the velocity of light.

F, layer during most of the daytime in the
summer, but the difference in height is not
as great in the winter. The critical fre-
quencies of both the Fy and F, layers are
variable, being maximum at local noon in
the winter and during the late afternoon
in thé summer.

With the approach of sunset, the height
of the F, layer increases while the height
of the F, layer approaches that of the Fy
layer. At sunset, the layers merge to form
a single ¥ layer which remains throughout
the night, rising to a maximum height of
about 200 miles at local midnight. Shortly
after sunrise, the F' layer separates into
the F; and F, layers previously mentioned,
except on winter days during a year of
great sunspot activity, when the layers do
not separate appreciably.

While the virtual heights of the layers
vary with the time of day and the season
of the year, the cycle of variations of vie-
tual height is repetitive with little change
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The lowest important ionized layer
within the Tonosphere is the E layer, whose
virtual height remains practically constant
at 70 to 75 miles throughout the daytime
during every season of the year. As shown
in Fig. 22, the critical frequency of the E
layer is variable, with a maximum at local
noon. The maximum is higher in summer
than in winter.

The next higher daytime layer is desig-
nated the F, layer, which, as shown in
Fig. 22, has a minimum height of about 130
miles at local noon, with somewhat greater
heights in the forenoon and afternoon.

The third important daytime layer is
the F; layer. It is much higher than the

from year to year. The critical frequencies
of the layers, however, are affected by the
sunspot numbers, and hence are subject to
variation over the period of the 11-year
sunspot cycle. In a year of large sunspot
numbers, the critical frequencies of all
layers, particularly that of the F, layer at
local noon in the winter, are very much
higher than in the years of slight sunspot
activity.

Sufficient knowledge of the general
trends of the variations of the Ionosphere
characteristics has been gathered during
the past decade to permit the prediction
of Tonosphere propagation characteristics
in advance. The predictions have consid-



erable reliability, except for short periods
-of unusual sunspot activity.

Effects of the lonosphere % Tt has been stated
that the Ionosphere has more effect upon
the radio waves of the standard AM
broadcast frequencies than upon the radio
waves at FM frequencies. The reason is
quite simple. FM broadcast frequencies
are in excess of 40 mc., and hence are
greater than the maximum critical fre-
quencies of all the ionized layers, with the
exception of the F, layer during short

sphere is caused by collisions between the
free electrons that have been set in vibra-
tory motion by the electric field of the
wave and the drifting gas molecules.
Within the Ionosphere, from the E layer
upward, the absorption is quite small, be-
cause while many free electrons are pres-
ent, the atmospheric pressure is so low
that collisions of the electrons with gas
molecules are relatively infrequent. On the
other hand, when the intense radiation
from the sun in daytime causes the ioniza-
tion to be extended downward in the E

tour, although in locations where man-
made noise and interfering signals are at a
minimum, it is possible to obtain satisfac-
tory daytime service with lower field
strengths.

The field strength at the receiver de-
pends in part upon the power of the trans-
mitter and upon the efficiency of the radi-
ating system, since these factors determine
the strength of the field that is initially
established in the immediate vicinity of
the transmitting antenna. However, the
field strength at the receiver also depends
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FIG. 24. LEFT: AM BROADCAST TRANSMISSION DURING DAYLIGHT HOURS IS BY MEANS OF THE GROUND WAVE. SKYWARD TRANSMIS-
SION IS ABSORBED IN REGION BELOW E LAYER. RIGHT: AT NIGHT, SKYWAVES, RETURNED TO EARTH, GIVE LONG-DISTANCE COVERAGE,
BUT CAUSE FADING IN THE OUTER PORTION OF THE AREA REACHED BY THE GROUND WAVE

periods around noon on winter days in the
years of greater sunspot activity, when
long distance transmission by F, layer
refraction can occur at frequencies some-
what in excess of 40 me. In general, how-
ever, the skyward transmissions of radio
waves at FM frequencies penetrate the
ionized layers and do not return to earth.

On the other hand, the frequencies of
the broadcast band, from 550 to 1,600 ke.,

layer, and even to regions in the Alto-
troposphere, just below the E layer, then
an area of high absorption characteristics
is created because of the higher pressure
of the gases within the area. Since waves
at AM broadecast frequencies would tend
to make their refractive bend largely
within this area, below the E layer, they
are especially susceptible to absorption
and very little skywave energy 1s returned
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FI1G. 25, TRANSMISSION AT VERY HIGH FREQUENCIES IS EFFECTED BY MEANS OF BOTH
GROUND-REFLECTED WAVES AND DIRECT WAVES, AS THIS DRAWING SHOWS

are well below Lhe eritical frequencies of
the Iy, and I layers, and also somewhat
below the critical frequency of the £ layer.
It would appear at first thought, therefore,
that skywave transmission would occur at
the standard broadcast frequencies at all
times. Actually, such transmission occurs
only at night because in the daytime the
absorption of cnergy in the regions imme-
diately below the E layer is so great at the
AM broadcast frequencies that no appre-
ciable encrgy from the skyward transmis-
sion returns to the earth.

The absorption of energy from the radio
wave in the upper reaches of the atmos-

to the carth at these frequencies in the
daytime.

Daytime AM Broadcast Coverage  Since sky-
wave transmission is not fcasible on AM
broadecast frequencies during daylight
hours, the area that is served by an AM
broadcast transmitter is that which the
radio wave traveling over the surface of
the earth can reach with sufficient field
strength for proper operation of the aver-
age broadcast receiver.

The area of usable signal strength in the
daytime is commonly assumed to be that
within the 500 microvolt-per-meter con-

upon the loss sustained by the ground
wave in traveling from the transmitter to
the receiver. The amount of this loss de-
pends upon the distance traveled, the
conductivity of the ground, and the fre-
quency of the transmitter.

