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THE RADIO AMATEUR’S HANDBOOK

TWENTIETH EDITION
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FROM modest beginnings in 1926 The Radio Amaleur’s Hand-
book has grown into an amateur institution of remarkable dimensions.
In twenty editions and thirty-eight pressings it has achieved a total dis-
tribution now approaching a million copies, its fame echoing around
the world. This wholehearted reception can be based only on real value
to its readers. Long recognized as the right-hand guide of practical
amateurs everywhere, it now has an additional job to do in the na-
tion’s need to train tens of thousands of men and women to a state of
useful proficiency in the radio art. In this new edition for 1943 the
publishers helieve that they are presenting a work equally as helpful
for the task in hand as any of its predecessors.

Our editorial problem in the annual revision of the IHandbook has
always lain largely in selecting, from the enormous wealth of radio
literature and acquired practical amateur experience, the ideas and
designs upon whicl: the greatest reliance can be placed. Each year’s
edition of the IIandbook must always present the latest and the best
of which we have knowledge. It must be as up-to-date, as accurate and
as reliable as is humanly possible. This year’s revision adheres to those
traditional standards. Most of the technically-skilled specialists on the
headquarters’ staff of the American Radio Relay League at West
Hartford — men who have earned their spurs in amateur radio — have
participated in the work. Prepared under the general technical editor-
ship of George Grammer, QST’s technical editor, and with major con-
tributions by him, the present revision also represents many weeks of
laboron the partof Arthur L. Budlong, assistant secretary of the League;
Clinton B. DeSoto, the executive editor of @ST; John Huntoon, the
League’s acting communications manager; and Donald H. Mix, the
agsistant technical editor of QST. The production of this edition has
fallen on Mr. DeSoto’s office, with special eredit due Lonisa B. Dresser,
QS8T’s editorial assistant.

Continuing the improved organization introduced last year, the book
is divided into two parts. In the first we have grouped all the material
treating of principles, theory and design considerations — the enduring
basis of the art. In the second part are the apparatus designs and op-
erating instructions, embodying the best current practical employment
of the basic knowledge of the first part. In keeping with the needs of
the times there is considerable new material on ultrahigh-frequency
apparatus, particularly with a view to its applicability to the com-
munication needs of the civilian-defense structure. Throughout the
work of revising, the editors have kept uppermost in their minds the
importance of shaping the contents of the book to the needs of the day.

The first ten chapters constitute a texthbook on the theory of radio.
Our aim Las been to write an understandable nonmathematical treat-



ment for busy, practical people of average education. A major objective
has been to provide the answers to the questions which naturally arise
in the course of amateur operation. The material has been so arranged
as to make it readily possible to find what is wanted, a multitude of
headings identifying subjects at a glance. The information has been
presented concisely but with copious cross-references to permit the
background always to accompany the subject under consideration.
We have endeavored to employ cross-references in such quantity that
no treatment of any subject can be considered ‘““too technical,’” since
the references will eventually lead the reader, if he needs it, to the
applying fundamentals themselves. Finally, this portion of the book
arranges subjects in a logical order with the thought that it can serve
as the basis for a reasonably well-ordered radio study course, and in-
deed it has given a splendid account of itself as the textbook for innu-
merable radio classes. Necessarily compact (asis any good text), informa-
tion is deliberately presented without sugar-coating, but every effort
has been made to make it understandable and to avoid saying things
in such a way that they are intelligible only to those who already know
the subject thoroughly!

A word about the reference system: It will be noted that each chapter
is divided into sections and that these are numbered serially within
each chapter. The number takes the form of two digits or groups sepa-
rated by a hyphen. The first figure is the chapter number, the second
the section number within the chapter. Cross-references in the text take
such a form as (§ 4-7), for example, which means that the subject re-
ferred to will be found discussed in Chapter Four, Section 7.

The second part of the book is that which has been dearest to the
heart of the practicing amateur. That amateur to-day may be engaged
in rebuilding his station to improve its performance after the war but
much more probably he is working for Uncle Sam — in the armed forces
or in a laboratory. Wherever he is, he and his similars need a reliable
guide for the construction of various pieces of radio apparatus. This
second part of the Iandbook gets down immediately to such consid-
erations, but reference to the same topics in the first part of the book will
always lead the reader quickly to all the needed information on the whys
thereof. The apparatus designs are the best we know for their respective
jobs and they will be found reliable. At the end of each construction
chapteris a bibliography of articles in QS7'. In some of these will be found
more extensive descriptions of some of the pieces of apparatus. Ref-
erences to the bibliographies in these cases take such a form as (Bib.
5), which means that the fifth item in the bibliography at the end of
that chapter gives reference to a QST article describing the particular
piece of gear in somewhat greater detail.

Throughout the book, illustrations are serially numbered in each
Chapter. Thus, Fig. 1107 can be readily located as the seventh illus-
tration in Chapter Eleven. There is a carefully-prepared index at the
end of the reading pages.

We here shall be very happy if this edition of the Handbook can
be of as much help to its wartime readers as earlier editions have been
to the amateurs of peacetime.

KeNNETH B. WARNER
Managing Secretary, A.R.R.L.
West Hartrorp, CONN.
October, 1942
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The Amateur is Gentlemanly. He never knowingly

uses the air for his own amusement in such a way
as to lessen the pleasure of others. He abides by the
pledges given by the A.R.R.L. in his behalf to the

public and the Government.

The Amateur is Loyal. He owes his amateur radio
to the American Radio Relay League, and he offers
it his unswerving loyalty.

The Amateur is Progressive. He keeps his station
abreast of science. It is built well and efficiently.
His operating practice is clean and regular.

The Amateur is Friendly. Slow and patient sending
when requested, friendly advice and counsel to the
beginner, kindly assistance and coéperation for the
broadcast listener; these are marks of the amateur
spirit.

The Amateur is Balanced. Radio is his hobby. He
never allows it to interfere with any of the duties he
owes to his home, his job, his school, or his com-
munity.

The Amateur is Patriotic. His knowledge and his
station are always ready for the service of his
country and his community.

(Written in 1923 by Lieut.-Commander Paul M. Segal, General Counsel of ARRL)

e e ——




CHAPTER ONE
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SOMEDAY the war will be over. . . .

Someday we’ll be on the air again. . . .

In tens upon tens of thousands of minds this
thought is daily echoed, for to a hundred thou-
sand people the world over amateur radio rep-
resents the most satisfying, the most exciting,
the most worthwhile of all hobbies. To commu-
nicate freely with other amateurs the world
around at the mere touch of key or microphone
switch, on home-owned and usually home-built
equipment, was for many years the supreme
thrill to thousands of private citizens in every
country on earth. Such freedom of communica-
tion, however, is characteristic of peace; it can-
not continue in time of war. Thus, until peace
again returns, amateur radio can exist only in
the hearts of its followers, waiting for that day
when free institutions may again flourish, when
free men again walk in safety and confidence,
when free speech is restored to all the peoples
of the earth, and when free communication be-
tween them again becomes not a dream of the
future but a matter-of-fact reality.

Not that amateur radio ever was really
matter-of-fact. Every owner of a short-wave re-
ceiving set knows the thrill that comes from
hearing a distant station broadcasting from
some foreign land; the radio amateur has
known the even greater thrill of talking with
people at these distant points! On one side of
your radio amateur’s table would be his short-
wave receiver; on the other, his private short-
wave transmitter, ready at the throw of a
switch to be used in calling and “working”’
other amateurs in every corner of the globe.
High power or expensive equipment was not
required. Fven a low-power transmitter made
it possible to develop friendships in every State
of the Union. Experience in the adjustment of
apparatus, in using the right frequency band
at the right time of day when foreign amateurs
were on the air, and increasing operating skill
on the part of the individual enabled regular
communication with amateurs of other nation-
alities in every continent.

Nor has the personal enjoyment that comes
from amateur radio been its only benefit. Put-
ting together apparatus by one’s own skill is a
source of enduring satisfaction. The process of
designing and constructing radio equipment
has developed real engineering ability in thou-
sands upon thousands of young men — and

young women, too — throughout the country,
an ability which serves them and the radio in-
dustry in time of peace and which is now serv-
ing their country to an inestimable extent in
time of war. In peace times, many an operator,
engineer and executive in the commercial radio
field got his practical background and much of
his training from his amateur work; during the
present conflict many thousands of amateurs
are in communications work in the Army,
Navy, Marines and Coast Guard, both in the
field and in training centers (where entire staffs
are almost wholly made up of amateurs), and
additional hundreds possessing more advanced
training are engaged in electronic research and
development, particularly in connection with
secret devices for aircraft detection, and in
other confidential assignments requiring a high
degree of specialized operating skill which, it
has been found, is best possessed by the ex-
perienced amateur operator.

Amateur radio is as old as the art itself.

There were amateurs before the present cen-
tury. Shortly after the late Guglielmo Marconi
had astounded the world with his first experi-
ments proving that telegraph messages actu-
ally could be sent between distant points with-
out wires, they were attempting to duplicate
his results. Marconi himself was probably the
first amateur — indeed, the distinguished in-
ventor so liked to style himself. But amateur
radio as it has come to be known was born
when private citizens first saw in the new mar-
vel a means for personal communication with
others, and set about learning enough of the
new art to build homemade stations.

Amateur radio’s subsequent development
may be divided into two periods: the period up
to our entrance into World War I, in 1917, and
the period between that war and our entrance
into the present conflict (1919-1941).

Amateur radio prior to 1917 bore little re-
semblance to radio as we know it to-day, except
in principle. The equipment, both transmitting
and receiving, was of a type now long obsolete.
The range of even the highest-powered trans-
mitters, under the most favorable conditions,
would be scoffed at by even the least-informed
person to-day. No United States amateur had
ever heard the signals of a foreign amateur, nor
bhad any foreigner ever reported hearing an
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American. The oceans were a wall of silence,
impenetrable, isolating us from every signal
abroad. Even cross-country cominunication
could be accomplished only by relays. ‘“Short
waves’’ meant 200 meters; the entire wave-
length spectrum below 200 meters was a vast
silence — no signal ever disturbed it. Years
were to pass before its phenomenal possibilities
were to be suspected.

Yet the period was notable for a number of
accomplishments. It saw the number of ama-
teurs in the United States increase to approxi-
mately 4,000 by 1917. It witnessed the first
appearance of radio laws, licensing, wavelength
specifications for the various services. (‘‘ Ama-
teurs? — oh, yes — well, stick 'em on 200
meters; they’ll never get out of their backyards
with it.”’) It saw an increase in the range of
amateur stations to such unheard-of distances
as 500 and, in some cases, even 1,000 miles,
with U. S. amateurs beginning to wonder, just
before the war, if there were other amateurs in
other countries across the seas and if — daring
thought! — it might some day be possible to
span the Atlantic with 200-meter equipment.
Because all long-distance messages had to be
relayed, this period saw relaying developed to
a fine art — an ability that turned out to be a
priceless accomplishment later when the gov-
ernment suddenly needed hundreds of skilled
operators for war service in 1917. Most impor-
tant of all, the period witnessed the birth of
the American Radio Relay League, the ama-
teur organization whose fame was to travel to
all parts of the world and whose name was to
be virtually synonymous with subsequent ama-
teur progress and short-wave development.
Conceived and formed by the famous inventor
and amateur, the late Hiram Percy Maxim, the
League was formally launched in early 1914
and was just beginning to exert its full force in
amateur activities when the United States de-
clared war in 1917, by that act sounding the
knell for amateur radio for the next two and
one-half years. By presidential direction, every
amateur station was disinantled. Within a few
months three-fourths of the amateurs of the
eountry were serving with the armed forces of
the United States as operators and instructors
— a movement that was to be duplicated in
striking manner a quarter of a century later.

Few amateurs to-day realize that World War
I not only marked the close of the first phase of
amateur development but came very near
marking its end for all time. The fate of ama-
teur radio was in the balance in the days im-
mediately following the signing of the Armis-
tiee, in 1918. The government, having had a
taste of supreme authority over all communi-
eations in wartime, was more than half in-
elined to keep it; indeed, the war had not been
ended a month before Congress was consider-
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ing legislation that would have made it im-
possible for the amateur radio of old ever to be
resumed. President Maxim rushed to Washing-
ton, pleaded, argued; the bill was defeated.
But there was still no amateur radio; the war
ban continued in effect. Repeated representa-
tions to Washington met only with silence; it
was to be nearly a year before licenses were
again issued.

In the meantime, however, there was much
to be done. The League’s offices had been closed
for a year and a half, its records stored away.
Three-fourths of the former amateurs had gone
to France; many of them would never come
back. Would those who had returned be inter-
ested, now, in such things as amateur radio?
Mr. Maxim determined to find out, and called
a meeting of such members of the old board of
directors of the League as he could locate.
Fleven men, several still in uniform, met in
New York and took stock of the situation. It
wasn’t very encouraging: amateur radio still
banned by law, former members of the League
scattered no one knew where, no League, no
membership, no funds. But those eleven men
financed the publication of a notice to all the
former amateurs that could be located, hired
Kenneth B. Warner as the League’s first paid
secretary, floated a bond issue among old
League members to obtain money for immedi-
ate running expenses, bought the magazine
QST to be the League’s official organ, and
dunned officialdom until the war-time ban was
lifted and amateur radio resumed again. Even
before the ban was lifted, in October, 1919, old-
timers all over the country were flocking back
to the League, renewing friendships, planning
for the future. When lieensing was resumed
there was a headlong rush to get back on the
air.

From the start, however, post-war amateur
radio took on new aspects. Wartime needs had
stimulated technical development in radio.
There were new types of equipment. The vac-
uum tube was being used for both receiving
and transmitting. Amateurs immediately
adapted the new apparatus to 200-meter work.
Ranges promptly increased; soon it was pos-
sible to bridge the continent with but one in-
termediate relay. Shortly thereafter stations
on one coast were hearing those on the other,
direet!

These developments had an inevitable re-
sult. Watching DX come to represent 1,000
miles, then 1,500 and then 2,000, amateurs be-
gan to dream of transatlantic work. Could they
get across? In December, 1921, the ARRL sent
abroad one of its most prominent amateurs,
Paul F. Godley, with the best amateur receiv-
ing equipment available. Tests were run, and
thirty American amateur stations were heard
in Europe. The news electrified the amateur




world. ITn 1922 another transatlantic test was
earried out; this time 315 American ealls were
logged by KEuropean amateurs and, what was
more, one French and two British stations were
heard on this side.

Everything now was centered on one objec-
tive: two-way communication aeross the At-
lantic by amateur radio! It must be possible —
but somehow they couldn’t quite make it.
Further increases in power were out of the
question; many amateurs already were using
the legal maximum of one kilowatt. Better re-
eeivers? They already had the superhetero-
dyne; it didn’t seem possible to make any very
great advance in that direction.

How about trying another wavelength, then,
they asked? What about those wavelengths be-
low 200 meters? The engineering world thought
they were worthless — but then, that had been
said about 200 meters, too. There have been
many wrong guesses in history. And so in 1922
the assistant technieal editor of QST (Boyd
Phelps, now a lieutenant-commander in the
Naval Reserve and executive officer of one of
the Navy’s most important radio training
schools) carried on tests between Hartford and
Boston on 130 meters. The results were en-
couraging. Early in 1923 the ARRL sponsored
a series of organized tests on wavelengths
down to 90 meters, and it was noted that as the
wavelength dropped the reported results were
better. A growing excitement began to filter
into the amateur ranks.

Finally, in November, 1923, after some
months of careful preparation, two-way ama-
teur communication across the Atlantic be-
came a reality, when Schnell, 1IMO (now
W9UZ), and Reinartz, 1XAM (now W3IBS),
worked for several hours with Deloy, 8AB,
in France, all three stations using a wave-
length of 110 meters! Additional stations
dropped down to 100 meters and found that
they, too, could easily work two-way across
the Atlantic. The exodus from the 200-meter
region started.

By 1924 the entire radio world was agog and
dozens of commercial companies were rushing
stations into the 100-meter region. Chaos
threatened, until the first of a series of radio
conferences partitioned off various bands of
frequencies for all the different services eclam-
oring for assignments. Although thought was
still centered in 100 meters, League officials at
the first of these conferences, in 1924, came
to the conclusion that the surface had probably
only been scratched, and wisely obtained ama-
teur bands not only at 80 meters, but at 40
and 20 and 10 and even 5 meters.

Many amateurs promptly jumped down to
the 40-meter band. A pretty low wavelength,
to be sure, but you never could tell about these
short waves. Forty was given a try and re-
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sponded by enabling two-way communication
with Australia, New Zealand and South Africa.

How about 207 It immediately showed
entirely unexpeeted possibilities by enabling
an Kast Coast amateur to communicate with
another on the West Coast, direct, at high
noon. The dream of amateur radio — daylight
DX! — had eome true.

From that time to the advent of World War
II — when amateur radio was again shut down
“for the duration’” — represents a period of
unparalleled accomplishment. The short waves
proved a veritable gold mine. Country after
country came on the air, until the confusion
beecame so great that it was necessary to de-
vise a system of international intermediates
in order to distinguish the nationality of calls.
The League began issuing what are known
as WAC certificates to stations proving that
they had worked all the continents. Over five
thousand such certificates have heen issued.
Representatives of the ARRL went to Paris
and deliberated with the amateur representa-
tives of twenty-two other nations. On April
17, 1925, this conferenee formed the Interna-
tional Amateur Radio Union — a federation of
national amateur societies. The amateur as a
type is the same the world over.

Nor was experimental development lost sight
of in the enthusiasm incident to international
amateur communication. The experimentally-
minded amateur is constantly at work con-
ducting tests in new frequency bands, devising
improved apparatus for amateur receiving and
transmitting, learning how to operate two and
three and even four stations where previously
there was room enough for only one.

In particular, the amatéur experimenter
pressed on to the development of the higher
frequencies represented by the wavelengths
below 10 meters, territory only a few years ago
regarded even by most amateurs as compara-
tively unprofitable operating ground.

The amateur’s experience with five meters is
especially representative of his initiative and
resourcefulness, and his ability to make the
most of what is at hand. In 1924 first amateur
experiments in the vicinity of 56 Me. indicated
the band to be practically worthless for dis-
tance work; signals at such frequencies ap-
peared capable of being heard only to “horizon
range.” But the amateur turns even such
apparent disadvantages to use. If not suitable
for long-distance work, at least the band was
ideal for “short-haul” communication. Begin-
ning in 1931, then, there was tremendous
activity in 56-Mec. work by hundreds of ama-
teurs all over the country, and a complete new
line of transmitters and receivers was devel-
oped to meet the special conditions incident
to communicating at these ultrahigh fre-
quencies. In 1934 additional impetus was given
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to this band when experiments by the ARRL
with directive antennas resulted in remarkably
consistent two-way communication over dis-
tances of more than 100 miles, without the aid
of “hilltop”’ locations. While atmospherie con-
ditions still are found to affect 5-meter DX,
thousands of amateurs, as of the time of the
close-down in December, 1941, were spending
much of their time on the 56- and 112-Me.
bands, many of them having worked hundreds
of different stations at distances up to several
thousand miles; even transcontinental dis-
tances were being spanned when conditions
were right. To-day’s concept of u.h.f. propaga-
tion was developed almost entirely through
amateur research.

The amateur is constantly in the forefront
of technical progress. Many developments by
amateurs have come to represent valuable
contributions to the art, and the articles
about them are as widely read in professional
circles as by amateurs. At a time when only
a few broadcast engineers in the country
knew what was meant by ‘1009, modulation”
the technical staff of the ARRL was publishing
articles in QST urging amateur ’phones to
embrace it and showing them how to do it.
This is only one example; the complete record
of such accomplishments would more than fill
this chapter alone. From the League’s labora-
tory in 1932 came the single-signal super-
heterodyne — the world’s most advanced
high-frequency radiotelegraph receiver. In
1936 the “nroise-silencer’ circuit for super-
heterodynes was developed, permitting for
the first time satisfactory high-frequency re-
ception through the more common forms of
man-made electrical interference. Currently,
hundreds of skilled amateurs are contributing
their knowledge to the development of secret
wartime radio devices, both in government and
private laboratories.

Amateur radio is one of the finest of hobbies,
but this fact alone would hardly merit such
whole-hearted support as was given it by the
United States government at recent interna-
tional conferences. There must be other reasons
to justify such backing. One of these is a
thorough appreciation by the Army and Navy
of the value of the amateur as a source of skilled
radio personnel in time of war. The other is
best described as ‘‘public service.”

We have already seen 3,500 amateurs con-
tributing their skill and ability to the Ameri-
can cause in the Great War. After the war it
was only natural that cordial relations should
prevail between the Army and Navy and the
amateur. Several things occurred in the next
few years to strengthen these relations. In
1924, when the U. S. dirigible Shenandoah
made & tour of the country, amateurs pro-
vided continuous contact between the big ship
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and the ground. In 1925 when the United
States battle fleet made a cruise to Australia
and the Navy wished to test out short-wave
apparatus for future communication purposes,
it was the League’s Traffic Manager who was
in complete charge of an experimental high-
frequency set on the U. S. S. Seattle.

Definite friendly relations between the ama-
teur and the armed forces of the Government
were cemented in 1925. In this year both the
Army and the Navy came to the League with
proposals for amateur cosperation. The radio
Naval Reserve and the Army-Amateur Net are
the outgrowth of these proposals. Thousands
of amateurs in the Naval Reserve are now on
active duty with the Navy, from the rank of
Commander on down, while other thousands
are serving in the Army, Air Forces, Coast
Guard and Marine Corps, in all of which
branches special inducements are held out to
amateurs. Altogether, more than 15,000 of our
radio amateurs are in the armed forces of the
United States, while additional thousands are
engaged in vital electronic research and de-
velopment for the use of our armed forces, par-
ticularly in connection with secret devices for
aireraft detection.

The public service record of the amateuris a
brilliant one. These services can be roughly di-
vided into two classes: emergencies and expedi-
tions. It is regrettable that space limitations
preclude detailed mention of amateur work in
both these classes, for the stories constitute
highlights of amateur accomplishment.

Since 1913, amateur radio has been the prin-
cipal, and in many cases the only, means of
outside communication in more than one hun-
dred storm, flood and earthquake emergencies
in this country. Among the most noteworthy
were the Florida hurricanes of 1926, 1928 and
1935, the Mississippi and New England floods
of 1927 and the California dam break of 1928.
During 1931 there were the New Zealand and
Nicaraguan earthquakes, and in 1932 floods in
California and Texas. Outstanding in 1933 was
the earthquake in southern California. In 1934
further floods in California and Oklahoma re-
sulted in notable amateur coéperation. The
1936 eastern states flood, the 1937 Ohio River
valley flood, and the 1938 southern California
flood and Long Island-New England hurricane
disaster saw the greatest emergency effort ever
performed by amateurs. In all these and many
others, amateur radio played a major réle in
the rescue work and amateurs earned world-
wide commendation for their resourcefulness in
effecting communication where all other means
failed.

During 1938 the ARRL inaugurated its
emergency preparedness program, providing
for the appointment of regional and local
Emergency Coordinators to organize amateur



facilities and establish liaison with other agen-
cies. This was in addition to the registration of
personnel and equipment in the Emergency
Clorps. A comprehensive program of codpera-
tion with the Red Cross, Western Union and
others was put into effect.

Although normal participation in such ac-
tivity is now impossible, because of restrictions
on amateur operation, the peculiar ability of
the amateur to perform in such work has been
notably recognized by the government in pro-
viding for amateur participation in the War
Emergency Radio Service, designed to furnish
emergency communication to local communi-
ties in connection with Civilian Defense Corps
activities; in fact, it may be said that without
the reservoir of amateurs which we have in this
country, the War Emergency Radio Service
would be an impossibility.

Amateur cobperation with expeditions goes
back to 1923, when a League member, Don
Mix of Bristol, Conn., accompanied Mac Millan
to the Arctic on the schooner Bowdoitn with
an amateur station. Amateurs in Canada
and the United States provided the home
contact. The success of this venture was such
that other explorers made inquiry of the
League regarding similar arrangements for
their journeys. In 1924 another expedition
sccured amateur cooéperation; in 1925 there
were three, and by 1928 the figure had risen to
nine for that year alone; altogether, during sub-
sequent years, a total of perhaps two hundred
voyages and expeditions were thus assisted.

Emergency relief, expeditionary contact, ex-
perimental work and countless instances of
other forms of public service — rendered, as
they always have been and always will be,
without hope or expectation of material re-
ward — made amateur radio an integral part
of our peacetime national life. To-day, ama-
teur participation in the armed forces and
other aspects of national defense make ama-
teur radio vital to our very national existence.

e THE AMERICAN RADIO
RELAY LEAGUE

"The American Radio Relay League is to-day
not only the spokesman for amateur radio in
this country but it is the largest amateur
organization in the world. It is strictly of, by
and for amateurs, is non-commercial and has
no stockholders. The members of the League
are the owners of the ARRL and QST.

The League is organized to represent the
amateur in legislative matters. It is pledged
to promote interest in two-way amateur com-
munication and experimentation. It is inter-
ested in the relaying of messages by amateur
radio. It is concerned with the advaneement of
the radio art. It stands for the maintenance of
fraternalism and a high standard of conduct.
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One of its prineipal purposcs is to keep ama-
teur activities so well conducted that the ama-
teur will continue to justify his existence.

The operating territory of the League is
divided into fourteen United States and six
Canadian divisions. The affairs of the League
are managed by a Board of Directors. One
director is eclected every two years by the
membership of each United States division,
and a Canadian General Manager is elected
every two years by the Canadian membership.
These directors then choose the president and
vice-president, who are also directors, of
course. No one commercially engaged in selling
or manufacturing radio apparatus or literature
can he a member of the Board or an officer of
the League.

The president, vice-president, secretary,
treasurer and communications manager of the
League are elected or appointed by the Board
of Dircetors. These officers constitute an Ex-
ecutive Committee which, under certain re-
strictions, decides how to apply Board policies
to matters arising between Board meetings.

The League owns and publishes the maga-
zine QST. QST goes to all members of the
League each month. It acts as a monthly bulle-
tin of the League’s organized activities. It
serves as a medium for the exchange of idecas.
It fosters amateur spirit. Its technical articles
are renowned. QST has grown to be the “ama-
teur’s bible” as well as one of the foremost
radio magazines in the world. The profits QST
makes are used in supporting League activi-
ties. Membership dues to the League include a
subscription to QST for the same period.

From the humble beginnings recounted in
this story of amateur radio, League head-
quarters has grown until now it occupies an
entire office building and employs nearly forty
people.

Members of the League are entitled to write
to Headquarters for information of any kind,
whether it concerns membership, legislation, or
general questions on the construction or opera-
tion of amateur apparatus. If you don’t find
the information you want in QST or the
Handbook, write to ARRL Headquarters,
West Hartford, Connecticut, telling us your
problem. All replies are made directly by letter;
no charge is made for the service.

If you come to Hartford, drop out to Head-
quarters at 38 LaSalle Road, West Hartford.
Visitors are always welcome.

From 1927 to 1936 the League operated its
headquarters station, WIMK, at Brainerd
Field, Hartford’s municipal airport on the
Connecticut River. During the disastrous flood
of 1936 this station was devastated. From the
spring of 1936 until early summer of 1938 a
temporary station was operated at the head-
quarters offices, at first under the old auxiliary
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call WIINF and later as W1AW. The call
WI1AW, held until his death by Hiram Perey
Maxim, was issued to the League by a special
order of the Federal Communications Com-
mission for use as the official headquarters
station call.

Beginning September, 1938, and until the
recent wartime closing of all amateur stations,
the Hiram Percy Maxim Memorial Station at
Newington, Conn., was in opcration as the
headquarters station. Operating on all amateur
bands, with separate transmitters rated at the
legal maximum input of one kilowatt, and
elaborate antenna systems, this station was
regularly heard with good strength in every
part of the world. The building in which it is
housed was designed by order of the League’s
Board of Directors as a permanent memorial
to its founder-president, Hiram Percy Maxim.

¢ JOINING TIIE LEAGUE

Every person interested in amateur radio
should join the League and start reading QST.
Inquiries regarding membership should be ad-
dressed to the Secrctary. There is a convenient
application blank in the rear of this Handbook.
An interest in amateur radio is the only quali-
fication necessary in becoming an associate
member of the ARRL, but according to a con-
stitutional requirement only those members
who possess an amateur operator license are
entitled to full membership and voting privi-
leges in director elections.

Learn to let the League help you. It is or-
ganized solely for that purpose, and its entire
headquarters’ personnel is trained to render the
best assistance it can to you in matters con-
cerning amateur radio. If, as a beginner, you
should find it difficult to understand some of
the matter in succeeding chapters of this book,
do not hesitate to write the Information Serv-
ice stating your trouble.

Every amateur should read the League’s
magazine QST each month. It is filled with the
latest apparatus developments in the short-
wave field, and “ham” news from your par-
ticular section of the country. One of its most
valuable features at the present time is a
monthly compilation of information on all
known available jobs or assignments for which
amateurs are especially qualified, especially in
the government service and the armed forces.
A sample copy of QST will be sent you for 25
cents, if you are unable to obtain one at your
local newsstand.

o THIE AMATEUR BANDS

Discussion of the frequency-bands used by
amateurs may seem academic at a time when all
amateur operation is prohibited; yet, although
a special order of the Federal Communications
Commission has temporarily suspended ama-
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teur operation, the
bands normally open
for amateur operation
still appear in the
regulations of the
Commission and a
knowledge of them is
necessary in order to
pass the amateur op-
erator examination,
which is still being
given to interested
persons who may wish
to qualify for their
amateur operator li-
censes. For this rea-
son, as well as because
of general interest, a
brief discussion of the
characteristics of the
various amateur bands
is in order.

As will be noted
from Fig. 1, the ama-
teur bands constitute
narrow segments in
that part of the radio
spectrum lying be-
tween 1700 kc. and
300,000 ke. (or 300
Me.). During the time
when operation was
permitted, amateurs
distributed themselves
throughout these fre-
quency bands accord-
ing to their operating
objectives and the spe-
cial operating char-
acteristics of the bands
themselves. Briefly,
these were as folows:

The 1750-kc. band,
which carried all ama-
teur activity before
experimenters opened
the way to each of the
higher frequency bands
in turn, always served
amateurs well for gen-

Fig. 1 — The Amateur
Bands. Arcas shaded with
diagonal lines sloping
down to left were open
to c.w, telegraphy only.
Areas with diagonal lines
sloping to right were also
open to amplitude-
modulated telephony (as
well as c.w.)., Cross-
hatched areas were open
to frequency-modulated
telephony (as well as ordi-
nary ’phone and c.w.),
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eral contact between points all over the coun-
try, although during the height of the develop-
ment of the higher frequencies there was some
dwindling of activity in this band. It was es-
pecially popular for radiotelephone work, but
was also used extensively for short-haul c.w.
nets and code-practice transmissions for begin-
ning amateurs. Its characteristics were such as
to make it useful primarily for distances up to
400~-500 miles, at night, but much longer dis-
tances were occasionally covered with the
higher-powered sets and under good condi-
tions.

The 3500-kc. band was, in recent years, re-
garded as best for all consistent domestic com-
munication and was good for coast-to-coast
work at night all the year except for a few
summer months. Much of the domestic
friendly human contact between amateurs and
most of their domestic message-handling work
took place in this band.

The 7000-kc. band was the most popular band
for general amateur work for years, both do-
mestic and international, and was useful
mainly at nights for contacts over considerable
distances as well as being satisfactory for dis-
tances of several hundred miles in daylight.

The 14,000-kc. or 14-Mc. band was the one
used mostly for covering great distances in day-
light, and in fact was the only band generally
useful for daylight contacts over coast-to-coast
and greater distances. It was, however, subject
to sudden changes in transmitting conditions.

The 28,000-kc. (28-Mc.) band combined both
the long-distance characteristics of the 14-Me.
band and some of the local advantages of the
56-Mc. band, but was popular chiefly because
of its remarkable long-distance characteristics.
Its disadvantage was lack of reliability because
of seasonal effects and sudden changes in trans-
mitting conditions even more pronounced than
those encountered on the 14-Mec. band.

The 66,000-kc. (56-Mc.) band was used
largely for local and short-distance work over
distances of ten to fifty miles. Because of com-
pactness and ease of construction of the neces-
sary apparatus, it proved ideal for this purpose,
and many hundreds of stations operated
“locally”” there. Experiments with directional
antennas by the technical staff of the ARRL
beginning in 1934 disclosed that surprisingly
consistent two-way contact could be main-
tained over distances of a hundred miles or
more with suitable conditions and equipment,
and such contacts became common by 1940—41.
Occasional periodic “sky-wave” work over
several thousand miles was also accomplished.

The 112,000-kc. (112-Mc.) band was the new-
est addition to the amateur spectrum, and was
attaining widespread popularity before the
" close-down for the local work previously car-
ried on in the 56-Me. band. This is the band
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which now figures so prominently as the chief
field of operations for the newly-established
War Emergency Radio Service (WERS) in
which hundreds of amateurs are currently em-
ploying their apparatus and skill on behalf of
their communities for civilian-defense work.

The 224-Mc. band and the experimental re-
gion above 300-Mc. were not in widespread use
for general communication, but were becoming
increasingly of interest to the pioneering ex-
perimenter. It is possible the 224-Mec. band
may be called on to carry part of the WERS
load.

o MEMORIZING THE CODE

Amateur operator licenses are still being is-
sued by the Federal Communications Cominis-
sion and one of the requirements is ability to
send ‘and receive the code at the rate of 13
words per minute. Aside from that, knowledge
of the code is especially desirable during war-
time; it is not putting it too strongly to say
that everyone should know it and be able to
use it.

The serious student of code — sending, re-
ceiving, operating practices, copying on the
typewriter, etc. — would be best advised to
purchase a copy of the League’s 25-cent book-
let, Learning the Radiotelegraph Code, and, in
fact, anyone desirous of learning the code is
advised to do so” via the method outlined in
this booklet. However, the following sugges-
tions will suffice to enable others to acquire the
rudiments of code ability.

- The first job is memorizing the code. This is
no task at all if you simply make up your mind
to apply yourself to the job and get it over as
quickly as possible. The complete Continental
alphabet, most-used punctuation marks and
numerals are shown in the table in Fig. 2. All
the characters shown should be learned, start-
ing with the alphabet and then going on to the
numerals and punctuation marks. Take a few
at a time, but as you progress review all the
letters learned up to that time.

One suggestion: Learn to think of the letters
in terms of sound rather than their appearance
as printed dot-and-dash combinations. This is
an important point; in fact, successful mastery
of-the code can be acquired only if one thinks
always in terms of the sound of a letter, right
from the start. Think of A as the sound
‘‘didah” — not as a printed ‘‘dot-dash.”

If someone can be found to send to you, ei-
ther by whistling or by means of a buzzer or
code oscillator, the best way is to enlist his co-
operation and learn the code by listening to it.
It is best to have someone do this who is fa-
miliar with the code and who can be depended
on to send the characters correctly. Learning
the code is like learning a new language, and
the sooner you learn to understand the lan-
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A omm di(_ia_h
B =me e e dahdididit

C wmemme dahdidahdit
D mmee  dahdidit

E o dit

F ooemme didi&la_hdit
G smmme gih(_ia_hdit

H eose  jidididit

I oo didit

J emmmmm= jidahdahdah
Kemewm  yshdidah

L emmeoe dldahdldlt
M == mn dahdah

N mme dahdit

O mmmsmm (ahdahdah
P emmmme didahdahdit
Q envemoemm @@d@j}b
R emme didahdit

S eeoe dididit

T == dah

U ® © mm m‘_’ﬂlj

V eeemm didididah

W o memm  didahdah

X mm o o mm -dahdididah
Y om0 mmmm dahdldahdah
Z smmmee dahdahdldnt

| smmmmmmm  didshdahdahdah

2 o ¢ mmamum dididahdahdah

3 oo ommmm didididahdah

4 eooomm dididididah

5 eeeece dididididit

6 mmeocoo dahdidididit

7 emmmeeoe mdahdldidlt

8§ wmmmmmee dahdahdahdldlt

[ Py p—Y dahdahdnhdahdlt

0 —-———— Q_L_}_ld_ahd_{h_i._l_hdah
Period © mm o mm 0 mm
Comma - ¢ mmmm

Question mark

Error TEEXXXXE)
Double dash m=o omm
Wait emmoooe

End of message
Invitation to transmit

End of work

Fig. 2 — The Continental Code.
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guage without mental ‘“‘translation” the easier
it will be for you.

Don’t think about speed at ﬁrst your first
job is to learn all the charaeters to the point
where you know them without hesitation.

o ACQUIRING SPEED BY BUZZER
PRACTICE

When the code is thoroughly memorized, you
can start to develop speed in receiving code
transmission. Perhaps the best way to do this
is to have two people learn the code together
and send to each other by means of a buzzer-
and-key outfit. An advantage of this system is
that it develops sending ability, too, for the
person doing the receiving will be quick to
criticize uneven or indistinct sending. If pos-
sible, it is a good idea to get the aid of an ex-
perienced operator for the first few sessions, so
you will know how well-sent characters sound.

The diagram shows the connections for a
buzzer-practice set. Another good practice set
for two people is that using a vacuum-tube
audio oscillator, a battery model of which is

Two Ory Cells
o /n serias connected
oK here

Hey

Fig. 3— Circuit of a buzzer code practice set. The
headphones are conncucd aeross thc coils of the buzzer
with a condenser in series. The size of this condenser
determines the strength of the signal in the "phones, If
the value shown gives an excessively loud signal, it may
be reduced to 300 uufd. or even 250 uufd.

shown in Figs. 4 and 5. The parts required are:
a pair of "phones, key, type 1G4G tube, an old
audio transformer, grid leak and condenser,
tube socket, No. 6 dry cell and 2214-volt ““B"’
battery. If nothingis heard in the 'phones when
the key is depressed, reverse the leads going to
either transformer winding. Reversing both
sets of leads will have no effect.

Fig. 6 shows a practice oscillator designed
to operate directly off the 115-volt a.c. or d.c.
power line. Because of its independence of bat-
teries, which are now sometimes a little diffi-
cult to acquire, it may be preferred.

Either the buzzer set or one of the two audio
oscillators described will give satisfactory re-
sults. The advantage of an audio oscillator
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Fig. 4 — Wiring diagram of a simple audio oscillator
for use as a code practice set.

over the buzzer set is that it gives a good signal
in the 'phones without making any noise in the
room, and also produces a tone more closely
simulating actual radio signals.