The field strength would vary inversely
as the distance if there were no ground
losses, as shown by the straight-line inverse
distance curve m Fig. 23. Actually, there
is a continuous loss of energy as the wave
passes over the ground, which is greater
when the soil conductivity is poor and the
frequency is high, as shown by the other
curves of Fig. 23.

For example, when the inverse distance
signal strength at one mile is 100 millivolts
per meter, Fig. 23 shows that the distance
to the 500 microvolt-per-meter contour
would be 200 miles if there were no loss in
the ground.

If the radio wave from the station men-
tioned above has a frequency of 550 ke.
and is passing over ground having rela-
tively good conductivity (30 X 107
electromagnetic units), such as might be
found in regions of rich soil and low hills,
the distance to the 500-microvolt contour,
by reference to Fig. 23, is about 115 miles.
On the other hand, if the ground conduc-
tivity were rather poor (2 X 10~ elec-
tromagnetic units), as in the regions of
steep hills and rocky soil, then the distance
to the 500-microvolt contour would be
only about 33 miles at the same frequency.
If the frequency of the station in the latter
case were increased from 550 to 1,470 ke.,
the distance to the 500-microvolt contour
would be reduced to about 12 miles!
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Thus the range of usable signal in the
daytime for broadcast stations at AM fre-
quencies having the same field strength at
one mile depends to a very great extent
upon the conductivity of the earth and
the frequency of the station.

Night-time AM Broadcast Coverage * The ioniza-
tion in the region just below the E layer,
where heavy absorption occurs during the
day, is largely dissipated shortly after sun-
set. Thus energy transmitted skyward at
night can be reflected back to earth-with
only moderate losses, as shown in Fig. 24.

Since the paths traveled by the sky-
wave and the ground wave are unequal in
length, it can be expected that they will
be out of phase in the area where the sky
wave returns to the earth and meets the
ground wave. Furthermore, since the
height of the ionized layer is not constant,
the length of the skywave path is not con-
stant. The result is a continuous change

in the phase relationship between the

ground wave and the returning skywave,
which gives a resultant wave whose ampli-
tude varies between the sum and the dif-
ference of the amplitudes of the two
component waves. In other words, in the
area where the ground wave and the sky

wave are of nearly the same amplitude,

the receiver responds as if it were receiv-
ing a signal of widely varying strength.
The phase relationship between the
ground wave and the returning sky wave
depends upon the wavelength as well as
upon the difference in the lengths of the
paths. Since the carrier and its two side-
bands have slightly different wavelengths,
different phase relationships between the
ground wave and the skywave compo-
nents at these three frequencies can occur
at the receiving location. The cancellation
or reinforcement being of unequal degree
at the three frequencies, it is possible for
the carrier and sideband components at
the receiver to acquire a proportion, each
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with respect to the others, that is quite dif-
ferent from that existing at the transmit-
ter. This produces an effect which iscalled

selective fading, which appears as audio
distortion at the receiver output.

The area of serious fading may begin at
less than 75 miles from the broadcasting
station and may extend to 125 miles or
more, the location and thé extent of the
area varying with Tonosphere conditions.
Thus in the case of night transmission
from high-power broadcast stations, the
skywave can actually reduce the area to
which the ground wave delivers a good sig-
nal during the daytime.

The distance at which fading begins is
somewhat greater when the frequency of
the broadcast station is low and the
ground conductivity is high, because the
ground wave is stronger and overrides the
skywave for a gréater distance from the
station. The use of transmitting antennas
that minimize the radiation at high angles
also tends to extend the distance at which
fading sets in, because they diminish the
strength of the skywave that returns to
the earth fairly near the transmitter. How-
ever, the wavelengths at the AM broad-
cast frequencies are so long that it is
physically impracticable to build an array
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several wavelengths-in height that would
suppress skyward radiation altogether.

Beyond the zone of severe fading that is
‘caused by ground and skywave interfer-
ence, high-power broadcast stations are
able to render a service extending over
hundreds of miles at night by means of
the skywave alone. This wave travels for
considerable distances in the Ionosphere,
wherc absorption is low, before it is bent
back to the carth. Hence its signal strength
1s comparable to that of the ground wave
of a nearby station.

The distant arcas thus served by the
skywave at night are referred to as the
secondary coverage of the statfon. The
quality of the service in these areas is dis-
tinctly inferior to the primary coverage by
the ground wave, because the skywave
is subject to slow fading and to selective

however, to cover distances more than
twice the line-of-sight range when power-
ful FM transmitters are employed. This is
due in part to the diffraction or spreading
of the wave energy from a straight-line
path as it passes from the transmitter to
the receiver. It is also due in part to a
slight bending of the path in the direction
of the curvature of the earth, which is a
result of the very slight decrease in the di-
electric constant of the air that goes with
an increase of height in the Troposphere.

It is particularly desirable to locate the
FM transmitting antenna at a considera-
ble height in order that the greatest dis-
tance to the optical horizon may be ob-
tained. The height of the FM receiving
antenna should also be made as great
as practicable, in order to obtain good
pick-up of signal energy, particularly if

antenna when the frequency 1s high,
because any given change in the difference
between the path lengths will then repre-
sent a larger fraction of a wavelength and.
a greater change in phase. In general,
however, the minimum field strength in
this area near the transmitter is more
than adequate to operate the receiver, so
that no dead spots are created.

The effect of frequency upon the field
strength of stations of equal power is
shown in Fig. 26. The curves represent the
field strengths that will be obtained at
frequencies of 50 mec. and 100 me. from
1-kw. transmitters, using half-wave dipole
antennas located at a height of 1,000 ft.,
and receiving antennas 30 ft. high. )

In the case of the 100-me. curve a fall
and rise of signal strength with respect to
distance is noted within a 2-mile radius of
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fading, as the radio waves follow different
pathis of varying length through the Tono-
sphere. In spite of the imperfection of sky
wave propagation, however, it has been a
means of serving many remote locations
that are outside the primary coverage
arcas of all broadcast stations.