After the practice set has been built, and
another operator’s help secured, practice send-
ing turn and turn about to each other. Send
single letters at first, the listener learning to
recognize each character quickly, without hesi-
tation. Following this, start slow sending of
complete words and sentences, always trying
to have the material sent at just a little faster
rate than you can copy easily; this speeds up
your mind. Write down each letter you recog-
nize. Do not try to write down the dots and
dashes; write down the letters. Don’t stop to
compare the sounds of different letters, or
think too long about a letter or word that has
been missed. Go right on to the next one or
each ‘““miss” will cause you to lose several
characters you might otherwise have gotten.
If you exercise a little patience you will soon be
getting every character, and in a surprisingly
short time will be receiving at a good rate of
speed. When you can receive 13 words a min-
ute (65 letters a minute), have the sender trans-
mit code groups rather than English text. This
will prevent you from recognizing a word ‘‘on
the way’’ and filling it in before you’ve really
listened to the letters themselves.
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After you have acquired a reasonable degree
of proficiency concentrate on the less common
characters, as well as the numerals and punc-
tuation marks. These prove the downfall of
many applicants taking the code examination
under the handicap of nervous stress.
® USING A KEY

The correct way to grasp the key is impor-
tant. The knob of the key should be about
eighteen inches from the edge of the operating
table and about on a line with the operator’s
right shoulder, allowing room for the elbow to
rest on the table. A table about thirty inches in
height is best. The spring tension of the key
varies with different operators. A fairly heavy
spring at the start is desirable. The back ad-

Ry

Resistor
:‘/ Line Cord

PHONES

KEY

WOVLACORDC.

Fig. 6 — 115-volt a.c.-d.c. vacuum-tube code-practice
oscillator.

Cy — 100.uufd. midget mica fixed condenser.

Cz — 250-uufd. midget mica fixed condenser.

Cs — 8-ufd. 200-volt electrolytic.

R1 — 0.5-megohm 13-watt fixed resistor. (A lower value
or a variable resistor may be used to reduce
volume if desired.)

R2 — 1-megohm, Y3-watt fixed resistor.

R3 — 50-ohm 1-watt fixed resistor.

T — 3:1-ratio midget push-pull audio transformer.

Line cord resistor — 310 ohms. (A 300-ohm, 50-watt
fixed resistor may be used.)

TUBE 0.25-MEGOHM
+ SOCKET RESISTOR
A" BAT A A
15 vours) | 2o o Y
‘8" BAT.
225vouts) [+ 0.01ufd conpensEr
p TRANSFORMER 6
'PHONES @'-'I-L Bt £

justment of the key should be
changed until there is a verti-
cal mouvement of ahout one-
sixteenth inch at the knob.
After an operator has mastered
the use of the hand key the
tension should be changed and
can be reduced to the mini-
mum spring tension that will
cause the key to open immedi-
ately when the pressure is re-
leased. More spring tension
than necessary causes the ex-
penditure of unnecessary en-

Fig. 5 — Layout of the audio-oscillator code practice set. All parts can
be mouuted ou a wooden baseboard approximately 5 X 7 iuches.

ergy. The contacts should be
spaced by the rear screw on
the key only and not by allow-

CHAPTER ONE l7



54:: ,?aa/io _/4maleur3 ﬂana/éooé

ing play in the side screws, which are provided
merely for aligning the contact points. These
side screws should be screwed up to a setting
which prevents appreciable side play but not
adjusted so tightly that binding is eaused. The
gap between the contacts should always be at
least a thirty-second of an inch, since a too-
finely spaced contaet will eultivate a nervous
style of sending which is highly undesirable.
On the other hand too-wide spacing (much
over one-sixteenth inch) may result in unduly
heavy or “muddy”’ sending.

Do not hold the key tightly. Let the hand
rest lightly on the key. The thumb should be

Fig. 7— Illlustrating the corrcct position of the hand
and fingers in using a telegraph key.

against the left side of the key. The first and
second fingers should be bent a little. They
should hold the middle and right sides of the
knob, respectively. The fingers are partly on
top and partly over the side of the knob. The
other two fingers should be free of the key. Fig.
7 shows the eorrect way to hold a key.

A wrist motion should be used in sending.
The whole arm should not be used. One should
not send “nervously’” but with a steady flexing
of the wrist. The grasp on the key should be
firm, but not tight, or jerky sending will result.
None of the muscles should be tense but they
should all be under control. The arm should
rest lightly on the operating table with the
wrist held above the table. An up-and-down
motion without any sideways action is best.
The fingers should never leave the key knob.

Good sending seems easier than receiving,
but don’t be deceived. A beginner should not
send fast. Keep your transmitting speed down
to the receiving speed, and bend your efforts
to sending well.

When sending do not try to speed things up
too soon. A slow, even rate of sending is the
mark of a good operator. Speed will come with
time alone, Leave special types of keys alone
until you have mastered the knack of properly
handling the standard-type telegraph key.
Because radio transmissions are seldom free
from interferenee, a ‘‘heavier’’ style of sending
is best to develop for radio work. A rugged
key of heavy construction will help in this,

,8 CHAPTER ONE

@ OBTAINING GOVERNMENT LICENSES

It may occur to many readers that there is
little point in obtaining an amateur opcrator
license when amatcur radio is not permitted.
Far from it! An amateur operator license is a
valuable possession, as many people engaged in
the war effort have learned. In the Army, it
enables a man to enlist directly in the Signal
Corps, if he desires; in the Navy and Marine
Corps, the holder of an amateur license (pro-
vided he also has had a high-school education
and can pass the physical requirements) is
immediately given a rating as a petty officer.
Even among officer candidates in some branches,
possession of an amateur operator license is
accepted as indicating certain proficiency in
respect to special radio qualifications, and this
also applies to positions in various branches of
the radio industry engaged in war work. Among
the women, possession of an amateur operator
license is specified as one of the requirements
for certain government positions open to
feminine applicants.

When you are able to copy 13 words per min-
ute, have studied basic transmitter theory and
familiarized yourself with the radio laws and
amateur regulations, you are ready to give
serious thought to securing the government
amateur operator license whieh is issued you,
after examination, through the Federal Com-
munications Commission at Washington,
D.C.

Because a discussion of license application
procedure, license renewal and modification,
exemptions, and detailed information on the
nature and scope of the license examination
involve more detailed treatment than it is
possible to give within the limitations of this
chapter, it has been made the subjeet of a
special booklet published by the League, and
at this point the beginning amateur should
possess himself of a copy and settle down to a
study of its pages in order to familiarize him-
self with the intricacies of the law and prepare
himself for his test. The booklet, The Radio
Amateur's License Manual, may be obtained
from ARRL headquarters for 25¢ postpaid.
One of the most valuable features of this book
is its representative examination questions with
their correct answers.

Amateur licenses are free, but are issued only
to citizens of the United States. But the re-
quirement of citizenship is the only limitation,
and licenses are issued without regard to age or
physical condition to anyone who successfully
completes the examination.

Extracts from the basie Communications Act
and the amateur regulations and special orders
current at the time this Handbook went to press
will be found in Chapter Twenty-Two.
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o 2-1 FUNDAMENTALS OF A RADIO
SYSTEM
THE Basis of radio communication
is the transmission of electromagnetic waves
through space. The production of suitable
waves constitutes radio transmission, and their
detection, or conversion at a distant point into
the intelligence put into them at the originat-
ing point, is radio reception. There are several
distinet processes involved in the complete
chain. At the transmitting point, it is necessary
first to generate power in such form that when
it is applied to an appropriate radiator, called
the antenna, it will be sent off into space in
electromagnetic waves. The message to be
conveyed must be superimposed on that power
by suitable means, a process called modulation.
As the waves spread outward from the
transmitter they rapidly become weaker, so
at the receiving point an antenna is again used
to abstract as much energy as possible from
them as they pass. The wave energy is trans-
formed into an electric current which is then
amplified, or increased in amplitude, to a
suitable value. Then the modulation is changed
back into the form it originally had at the trans-
mitter. Thus the message becomes intelligible.
Since all these processes are performed by
electrical means, a knowledge of the basic
principles of electricity is necessary to under-
stand them. These essential principles are the
subject of the present chapter.

¢ 2-2 THE NATURE OF ELECTRICITY

Electrons — All  matter — solids, liquids
and gases — is made up of fundamental units
called molecules. The molecule, the smallest
subdivision of a substance retaining all its
characteristic properties, is constructed of
atoms of the elements comprising the substance.

Atoms in turn are made up of particles, or
charges, of electricity, and atoms differ from
each other chiefly in the number and arrange-
ment of these charges. The atom has a nu-
cleus containing both positive and negative
charges, with the positive predominating so
that the nature of the nucleus is positive.
The charges in the nucleus are closely bound
together. Exterior to the nucleus are negative
charges — electrons — some of which are not
so closely bound and can be made to leave the
vicinity of the nucleus without too much urg-

ing. These electrons whirl around the nucleus
like the planets around the sun, and their orbits
are not random paths but geometrically-
regular ones determined by the charges on the
nucleus and the number of electrons. Ordinarily
the atom is electrically neutral, the outer nega-
tive electrons balancing the positive nucleus,
but when something disturbs this balance
electrical activity becomes evident, and it is
the study of what happens in this unbalanced
condition that makes up electrical theory.

Insulators and Conductors — Materials
which will readily give up an electron are called
conductors, while those in which all the elec-
trons are firmly bound in the atom are called
insulators. Most metals are good conductors,
as are also acid or salt solutions. Among the
insulators are such substances as wood, hard
rubber, bakelite, quartz, glass, porcelain, tex-
tiles, and many other non-metallic materials.

Resistance — No substance is a perfect con-
ductor —a “‘perfect” conductor would be
one in which an electron could be detached
from the atom without the expenditure of
energy — and there is also no such thing as a
perfect insulator. The measure of the difficulty
in moving an electron by electrical means is
called resistance. Good conductors have low re-
sistance, good insulators very high resistance.
Between the two are materials which are
neither good conductors nor good insulators,
but they are nonetheless useful since there is
often need for intermediate values of resistance
in electrical circuits.

Circuits — A circuit is simply a complete
path along which electrons can transmit their
charges. There will normally be a source of
energy (a battery, for instance) and a load or
portion of the circuit where the current is made
to do useful work. There must be an unbroken
path through which the electrons can transmit
their charges, with the source of energy acting
as an electron pump and sending them around
the circuit. The circuit is said to be open when
no charges can move, due to a break in the
path. It is closed when no break exists — when
switches are closed and all connections are
properly made.

¢ 2-3 STATIC ELECTRICITY

The electric charge — Many materials that
have a high resistance can be made to acquire
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a charge (surplus or deficiency of electrons)
by mechanical means such as friction. The fa-
miliar crackling when a hard-rubber comb is
run through hair on a dry winter day is an
example of an electric charge generated by
friction. Objects can have either a surplus or a
deficiency of electrons — it is called a negative
charge if there is a surplus of electrons; a
positive charge if there is a lack of them. As
with all things in nature, there must always be
a balance, and for every negative charge there
will be found a similar positive charge, since
each electron that leaves an atom to form a
negative charge leaves the rest of the atom
with a positive charge. The kind of charge is
called polarity, a negative charge constituting
a negative pole, a positive charge being a posi-
tive pole.

Attraction and repulsion — Unlike charges
(one positive, one negative) exert an attraction
on each other. This can be demonstrated by

Fig. 201 — Attraction and repulsion of charged ob-
jects, as shown by the pith-ball experiment.

giving equal but opposite charges to two very
light objects of insulating material (pith balls
are used in the classical experiment) and sus-
pending them near each other. They will be
drawn toward each other, and if they touch the
charges will neutralize, leaving both objects
without charge. Charges of the same type, how-
ever, repel each other, and a similar experiment
with like-charged objects will show them tend-
ing to swing apart.

Electrostatic field — From the foregoing it
is evident that an electric charge can exert a
force through the space surrounding the
charged object. The region in which this force
is exerted is considered to be pervaded by the
electrostatic field, this concept of a field being

I
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Fig. 202 — Lines of force from a charged object ex-
tend outward radially. Although only two dimensions
are shown, the field extends in all directions from the
charge, and the field should be visualized in three di-
mensions,
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adopted to explain the ““action at a distance”
of the charge. The field is assumed to consist
of lines of force originating on the charge and
spreading in all directions. The number of
lines of force per unit area is a measure of the
intensity of the field.

Potential difference — If two objects are
charged differently, a potential difference is
said to exist between them, and this difference
is measured by an electrical unit called the
volt. The greater the potential difference, the
higher (numerically) the voltage. This poten-
tial difference or voltage exerts an electrical
pressure or force as explained above, and for
this reason it is often called electromotive force
or, simply, e.m.f. It is not necessary to have
unlike charges to have a difference of potential;
both, for instance, may be negative so long as
one charge is more intense than the other.
From the viewpoint of the stronger charge,
the weaker one appears to be positive in such
a case, since it has a smaller number of excess
electrons; in other words, its relative polarity
is positive. The greater the potential difference
the more intense is the electrostatic field be-
tween the two charged objects.

Capacity — If two metal plates are sepa-
rated a short distance by a high-resistance ma-
terial, such as glass, mica, oil or air, it will be
found that the two plates can be given a charge
by connecting them to a source of potential
difference. Such a device is called a condenser,
and the insulating material between the metal
plates is called the dielectric. The potential
difference, or voltage, of the charge will be
equal to that of the source. The gquantity of the
charge will depend upon the voltage of the
charging source and the capacity of the con-
denser. The value of capacity of a condenser
is a constant depending upon the physical di-
mensions, increasing with the area of the
plates and the thinness and dielectric constant
of the insulating material in between. The
dielectric constant of air is 1, while for other
insulating materials it is usually higher. Glass,
for instance, has a dielectric constant of about
4; this means, simply, that if glass is sub-
stituted for air as the dielectric in an other-
wise identical condenser, the capacity of the
condenser will be four times as great.

Capacity is measured in farads, a unit much
too large for practical purposes, and in radio
work the terms microfarad (abbreviated ufd.)
and micromicrofarad (uufd.) are used. The
microfarad is one-millionth of a farad, and the
micromicrofarad is one-millionth of a micro-
farad.

The electrical energy in a charged condenser
i8 considered to be stored in much the same
way that mechanical energy is stored in a
stretched spring or rubber band. Whereas the
mecharrical energy in the spring can be stored



because of the elasticity of the material, the
electrical energy in a condenser is stored in
the electrostatic field between the plates.
Condensers — The construction of a con-
denser is determined by the use for which it is
intended. Where the capacity must be con-
tinuously adjustable, as in tuning radio circuits,
sets of interleaved metal vanes are used with
air as the dielectric. In high capacity units

Dielectrsc
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Fig. 203 — A simple type of condenser, consisting of
two metal plates with dielectric materia! hetween. The
diagrammatic symbols for condensers are shown at the
right. The two at the top indicate condensers of fixed
capacity, the two below, condensers whose capacity is
variable. The symbols in the left hand column are more
commonly used.

Metal
plates

where adjustment is not required, the dielectric
may be thin paper or mica. The choice of a die-
lectric and its thickness is determined by the
capacity desired, the voltage for which the
condenser is intended and, in many cases, by
the losses in the dielectric, since the electrical
stress caused by the electrostatic field is ac-
companied by consumption of energy which
appears as a heating effect in the dielectric.

¢ 2-4 THE ELECTRIC CURRENT

Conduction — If a difference of potential
exists across the ends of a conductor (by con-
necting the conductor — usually a wire — to
a battery or generator or other source of volt-
age) there will be a continuous drift of electrons
from atom to atom, and an electrical current
is said to be flowing. The individual electrons
do not streak from one end of the conductor to
the other but the action is rather like a “bucket
brigade” where, instead of firemen handing
buckets down the line, atoms pass electrons

Ba.tlery
e

Fig. 204 — Electrolytic conduction. When an e.m.f.
is applied to the electrodes, negative ions are attracted
to the positively charged plate and positive ions to the
negatively charged plate. The battery is indicated by
its customary symbol, 0
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down the line of the conductor. The current,
or total effect of the electron drift, travels
quite fast, close to the speed of light, but the
electrons themselves move only a short
distance.

The current is measured in amperes, and a
current of one ampere represents nearly 10
(ten million, million, million) electrons flowing
past a point in one second. On more familiar
ground, the current which flows through an
ordinary 60-watt lamp is approximately one-
half ampere.

Gaseous conduction (ionization)— All
conduction does not necessarily take place in
solid conductors. If a glass tube is fitted with
metal plates at each end, and filled with a gas
or even ordinary air (which is a mixture of
gases) at reduced pressure, an electric current
may be passed through the gas if a high enough
voltage is applied across the metal terminals.
When the voltage is applied across the tube,
the positively charged plate attracts a few
electrons, which acquire considerable velocity
because of the electric charge and the fact that
the reduced pressure in the tube (less gas) per-
mits the electrons to travel farther before
colliding with a gas atom. When one does
collide with an atom, it knocks off an outer
electron of the gas atom and this electron also
joins the procession towards the positive
plate, knocking off more electrons from other
atoms as it goes. The atoms that have had an
electron or two knocked off are no longer true
atoms but fons, and since they have a positive
charge (due to the electron deficiency) they
are called ¢ positive ions.” These positive ions,
being heavier than the electrons, travel more
slowly towards the negative plate, where they
acquire electrons and become neutral atoms
again. The net result is a flow of electrons,
and hence of current, from negative plate
(called the cathode) to positive plate (anode).

Current flow in liquids — A very large
number of chemical compounds have the pe-
culiar characteristic that when they are put
into solution the component parts become
ionized. For example, common table salt or
sodium, chloride, each molecule of which is
made up of one atom of sodium and one of
chlorine, will, when put into water, break down
into a sodium ion (positive, with one electron
deficient) and a chlorine ion (negative, with
one excess electron). This can only occur so
long as the salt is in solution — take away the
water and the ions are recombined into the
neutral sodium chloride. This spontaneous
disassoctalion in solution is another form of
ionization, and if two wires with a difference
of potential across them are placed in the solu-
tion, the negative wire will attract the positive
sodium ions and the positive wire will attract
the negative chlorine ions, and a current will
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flow through the solution. When the ions reach
the wires the electron surplus or deficiency will
be remedied, and a neutral atom will be formed.
The energy supplied by the source of potential
difference is used to move the ions through the
liquid and to supply or remove electrons. This
type of current flow is called electrolytic con-
duction.

Batteries — All batteries depend upon chem-
ical action for the generation of a potential
difference across their terminals. The common
dry cell (which will not work when completely
dry) depends upon zine ions (the metal case
of a dry cell is the zinc plate) with a positive
charge going into solution and leaving the
zine plate strongly negative. The electrical
energy is derived from the chemical energy,
and in time the zinc will be used up or worn
away. However, in lead storage batteries, such
as are used in automobiles for starting, the
electrical energy is stored by chemical means
and entails no destruction of the battery ma-
terials. The water that must be replaced from
time to time is lost by evaporation.

1t might be pointed out here that the term
“battery’ is used correctly only when speak-
ing of more than one cell — a single cell is not
a battery, but two or more connected together
become a battery.

Current flow in vacuum — If a suitable
metallic conductor, such as tungsten or oxide-
coated or thoriated tungsten, is heated to a
high temperature in a vacuum, electrons will
be emitted from the surface. The electrons are

Io,lf o’%ﬂ — Positive
. Plate
Hot
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Fig. 205 — Nlustrating conduction by thermionic
emission of electrons in a vacuum tube. One battery is
used only to heat the filament to a temperature where
it will emit electrons. The other battery places a positive
potential on the plate, with respect to the filament, and
the electrone are attracted to the plate. The flow of
electrons completes the electrical path, and current
flows in the plate circuit.

freed from this filament or cathode because it
has been heated to a temperature that acti-
vates them sufficiently to allow them to break
away from the surface. The process is called
thermionic electron emission. Now if a metal
plate is placed in the vacuum tube and given a

D cuarrer TWO

positive charge by connecting a battery be-
tween plate and eathode, this plate or anode
will attract a number of the electrons that sur-
round the eathode. The passage of the elec-
trons from cathode to anode constitutes an
electric current. All thermionic vacuum tubes
depend for their operation on the emission of
electrons from a hot cathode.