FM Coverage * It has been shown above
that, except under special circumstances,
radio waves at the FM frequencies are
not returned from the ionized layers of the
Ionosphere. It was noted also that the
ground wave, which accounts for the pri-
mary coverage in broadcasting at the AM
frequencies, is subject to increased loss as
the frequency is increased. At the much
higher frequencies of the FM band, the
ground wave loss is so high that its inten-
sity is negligible except in the immediate
vicinity of the transmitter.

Transmission at the FM frequencies,
therefore, is achieved by means of the di-
rect wave and the ground-reflected wave.
These waves tend to have straight-line
paths rather than curved paths, as shown
in Fig. 25.

The characteristics of propagation at
FM f{requencies therefore tend to ap-
proach those of light. It is entirely feasible,

the receiving location is somewhat beyond
the optical horizon of the transmitter.

In general, the signal voltage induced
in the receiving antenna varies inversely
as the square of the distance from the
transmitting antenna, and directly as the
product of the heights of the two antennas,
assuming that they are a fair distance
apart but within line-of-sight. Beyond
line-of-sight, the field strength falls oft
more rapidly than by the square of the
distance, and it becomes especially impor-
tant to have a high receiving antenna.

On the other hand, in the immediate vi-
cinity of the transmitter antenna, where
the ground-reflected wave strikes the
earth at a relatively large angle, the field
strength will alternately increase and de-
crease as a recelving antenna of fixed
height is moved away from the trans-
mitter. This rise and fall of signal strength
with respect to distance is due to the rela-
tively large change in the difference of the
path lengths, whereby the phase.of the
reflected wave with respect to the direct
wave is varied over such a wide range
that alternate cancellation and reinforce-
ment of the direct wave occurs. This
effect is more pronounced and extends to
a greater distance from the transmitting

the transmitter. At 50 mc., the varia-
tions are confined within a distance of
one mile, so that they do not appear in
Fig. 26.

It 1s also evident from Fig. 26 that
within line-of-sight, the field strength is
somewhat greater for the 100-me. signal.
Forexample, the distance to the 1-millivolt
contour is 20 miles at 50 mc., but about
26 miles at 100 me. The 50-microvolt con-
tour occurs at 63 miles’in the case of the
100-me. signal and at 59 miles for the
50-me. signal. This is slightly beyond
line-of -sight for antenna heights of 1,000
ft. and 30 ft. At still greater distances, the
higher frequency signal falls off more
rapidly than the lower frequency signal,
and at distances beyond about 78 miles,
Fig. 26 shows the strength of the 50-me.
signal to be greater than that of the 100-
me. signal. It is important to note that
the curves of Fig. 26 assume the existence
of flat terrain. In hilly country, the signal
strength suffers a much greater attenua-
tion at 100 me. than at 50 mc.

The signal strengths that are actually
measured at various distances will vary
from the values shown by mathematically
derived curves of the type shown in
Fig. 26.
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While deviation between measured and
calculated field strengths is found at the
AM broadcast frequencies, the discrep-
ancies are more often due to varying
ground conductivity than to.reflection or
shadows. The dimensions of intervening
objects in the path of a radio wave must
be appreciable in terms of a wavelength
before reflection from the object and re-
duced signal strength behind the object
(shadow) will occur. Only objects of sub-
stantial dimensions, such as large build-
ings, power lines, or steep mountains, are
capable of creating strong reflections at
the low frequencies. For the most part,
radio waves at AM broadcast frequencies

composed of crossed pairs of horizontal
dipoles mounted above each other in
layers or bays.

The concentration of the radiation in a
horizontal plane by the use of an antenna
of several bays is equivalent, so far as the
field strength is concerned, to increasing
the power radiated from a smaller, single-
bay antenna. Hence multilayer turnstiles
are often called power gain antennas.
When a 2-bay antenna is employed, the
same transmitter output gives a field
strength at a given receiving antenna that
is 1.12 times greater, equivalent to a
power gain of 1.27 times. When a 6-bay
antenna is employed, the field strength is
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readily flow around intervening objects.

On the other hand, when the wave-
length is in the order of a few meters, as
at FM frequencies, reflections from ob-
jects are much more noticeable. Particu-
larly in cities remote from the transmitter
and over rough terrain, signal strength
will vary over a wide range from one an-
tenna location to another. Areas of shadow
may also be created behind reflecting ob-
jects, although within city areas this is
not a serious problem, if the transmitting
antenna is high, because reflections from
nearby buildings usually raise the signal
strength within the shadow area.

‘While such multipath transmission is a
source of concern in television reception,
where differences in the path lengths cause
multiple images to appear on the viewing
screen, it is of little concern in FM under
the receiving conditions usually encoun-
tered within cities, because the differences
in the times required for the radio waves
to reach the receiver via the various paths
are small compared to the time of a cycle
in the audio frequency range. Also, since
the positions of the reflecting objects
are fixed, multipath transmission of this
type is not of itself productive of such
fading.

The fact that the wavelength of a radio
wave at FM frequencies is quite short
makes it entirely practicable to build
transmitting arrays of several wavelengths
in height for the purpose of concentrating
toward the horizon the power that other-
~wise would be radiated at very high and
very low angles. An example of such an
array is the multilayer turnstile antenna,
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increased 2.04 times, equivalent to a
power gain of 4.15 times.

The curves of Fig. 27 show the distance
to the 50-microvolt contour for a 50-kw.
transmitter when 2-bay, and 6-bay turn-

from the transmitter. For example, it has
been mentioned that transmission of very
high frequency signals beyond the line-
of -sight is aided by the decrease in dielec-
tric constant of the Troposphere with
increase of altitude. The dielectric con-
stant is not dependent upon altitude
alone, however, but fluctuates with the
weather, causing the range of the FM
wave to increase and decrease.

Also, under certain conditions, a sharply
defined region having an abnormal dielec-
tric constant can be temporarily estab-
lished at an altitude of 1 mile or more in
the Troposphere. Such regions cause
Tropospheric reflections of very high fre-
quency waves back to earth. The strength
of the tropospheric wave is variable, since
it is related to the weather. Its general
effect is to make it possible to detect
signals from FM stations somewhat be-
yond their normal range at times, and to
cause moderate variations of signal am-
plitude toward the outer limits of the
normal range.

Another transmission vagary results
from cloud-like areas of intense ionization
floating within the E layer. These can
cause sporadic skywave transmission to
distant areas. Such sporadic-E transmis-
sion can occur at any time, but is more
prevalent in the summer. Whether or not
interference to local reception will be
experienced in the distant areas will de-
pend upon the ratio of the amplitudes of
the desired signal from the local station
and the interfering sporadic-E signal from
the distant station. If the ratio is 2 to 1
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stile antennas of various heights are em-
ployed. For example, when the transmit-
ting antenna is located at a height of
1,000 ft., the distance to the 50-microvolt
contour is 84 miles when a 2-bay antenna
is employed, but is increased to 93 miles
with a 6-bay antenna.

At considerable distances, for example,
well beyond the 50-microvolt contour of
an FM broadcast station, signals at very
high frequencies are subject to fluctuation
of amplitude. So long as the least -ampli-
tude is sufficient to operate the limiter of
the receiver, satisfactory reception can be
obtained.

Several factors operate to cause varia-
tion of signal strength at great distances

or greater, the interference will not be
noted. Sporadic-E transmissions of ap-
preciable strength are experienced for
such a small fraction of the total time,
that this type of interference is not con-
sidered important to FM reception.

Bursts, which are sudden increases in
the signal strength of a distant station,
lasting from a fraction of a second to one
or two seconds, appear to be related to
sporadic-E transmission, and are likewise
of little concern. The average owner of a
well-designed FM receiver, incorporating
a limiter, is entirely unaware of the
existence of these vagaries of propaga-
tion.



Interference Considerations * In this discussion
of the effects of the propagation charac-
teristics upon coverage, the presence of
signals from stations other than the de-
sired station was not considered. How-
ever, satisfactory radio reception depends
not only upon having a signal strength at
receiving location sufficient to operate the
receiver. It is also necessary that the
strength of signals from other stations on
the same frequency be of such low ampli-
tude that they are not heard by the
listener.

In the matter of such interference, the
FM system possesses a considerable ad-
vantage over the AM system, as explained
in the previous chapter. The ratio of the
amplitude of the desired signal to that of
the interfering-signal must be 100 to 1 for
good AM reception, whereas a ratio of
2 to 1 is adequate in a well-designed FM
system. ‘

Fig. 28 shows the area of daytime inter-
ference between two AM stations of the
same power and the same frequency, lo-
cated 140 miles apart, each having a dis-
tance of 60 miles-to its 500-microvolt con-
tour. In other words, within the shaded
area of Fig. 28, the field strength of one
station is less than 100 times the field
strength of the other. The loss of primary
coverage for each station caused by the
presence of the other station is shown by
the portion of each circle that is shaded.

In Fig. 29 is shown the area of inter-
ference between two FM. stations located
140 miles apart, having the same coverage
as the primary coverage of the AM sta-
tions represented by Fig. 28. The inter-
ference area, in which the field strength
of one FM station is less than twice that

of the other, lies entirely outside the 50-
microvolt contours.

A comparison of Figs. 28 and 29 shows
why, even if only daytime operation were
to be considered, it would be possible to
operate many more FM stations on the
same frequency, with less geographical
separation between stations, than in the
case of AM.

With the advent of nightfall, the AM
interference problem is vastly compli-
cated by the presence of the sky wave,
which causes the signals of AM stations
to be heard for distances of hundreds of
miles. On the other hand, the maximum
range of the signals from an FM station
is practically the same at night as during
the daytime, so that no new source of
interference is introduced. Every effort
has been made to reduce the AM inter-
ference problem. Standard stations in the
same locality have a frequency separation
of at least four channels (40,000 cycles)
to minimize adjacent channel interfer-
ence; many local stations are required to
reduce power after sunset; other stations
are required to use directional antennas at
night to minimize radiation in the direc-
tion of distant stations on the same fre-
quency. In spite of these precautionary
measures, the interference problem on the
AM frequencies is serious, and a much
stronger signal from the desired station
is required at night to override inter-
ference than is necessary in the daytime.
Since the power radiated from the desired
station can not be increased, the area of
satisfactory coverage of the station is
reduced by the sky wave interference at
night.

For example, the effects of night inter-

ference upon the typical local AM station
operating with a power of 250 watts is.
shown at the left in Fig. 30. At night, a.
signal strength of at least 4,000 microvolts-
per meter 1s required to override the-
increased interference. This means that
the effective range of service is reduced:
from 14 miles for the daytime limit of the
500-microvolt contour to about 5.4 miles
for the nighttime limit of the 4,000-micro-
volt contour. An FM station operating
on 100 watts with an antenna 70 ft. high
can give .essentially the same radius of
coverage in the daytime, assuming flat
terrain, with no reduction of coverage at
night.

Fig. 81 shows the additional loss of
coverage which occurs when a regional
AM station is required to use a directional
antenna after sunset. The 5-kw. AM sta-
tion has a service range of about 35 miles
in the daytime, but this range is severely
curtailed after nightfall. An FM station
of the same power with an antenna 100 ft.
high gives the same radius of coverage
in flat country by day or by night, and is
less subject to the effects of interference
from other stations.