Direction of current flow — Use was being
made of electricity for a long time before its
electronic nature was understood, and while it
is now clear that current flow is a drift of nega-
tive electrical charges or electrons toward a
positive potential, in the era preceding the
electron theory it was assumed that the cur-
rent flowed from the point of higher positive
potential to a point of lower (i.e., less positive
or more negative) potential. While this as-
sumption turned out to be wholly wrong, it is
still customary to speak of current as flowing
‘““from positive to negative’ in many applica-
tions. The practice often causes confusion, but
this distinction between ‘‘current” flow and
‘““electron” flow often must be taken into
account. If electron flow is speeifically men-
tioned there is of course no doubt as to the
meaning, but when the direction of current
flow is specified it may be taken, by convention,
as being opposite to the true direction.

0 2-3 ELECTROMAGNETISM

The magnetic field — The power that a bar
or horseshoe magnet possesses of attracting
small pieces of iron to itself is known to every-
one. As in the case of electrostatic attraetion
(§ 2-3) the concept of a field of magnetic force
is adopted to explain the magnetic action. The
field is made up of lines of magnetic force, the
number of which per unit area determine the
strength of the field.

A moving electron generates a magnetic field
of exactly the same nature as that existing
about a permanent magnet. Since a moving
electron, or group of electrons moving together,
constitutes an electric current, it follows that
the flow of current is accompanied by the crea-
tion of a magnetic field.

Conversely, when a conductor is moved
through a magnetic field (or the field is moved
past the conductor) electrons in the conductor
are forced to move, producing a current. An
electric current generates a magnetic field about it
and, conversely, an eleciric current is generated
by a magnetic field moving (or changing) past the
conductor.

When a conductor carrying a current is
placed in a magnetic field, a force is exerted
on the wire which tends to move it in a direc-
tion determined by the relative directions of
the flux lines of the external field and that set
up by the current flow in the wire. This is a
corollary of the fact that a current is induced



in a wire moving in a magnetic field, and is
the principle used in the electric motor.
Magnetomotive force — When the con-
ductor is a wire, the lines of force are in the
form of concentric circles around the conductor
and lie in planes at right angles to the axis of
the conductor. The magnetic field constituted
by these lines of foree exists only when current
is flowing through the wire. When the current

Fig. 206 — When-
ever current passes
through a wire, a
magnetic field exists
around the wire.
Its direction can be
traced by means of a
\ small compass.

is started through the wire, we may visualize
the magnetic field as coming into being and
sweeping outward from the axis of the wire.
On cessation of current flow, the field collapses
toward the wire and disappears. Thus energy is
alternately stored in the field and returned to the
wire. When a conductor is wound into the form
of a coil of many turns, the magnetic field be-
comes stronger because there are more lines of
force. The force is expressed in terms of mag-
neto-motive force (m.m.f.) which depends on the
number of turns of wire, the size of the coil and
the amount of current flowing through it. The
same magnetizing effect can be secured with a
great many turns and a weak current or with
few turns and a strong current. If 10 amperes
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SYMBOLS

Fig. 207 — When the conducting wire is coiled, the
individual magnetic fields of each turn are in such a
direction as to produce a field similar to that of a bar
magnet. The schematic symbols for inductance are
shown at the right. The symbols at the left in the top row
indicates an iron-core inductance; at right, air core.
Variable inductances are shown in the bottom row.

———————
——_————
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flow in one turn of wire, the magnetizing effect
is 10 ampere-turns. Should one ampere flow in
10 turns of wire, the magnetizing effect is also
10 ampere-turns.

Inductance — When a source of voltage is
connected across a coil, the current does not
immediately reach its final fixed value. The
reason for this is that, as the current starts to
flow through the coil, the magnetic field around
the coil builds up, and as the field changes it
induces a voltage back in the coil. The current
caused by this induced voltage is always in the
opposite direction to the current originally
passed through the coil. Therefore, because of
this property of self-induction, the coil tends
constantly to oppose any change in the current
flowing through it, and 1t takes an appreciable
amount of time for the current to reach its
normal value through the coil. The effect can
be visualized as electrical inertia. After the cur-
rent has come to a steady value, the self-
inductance has no effect, and the current is
only limited by the resistance of the wire in the
coil.

The inductance of a coil is measured in
henrys or, when smaller’units are more conven-
ient, the millihenry (one thousandth of a henry)
or microhenry (one-millionth of a henry). The
inductance of a coil depends on several factors,
chief of which are the number of turns, the
cross-sectional area of the coil, and the material
in the center of the coil, or core. A core of mag-
netic material will greatly increase the in-
ductance of a coil, just as certain dielectrics
greatly increase the capacity of a condenser
(§ 2-3). Even a straight wire has inductance,
although small compared to that of a coil.

The inductance of a straight wire of given
length is less as the diameter of the wire is in-
creased. In general, a conductor of large cross-
sectional area, or large surface, will have less
inductance than one of small area but having
the same length.

Magnetic circuits and units — Unlike elec-
trostatic lines of force, magnetic lines of force
must always be closed, forming circles or loops, -
so that the complete magnetic path of the lines
of force must he considered in computing the
effect of a magnetic core material on the in-
ductance of a coil. The measure of the number
of magnetic lines of force set up in a closed
magnetic path or circuit through a given mate-
rial for a specified applied m.m.f. is called the
magnetic permeability of the material. It is ex-
pressed as a ratio to the number of lines set up
by the same coil with the same applied m.m.f.
with air as the core material, air therefore being
assigned a permeability of unity. If the mag-
netic circuit is partly through a magnetic
material and partly through a non-magnetic
material (as in the case of a coil wound on a
straight bar of iron, where part of the magnetic
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path must be through air) the permeabilities
of both mediums must be taken into account.
Permeability corresponds to conductivity in
conductors, and its reciprocal, reluctance, cor-
responds to resistance. Magnetic flux density, or
lines of force per unit area, is in the magnetic
circuit equivalent to current in the electrical
circuit, while the magnetomotive force is
analogous to electromotive force or voltage.

0 2-6 FUNDAMENTAL RELATIONS

Ohm’s law — The current in a conductor is
determined by two things, the voltage across
the conductor and the resistance of the con-
ductor. The unit of resistance is the ohm, and, by
definition, an e.m.f. of one volt will cause a
current of one ampere to flow through a resist-
ance of one ohm. Since the three quantities are
interdependent, if we know the values of any
two we can easily determine the third by the
simple relation known as Ohm’s Law. When /
is the current in amperes, E is the electromo-
tive force in volts and R is the circuit resistance
in ohms, the formulas of Ohm's Law are:

E E
R 1 I R

The resistance of the circuit can therefore be
found by dividing the voltage by the current: the
current can be found by dividing the voltage by
the resistance: the electromotive force or e.m f. is
equal to the product of the resistance and the
current.

The resistance of any metallic conductor
depends upon the material and its tempera-
ture, its cross-sectional area and the length of
the conductor. When resistance is deliberately
added to a circuit, as is often done to adjust
voltages or limit current flow, the resistance is
usually lumped in a single unit and the unit is
called a resistor.

Heating effect and power — When current
passes through a conductor there is some
molecular friction, and this friction generates
heat. The heat generated is dependent only
upon the current in the conductor, the re-
sistance of the conductor and the time during
which the current flows. The power used in
heating (which may be considered sometimes
as an undesired power loss) can be determined
by substitution in the following equations:

E=1IR

P = El,
or P = IR,
p==

or R

P being the power in watts, E the e.m.f. in
volts, and / the current in amperes.

It will be noted that if thc current in a
resistor and the resistance value are known, we
can readily find the power. Or if the voltage
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across a resistance and the current threugh it
are known, the product of volts and amperes
will give the power. Knowing the value of a
resistor (ohms) and the applied voltage across
it, the power dissipated is given by the last
formula.

Likewise, when the power and resistance in a
circuit are known, the voltage and current
can be calculated by the following equations
derived from the power formulas given above:

E = /PR
P
=4

Units — Besides the fundamental units —
volt, ampere, watt — fractional and multiple
units frequently are convenient. Thus a mal-
liampere is 1/1000 ampere and a microampere
is 1/1,000,000 ampere. Millivolt and microvolt
are corresponding fractional units of the volt.
The kilovolt also is a frequently used unit; it is
equal to 1000 volts. Resistance is frequently
expressed in megohms (1 megohm = 1,000,000
ohms) and sometimes in kilohms (1000 ohms).
Other units for power are the microwatt, milli-
watt, and kilowatl, having equivalent mean-
ings to those above. The watt-hour and kilo-
wall-hour are energy units, representing the
total energy consumed when it is delivered at a
given power rate for a given period of time;
the numerical values are equal to the product
of power and time in the units named.

Unless otherwise specified, formulas are al-
ways given in terms of the fundamental units,
so that fractional or multiple units must first
be converted to the fundamental units before
an equation can be used.

Resistances in series and parallel — Re-
sistors may be connected in series, in parallel
or in series-parallel, as shown in Fig. 208.
When two or more resistors are connected in
series, the total resistance of the group is

R, Ry Ry, R,
SERIES  AO—WAM—AWWA—AMW—WWAWW—0 B

oA
2 s s
PARALLEL SR, 2R, 3R, 3R,
3 2 2
]
oA
2R, 3R, 38, 3V
SERIES- F 3 i
PARALLEL | ) EL)
SR, 3R, Re  3m,
1 1 of

Fig. 208 — Diagrams of series, parallel and series-
parallel resistance connections,




higher than that of any of the units. Should
two or more resistors be connected in parallel,
the total resistance is decreased. Fig. 208 and
the following formulas show how the value of a
bank of resistors in series, parallel or series-
parallel may be computed, the total resistance
being that which appears between 4 and B in
each case.
Resistances in series:

Total resistance = Ry + Ry + R3 + R4

Resistances in parallel:

| 1 ]
mtmtr

Total reststance = ——
E+
Or, in the case of only two resistances in
parallel,
RiRe

Total resistance = ———
Ry + R,

Resistances in series-parallel:
Total reststance =

1 1
Ri+ Ry Rz + Ry

1 + i
Rs+ Re R71+ Rs+ Ry

This means that in series-parallel circuits
the various groups of series resistors should
first be added, then each group treated as a
single resistor, so that the formula for resist-
ances in parallel can be used.

Voltage dividers and potentiometers —
Since the same current flows through resistors
connected in series, it follows from Ohm’s
Law that the voltage (termed voltage drop)
across each resistor of a series-connected group
is proportional to its resistance. Thus in Fig.
209-A the voltage E; across Rj is equal to the
applied voltage E multiplied by the ratio of
R; to the total resistance, or

Ry

R Ry A
Similarly, the voltage E» is equal to
_ e B

Ry + R: + Rs

Such an arrangement is called a voltage divider.
When current is drawn from the divider at the

E

o

Fig. 209 — The voltage divider or potentiometer,
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various tap points the above relations are no
longer strictly true, since the same current does
not flow in all parts of the divider. Design data
for such cases are given in § 8-10.

A similar arrangement is shown in Fig.
209-B, where the total resistance R is equipped
with a sliding tap for fine adjustment. Such a
resistor is frequently called a potentiometer, al-
though the word is not used in its original
sense.

Inductances in series and parallel — The
formulas for the total inductance of a group of
separate inductances connected in series,
parallel, or series parallel are exactly the same
as those given in the previous paragraph for
resistances, provided only that the magnetic
fields about the coils are not permitted to inter-
act with each other.

Condensers in series and parallel — The
total capacity of a group of condensers con-
nected in series, parallel or series parallel can
be computed by formulas similar to those used
for resistances and inductances, but with the
series and parallel formulas interchanged.
Thus, for condensers in parallel, .

Total capacity = C1 + C2 + C3 + C4, etc.

For condensers in series,
1

1 1 1 1
ettt
or for two condensers in series

C,C.
Ci+ C:

With condensers in series parallel, first com-
pute the resultant capacity of the condensers
in series in each parallel branch, then add the
capacities so found for the various branches.

Time constant — When a condenser and
resistor are connected in series with a source
of e.m.f. such as a battery the initial flow of
current into the condenser is limited by the
resistance, so that a longer period of time is
required to complete the charging of the con-
denser than would be the case without the
resistor, Tikewise, when the condenser is dis-
charged through a resistance, a measurable
period of time is taken for the current flow to
reach a negligible value. In.the case of either
charge or discharge the time required is pro-
portional to the capacity and resistance, the
product of which is called the time constant of
the circuit. If C is in farads and R in ohms, or
C in microfarads and R in megohms, this prod-
uct gives the time in seconds required for the
voltage across a discharging condenser to drop
to 1/e or approximately 37% of its original
value. (The constant ¢ i3 the base of the
natural series of logarithms.)

A circuit containing inductance and re-
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Fig. 210 — Showing how the current in a circuit com-
bining resistance with inductance or capacity takes a
finite period of time to reach its stcady-state value.

sistance also has a time constant, for similar
reasons. The time constant of an inductive
circuit is equal to L/R,'and when L is in henrys
and R in ohms gives the time in seconds re-
quired for the current to reach 1-1 /e or approx-
imately 639 of its final steady value when a
constant voltage is applied to the circuit.

Measuring instruments — Instruments for
measuring d.c. current and voltage make use
of the force acting on a coil carrying current in
a magnetic field (§ 2-5), produced by a per-
manent magnet, to move a pointer along a
calibrated scale. All such instruments are
therefore current operated, the current required
for full-scale deflection of the pointer varying
from several milliamperes to a few microam-
peres according to the sensitivity required. If
the instrument is to read high currents, it is
shunted (paralleled) by a low resistance
through which most of the current flows, leav-
ing only enough flowing through the instru-
ment to give a full scale deflection correspond-
ing to the total current flowing through both
meter and shunt. An instrument which reads
microamperes is called a microammeter or
galvanometer; one calibrated in milliamperes is
called a milliammeter; one calibrated in am-
peres is an ammeter. A voltmeter is simply a mil-
liammeter with a high resistance in series so
that the current will be limited to a suitable
value when the instrument is connected across
a voltage source; it is calibrated in terms of
the voltage which must appear across the
terminals to cause a given value of current to
flow. The series resistance is called a multi-
plier. A waltmeter is a combination voltmeter
and ammeter in which the pointer deflection
is proportional to the power in the circuit
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An ammeter or milliammeter is connected
in series with the circuit in which current is
being measured, so that the current flows
through the instrument. A voltmeter is con-
nected in parallel with the circuit.

0 2-7 ALTERNATING CURRENT

Description — In  self-induction the in-
duced voltage always opposes the voltage
causing the original current flow (§2-5).
Similarly, if a closed wire is placed in an ex-
panding magnetic field, the current induced
in the wire by the changing field will flow in
such a direction that the magnetic field set up
in turn by this induced current opposes the
field which originally caused it. Now if the
original field is caused to collapse (moving
toward the wire instead of outward from it)
the induced current will change its direction
so that its field again will be in opposition to
the original field. If the primary field regularly
builds up and collapses the current will change
direction correspondingly; in other words, it
is an alternating current. Since current is only
caused to flow by a changing magnetic field, it
is easy to see why alternating currents are
widely used; they are a natural result of the
application of the principle of induction.

The simplest form of alternating current (or
voltage) is shown graphieally in Fig. 211. This
chart shows that the current starts at zero
value, builds up to a maximum in one direc-
tion, comes back down to zero, builds up to a
maximum in the opposite direction and comes
back to zero. The curve followed is deseribed
mathematically as a sine curve; its wavelike
nature causes it to be known as a stne wave.

Frequency — The complete wave shown in
Fig. 211 is called a cycle, or period. Each half of
the cycle, during which the current is flowing
in one direction, although its strength is vary-
ing, is known as an alternation. The number of
cycles the wave goes through each second of
time is called the frequency of the current.
Frequencies vary from a few cycles per second
for power line alternating currents to many
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Fig. 211 — Representing sine-wave alternating cur-
rent or voltage.



millions per second in radio circuits. For con-
venience, two other units, the kilocycle (1000
cycles) and the megacycle (1,000,000 cycles)
also are used. The abbreviations for these are
ke. and Me., respectively.

Electrical degrees — 1f we take a fixed point
on the periphery of a revolving wheel, we find
that at the end of each revolution, or cycle, the
point has come back to its original starting
place. Its position at any instant can be ex-
pressed in terms of the angle between two lines,
one drawn from the center of the wheel to the
point at the instant of time considered, the
other drawn from the wheel center to the start-
ing point. In making one complete revolution
the point has travelled through 360 degrees, a
half revolution 180 degrees, a quarter revolu-
tion 90 degrees, and so on. The periodic wave
of alternating current may be treated simi-
larly, one complete cycle equalling one revo-
lution or 360 degrees, one alternation (half
cycle) 180 degrees, and so on. With the cycle
divided up in this way, the sine curve simply
means that the value of current at any instant
is proportional to the sine of the angle which
corresponds to the particular fraction of the
cycle considered.

The concept of angle is universally used in
alternating currents. Generally, it is expressed
in the fundamental form, using the radian
rather than the degree as a unit, whence a
cycle is equal to 2x radians, or a half cycle to
# radians. The expression 2xf, for which the
symbol w is often used, simply means electrical
degrees per cycle times frequency, and is
called the angular velocity. It gives the total
number of electrical radians passed through by
a current of given frequency in one second.

Waveform, harmonics — The sine wave is
not only the simplest but in many respects the
most desirable waveform. Many other wave-
forms are met with in practice, however, and
they may differ considerably from the simple
sine case. It is possible to show by analysis
that any such waveform can be resolved into a
number of components of differing frequencies
and amplitudes, but related in frequency in
sich a way that all are integer multiples of
the lowest frequency present. The lowest fre-
quency is called the fundamental, and the
multiple frequencies are called karmonics. Thus
a wave may consist of fundamental, 3rd, 5th,
and 7th harmonics, meaning, if the funda-
mental frequency is say 100 cycles, that fre-
quencies of 300, 500 and 700 cycles also are
present in the wave.

Effective, peak and average values — It
is evident that both the voltage and current
are swinging continuously between their posi-
tive maximum and negative maximum values,
and it might be wondered how one can speak
of so many amperes of alternating current
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when the value is changing continuously. The
problem is simplified in practical work by
considering that an alternating current has an
effective value of one ampere when it produces
heat at the same average rale as one ampere of
continuous direct current flowing through a given
resistor. This effective value is the square root
of the mean of all the instantaneous current
values squared. For the sine-wave form,

Ee” = \/%Exznn
For this reason, the effective value of an alter-
nating current, or voltage, is also known as the
rool-mean-square or r.m.s. value. Hence, the
effective value is the square root of }4 or 0.707
of the maximum value — practically consid-
ered 709, of the maximum value.

Another important value, involved where
alternating current is rectified to direct current,
is the average. This is simply the average of all
instantaneous values in the wave, and for a
sine wave is equal to 0.636 of the maximum
(or peak) value of either current or voltage.
The three terms mazimum (or peak), effective
(or r.m.s.) and average are encountered fre-
quently in radio work. For the sine form they
are related to each other as follows:

Evax = Eort X 1.414 = E,,o X 1.57
Eet = Emax X 0.707 = E,,, X 1.11
ave = me X 0.636 = Eeﬁ X 0.9

The relationships for current are the same as
those given above for voltage.