Thus the use of FM at very high fre-
quencies offers the solution for the inter-
ference problem encountered in AM broad-
casting. With only about a thousand trans-
mitters in operation, the present AM
broadcast band in the United States is
overloaded seriously. On the other hand,
it is estimated that several thousand trans-
mitters in continuous operation can be
accommodated in the FM band, without
requiring the range of any of the trans-
mitters to be reduced during the night
hours.
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Theory of Frequency Modulation

Section 4: Introduction to FM Transmitter Circuits and Discussion of Reactance-Tube Modulators

Mechanical Method for Control of Frequency Deviation

HE preceding Sections have described

the differences that exist between FM
systems operating at.very high carrier
frequencies and AM systems operating at
frequencies of a much lower order. It was
noted that FM has a number of distinct
advantages over AM, the most important
being the inherent ability of a well-de-
signed FM system to reduce greatly the
effects of interference and noise, provided
that the strength of the desired signal at
the limiter of the FM -receiver is two or
more times the strength of the dis-
turbances.

Other important advantages of FM
were also explained, .such as the improved
efficiency obtainable in the FM transmit-
ter, and the greater realism of reproduc-
tion found in a properly engineered FM

receiver. Moreover, it was shown that at -

the very high frequencies employed with
FM, better and more consistent coverage
is obtained within the intended service
area than with AM, and that the FM
service area is the same after nightfall as
during the daylight hours.

It is proposed next to describe the ac-
tual methods whereby FM signals can be
generated, transmitted, and detected.
While the discussion to follow will give
primary attention to the basic principles
of different methods, additional details of
circuit arrangements will be given 1 later
chapters, where the features of commer-
cial transmitters and receivers will be
described. The present and following Sec-
tions will deal exclusively with methodsfor.
generating FM signals.

FM Transmitter Design Gonsiderations * In order
to obtain the full benefits of the FM sys-
tem and to minimize the possibility of
interference between stations, it is neces-
sary that the FM transmitter output have
a wide frequency deviation during modu-
iation and a stable center frequency. Spe-
cifically, the output of the FM transmitter
must have the following characteristies:

1. The amplitude of the output must
remain constant during modulation.

2. The radio frequency of the output
must be varied at a rate corresponding to
the frequency of the audio modulating
voltage. 4

3. The frequency deviation of the out-
‘put must be proportional to the amplitude
of the audio modulating voltage, but inde-
pendent of the frequency of the audio
modulating voltage.

4. The accepted compromise value for
maximum frequency deviation of the out-
put, occurring at the highest peaks of
audio modulating voltage, is five times the

]
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highest modulating frequency. In FM
broadcast service, where the highest
modulating frequency is 15,000 cycles, the
FCC specifies a maximum frequency devi-
ation of 75,000 cycles and, in communica-
tions services, where the highest modulat-
ing frequency used in speech transmission
is 8,000 cycles, the specified maximum
frequency deviation is 15,000 cycles. If the
maximum frequency deviation is less than
five times the highest modulating fre-
quency, the channel assigned by the FCC
is not entirely utilized, and full advantage
is not taken of the noise and interference
reduction made possible by the FM sys-
tem. On the other hand, if the deviation
exceeds five times the highest modulating
frequency, there is danger of creating in-
terference with stations on adjacent
channels.

5. The frequency deviation must be
symmetrical about the assigned carrier
frequency and the center frequency stabil-
ity must meet the following FCC require-
ments:- For FM broadcasting the center
frequency of the transmission shall at all
times be within 2,000 cycles of the as-
signed carrier frequency of the station.

For mobile communications transmitters,

the maximum permissible drift of the cen-
ter frequency from the assigned value is
+.02%, and for fixed communications
transmitters, = .01%.

In view of the fact that Frequency

Modulation involves a continual variation
of the frequency of transmission, the cen-
ter frequency stability requirements men-
tioned above are quite exacting. However,
an equally high degree of frequency stabil-
ity is necessary with FM as with AM, in
order that interference will not be created
in adjacent channels, and thadt receivers,
once they are tuned, will give satisfactory
reception continuously, without requiring
readjustment to compensate for center-
frequency drift at the transmitter.

There are a number of methods
whereby frequency-modulated signals can
be generated. The methods in common
use, however, may be divided into two
distinct systems. The first, which involves
the use of the reactance modulator, will be
described in this Section. The frequency
stability of this system in its most simple
form is relatively poor, but the stability
can be improved greatly by the use of
auxiliary frequency-correction circuits.
The second system employs the Arm-
strong phase-shift modulator, and will be
described in Chapter 5. The Armstrong
system has inherently good stability,
since the center frequency is established
by a crystal-controlled oscillator.

Reactance Modulation * In the reactance
modulation method of generating FM
signals, the frequency of the oscillator is
varied by the direct action of an associated
tube and circuit called the reactance-tube
modulator. Before considering the man-
ner 1 which the variation of the oscillator
frequency is effected by the modulator, it
is advisable to review briefly the factors
which govern the natural frequency of an
RF oscillator.

Strictly speaking, the operating fre-
quency of an oscillator is not exactly -the
resonant frequency of its tuned cireuit.
However, there is only a slight difference
between the resonant frequency of the
oscillator tank and the actual frequency
generated by the master oscillator circuit
of a transmitter, where low-loss coils and
condensers are used in the tank and where
the load of the following buffer stage is
relatively light.

It is customary, therefore, to speak of
the inductance and capacity of the oscilla-
tor tank as comprising the frequency-
determining circuit, and to regard the oscil-

lator frequency as being the resonant

frequency of the oscillator tank.

The resonant frequency of the oscillator
tank depends on the product of the tank
inductance and the tank capacity. If
either the inductance or capacity is in-
creased, the LC product is increased, and
the period of oscillation is made longer, so
that the oscillator operates at a lower fre-
quency. On the other hand, if either C or. L
is decreased, the LC product is decreased,
and the oscillator operates at a higher
frequency.

The exact manner in which the resonant
frequency is related to the LC product
will now be examined, with a view toward
finding a way in which the frequency of
the oscillator can be varied without
changing the inductance of the tank coil
and without readjusting the capacity of
the tank condenser.

At the resonant frequency, the opposi-
tion to the flow of alternating current
offered by the tank coil, called the induc-
tive reactance, is equal to the opposition to
the flow of alternating current offered by
the tank condenser, called the capacitive
reactance.

Inductive reactance, the opposition
found in coils, has the effect of limiting the
current flow and causing the current to lag
behind the voltage applied to the coil by
90°.. Inductive reactance varies directly as
the frequency and directly as the in-
ductance of the coil, according to the

relation:
X, =2rFL (1)



in which X represents the inductive re-
actance in ohms, F the frequency in
cycles, and L the inductance in henrys.

Capacitive reactance, the opposition
found in condensers, also limits the cur-
rent for any applied voltage, but causes
the current to lead the applied voltage by
90°. Capacitive reactance varies inversely
as the frequency and inversely as the
capacity, as shown by the expression:
S

2uFC
in which X¢ represents the capacitive
reactance in ohms and C the capacity in
farads.

At the resonant frequency, the induc-
tive and capacitive reactances are equal.
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FIG. 32. CIRCUIT OF CONVENTIONAL
UNMODULATED OSCILLATOR

That is, at the resonant frequency:

1

or X, =X, 4)

The resonant frequency, in terms of L
and C, is found by solving equation (8) for
F, which gives the familiar relation:

7 1
erV/IC

Thus, for any given values of circuit in-
ductance L and capacity C, there is but
one resonant frequency, regardless of
whether large L is used with small C or
small Z with correspondingly large C.

Consider now the oscillator circuit of
Fig. 32. The inductance of the tank coil in
this particular case is 15.92 microhenrys
(.00001592 henry) and the tank capacity
is 1,592 micromicrofarads (.000000001592
farad). By the use of equations (1), (2),
and (5), it is found that the resonant fre-
quency of the tank is 1,000 kc., and that
the values of capacitive and inductive
reactance offered by the tank coil and con-
denser are 100 ohms each, as noted in Fig.
88.

Therefore, if voltage at a frequency of
1,000 ke. i$ present across the tank, the
current in the inductive branch will be
equal to the current in the capacitive
branch of the tank. However, the current
in the capacitive branch will lead the vol-
tage by 90° while that in the inductive
branch will lag by 90°, as shown by the
small vector diagrams in Fig. 33.

()

Now suppose that a variable capacitive
reactance of 1,000 ohms at 1,000 ke. is
connected in parallel with the tank con-
denser, as shown in Fig. 84 at the left. The
net capacitive reactance offered by two
capacitive reactances in parallel can be
determined by
net capacitive reactance Xo + Xe, (6)
This is similar to the procedure employed
to find the net resistance offered by two
resistors in parallel. It is found in this case
that the equivalent capacitive reactance
of 1,000 ohms in parallel with 100 ohms is
90.9 ohms.

Thus at 1,000 kc., the net capacitive
reactance of the variable capacitive reac-
tance in parallel with the tank condenser
(90.9 ohms) is less than the inductive re-
actance of the coil (100 ohms). Also, the
90° leading current in the capacitive
branch will be greater than the 90° lagging
current in the inductive branch by the
amount of current flowing in the extra
path provided by the variable capacitive
reactance. In short, when the variable
capacitive reactance is connected across
the oscillator tank condenser, the resonant
frequency is no longer 1,000 kc., and the
oscillator adjusts itself to a new frequency.

The frequency to which the oscillator
adjusts itself in this case is 953 kc. At this
frequency, the inductive reactance of the
tank coil, which varies directly as the fre-
quency, is decreased from 100 ohms at
1,000 ke., to 953/1000 X 100 or 95.3 ohms
at 958 ke. The combined capacitive re-
actances, which offer a net capacitive
reactance of 90.9 ohms at 1,000 kc., vary
inversely as the frequency and therefore
assume a value of 90.9 X 1000/953, or
95.3 ohms at 953 ke.

Thus the oscillator, by adjusting itself
to a lower frequency, brings the capacitive
and inductive reactances into equilibrium,
as shown in the right-hand diagram of Fig.
34. The total 90° leading current will
equal the 90° lagging current and opera-
tion at the resonant frequency is main-
tained.

If the value of the variable capacitive
reactance in parallel with the tank con-
denser is changed to less than 1,000 ohms
at 1,000 ke., the oscillator will adjust itself
to -a frequency lower than 958 ke. to
restore operation at the resonant fre-
quency. On the other hand, if the value
of the variable capacitive reactance is
greater than 1,000 ohms at 1,000 ke., the
oscillator will shift to a frequency higher
than 953 ke.

Now, if the -capacitive reactance
shunted across the tank condenser is va-
ried at an audio rate, the oscillator fre-
quency will also vary at the same rate in
order to maintain continuous operation at
resonant frequency. In this manner fre-
quency modulation of the oscillator output
can be obtained.

The shunted capacitive reactance vary-
ing at an audio rate can be in the form of a
condenser microphone upon whose dia-

phragm sound waves are impinging.
Such an arrangement was mentioned in
Section 1, but it is hardly practical for
most applications because the microphone
must be part of the oscillator circuit.
The effect of varying capacity can be
produced artificially, without actually
varying a condenser, by introducing a
variable capacitive reactance across the
oscillator tank condenser, 4s shown in the
preceding paragraphs. Such a variable
capacitive reactance can be furnished by
the reactance-tube circuit, which is shown
connected to the’oscillator in Fig. 85.
The tube used in the reactance-modula-
tor stage is of the variable-mu type, whose
gain can be varied by changing the grid
bias. The tank voltage of the oscillator is
applied to the series network RC and also

- to the cathode and plate of the reactance

tube. The capacitive reactance of C at the
oscillator frequency is very much greater
than the resistance of R. Hence the cur-
rent through RC leads the tank voltage'of
the oscillator by 90°. The voltage across
R, in phase with the current through it,
also leads the tank voltage by practically
90°. Thus the grid of the reactance tube
receives an excitation voltage from R that
leads the tank voltage applied to the plate
and cathode of the tube by practically
90°.