Phase — It has been mentioned that in a
circuit containing inductance, the rise of cur-
rent is delayed by the effect of electrical inertia
presented by the inductance (§ 2-5). Both in-
ereases and decreases of current are similarly
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Fig. 212 — Phase relationships between voltage and
current in resistive and reactive circuits. The symbol at
the left represents a generator.

cuarTeEr TWo 27



j‘e /Qac[io ./4maleur’d ﬂanc[éooé

delayed. It is also true that a current must
flow into a condenser before its elements can
be charged and so provide a voltage difference
between its terminals. Because of these facts,
we say that a current “lags” behind the volt-
age in a circuit which has a preponderance of
inductance and that the current ‘“‘leads” the
voltage in a circuit where capacity predomi-
nates. Fig. 212 shows three possible conditions
in an alternating current circuit. In the first,
when the load is a pure resistance, both volt-
age and current rise to the maximum values
simultaneously. In this case the voltage and
current are said to be ¢n phase. In the second
instance, the existence of inductance in the
circuit has caused the current to lag behind the
voltage. In the diagram, the current is lagging
one quarter cycle behind the voltage. The cur-
rent is therefore said to be 90 degrees out of
phase with the voltage. In the third example,
with a capacitive load, the voltage is lagging
one quarter cycle behind the current. The
phase difference is again 90 degrees. These, of
course, are theoretical examples in which it is
assumed that the inductance and the con-
denser have no resistance. Actually, the angle
of lag or lead (phase angle) depends on the
amounts of inductance, capacity and resist-
ance in the circuit.

The phase relationships between two cur-
rents (or two voltages) of the same frequency
are defined in the same way. When two such
currents are combined the resultant is a single
current of the same frequency, but having an
instantaneous amplitude equal to the algebraic
sum of the amplitudes of the two components
at the same instant. The amplitude of the re-
sultant current hence is determined by the
phase relationship between the two currents
before combination. Thus if the two currents
are exactly in phase, the maximum value of
the resultant will be the numerical sum of the
maximum values of the individual currents; if
they are 180 degrees out of phase, one reaches
its positive maximum at the instant the other
reaches its negative maximum, hence the re-
sultant current is the difference between the
two. In the latter case, if the two currents have
the same amplitude the resultant current is
zero,

The a.c. spectrum — Alternating currents
of different frequencies have different proper-
ties and are useful in many varieties of ways.
Ior the transmission of power to light lamps,
run motors, and perform familiar everyday
tasks by electrical means, low frequencies are
most suitable. Frequencies of 25, 50 and 60
cycles are in common use, the latter being
most widespread. The range of frequencies be-
tween about 30 and 15,000 cycles is known as
the audio-frequency range, because when fre-
quencies of this order are converted from a.c.
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into air vibrations, as by a loudspeaker or
telephone receiver, they are distinguishable as
sounds, having a tone pitch proportional to
the frequency. Frequencies between 15,000
cycles (15 kilocycles) and about 1,000,000,000
cycles (1000 megacycles) are used for radio
communication, because with frequencies of
this order it is possible to convert electrical
energy into radio waves. The latter frequency
is about the highest it is possible to generate at
present, but does not necessarily represent the
highest frequency that could be used for radio
work.

The a.c. spectrum is divided into the follow-
ing approximate classifications for convenience
in reference:

15-15,000 cycles Audio frequencies

15-100 kilocycles Low radio frequencies
100-1500 kilocycles Medium radio frequencies
1.5-6 megacycles Medium high frequencies
6-30 megacycles High frequencies
Above 30 megacycles Ultrahigh frequencies

®2-8 OHM'S LAW FOR ALTERNATING
CURRENTS

Resistance — Since current and voltage are
always in phase through a resistance, the in-
stantaneous relations are equivalent to those in
direct-current circuits, and since by definition
the units of current and voltage for a.c. are
made equal to those for d.c. in resistive cir-
cuits, the various formulas expressing Ohm’s
Law for d.c. circuits apply without any change
for a.c. circuits containing resistance only, or
for purely resistive parts of complex a.c. cir-
cuits. The formulas are given in § 2-6.

Reactance — In an a.c. circuit containing
inductance or capacity, the current and volt-
age are not in phase (§2-7) so that Ohm’s
Law cannot be applied directly. The current
is not limited by resistance, as in d.c. circuits,
but by a quantity called reactance, which ex-
presses the opposing effect of the voltage of
self-induction (§ 2-5), in the case of an in-
ductance, and the accumulation of charge in
the case of a condenser. In circuits containing
only reactance no energy is consumed, since
the energy put into an inductance or capacity
in one part of the cycle is stored in the electro-
magnetic or electrostatic field and is returned
to the circuit in another part of the cycle.
Thus in a purely reactive circuit it is possible
to have both high voltage and high current
without the consumption of any power. Of
course in practice there is always some re-
sistance in the wire of an inductance, or heat-
ing of the dielectric of a condenser, so that some
energy may be lost, but it is usually negligible

" in well-designed components.

Reactance is expressed in ohms, the same
unit as for resistance, since with a given re-
actance at a given frequency the current that




will flow is proportional to the applied voltage.
Hence,

for a purely reactive circuit. X is the symbol
for reactance.

In circuits containing both resistance and
reactance the values of each cannot be added
directly because of the different phase relations.

Inductive reactance — The greater the in-
ductance of a coil, the greater is the effect of
self-induction (§ 2-5), or the opposition to a
changein the value of current, hence the higher
the reactance. Also, the higher the frequency
the greater the reactance, since the greater the
rate of change of current the more opposition
the coil offers to the change. Hence, inductive
reactance is proportional to inductance and
frequency, or

XL = 2xfL
It will be recognized here that angular velocity,
2xf(§ 2-7), expresses the rapidity with which
the current ehanges.

The fundamental units (chms, cycles,
henrys) must be used in the above equation,
or appropriate factors inserted in case other
units are employed. If inductance is in milli-
henrys, frequency should be in kilocycles; if
inductance is in microhenrys, frequency should
be in megacycles, to bring the answer in ochms.

Capacitive reactance — When a condenser
is used in an a.c. circuit it is rapidly charged
and discharged as the a.c. voltage rises and
falls and reverses in polarity. This repetition
of charge and discharge constitutes the flow
of alternating current through the condenser.
Since for a given voltage the energy stored in
the condenser is fixed by its capacity (§ 2-3)
it is obvious that the total amount of energy
stored in the condenser (and subsequently
restored to the circuit) in one second will be
greater when the condenser is charged many
times per second than when it is charged only
a few times. Hence the current flow will be
proportional to the frequency and to the ca-
pacity of the condenser, or conversely the
reactance will be inversely proportional to the
frequency and the capacity. Therefore

_ 1

= 2xfC

where 2xf again is the angular velocity or the
rapidity with which the current changes.
When fis in cycles per second and C in farads,
Xc will be in ohms. If C is in microfarads, f
must be expressed in megacycles to bring the
resistance in ohms.

Impedance — In circuits containing induc-
tive reactance the current lags the voltage
while with capacity reactance the current leads
(§ 2-7). Hence the effects of inductive and

Xc

g&clrica/anJ Ieaclio 3un¢1amenla£4

capacitive reactance are opposite in sense, or,
as it is commonly expressed, inductive and
capacitive reactances cancel each other. In
series circuits having both inductive and ca-
pacitive reactance the net reactance is the dif-
ference between the two, and the current will
either lead or lag depending upon which is
larger, capacitive or inductive reactance. In-
ductive reactance is considered positive and
capacitive reactance negative, so that

X =XL— Xc

The combined effect of resistance and re-
actance is termed impedance. The symbol for
impedance is Z and, for a series circuit, it is
computed from the formula:

Z =A/R* + X?
where R is the resistance and X is the react-
ance. The terms Z, R and X are all expressed
in ohms. Ohm’s Law for alternating current
circuits then becomes
E E
I =5 2 =,

The phase angle depends upon the relative
amounts of resistance and reactance, becoming
more nearly zero (current and voltage in phase)
when reactance is small compared to resistance,
and more nearly 90 degrees when resistance is
small compared to reactance.

Power factor — The power dissipated in
an a.c. circuit containing both resistance and
reactance is consumed entirely in the resist-
ance, hence is equal to I’R. However, the
reactance is also effective in determining the
current or voltage in the circuit, even though
it consumes no energy. Hence the product of
volts times amperes (which gives the power
consumed in d.c. circuits) for the whole circuit
may be several times the actual power used up.
The ratio of power dissipated (watts) to the
volt-ampere product is called the power factor
of the circuit, or

E=1Z

Watts
Volt-amperes

Power factor =

Distrtbuted cupicity and inductance —
1t should not be thought that the reactance
of coils becomes infinitely high as the fre-
quency is increased to a high value and, like-
wise, that the reactance of condensers becomes
infinitely low at high frequencies. All coils have
some capacity between turns, and the react-
ance of this capacity can become low enough
at some high frequencies to tend to cancel the
high reactance of the coil. Likewise, the leads
and plates of condensers will have considerable
inductance at very high frequencies, which will
tend to offset the capacitive reactance of the
condenser itself. For these reasons, coils for
high-frequency work must be designed to have
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low “distributed” capacity, and condensers
must be made with short, heavy leads to have
low inductance.

Units and instruments — The units used
in a.c. circuits may be divided or multiplied to
give convenient numerical values to different
orders of magnitude, just as in d.c. circuits
(§ 2-6). Because the rapidly reversing current
is accompanied by similar reversals in magnetic
field, instruments used for measurement of
d.c. (§ 2-6) will not operate on a.c. At low fre-
quencies suitable instruments can be con-
structed by making the current produce both
magnetic fields, one by means of a fixed coil
and the other by the moving coil. Such in-
struments are used for measurement of either
current or voltage. At radio frequencies this
type of instrument is inaccurate because of
distributed capacity and other effects, and the
only reliable type of direct-reading instrument
is the thermocouple ammeter or milliammeter.
This is a power-operated device consisting of a
resistance wire, heated by the flow of r.f. cur-
rent through it, to which is attached a thermo-
couple, or pair of wires of dissimilar metals
joined together and possessing the property of
developing a small d.c. voltage between the
terminals when heated. This voltage, which
is proportional to the heat applied to the
couple, is used to operate a d.c. instrument
of ordinary design.

¢ 2-9 THE TRANSFORMER

Principles — If two coils of wire are wound
on a laminated iron core and one of the coils
is connected to a source of alternating current,
it will be found that there is an alternating
voltage across the terminals of the other coil
of wire, and an alternating current will flow
through a conductor connecting the two ter-
minals. The alternating current in the first
coil, or primary, causes a changing magnetic
field in the iron core, and this changing mag-
netic field induces an alternating current in
the second coil, or secondary. This is simply an
application of the principle of induction (§ 2-5)
with the induced voltage being caused by a
varying magnetic field set up by a current

_ 3
L

SYMBOLS
Fig. 213 — The transformer. Power is transferrcd
from one coil to the other by means of the magnetic
field, The upper symbol at the right indicates an iron-
core transformer, the lower one an air-core transformer,
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flowing in a separate winding instead of the
same coil.

Voltage and turn ratio — For a given vary-
ing magnetic field, the voltage induced in a
coil in the field will be proportional to the
number of turns on the coil. Since the two coils
of a transformer are in the same field, it fol-
lows that the induced voltages will be pro-
portional to the number of turns on each coil.
In the case of the primary, or coil connected to
the source of power, the induced voltage is
practically equal to, and opposes, the applied
voltage. Hence, the secondary induced voltage
is very nearly equal to the voltage applied to
the primary, multiplied by the ratio of the
number of turns on the secondary to the num-
ber of turns on the primary.

Voltage and current relations — A trans-
former cannot deliver more power to its
secondary load than it takes from the primary
source of power, since to do so would be to
violate the principle of conservation of energy.
Hence we find that transforming a given volt-
age to a new value causes an inverse transfor-
mation in the current delivered to the load as
compared to that taken from the line. For
example, a transformer with a secondary-to-
primary voltage ratio of 5 will have a current
ratio of 1§, which means that the primary
current will be five times the secondary cur-
rent. A voltage ratio of less than unity gives a
corresponding increase in secondary-to-prima-
ry current ratio. Actually these ratios are not
exact, since the transformer will have some
losses both in the wire and in the iron core,
and this additional loss appears as power taken
by the primary which is not available for the
secondary load. The efficiency, or ratio of
power delivered to the load to power taken
from the line, of small transformers may vary
between 60% and 90%, depending upon the
design.

Impedance ratio— In a properly designed
iron-core transformer practically all the mag-
netic lines of force cut both primary and
secondary coils, hence the relationship be-
tween secondary current and primary current
described in the preceding paragraph. The
only reactance present is that due to ‘‘leak-
age,” or magnetic flux lines which cut one
coil but not the other. Since the leakage react-
ance is small, a transformer having a resistive
load on its secondary will also ‘‘look like” a
practically resistive load to the power line
which supplies its primary. The impedance is
equal to E/I (§ 2-8) and, neglecting losses, if
n is the secondary-to-primary turn ratio, then

E,
E, — E, . E, _E,
FH=n =—Corn = =+
>l n2l, I, 1,

That is, the impedance (E,/I,) presented by



the primary to the line (called the reflected im-
pedance or reflected load) is equal to the sce-
ondary load impedance (E,/1,) divided by the
square of the secondary-to-primary turns ratio.
The impedance ratio, or ratio of secondary load
impedance to impedance presented by the
primary to the line, is therefore equal to the
square of the turn ratio. This relation is very
frequently used in radio circuits.

Impedance matching — Many devices re-
quire a specific value of load resistance (or
impedance) for optimum operation. The re-
sistance of the actual load which is to dissipate
the power may differ widely from this value,
hence the transformer with its impedance-
transforming properties is frequently called
upon to change the actual load to the desired
value. This is called impedance matching. From
the preceding paragraph, :

N, _ [z
N, Nz,

where N,/N, is the required secondary-to-
primary turn ratio, Z, is the impedance of the
actual load, and Z, the impedance required for
optimum operation of the device, delivering
the power.

‘//mn Core

Fig. 214 — The auto-
transformer. Line and load
currents in the common
winding (A) flow in oppo-
site directions so that the
resultant current is the dif-
ference between them.
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The autotransformer — The transformer
principle can be utilized with only one winding
instead of two, as shown in Fig. 214; the princi-
ples just discussed apply equally well. The
aulotransformer has the advantage that the
line and load currents in the common section
are out of phase, hence this portion of the
winding carries less current than the remainder
of the coil. This advantage is not very marked
unless the primary and secondary voltages do
nut differ very groatly, while it is frequently
disadvantageous to have a direct connection
between primary and secondary circuits. For
these reasons its application is usually limited
to boosting or reducing the line voltage for
voltage correction or similar purposes.

0 2-10 RESONANT CIRCUITS

Principle of resonance — It has been shown
(§ 2-8) that the inductive reactance of a coil
and the capacitive reactance of a condenser
are oppositely affected by frequency. In any
combination of inductance and capacitance,
therefore, there is one particular frequency for
which the inductive and capacitive reactances
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are equal and, since these two reactances cancel
each other, the net_reactance becomes zero,
leaving only the resistance of the circuit to
impede the flow of current. The frequency at
which this occurs is known as the resonant
frequency of the circuit and the circuit is said to
be in resonance at that frequency or tuned to
that frequency.

C
— ga;ﬁtant
oltage
L Va%/e
R Frequency

A—SERIES RESONANCE
Constant
Voltage

Varidble

R Frequency

CURRENT (Series Circurt)
IMPEDANCE (Parallel Circuit)

8 -PARALLEL RESONANCE

FREQUENCY

Fig. 215 — Characteristics of series-resonant and
parallel-resonant circuits.

Series circuits — The resonant frequency
of a simple circuit containing inductance and
capacity in series is given by
X 108

=/ LC

where

f is the frequency in kilocycles per second

27 is 6.28

L is the induetance in microhenrys (zh.)

C is the capacitance in micromicrofarads

(upfd.)

The resistance that may be present does not
enter into the formula for resonant frequency.

With a constant-voltage alternating current
applied as shown in A of Fig. 215 the current
flowing through such a circuit will be maxi-
mum at the resonant frequency. The magni-
tude of the current will be determined by the
resistance in the circuit. The curves of Fig.
214 illustrate this, curve a being for low re-
sistance and curves b and ¢ being for greater
resistances.

Parallel circuits — The parallel resonant
circuit is illustrated in B of Fig. 215. This also
contains inductance, capacitance and Tesist-
ance in series, but the voltage is applied in
parallel with the combination instead of in
series with it as in A. Here we are primarily
interested in the characteristics of the circuit
as viewed from its terminals, especially in the
parallel impedance it offers. The variation of
parallel impedance of a parallel resonant cir-
cuit with frequency is illustrated by the same
curves of Fig. 215 that show the variation in
current with frequency for the series-resonant
circuit. The parallel impedance is maximum at
resonance and increases as the series resistance
is made smaller.
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In the case of parallel circuits, resonance
may be defined in three ways: the condition
which gives maximum impedance, that which
gives maximum power factor, or (as in series
circuits) when the inductive and capacitive
reactances are equal. If the resistance is low,
the resonant frequencies obtained on the three
bases are practically identical. This condition
usually is satisfied in radio work, so that the
resonant frequency of a parallel circuit is gen-
erally computed by the series-resonance for-
mula given above.

Resistance at high frequencies — At
radio frequencies the resistance of a conductor
may be considerably higher than its resistance
to direct current or low-frequency a.c. This
is because the magnetic field set up inside the
wire tends to force the current to flow in the
outer part of the wire, an effect which in-
creases with frequency. At high radio frequen-
cies this skin effect is so pronounced that
practically all the current flows very near the
. surface of the conductor, thereby in effect
reducing the cross-sectional area and hence
increasing the resistance. For this reason low
resistance can be achieved only by using con-
ductors with large surface area, but since the
inner part of the conductor does not carry
current, thin tubing will serve just as well as
solid wire of the same diameter.

A similar effect takes place in coils for radio
frequencies, where the magnetic fields cause a
concentration of current in certain parts of
the eonductors, again causing an effective
decrease in the conductor size and raising the
resistance. These effects, plus the effects of
stray currents caused by distributed capacity
(§ 2-8), raise the effective resistance of a coil
to many times the d.c. resistance of the wire.

Sharpness of resonance — The resonance
curves become ‘“flatter’” for frequencies near
resonance frequency, as shown in Fig. 215,
as the internal series resistance is increased,
but are of the same shape for all resistances
at frequencies farther removed from resonance
frequency. The relative sharpness of the reso-
nance curve near resonance frequency is a
measure of the sharpness of tuning or selec-
tivity (ability to discriminate between voltages
of different frequencies) in such circuits. This
is an important consideration in tuned circuits
used for radio work.

Flywheel effect; Q — A resonant circuit
may be compared to a flywheel in its behavior.
Just as such a wheel will continue to revolve
after it is no longer driven, so also will oscilla-
tions of electrical energy continue in a resonant
circuit after the source of power is removed.
The flywheel continues to revolve because of
its stored ‘mechanical energy; current flow
continued in a resonant circuit by virtue of the
energy stored in the magnetic and electric
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fields of the condenser and coil. The sharpness
of resonance, which is directly related to the
flywheel effect, is determined by the ratio of
energy stored to energy dissipated, hence is
proportional to the reactance in the circuit
and inversely proportional to the resistance.
This ratio of stored energy to dissipated energy
is called the @ of the circuit.

In resonant circuits at frequencies below
about 28 Me. the resistance is practically
wholly in the coil; condenser resistance may
be neglected. Consequently the Q of the circuit
as a whole is determined by the @ of the coil,
or its ratio of reactance to resistance. Coils
for frequencies below the ultra high frequency
region may have Qs ranging from 100 to sev-
eral hundred, depending upon their size and
construction.

Damping, decrement — The rate at which
current dies down in amplitude in a resonant
circuit after the source of power has been re-
moved is called the decrement or damping of
the circuit. A circuit with high decrement
(low Q) is said to be highly damped; one with
low decrement (high Q) is lightly damped.