If the reactance tube were biased so
negatively that no plate current whatever
could flow in the tube, the frequency of
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FIG. 33. REACTANCE RELATIONS OF
CIRCUIT SHOWN IN FIG’ 32

the oscillator would be unaffected by the
presence of the reactance-tube circuit.
(The impedance of the voltage-dividing
phase-shift network RC is too high to af-
fect the oscillator frequency appreciably.)
Thus, the oscillator frequency would be
determined by "the tank coil inductance
and the tank condenser capacity.

If the negative bias should be reduced
sufficiently to permit a small plate current
to flow in the reactance tube, and if there
were no RF voltage on the grid of the tube,
the effect would be that of shunting the
plate resistance of the tube across the os-
cillator tank. Since the plate current of the
pentode is relatively insensitive to small
changes in plate voltage, the RF resistance
shunted across the oscillator by the tube
would be of relatively high order. The fre-
quency of the oscillator would not be
affected appreciably.

37



Actually, however, the resistor R of the
RC network furnishes an excitation to the
grid of the reactance tube at the frequency
of the oscillator, but leading the oscillator
tank voltage by 90°. Since the plate cur-
rent is much more sensitive to a change in
grid voltage than in platevoltage, the tube
permits the flow of ‘a 90° leading current
through it with much greater ease than an
in-phase current. Thus, with respect to the
oscillator tank voltage, the reactance tube
of Fig. 85 provides a capacitive reactance

current-in C-would lead the voltage across
C by -90°. In other words, the voltage
across C will lag the oscillator tank voltage
by 90°, thus giving a 90° lagging current in
the tube. The tube will therefore look like
an inductive reactance to the oscillator
tank voltage.

Whatever the type of reactance fur-
nished by the reactance-tube circuit, the
carrier frequency of the oscillator, in the
absence of modulation, depends upon the
constants of the oscillator tank, and the

to the oscillator, the oscillator frequency
also becomes dependent upon the gain of
the reactance tube, since it determines the
magnitude of the RF component of plate
current that is.allowed to flow in the tube
at a 90° angle of lead. The gain of the tube
in turn depends upon its mutual con-
ductance, upon the characteristics of the
associated circuits, and especially upon
the voltages applied to the tube elements.
Thus the center frequency of the gener-
ated wave is affected by such factors as
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across the oscillator tank condenser, the
effect of which is to cause the oscillator to
adjust itself to a lower frequency in order
to maintain resonant operation.

Moreover, the magnitude of the 90°
leading current allowed to flow in the re-
actance tube depends on the mutual con-
ductance of the tube, that is, on the
sensitivity of the plate current to a change
in grid voltage. When the negative bias is
reduced, the mutual conductance of the
tube is increased, and a larger 90° leading
current flows in the tube, so that the ef-
fective reactance of the tube is reduced.
This causes the oscillator to adjust itself
to a still lower frequency. Conversely,
when the bias is made more negative, the
90° leading current is reduced and the ef-
fective reactance is increased.

1t is feasible, therefore, to vary the re-
actance of the tube at an audio rate simply
by introducing an audio voltage in the
grid bias of the reactance tube from the
output of an audio amplifier, as shown in
Fig. 85. The varying reactance, in turn,
causes the oscillator frequency to shift at
an audio rate, giving frequency modula-
tion of the oscillator output equivalent to
actually varying the capacity.of an auxil-
iary condenser across the tank condenser.

By a simple circuit rearrangement, the
reactance tube circuit can be made to fur-
nish a variable inductive reactance across
the tank circuit for reactance-modulating
the oscillator frequency. For example,
suppose that the positions of R and C in
the RC network are interchanged, and
that the resistance of R is made very much
greater than the capacitive reactance of C
at the oscillator frequency. The current in
RC would then be nearly in phase with
the tank voltage of the oscillator. The
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amount of reactance shunted across the
tank by the reactance tube. The amount
of reactance offered by the tube, in the ab-
sence of modulation, depends in turn upon
the DC grid bias. Thus the center fre-
quency of the FM signal generated by the
oscillator can be adjusted to the assigned
carrier frequency simply by an adjust-
ment of the DC bias on the grid of the
reactance tube.

the constants of the reactance tube and
the ‘voltage regulation of the power sup-
ply. In particular, a very slight variation
in the grid bias of the reactance tube
causes a considerable shift of the oscillator
frequency.

In general, therefore, the primary diffi-
culty that arises in the use of a reactance-
tube modulator for the generation of FM
signals is that the center frequency of the
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The center frequency stability of the
simple reactance modulator circuit of Fig.
35 is relatively poor. In the first place, the
center frequency cannot be crystal-con-
trolled. The natural frequency of the oscil-
lator, even in the absence of the reactance
tube, is affected by variations of the volt-
ages on the oscillator tubeYelements, by
the effects of temperature changes upon
the inductance and capacity of the tank,
and by the resistance reflected from the
coupled load.

When the reactance tube. is connected

generated wave depends upon the voltages
on the reactance tube as well as upon the
constants of the oscillator. The frequency
stability can be improved by the use of a
voltage-regulated power supply for the
reactance modulator. However, even with
this precaution, the drift at the very high
frequencies is too great to meet the stabil-
ity requirements of the FCC.

It is necessary, therefore, to employ
auxiliary circuits to-maintain the center
frequency at the assigned value. The prin-
ciple commonly employed is to compare



the center frequency of the transmitter
output to that of a crystal oscillator. When
the center frequency departs from its cor-
rect value, the stabilization circuits oper-
ate upon the reactance tube or the oscilla-
tor to bring the center frequency back to
its correct value.

The Croshy System % The circuit diagram of a
transmitter employing the frequency
stabilization circuit developed by Murray
G. Crosby is shown in Fig. 36. The oscilla-
tor in this particular case operates at
one-ninth of the assigned transmitting
frequency. In the circuit of Fig. 36 the
4.7-mc. oscillator frequency is passed
through two tripler stages to produce a

to 1,800 ke.! The discriminator, in the ab-

sence of modulation, produces.a DC volt--

age whose magnitude is proportional to the
amount by which the frequency applied to
the discriminator differs its resonant fre-
quency. For example, if the discriminator
produces 20 volts when the applied fre-
quency is 1,820 ke., it will produce 50
volts when the applied frequency is 1,850
ke.