Voltage rise — When a voltage of the reso-
nant frequency is inserted in series in a reso-
nant circuit, the voltage which appears across
either the coil or condenser is considerably
higher than the applied voltage. This is be-
cause the current in the circuit is limited only
by the resistance and hence may have a rela-
tively high value; however, the same current
flows through the high reactances of the coil
and condenser and consequently causes large
voltage drops (§ 2-8). As explained above, the
reactances, and hence the voltages, are oppo-
site in phase so that the net voltage around the
circuit is only that applied. The ratio of the
reactive voltage to the applied voltage is pro-
portional to the ratio of reactance to resist-
ance, which is the Q@ of the circuit. Hence the
voltage across either the coil or condenser is
equal to Q times the voltage inserted in series
with the circuit.

Parallel-resonant circuit impedance —
The parallel-resonant circuit offers pure re-
sistance (its resonant impedance) between its

YRESISTANCE-RELATIVE
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Fig. 216 — The impedance of a parallel-resonant
circuit separated into its reactance and resistance
components. The parallel resistance is equal to the
parallel impedance at resonance.




terminals at the resonant frequency. If the in-
ternal or series resistance of the coil is low so
that the impedance of the inductance branch is
practically the same as its reactance, the cur-
rent through the coil is equal to the applied
voltage divided by the reactance (§ 2-8). The
current through the condenser also is equal to
E/X. Since the two reactances are equal at
resonance the two currents also are equal, and
since they are nearly 180 degrees out of phase
(§ 2-7) they cancel each other in the external
circuit, or line. The small current which flows
in the line results from the fact that the resist-
ance in the inductance causes the phase angle
to be slightly less than 90 degrees in this branch
so that complete cancellation cannot take
place. The impedance (Z = E/I)is high because
the line current is small, and is resistive be-
cause the current is practically in phase with
the applied voltage. At frequencies off reso-
nance the current increases through the branch
having the lower reactance (and vice versa) so
that the circuit becomes reactive, and the re-
sistive component of the impedance decreases
as shown in Fig. 216. .

If the circuit Qisabout 10 or more the parallel
impedance at resonance is given by the formula
Z, = X2/R = XQ
where X is the reactance of either the coil or
the condenser and R is the internal resistance.

Q of loaded circuits — In many applica-
tions, particularly in receiving, the only re-

R
L 3
® c 3
R
L

Fig. 217 — The equivalent circuit of a resonant cir-
cuit delivering power to a load. The resistor R represents
the load resistance. At B the load is shown tapped across
part of L, which by transformer action is equivalent to
using a higher value of load resistance across the whole
circult.
sistance present in the resonant circuit is that
of the cirenit itself. Hance the eoil is designed
to have as high Q as possible. Since, within
limits, increasing the number of turns raises
the reactance faster than it raises the resist-
ance, coils for such purposes are made with
relatively large inductance for the frequency
under consideration.

When the circuit delivers energy to a load,
as in the case of resonant circuits used in
transmitters, the energy consumed in the cir-
cuit itself is usually negligible compared with
that consumed by the load. The equivalent of
such a circuit can be represented as shown in
Fig. 217-A where the parallel resistor repre-
sents the load to which power is delivered.
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Since Z = XQ, the Q of a circuit loaded with a
resistive impedance Z is (neglecting internal
resistance)

N

Q=

Hence for a given parallel impedance, the
effective Q of the cireuit including the load is
proportional to 1/X, or inversely proportional
to the reactance of either the coil or the con-
denser. A circuit loaded with a relatively low
resistance (a few thousand ohms) must there-
fore have a large capacity and relatively small
inductance to have reasonably high Q.

The effect of a load of given resistance on
the @ of the circuit also can be changed by con-
necting the load across only part of the circuit.
The most common method of accomplishing
this is by tapping the load across part of the
coil, as shown in Fig. 217-B. The smaller the
portion of the coil across which the load is
tapped the less the loading on the circuit; in
other words, tapping the load “down” is
equivalent to connecting a higher value of load
resistance across the whole circuit. This is
similar in principle to impedance transforma-
tion with an iron-core transformer (§ 2-9).
However, in the high-frequency resonant cir-
cuit the impedance ratio does not vary exactly
as the square of the turn ratio because all the
magnetic flux lines do not cut every turn of
the coil. A desired reflected impedance usually
must be obtained by experimental adjustment.

L/C ratio—TFor a given frequency the
product of L and C must always be the same,
but it is evident that L can be large and C
small, L small and C large, etc. The relation
between the two for a fixed frequency is called
the L/C ratio. A high-C circuit is one which
has more capacity than “normal’ for the fre-
quency; a low-C circuit one which has less than
normal capacity. These terms depend to a
considerable extent upon the particular appli-
cation considered, and have no exact numeri-
cal meaning.

Pieso-electricity — Properly-ground erys-
tals of quartz and some other materials show a
mechanical strain when subjected to an elec-
trle charge and, conversely, will show a differ-
ence in potential between two faces when sub-
jected to mechanical stress. This characteris-
tic is called the piezo-electric effect. A properly-
ground quartz crystal is a mechanical vibrator
electrically equivalent to a series-resonant
circuit of very high @, and can be used for
many of the purposes for which ordinary reso-
nant circuits are used.
® 2-11 COUPLED CIRCUITS

Energy transfer; loading — Two circuits
are said to be coupled when energy can be

transferred from one to the other. The circuit
delivering energy is called the primary circuit;
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that receiving energy is called the secondary
circuit. The energy may be practically all
dissipated in the secondary circuit itself, as in
receiver circuits, or the secondary may simply
act as & medium through which the energy is
transferred to a load resistance where it does
work. In the latter case the coupled circuits

are brought closer to each other with their axes
coinciding.

Link coupling — A variation of inductive
coupling called link coupling is shown in Fig.
219. This gives the cffect of inductive coupling
between two coils which may be so separated
that they have no mutual inductance; the link

may be considered simply as

el 3 = 1 L s =g = a means of providing the
E E E 'I‘_‘._T E s T, E mutual inductance. Because

o Ly = q:cn b= = 3Rm mutual inductance between

= S 3 e £ 3 _ coil and link is involved at

A - /nductive B - Capacitive C - Resistive each end of the link, the total

PIRECT COUPLING METHODS
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coupling between two link-
coupled circuits cannot be made as great
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as when normal inductive coupling is
used, but in practice this is usually not
disadvantageous. Link coupling is fre-
quently convenientin the design of equip-
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Fig. 218 — Basic types of circuit coupling.

may act as a radio-frequency impedance
matching device (§ 2-9) where the matching
may be accomplished by adjusting the loading
on the secondary (§ 2-10) and by varying the
coupling between the primary and secondary.

Coupling by a common circuit element —
The three variations of this type of coupling
(often called direct coupling) are shown at
A, B and C of Fig. 218, utilizing common in-
ductance, capacity, and resistance, respec-
tively. Current circulating in one LC branch
flows through the common element (L., C,,
or R,,) and the voltage developed across this
element causes current to flow in the other
LC branch. The degree of coupling between
the two circuits is greater as the reactance
(or resistance) of the common element is in-
creased in comparison to the remaining re-
actances in the two branches.

The circuit at D shows electrostatic coupling
between two resonant circuits. The coupling
increases as the capacity of C,, is made greater
(reactance of C,, is decreased).

Inductive coupling — Iig. 218-F illus-
trates inductive coupling, or coupling by
means of the magnetic field. A circuit of this
type resembles the iron-core transformer
(§ 2-9) but because only a small percentage of
the flux lines set up by one coil cut the turns of
the other coil the sitnple relationships between
turn ratio, voltage ratio, and impedance ratio
in the iron-core transformer do not hold. The
interlinking of the lines of force emanating
from one coil with the turns of the other is
measured by the mutual inductance between
the two coils. Its value is determined by the
self-inductance of each of the two coils and
their position with respect to each other. The
mutual inductance increases as the two coils
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ment where inductive coupling would be
impracticable because of constructional
considerations.

The link coils generally have few turns com-
pared to the resonant-circuit coils, since the
coefficient of coupling (see next paragraph) is
relatively independent of the number of turns
on either coil.

Coefficient of coupling — The degree of
coupling between two coils is a function of
their mutual inductance and self-inductances:

M
VL,

where k is called the coefficient of coupling. Tt is
often expressed as a percentage. The coefficient

Fig. 219 — Link coupling. Mutual inductance at
both ends of the link is equivalent to mutual inductance
between the two tuned circuits,

k

of coupling cannot be greater than 1, and gen-
erally is much smaller in resonant circuits.
Critical coupling — When there is little
coupling between two circuits tuned to the
same frequency (loose coupling) each behaves
much as though the other were not present.
As the coupling is increased, cach cireuit loads
the other because of the energy transfer, an
effect which is equivalent to increasing the
series resistance in each circuit (or reducing its
parallel impedance). Hence the sharpness of
resonance, or selectivity, is decreased. At
critical coupling, maximum energy is trans-
ferred from one circuit to the other, and the
overall resonance curve shows a single fairly
broad peak. At still closer coupling (tight
coupling) the energy transfer will drop off and



the overall resonance curve will show two
peaks, one on either side of the frequency to
which the circuits. are tuned. The tighter the
coupling the greater the frequency separation
of the two peaks.

Critical coupling is a function of the Q’s of
the two circuits taken independently. A higher
coeflicient of coupling is required to reach
critical coupling when the @’s are low; if the
@Q’s are high, as in receiving applications, a
coupling coeflicient of a few percent may give
critical coupling.

Effect of circuit ¢ — With loaded circuits
it is not impossible for the @ to reach such low
values that critical coupling cannot be ob-
tained even with the higlest practicable co-
efficient of coupling (coils as physically close as
possible). In such case the only way to secure
sufficient coupling is to increase the @ of one
or both of the coupled circuits. This can be
done either by decreasing the L/C ratio or
by tapping the load down on the secondary
coil (§ 2-10). One or the other of these methods
often must be used in link coupling, because
the maximum coefficient of coupling between
two coils seldom runs higher than 509, or
60%, and the net coefficient is approximately
equal to the products of the coefficients at each
end of the link. If the load resistance is known
beforehand, the circuits may be designed for a
Q in the vicinity of 10 or so with assurance that
sufficient coupling will be available; if un-
known, the proper @’s can be deter-
mined by experiment.

Coupled resistance and react-
ance — lf the two circuits are tuned
to the same frequency, their effect on
each other is resistive. For example,
a loaded and resonant secondary will
cause an apparent increase in the
series resistance of the primary cir-
cuit (representing the energy dis-
sipated in the load) which in turn
causes the parallel impedance of the
primary to decrease. It is by this
means that the parallel impedance of
the primary can, by adjustment of
secondary loading and coupling, be
adjusted to the optimum value for
the device furnishing the power
(§ 2-9).

Should the secondary circuit be
slightly off tune it will have a reactive
as well as resistive component, and
the reactance is likewise coupled into
the primary circuit. Since this in turn
throws the primary off tune, the latter
must be retuned to bring it back to
resonance. The reflected reactance
may be either inductive or capacitive.
This effect occurs frequently in trans-
mitters, where with certain types of
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coupling (link coupling, for instance) there may
be a small amount of residual reactance in the
secondary circuit.

Shielding — It is frequently necessary to
prevent coupling between two circuits which
for constructional reasons must be physically
near each other. Capacitive coupling may
readily be prevented by enclosing one or both
of the circuits in grounded low-resistance
metallic containers called shields. The electro-
static field from the circuit components does
not penetrate the shield because the lines of
force are short-circuited (§ 2-3). In many cases
a metallic plate, called a baffle shield, inserted
between two components may suffice to pre-
vent electrostatic coupling between them,
since very little of the field tends to bend
around such a shield if it is large enough to
make the components invisible to each other.

Similar metallic shielding is used at radio
frequencies to prevent magnetic coupling. In
this case the magnetic ficld induces a current
(eddy current) in the shield which in turn sets
up its own magnetic field opposing the original
field (§ 2-5). The induced current is propor-
tional to the frequency and also to the conduc-
tivity of the shield, hence the shielding effect
increases with frequency and the conductivity
and thickness of the shielding material. A
closed shield is required for good magnetic
shielding; in some cases separate shields, one
about each coil, may be required. The baffle
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Fig. 220 — Simple filter circuits.
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shield is rather ineffective for magnetic shield-
ing, although it will give partial shielding if
placed at right angles to the axes of, as well as
between, the two coils to be shielded from
each other.

Cancellation of part of the ficld of the coil
reduces its inductance, and since some energy
is dissipated in the shield, the effective resist-
ance of the coil is raised as well, hence the coil
Q is reduced. The effect of shiclding on coil Q
and inductance becomes less as the distance
between the coil and shield is increased. The
losses also decrease with an increase in the
conductivity of the shicld material. Copper
and aluminum are satisfactory materials. The
Q and inductance will not be greatly reduced
if the spacing between the sides of the coil and
the shield is at least half the coil diameter, and
is not less than the coil diameter at the ends of
the coil.

At audio frequencies the shielding container
is made of magnetic material, preferably of
high permeability (§ 2-5) to short-circuit the
external flux about the coil to be shielded.
A non-magnetic shield is quite ineffective at
these low frequencies because the induced
eurrent is small.

Filters — By suitable choice of circuit ele-
ments, a coupling system may be designed to
pass without undue attcnuation all frequen-
cies below and recject all frequencics above a
certain value called the cut-off frequency. Such
a coupling system is called a filter, and in the
above case is known as a low-pass filter. If fre-
quencies above the cut-off frequency are passed
and those below attenuated, the filter is a
high-pass filter. Simple filter circuits of both
types are shown in Fig. 220. The fundamental
circuit from which more complex filters are
constructed is the IL-section. Fig. 220 also
shows w-section filters, constructed from the
basic L-section and frequently encountered in
both low-frequency and r.f. circuits. The pro-
portions of L and C for proper operation of the
filters depend upon the load resistance con-
nected across the output terminals, L being
larger and C smaller as the load resistance is
increased.

A band-pass filter is one designed to pass
without attenuation all frequencies between
two selected cut-off frequencies and to at-
tenuate all frequencies outside these limits,
The group of frequencies passed through the
filter is called the pass-band. Two resonant
circuits with greater than critical coupling
represent a common form of band-pass filter.

The resistance-capacity filter shown in Fig.
220 is used where both d.c. and a.c. are flowing
through the circuit and it is desired to provide
greater attenuation for the alternating current
than the direct current. It is usually employed
where the direct current has a low value so
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Fig. 221 — Bridge circnits utilizing resistance, induc-
tance and capacity, alone and in combination.

that thie d.c. voltage drop is not excessive, or
when a d.c. voltage drop actually is required.
The time constant (§ 2-6) of the filter must be
large compared to the time of one cycle of the
lowest frequency to be attenuated. In deter-
mining the time constant, the resistance of the
load must be included as well as that in the
filter itself.

Bridge circuits — A bridge circuit is a device
primarily used in making measurements of re-
sistance, reactance or impedance (§2-8), al-
though it has other applications in radio cir-
cuits. The fundamental form of bridge is
shown in Fig. 221-A. It consists of four re-
sistances (called arms) connected in secries-
parallel to a source of voltage E, with a sensi-
tive galvanometer 3 connected between the
junctions of the series-connected pairs. When
the equation

Rl _ R3
Ry Ry

is satisfied no current flows through M becausc
no potential difference exists between points
A and B since the drop across K2 equals that
across R4, and the drop across K equals that
across I?3. Under these conditions the bridge is
said to be balanced. If Rz is an unknown re-
sistance and R4 is a variable known resistance,
R3 can be found from the following equation,
after Ry has been adjusted to balance the
bridge (null indication on M):



Ry
-mip
By R, ‘

R; and R; are known as the ratio arms of the
bridge; the ratio of their resistances is usually
adjustable (frequently in steps of 1, 10, 100,
etc.) so that a single variable resistor R4 can
serve as a standard for measuring widely dif-
ferent values of unknown resistance.

Bridges can be similarly formed with con-
densers, inductances, and combinations of re-
sistance with either. Typical simple arrange-
ments are shown in Fig. 221. For measure-
ments with alternating currents the bridge
must not introduce phase shifts which would
destroy the balance, hence similar impedances
should be used in each branch, as shown in
Fig. 221, and the Q’s of the coils and con-
densers should be the same. When bridges are
used at audio frequencies a telephone headset
is a good null indicator. The bridges at E and
F are commonly-used r.f. neutralizing circuits
(§ 4-7); the voltage from the source E,, is
balanced out at X.

0 2-12 LINEAR CIRCUITS

Stariding waves — If an electrical impulse
is started along a wire it will travel at approxi-
mately the speed of light until it reaches the
end. If the end of the wire is open circuited,
the impulse will be reflected at this point and
travel back again. When a high-frequency al-
ternating voltage is applied to the wire a cur-
rent will flow toward the open end, and reflec-
tion will occur continuously. If the wire is long
enough so that time comparable to a half cycle
or more is required for current to travel to the
open end, the phase relations between the re-
flected current and outgoing current will vary
along the wire, and at one point the two cur-
rents will be 180 degrees out of phase and at
another in phase, with intermediate values
between. Assuming negligible losses, this
means that the resultant current will vary in
amplitude from zero to a maximum value
along the wire. Such a variation is called a
standing wave. The voltage along the wire also
goes through standing waves, but reaches its
maximum values where the current is mini-
mum, and vice versa.

Frequency and Wavelength — It is possible
to describe the constants of such line circuits in
terms of inductance and capacitance, or in-
ductance and capacitance per unit length, but
it is more convenient to give them simply in
terms of fundamental resonant frequency or of
length. In the case of a straight-wire circuit,
length is inversely proportional to lowest resonant
Srequency. Since the velocity is 300,000 kilo-
meters (186,000 miles) per second, the wave-
length is
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where X is the wavelength in meters and fi.. is
the frequency in kilocycles. The lowest fre-
quency at which the wire or line will be reso-
nant is known as its fundamental frequency
or wavelength. It is common to describe lines
(or antennas, which have similar current and
voltage distribution) as half-wave, quarter-wave,
etc., for a certain frequency (‘‘half-wave
7000-kc. antenna,” for instance).

Wavelength is also used interchangeably
with frequency in describing not only antennas
but also for tuned circuits, complete trans-
mitters, receivers, ete. Thus the terms *high-
frequency receiver” and “short-wave re-
ceiver,” or “75-meter fundamental antenna”
and “4000-kilocycle fundamental antenna,”
are synonymous.

Harmonic resonance — Although a coil-
condenser combination having lumped con-
stants (capacitance and inductance) resonates
at only one frequency, circuits such as an-
tennas containing distributed constants reso-
nate readily at frequencies which are very
nearly integral multiples of the fundamental
frequency. These frequencies are therefore in
harmonic relationship to the fundamental fre-
quency and, hence, are referred to as harmon-
ics (§ 2-7). In radio practice the fundamental
itself is called the first harmonic, the frequency

2nd Harmeonic

Fundomental or 1%
Harmonic
3rd Harmonic

a

c o e, f
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a-Current Maxima (anti-nodes)
bedef — Current Nodes

Fig, 222 — Standing.wave current distribution on a
wire operating as an oscillatory cireunit at its funda-
u}ental, second harmonic and third harmonic frequen-
cies.

twice the fundamental is called the second har-
monic, and 80 on,

Fig. 222 illustrates the distribution of cur-
rent on a wire for fundamental, second and
third harmonic excitation. There is one point
of maximum current with fundamental opera-
tion, two when operation is at the second
harmonic and three at the third harmonic; the
number of current maxima corresponds to the
order of the harmonic and the number of stand-
ing waves on the wire. As noted in the figure,
the points of maximum current are called
anti-nodes (also known as ““loops’’) and the
points of zero current are called nodes.
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Radiation resistance — Since a line circuit
has distributed inductance and capacity, cur-
rent flow causes storage of energy in mag-
netic and electrostatic fields (§2-3, 2-5). At
low frequencies practically all the energy so
stored is returned to the wire during another
part of the eycle (§2-8) but above 15,000
cyeles or so (radio frequency) some escapes —
is radiated — in the form of clectromagnetic
waves. Energy radiated by a line or antenna is
equivalent to energy dissipated as in a resistor.
The value of this equivalent resistance is
known as radiation resistance.

Resonant line circuits — The effective re-
sistance of a resonant straight wire such as an
antenna is considerable, because of the power
radiated. The resonance curve of such a
straight-line circuit is quite broad; in other
words, its Q is relatively low. However, by
folding the line, as suggested by Fig. 223, the
fields about the adjacent seetions largely can-
cel each other and very little radiation takes
place. The radiation resistance is greatly re-
duced and the line-type circuit can be made to
have a very sharp resonance curve or high Q.

Standing Wave
______ 4 ofCirrent
~~<_ .
~
e ~
—N
Low A (U High
Impedance 4 ™1 ( /mpedance
—tp //
-,
- rd

’/

-
-
-
-

Fig. 223 — Standing wave and instantancous current
(arrows) conditions of a folded resonant-linc circuit.

A circuit of this type will have a standing
wave on it, as shown by the dash-line of Fig.
223, with the instantaneous current flow in
each wire opposite in direction to the flow in
the other, as indicated by the arrows on the
diagram. This opposite current flow accounts
for the cancellation of radiation, since the
fields about the two wires oppose each other.
Furthermore, the impedance across the open
ends of the line will be very high, thousands of
ohms, while the impedance across the line near
the closed end will be very low.

A folded line may be made in the form of two
concentric conductors, as shown in Vig. 224,
The concentric line has even lower radiation
resistance than the folded wire line, since the
outer conductor acts as a shield. Standing
waves exist, but are confined to the outside of
the inner conductor and the inside of the outer
conductor, since skin effect prevents the cur-
rents from penetrating-to the other sides.
Thus such a line will have no radio-frequency
potentials on its exposed surfaces. Because of
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Fig. 224 — A concentric line rcsonant circuit.

the low radiation resistance and relatively
large conducting surfaces, such lines can be
made to have much higher Q’s than are attain-
able with coils and condensers. They are most
applicable at ultra-high frequencies (very
short wavelengths) (§ 2-7) where dimensions
are small.

0 2-13 CIRCUITS WITH SUPERIMI"OSED
CURRENTS

Combined a.c. and d.c. — There are many
practical instances of simultaneous flow of
alternating and direct current in a circuit.
When this occurs there is a pulsating current
and it is said that an alternating current is
superimposed on a direct current. As shown in
Fig. 225, the maximum value is equal to the
d.c. value plus the a.c. maximum, while the
minimum value (on the negative a.c. peak) is
the difference between the d.c. and the maxi-
mum a.c. values. The average value (§ 2-7) of
the current is simply equal to the direct-cur-
rent component alone. The effective value
(§ 2-7) of the combination is equal to the
square root of the sum of the effective a.c.
squared and the d.c. squared:

I= ‘\/1002 + Idc2
where I, is the effective value of the a.c.
component, I is the effective value of the com-
bination and I4 is the average (d.c.) value of
the combination.

Beats — 1f two or more alternating cur-
rents of different frequencies are present in a
normal circuit, they have no particular effect
upon one another and, for this reason, can be
separated again at any time by the proper
selective circuits. However, if two (or more)
alternating currents of different frequencies are
present in an element having unilateral or one-
way current flow properties, not only will the
two original frequencies be present in the out-
put but also currents having frequencies equal
to the sum, and difference, of the original fre-
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Fig. 225 — Pulsating current composed of alternating
current superimposed on direct current.



quencies. These sum and difference frequencies
are called the beat frequencies. For example, if
frequencies of 2000 and 3000 ke. are present in
a normal circuit, only those two frequencies
exist, but if they are passed through a uni-
lateral-element (such as a properly-adjusted
vacuum tube) there will be present in the out-
put not only the two original frequencies of
2000 and 3000 ke. but also currents of 1000
(3000 — 2000) and 5000 (3000 + 2000) ke.
Suitable circuits can seleet the desired beat
frequency.

By-passing — In eombined eireuits it is fre-
quently necessary to provide a low-impedanee
path for a.e. around, for instance, a souree of
d.e. voltage. This can be done by using a by-
pass condenser, which will not pass direet cur-
rent but will readily permit the flow of alter-
nating current. The eapacity of the condenser
should be of such value that its reactance is
low (of the order of 1/10th or less) compared
to the a.c. impedance of the device being by-
passed. The lower the reactance, the better is
the a.c. confined to the desired path.

Similarly, alternating current can be pre-
vented from flowing through a direct-current
circuit to which it may be connected by in-
serting an inductance of high reactance (called
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a choke coil) between the two circuits. This will
permit the d.c. to flow without hindrance, since
the resistance of the choke coil may be made
quite low, but will effectively prevent the a.c.
from flowing where it is not wanted.

If both rf. and low-frequency (audio or
power frequencies) currents are present in a
circuit, they may be confined to desired paths
by similar means, sinee an inductance of high
reactance for radio frequency will have negli-
gible reactance at low frequencies, while a
condenser of low reactance at radio frequencies
will have high reactance at low frequeneies.

Grounds — The term ‘‘ground” is fre-
quently met in diseussions of circuits, and
normally means the voltage reference point in
the circuit. There may or may not be an ae-
tual connection to earth, but it is understood
that a point in the circuit said to be at ground
potential could be connected to earth without
disturbing the operation of the circuit in any
way. In direct-current circuits the negative
side is generally grounded. The ground symbol
in circuit diagrams is used for convenience in
indicating common connections between vari-
ous parts of the circuit, and with respect to
actual ground usually has the meaning indi-
cated above.
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¢ 3-1 DIODES

Rectification — Practically all of the vac-
uum tubes used in radio work depend upon
thermionie conduction (§2-4) for their opera-
tion. The simplest type of vacuum tube is that
shown in Fig, 301. It has two elements, cath-
ode and plate, and is called a diode. The
cathode is heated by the ‘“A” battery and
emits electrons which flow to the plate when
the plate is at a positive potential with respect
to the cathode. Because of the nature of
thermionic conduction, the tube is a con-
ductor in one direction only. If a source of
alternating voltage is connected between the
cathode and plate, then electrons will flow
only on the positive half-cycles of alternating
voltage; there will be no electron flow during
the half cycle when the plate is negative. Thus
the tube can be used as a reclifier, to change
alternating current to pulsating direct current.
This alternating current can be anything from
the 60-cycle kind to thehighest radio frequencies.

Characteristic curves — The performance
of the tube can be reduced to easily-understood
terms by making use of (ube chararsteristic
curves. A typical characteristic curve for a
diode is shown at the right in Fig. 301. It
shows the current flowing between plate and
cathode with different d.c. voltages applied
between the elements. The curve of Fig. 301
shows that, with fixed cathode temperature,
the plate current increases as the voltage
between cathode and plate is raised. For an
actual tube the values of plate current and
plate voltage would be plotted along their
respective axes.

The power consumed in the tube is the
product of the plate voltage multiplied by the
plate current, just as in any d.c. circuit. In a
vacuum tube this power is dissipated in heat
developed in the plate and radiated to the bulb.

(saturation
Point

PLATE CURRENT

it Increase —»

0 PLATE VOLTAGE

o]
8

Fig. 301 — The diode or two-element tube and a typi-
cal characteristic curve,

40 CIIAPTER THREE

Space charge — With the cathode tem-
perature fixed, the total number of electrons
emitted is always the same regardless of the
plate voltage. Fig. 301 shows, however, that
less plate current will flow at low plate voltages
than when the plate voltage is large. With low
plate voltage only those electrons nearest the
plate are attracted to the plate. The electrons
in the space near the cathode, being them-
selves negatively charged, tend to repel the
similarly-charged electrons leaving the cath-
ode surface and cause them to fall back on the
cathode. This is called the space charge effect.
As the plate voltage is raised, more and more
electrons are attracted to the plate until
finally the space charge effect is completely
overcome and all the electrons emitted by the
cathode are attracted to the plate, and a
further increase in plate voltage can cause no
increase in plate current. This is called the
saturation point.

0 3-2 TRIODES

Grid control —If a third element, called
the control grid, or simply the grid, is inserted
between the cathode and plate of the diode
the space-charge effect can be controlled. The
tube then becomes a (riode (three-element
tube) and is useful for more things than
rectification. The grid is usually in the form
of an open spiral or mesh of fine wire. With
the grid connected externally to the cathode
and with a steady voltage from a d.c. supply
applied between the cathode and plate (the
positive of the ‘“B’’ supply is always con-
nected to the plate), there will be a constant
flow of electrons from cathode to plate,
through the openings of the grid, much as in
the diode. But if a source of variable voltage
is connected between the grid and cathode
there will be a variation in the flow of electrons
from cathode to plate (a variation in plate
current) as the voltage on the grid changes
about a mean value. When the grid is made
less negative (more positive) with respeect to
the cathode, the space charge is partially
neutralized and there will be an increase in
plate current; when the grid is made more
negative with respect to the cathode, the space
charge is reinforced and there will be a de-
crease in plate current.

Amplification — The grid thus acts as a



valve to control the flow of plate current, and
it is found that it has a much greater effect
on plate current flow than does the plate
voltage; that is, a small change in grid voltage
is just as effective as a large change in plate
voltage in bringing about a change in plate
current. When a resistance or impedance
(load) is connected in series in the plate circuit,
the voltage drop across it, which is a function
of the plate current through it, can therefore
be changed by varying the grid voltage as well
as by giving the plate voltage a new value.
Thus a small change in grid voltage will cause
a large change in voltage drop across the
impedance; in other words, the grid voltage is
amplified in the plate circuit.

So long as the grid has a negative potential
with respect to the cathode, electrons emitted
by the cathode are repelled (§2-3) with the
result that no current flows to the grid. Hence
under these conditions the grid consumes no
power. However, when the grid becomes posi-
tive with respect to the cathode, electrons are
attracted to it and a current flows to the grid;
when this grid current flows power is dissipated
in the grid circuit.

Characteristics — The measure of the am-
plification of which a tube is capable is8 known
as its amplification factor, designated by u
(mu). Mu is the ratio of plate-voltage change
required for a given change in plate current to
the grid-voltage change necessary to produce
the same change in plate current. Another
important characteristic is the plate resistance,
designated r,. It is the ratio, for a. fixed grid
voltage, of a small plate voltage change to the
plate current change it effects. It is expressed
in ohms. Still another important characteristic
used in describing the properties of a tube is
grid-plate transconduclance, or mutual conduct-
ance, designated by g¢. and defined as the
rate of change of plate current with respect
to a change in grid voltage. The mutual con-
ductance is a rough indication of the design
merit of the tube. It is expressed in micromhos
(the mho is the unit of conductance and is
equal to 1/R) and is the ratio of amplification
factor to plate resistanc¢e, multlplied by one
million. These tube characteristics are inter-
related and are dependent primarily on the
tube structure.

Static and dynamic curves — The opera-
tion of a vacuum tube amplifier is graphically
represented in elementary form in Fig. 302. The
sloping line represents the variation in plate
current obtained at a constant plate voltage
with grid voltages ranging from a value suffi-
ciently negative to reduce the plate current to
zero, to a value slightly positive. Grid voltage
is specified with reference to the cathode or
filament. Notable facts about this curve are
that it is essentially a straight line (is linear)

vacuum 3“‘8‘
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v Operating point
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Fig. 302 — Operating characteristics of a vacuum-
tube amplifier. Class-A amplifier operation is depicted.

over the middle section and that it bends
towards the bottom (near cut-off) and near the
top (saturation). In other words, the variation
in plate current is directly proportional to the
variation in grid voltage over the region be-
tween the two bends. With a fixed grid voltage
(bias) of proper value the plate current can be
set at any desired value.

Tube characteristics of the type shown in
Fig. 302 may be of either the static or dynamic
type. Static characteristics show the plate cur-
rent that will flow at specific grid and plate
voltages in the absence of any output device
in the plate circuit for transferring the plate
current variation to an external circuit, while
the dynamic characteristic shows the behavior
of the same quantities when there is a load in
the plate circuit, and thus represents the actual
operation of the tube as an amplifier.

Interelectrode capacities — Any pair of
elements in a tube forms a miniature condenser
(§ 2-3), and although the capacities of these
condensers may be only a few micromicro-
farads or less, they must frequently be taken
into account in vacuum-tube circuits. The ca-
pacity from grid to plate (grid-plate capacity)
has an important effect in many applications.
In triodes, the other capacities are the grid-
cathode and plate-cathode. In multi-element
tubes (§ 3-5) similar capacitics exist between
these and other electrodes. With screen-grid
tubes, the terms “input” and ‘“‘output” ca-
pacity mean, respectively, the capacity meas-
ured from grid to all other elements connected
together, and from plate to all other elements
connected together. The same terms are used
with triodes but are not so easily defined since
the effective capacities existing depend upon
the operating conditions (§ 3-3).

Tube ratings — Specifications of suitable
operating voltages and currents are called
tube ratings. Ratings include proper values for
filament or heater voltage and current, plate
voltage and current, and similar operating
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specifications for other elements. An important
rating in power tubes is the mazimum safe
plate dissipation, which is the maximum power
which can be dissipated continuously in heat
on the plate (§ 3-1).

©3-3 AMPLIFICATION

Circuits — Besides the vacuum tube, a
complete amplifier includes a means for intro-
ducing the signal or exciting voltage into the
grid circuit, a means (the load) for taking
power or amplified voltage from the plate
circuit, and sources of supply for bias voltage,
power for heating the cathode, and d.c. power
for the plate circuit. A representative circuit
for audio-frequency amplification is shown in

its value also depends upon the type of service
for which the amplifier is designed. If the
impedance of the actual device used is con-
siderably different from the optimum load
impedance, the tube and output device can be
coupled through a transformer having a turns
ratio such that the impedance reflected into
the plate circuit of the tube is the optimum
value (§ 2-9).

Operating point and grid bias — As indi-
cated in Fig. 302, the relationship between
varying grid voltage and plate current will be
determined by the grid bias (§ 3-2), which sets
the operating point on the characteristic curve.
The choice of operating point depends upon

- the type of service in which the tube is to be

Fig. 303. The signal is introduced into the grid

circuit in series with the bias voltage by means
of transformer T, and T’ serves as a means for
transferring the amplified signal from the
plate circuit to the load. Battery supplies are
indicated for simplicity.

N

Input

Grid Bias
L

wqw
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Output

ik

"8"Battery (plate)

Fig. 303 — A typical audio-frequency amplifier using .

a triode tube.

A single amplifier such as is shown in Fig.
303 is called an amplifier stage, and several
such stages may be used in cascade, the output
of one stage being fed to the grid circuit of the
- next, to provide large amounts of overall
amplification.

Load impedance — The load connected in
the output or plate circuit of the tube is called
the load impedance or load resistance, and
designated R,. It is the device in which the
power output of the tube is consumed.
In some types of amplifiers the load is an
actual resistance, but in most cases it is a
resistive impedance; that is, it shows resistance
for a.c. but not for d.c. This type of load can
be obtained with a resonant circuit (§ 2-10) or
by coupling through a transformer to a power-
consuming device (§ 2-9). The impedance load
has the advantage that there is no drop in
d.c. plate voltage across the load as there
would be in the case of the resistor, since
the latter has the same resistance for d.c. as
for a.c.

In general, there will be one value of R,
which will give optimum results for a given
type of tube and set of operating voltages;
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used.

Distortion — With negative grid bias as
shown in Fig. 302 the operating point comes
in the middle of the linear region. If an alter-
nating voltage (signal) is now applied to the
grid in series with the grid bias, the grid voltage
swings more and less negative about the mean
bias voltage value and the plate current swings
up (positive) and down (negative) about the
mean plate current value. This is equivalent to
an alternating current superimposed on the
steady plate current. At this operating point
it is evident that the plate current wave shapes
(§ 2-7) are identical reproductions of the grid
voltage wave shapes and will remain so as long
as the grid voltage amplitude does not reach
values sufficient to run into the lower- or
upper-bend regions of the curve. If this occurs
the output waves will be flattened or distorted.
If the operating point is set towards the bottom
or the top of the curve there will also be distor-
tion of the output wave shapes because part-or
all of the lower or upper half-cycles will be cut
off.

Whenever the bias is adjusted so that the
tube works over a non-linear portion of its
characteristic curve, distortion will take place
and the output wave-form will not duplicate
the wave-form of the voltage introduced at the
grid. This characteristic of non-linearity of an
amplifier is useful in some applications but is
an undesirable feature in others. The distor-
tion will take the form of harmonics added to
the original wave (§ 2-7). If the exciting signal
is a sine wave, the output wave, when distor-
tion is present, will consist of the fundamental
plus harmonies.

Another type of distortion, known as fre-
quency distortion, occurs when the amplifica-
tion varies with the frequency of the a.c. volt-
age applied to the grid circuit of the amplifier.
It is not necessarily accompanied by harmonic
distortion. It can be shown by a frequency re-
sponse curve, or graph in which the relative
amplification is plotted against frequency over
the frequency range of interest.



Voltage amplification — The ratio of the
alternating output voltage derived from the
plate circuit to the alternating voltage applied
to the grid circuit is called the voltage amplifica-
tion of the amplifier. A vollage amplifier is
one in which this ratio is the primary con-
sideration, rather than the power which may
be taken from the output circuit. The load
resistance for voltage amplification must be
high to give a large voltage across its terminals.

Power amplification — The ratio of output
power to a.c, power consumed in the grid
circuit (driving power) is called the power
amplification of the amplifier. A power amplifier
is one designed to deliver power to a load
circuit, the voltage amplification being in-
cidental. The power amplification ratio may be
practically infinite in certain types of am-
plifiers. The load impedance for power am-
plification is selected either to give maximum
power with minimum distortion or to give a
desired value of plate efliciency.

Plate efficiency — The ratio of output
power to d.c. input power to the plate (plate
current multiplied by plate voltage) is called
the plate efficiency of the amplifier. Plate
efliciency is generally low in amplifiers designed
primarily for minimum distortion, but may
be made quite high when distortion is per-
missible.

Power sensitivity — This is the ratio of
output power to alternating grid voltage, and
is ordinarily used in connection with amplifiers
operating in such a way that no power is
consumed in the grid circuit. The same term
alsois used frequently in connection with radio-
frequency power amplifiers, but in this case has
the same meaning as power amplification ratio,
dofined above,

Phase relations in plate and grid circuits
— When the exciting voltage on the grid has
its maximum positive instantaneous value
the plate current also is maximum (§ 3-2) so
that the voltage drop across the impedance
connected in the plate circuit likewise has
its greatest value. The actual instantaneous
voltage between plate and cathode is therefore
‘minimum at the same instant, because it is
equal to the d.c. supply voltage (which is
unvarying) minus the voltage drop across the
load impedance. Since the decrease in in-
stantaneous plate voltage is negative in sense,
this means that the alternating plate voltage
is 180 degrees out of phase with the alternating
grid voltage. Thus there is a phase reversal
through an amplifier tube,

Input capacity — When an alternating volt-
age is applied between grid and cathode of the
amplifier tube an alternating current flows in
the small condenser formed by these elements
(§ 3-2), just as it would in any other condenser
(§ 2-8). Similarly, an alternating current also

. Uacuum 3uéed

flows in the condenser formed by the grid and
plate, but since the instantaneous voltage be-
tween these two elements is considerably larger
than the signal voltage when the tube is am-
plifying, the current in the grid-plate capacity
is likewise larger than it would be were no am-
plification taking place. Looked at from the grid
circuit, the increased current is equivalent to an
increase in input capacity of the tube, and the
effective input capacity may be many times
that which would bhe expected from considera-
tion of the interelectrode capacities alone. The
effective input capacity is proportional to the
actual grid-plate capacity and to the voltage
amplification.