The polarity of the voltage at the dis-
criminator output depends on whether the
applied frequency is greater or less than
the frequency of the discriminator circuit.
Thus, when the applied frequency is 1,750
mstead of 1,850 ke., the same voltage is
produced but in opposite polarity.

change in frequency, whether in the form
of a slow drift or a rapid variation, an
audio voltage appears across the dis-
-criminator output during modulation in
addition to the DC voltage. However, the
average value of the voltage across the
discriminator output will be proportional
to the drift of the center frequency of the
output, and the polarity of the average
voltage will depend on the direction of
frequency drift.

An example will serve to make this ac-
tion clear. Suppose that the transmitter,
having an assigned frequency of 42,300
ke., is actually operating at a center fre-
quency of 42,350 kc., and that the fre-
quency deviation during modulation is 75
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frequency of 42.3 mec. The oscillator is
frequency-modulated by the reactance
tube, a frequency deviation of 75/9 or
8.88 ke. being required at the oscillator for
full modulation of the transmitter.

In the frequency stabilization circuits, a
crystal oscillator operates at a frequency
that differs from the correct center fre-
quency of the reactance-modulated oscil-
lator by a known amount. For example,
the frequency of the crystal oscillator may
be 4.5 mec. which, after being tripled
twice, gives a reference frequency of 4.5 X
9 or 40.5 mc.

The reference frequency of 40.5 mec. is
applied to a mixer tube along with a
voltage at the transmitter output fre-
quency, taken from the intermediate
power amplifier stage. If the center fre-
quency of the transmitter output is cor-
rect, a beat frequency of 42,300—40,500 or
1,800 ke. will appear at the output of the
converter. If the center frequency of the
transmitter output is greater or less than
42,800 ke, the beat frequency will be
greater or less than 1,800 ke. by the same
amount.,

The converter output is applied to a
discriminator having a temperature-com-
pensated circuit very accurately tuned

The voltage output of the discriminator
is used for frequency correction and is ap-
plied to the grid of the reactance-modula-
tor tube in addition to the bias contributed
by the cathode resistor of the modulator
tube. If the transmitter output frequency
is exactly correct, the DC output voltage
of the discriminator is zero, and the bias
on the reactance tube is that developed by
the cathode resistor alone. When the
transmitter output frequency differs from
the correct value, the discriminator pro-
duces a DC voltage of such polarity that
the bias of the reactance tube is varied in a
direction to shift the output frequency
toward its correct value. When the fre-
quency is very nearly correct, and only a
very small correction voltage remains at
the discriminator output, the frequency
correction action ceases.

In the above explanation of the fre-
quency stabilizing action, it has been as-
sumed that no modulation is present.
Actually, of course, a frequency-modulat-
ing audio voltage is being applied to the
grid of the reactance tube during most of
the time that the transmitter is on the air.
Since the discriminator is responsive to

1'The operating principle of the discriminator will be
explained in a later chapter.

FIG. 36. FM BROADCAST TRANSMITTER EMPLOYING BIAS-CONTROL METHOD OF MINIMIZING FREQUENCY DRIFT

ke. The transmitter output frequency is
varying between 42,425 ke., and 42,275
ke. The voltage applied by the mixer in
the frequency correction circuit to the
discriminator will vary in frequency be-
tween 42,425—40,500 or 1,925 ke., and
42,275 —40,500 or 1,775 ke, This is 125 ke.
above and 25 ke. below the 1,800 ke. refer-
ence frequency to which the discriminator
is tuned. The voltage across the discrimi-
nator output will vary, therefore, between
+125 and —25 volts, the average of which
is +50 volts, the same voltage that would
be obtained for an unmodulated transmit-
ter output frequency of 42,350 kec. Thus
the center frequency of the output during
modulation can be corrected as easily in
the absence of modulation, by employing
the DC component of the discriminator
output voltage.

Actually, the audio voltage of the dis-
criminator is sometimes only partially
filtered at the lower audio frequencies, in
order to obtain some degenerative feed-
back at these frequencies. This gives the
transmitter a pre-emphasis characteristic
that improves the signal-to-noise ratio at
the higher audio frequencies.

" The stability of the carrier frequency in
the circuit of Fig. 36 depends on: 1) the
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quency is automatically corrected by
means of a small, reversible motor that re-
adjusts the settings of variable condensers
in the oscillator tank circuit. This motor,
-and the compensating condensers which it
adjusts, are shown in Fig. 87.

A simplified diagram of the oscillator
and reactance-tube modulator appears in
Fig. 88, The oscillator is of the push-pull
type, employing two tubes. Energy is fed
back to the grids from the plate circuits
through small coupling condensers Cy in
such polarity as to sustain oscillation. The

case is 1§ of the transmitter output fre-
quency. For example, if the assigned car-
rier frequency is 42.8 mc., the oscillator
operates at 5.2875 me. The oscillator out-
put is passed through a buffer and three
doubler stages.to give the assigned carrier
frequency. It is then amplified to give the
required power output.

A portion of the output voltage of the
reactance-modulated oscillator is applied
to the input of a chain of ten frequency
dividers, each of which gives an output
having one-half the frequency of its input,

oscillator and the frequency-divider chain
are the same. The resultant magnetic field
set up between the poles of the motor by
the currents in the windings is stationary,
so that the armature of the synchronous
motor does not rotate.

Suppose, however, that the output fre-
quency of the transmitter drifts to 42.4
mec., so that the frequency at the output of
the frequency-divider chain becomes
5,175.7 cycles. When this frequency is ap-
plied to the motor control circuits along
with the reference frequency of 5,163.5