Feedback — Some of the amplified energy in
the plate circuit can be coupled back into the
grid circuit to be re-amplified, this process
being called feedback. If the voltage induced
in the grid circuit is in phase with the grid
signal voltage, the feedback is called positive,
and the resultant voltage is larger and hence
the amplification is increased, Positive feed-
back, usually called regeneration, can effec-
tively increase the amplification of a stage
many times. If the fed-back voltage is op-
posite in phase to the exciting voltage, the
feedback is called negative and, since the
resultant grid voltage is smaller, the amplifica-
tion is decreased. Negative feedback is some-
times called degeneration.

Positive feedback is accompanied by a
tendency to give maximum amplification at
only one frequency, even though the input and
output circuits may not otherwise be resonant.
1t therefore increases the selectivity of the
amplifier and hence is used chiefly where high
gain and sharpness of resonance are both
wanted.

=hiE————iplilh
' PARALLEL

PUSH-PULL
Fig. 304 — Parallel and push-pull amplifier connec-

tions.
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Negative feedback has the opposite char-
acteristics. It tends to widen the frequency
range of the amplifier, even with resonant
input and output circuits. It also reduces
distortion and makes the amplifier tube more
tolerant of changes in load impedance. Hence
it is used where low-distortion, wide frequency
range amplification is wanted, as in some
audio circuits, even though amplification is
sacrificed.

Parallel operation — When it is necessary
to obtain more power output than one tube is
capable of giving, without going to a larger
tube structure, two or more tubes may be
connected in parallel, in which case the similar
elements in all tubes are connected together
as shown in Fig. 304. The power output will
then be in proportion to the number of tubes
used; the exciting voltage required, however,
is the same as for one tube.

If the amplifier operates in such a way as
to consume power in the grid circuit, the grid
power required also is in proportion to the
number of tubes used.

Push-pull operation — An increase in
power output can be secured by connecting
two tubes in push-pull, the grids and plates
of the two tubes being connected to opposite
ends of the circuit as shown in Fig. 304. A
“balanced” circuit, in which the cathode re-
turns are made to the midpoint of the input
and output devices, is necessary with push-
pull operation. At any instant the ends of the
secondary winding of the input transformer,
Ty, will be at opposite potentials with respect
to the cathode connection, so the grid of one
tube is swung positive at the same instant
that the grid of the other is swung negative.
Hence, in any push-pull-connected stage the
voltages and currents of one tube are out
of phase with those of the other tube. The
plate current of one tube therefore is rising
while the plate current of the other is falling,
hence the name *“push-pull.” In push-pull
operation the even-harmonic (second, fourth,
etc.) distortion is cancelled in the symmetrical
plate circuit, so that for the same output the
distortion will be less than with parallel oper-
ation.

The exciting voltage measured between the
two grids must be twice that required for one
tube. If the grids consume power, the driving
power for the stage is twice that taken by
either tube alone.

The decibel — The ratio of the power levels
at two points in a circuit such as an amplifier
can he expressed in terms of a unit called the
decibel, abbreviated db. The number of deci-
bels is 10 times the logarithm of the power
ratio, or

db. = 10 log%
2
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The decibel is a particularly useful unit be-
cause it is logarithmie, and thus corresponds
to the response of the human ear to sounds of
varying loudness. One decibel is approximately
the power ratio required to make a just no-
ticeable difference in sound intensity. Within
wide limits, changing the power by a given
ratio produces the same apparent change in
loudness regardless of the power level; thus
if the power is doubled the increase is 3 db.,
or three steps of intensity; if it is doubled
again, the increase is again 3 db., or three
further distinguishable steps. Successive am-
plications expressed in decibels can be added
to obtain the overall amplification.

A power loss also can be expressed in deci-
bels. A decrease in power is indicated by a
minus sign (e.g., — 7 db.), and increase in
power by a plus sign (e.g., + 4 db.). Negative
and positive quantities can be added numeri-
cally. Zero db. indicates the reference power
level, or a power ratio of 1.

Applications of amplification — The ma-
jor uses of vacuum tube amplifiers in radio
work are to amplify at audio and radio fre-
quencies (§ 2-7). The audio-frequency am-
plifier is generally used to amplify without
discrimination at all frequencies in a wide
range (say from 100 to 3000 cycles for voice
communication), and is therefore associated
with non-resonant or untuned circuits which
offer a uniform load over the desired range.
The radio-frequency amplifier, on the other
hand, is generally used to amplify selectively
at a single radio frequency, or over a small
band of frequencies at most, and is therefore
associated with resonant circuits tunable to the
desired frequency.

An audio-frequency amplifier may be con-
sidered a broad-band amplifier; most radio-
frequency amplifiers are relatively narrow-
band affairs.

In audio circuits, the power tube or output
tube in the last stage usually is designed to
deliver a considerable amount of audio power,
while requiring but negligible power from the
input or exciting signal. To get the alternating
voltage (grid swing) required for the grid of*
such a tube voltage amplifiers are used, em-
ploying tubes of high g which will greatly
increase the voltage amplitude of the signal.
Voltage amplifiers are used in the radio-
frequency stages of receivers as well as in
audio amplifiers; power amplifiers are used in
r.f. stages of transmitters.

© 3-4 CLASSES OF AMPLIFIERS

Reason for classification — It is conven-
ient to divide amplifiers into groups according
to the work they are intended to perform, as
related to the operating conditions necessary
to accomplish the purpose. This makes identi-



fication easy and obviates the necessity for
giving a detailed description of the operation
when specific operating data are not required.

Class A — An amplifier operated as shown
in Fig. 302 in which the output wave shape is a
faithful reproduction of the input wave shape,
is known as a Class-A amplifier.

As generally used, the grid of a Class-A
amplifier never is driven positive with respect
to the cathode by the exciting signal, and never
is driven so far negative that plate-current
cut-off is reached. The plate current is con-
stant both with and without grid excitation.
The chief characteristics of the Class-A am-
plifier are low distortion, low power output for
a given size of tube, and a high power-amplifi-
cation ratio. The plate efficiency (§3-3) is
relatively low, being in the vicinity of 20 to
35 percent at full output, depending upon the
design of the tube and the operating conditions.

Class-A amplifiers of the power type find
application as output amplifiers in audio sys-
tems. Class-A voltage amplifiers are found in
the stages preceding the power stage in such
applications, and as radio-frequency amplifiers
in receivers.

Class B— The Class-B amplifier is primar-
ily one in which the output current, or alter-
nating component of the plate current, is
proportional to the amplitude of the exciting
grid voltage. Since power is proportional to the
square of the current, the power output of a
Class-B amplifier is proportional to the square
of the exciting grid voltage.

The distinguishing operating condition in
Class-B service is that the grid bias is set so
that the plate current is relatively low without
excitation; the exciting signal amplitude is
such that the entire linear portion of the tube’s
characteristic is used. Fig. 305 illustrates
Class-B operation with the tube biased prac-
tically to cut-off. In this operating condition
plate current flows only during the positive
half-cycle of excitation voltage. No plate cur-
rent flows during the negative swing of the
excitation voltage. The shape of the plate
current pulse is essentially the same as that of
the positive swing of the signal voltage. Since
the plate current is driven up toward the
saturation point, it is usually necessary for the
grid to be driven positive with respect to the
cathode during part of the grid swing. Grid
current flows, therefore, and the driving source
must furnish power to supply the grid losses.

Class-B amplifiers are characterized by
medium power output, medium plate effi-
ciency (509 to 60% at maximum signal) and
a moderate ratio of power amplification. At
radio frequencies they are used as linear am-~
plifiers to raise the output power level in
radiotelephone transmitters after modulation

, has taken place.

1/(1 cuum julea
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For audio-frequency amplification two tubes
must be used. The second tube, working alter-
nately with the first, must be included so that
both halves of the cycle will be present in the
output. A typical method of arranging the
tubes and circuit to this end is shown in Fig.
306. The signal is fed to a transformer T},
whose secondary is divided into two equal
parts, with the tube grids connected to the
outer terminals and the grid bias fed in at the
center. A transformer T2 with a similarly-
divided primary is connected to the plates of
the tubes. When the signal swing in the upper
half of T, is positive, Tube No. 1 draws plate
current while Tube No. 2 is idle; when the
lower half of T\ becomes positive, Tube No. 2
draws plate current while Tube No. 1 is idle.
The corresponding voltages induced in the
halves of the primary of T combine in the
secondary to produce an amplified reproduc-
tion of the signal wave-shape with negligible
distortion. The Class-B amplifier is capable
of delivering much more power for a given tube
size than a Class-A amplifier.

Class AB — The similarity between Fig. 308
and the ordinary push-pull amplifier circuit
(§ 3-3) will be noted. Actually the circuits are
the same, the difference being in the method
of operation. If the bias is adjusted so that the
tubes draw a moderate value of plate current
the amplifier will operate Class A at low signal
voltages and more nearly Class B at high signal
voltages. An amplifier so operated is called
Class AB. The advantages of this method are
low distortion at moderate signal levels and
higher efficiency at high levels, so that rela-
tively small tubes can be used to good advan-
tage in audio power amplifiers.

A further distinction can be made between
amplifiers which draw grid current and those
which do not. The Class-A B, amplifier draws
no grid current and thus consumes no power
from the driving source; the Class-AB; am-
plifier draws grid current at higher signal
levels and power must therefore be supplied
to its grid circuit.

Class C— The Class-C amplifier is one op-
erated so that the alternating component of
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Fig. 306 — The Class-B audio amplifier, showing how
the ontputs of the two tubes are combined to give dis-
tortionless amplification.

the plate current is directly proportional to the
plate voltage. The output power is therefore
proportional to the square of the plate voltage.
Other eharacteristics inherent to Class-C oper-
ation are high plate efficiency, high power out-
put, and a relatively low power-amplification
ratio.

The grid bias for a Class-C amplifier is
ordinarily set at approximately twice the value
required for plate current cut-off without grid
excitation. As a result, plate current flows dur-
ing only a fraetion of the positive excitation
eyele. The exciting signal should be of suffi-
eient amplitude to drive the plate current to
the saturation point, as shown in Fig. 307.
Sinee the grid must be driven far into the posi-
tive region to cause saturation, eonsiderable
numbers of eleetrons are attracted to the grid
at the peak of the eyele, robbing the plate of
some that it would normally attraet. This
eauses the droop at the upper bend of the ehar-
aeteristie, and also causes the plate current
pulse to be indented at the top, as shown. Al-
though the output wave-form is badly dis-
torted, at radio frequeneies the distortion is

PLATE CURRENT, Ip

Fig, 307 — Class-C amplifier operation,
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largely eliminated by the flywheel effeet of the
tuned output circuit.

Although requiring considerable driving
power because of the relatively large grid
swing and grid-current flow, the high plate
efficiency (ordinarily 70-75%) of the Class-C
amplifier makes it an effective generator of
radio-frequency power.

0 3-53 MULTIELEMENT AND SPECIAL-
IPURIPPOSE TUBES

Radio-frequency amplification — In a ra-
dio-frequency amplifier the input (grid) and
output (plate) circuits must be tuned to the
same frequency for maximum amplification and
selectivity. If a triode tube is used in sueh an
arrangement the feedback through the grid-
plate capacity will sustain oscillation at radio
frequencies (§ 3-7) so that the circuit becomes
an oscillator rather than an amplifier. Although
special circuits ean be used to overcome oscilla-
tion, it is preferable to use a tube in which
such feedback is negligible. Such a tube can
be made by inserting a second grid to act as
an electrostatie shield between the control
grid and plate and thus reduce the grid-plate
capacity to a negligible value. The addition of
the extra grid, called the screen grid or screen,
makes the tube a tetrode, or four-element tube.

The tetrode — The sereen grid increases
the amplification faetor and plate resistance
of the tube to values much higher than are at-
tainable in triodes of practicable construction,
although the mutual conductanee is about
the same as that of an equivalent triode. The
screen grid is ordinarily operated at a lower
positive potential than the plate, and is by-
passed baek to the eathode so that it has
essentially the same a.e. potential as the eath-
ode.

Another type of tetrode, in whiech the elee-
trostatie shielding provided by the second
grid is purely incidental, is built for audio
power output work. The seeond grid aeceler-
ates the flow of eleetrons from eathode to
plate, and the strueture has a higher power
sensitivity (§ 3-3) than is possible with triodes.

Secondary emission — When an electron
travelling at appreeiable velocity through a
tube strikes the plate it dislodges other elec-
trons whieh ‘““splash” from the plate into the
interelement spaee. This phenomenon is ealled
secondary* emission. In the triode, ordinarily
operated with the grid negative with respeet
to cathode, these seeondary eleetrons are re-
pelled baek into the plate and eause no dis-
turbance. In the sereen-grid tube, however,
the positively charged screen grid attraets the
seeondary eleetrons, eausing a reverse eurrent
to flow between sereen and plate. The effeet is
particularly marked when the plate and screen
potentials are nearly equal, whieh may be the



case during part of the a.c. cycle when the
instantaneous plate current is large and the
,plate voltage low (§ 3-3).

The pentode — To overcome the effects of
secondary emission a third grid, called the
suppressor grid, can be inserted between the
screen and plate. This grid is connected
directly to the cathode and repels the rela-
tively low-velocity secondary electrons back
to the plate without obstructing to any
appreciable extent the regular plate-current
flow. Larger undistorted outputs therefore

P P
2
Sup-
A ()
HH c HH
PENTODE TETRODE

Fig. 308 — Symbols for pentode and tetrode tubes.
I, heater; C, cathode; G, eontrol grid; P, plate; S, screen
grid; Sup., suppressor grid.

can be secured from the penlode, or five-cle-
ment tube.

Pentode-type screen-grid tubes are used as
radio-frequency voltage amplifiers, and in ad-
dition can be used as audio-frequency voltage
amplifiers to give high voltage gain per stage.
Pentode tubes also are suitable as audio-
frequency power amplifiers, having greater
plate efficiency and power sensitivity than
triodes.

Beam tubes— A “beam” type tube is a
tetrode incorporating a structure which forms
the electrons travelling to the plate into con-
centrated paths, resulting in higher plate ef-
ficiency and power sensitivity. Suitable design
also overcomes the effects of secondary emis-
sion without the necessity for a suppressor
grid. Tubes constructed on the beam principle
are used in receivers as both r.f. and audio
amplifiers, and are built in larger sizes for
transmitting circuits.

Variable-mu and sharp cut-off tubes —
Receiving screen-grid tetrodes and pentodes
for radio-frequency voltage amplification are
made in two types, known as sharp cul-off
and variable-p or “super-control” types. In
the sharp cut-off type the amplification factor
is practically constant regardless of grid bias,
while in the variable-u type the amplification
factor decreases as the negative bias is in-
creased. The purpose of this design is to permit
the tube to handle large signal voltages with-
out distortion in circuits in which grid-bias
control is used to vary the amplification.

Multipurpose types — A number of com-
bination types of tubes have been constructed
to perform multiple functions, particulaily in
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receiver circuits. Among the simplest are full-
wave rectifiers, combining two diodes in one
envelope, and twin triodes, consisting of two
triodes in one bulb for Class-B audio amplifica-
tion. More complex types include duplex-diode
triodes, duplex-diode pentodes, converters and
mixers (for superheterodyne receivers), com-
bination power tubes and rectifiers, and so on.
In many cases the tube structure can be iden-
tified by the name, and all the types are
basically the same as the simpler element
combinations already described.

Mercury-vapor rectifiers — The power lost
in a diode rectifier (§3-1) for a given plate
current will be lessened if it is possible to de-
crease the plate-cathode voltage at which the
current is obtained. If a small amount of
mercury is put in the tube, the mercury will
vaporize when the cathode is heated and,
further, will ionize (§ 2-4) when plate voltage is
applied. This neutralizes the space charge and
reduces the plate-cathode voltage drop to a
practically constant value of about 15 volts
regardless of the value of plate current. Since
this drop is much smaller than can be attained
with purely thermionic conduction, there is
less power loss in the rectifier. The constant
voltage drop also is an advantage. Mercury-
vapor tubes are widely used in power rectifiers,

Grid-control rectifiers—1f a grid is in-
serted in & mercury-vapor rectifier it is found
that with sufficient negative grid bias it is
possible to prevent plate current from flowing
if the bias is present before plate voltage is
applied. However, if the bias is lowered to the
point where plate current can flow, the mer-
cury vapor will ionize and the grid loses control
of plate current since the space charge is
neutralized. It can assume control again only
after the plate voltage is disconnected. The
same phenomenon also occurs in triodes filled
with other gases which ionize at low pressure.
Grid-control rectifiers find considerable ap-
plication in many circuits where “electronic
switching’’ is desirable.

® 3-6 COMMON ELEMENTS EN VACUUM-
TUBE CIRCUITS

Types of cathodes — Cathodes are of two
types, directly and indirectly heated. Directly-
heated cathodes or filaments used in receiving
tubes are of the oxide-coated type, consisting of
a wire or ribbon of tungsten coated with cer-
tain rare metals and earths which form an
oxide capable of emitting large numbers of
electrons with comparatively little cathode-
heating power.

When directly-heated cathodes are operated
on alternating current, the cyclic variation of
current causes electrostatic and magnetic ef-
fects which vary the plate current of the tube
at supply-frequency rate and thus produce
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hum in the output. Hum from this source is
eliminated by the indirectly-heated cathode,
consisting of a thin metal sleeve or thimble,
coated with electron-emitting material, en-
closing a tungsten wire which acts as a heater.
The heater brings the cathode thimble to the
proper temperature to cause electron emission.
This type of cathode is also known as the equi-
potential cathode, since all parts are at the
same potential.

Methods of obtaining grid bias — Grid
bias may be obtained from a source of voltage
especially provided for that purpose, as a
battery or other type of d.c. power supply.
This is indicated in Fig. 309-A. A second
method is shown at B, utilizing a cathode
resistor; plate current flowing through the
resistor causes a voltage drop which, with the
connections shown, has the right polarity to
bias the grid negatively with respect to the
cathode. The value of the resistor is deter-
mined by the bias required and the plate cur-
rent which flows at that value of bias, as found
from the tube characteristic curves; with the
voltage and current known, the resistance can
be determined by Ohm’s Law (§ 2-6):

_ E x 1000
e = I:
cathode bias resistor in ohms
desired bias voltage
I. = total d.c. cathode current in milli-
amperes.

where R,

A Signal

B Signal

-B +

Fig. 309 — Methods of obtaining grid bias. A, fixed
bias; B, cathode bias; C, grid-leak bias.
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Screen- and suppressor-grid currents should be
included with the plate current in multi-
element tubes to obtain the total cathode
current, and also the control-grid current if the
control grid is driven positive during operation.
The a.c. component of plate current flowing
through the cathode resistor will cause a volt-
age drop which gives negative feedback into
the grid circuit (§ 3-3) so to prevent this the
resistor usually is by-passed (§ 2-13), C. being
the cathode by-pass condenser.

A third method is by use of a grid leak, R,
in Fig. 309-C. This requires that the exciting
voltage be positive with respect to the cathode
during part of the ecycle so that grid current
will flow. The flow of grid current through
the grid leak causes a voltage drop across the
resistor which gives the grid a negative bias.
The time constant (§ 2-6) of the grid leak and
grid condenser should be large in comparison
to the time of one cycle of the exciting voltage
so that the grid bias will be substantially con-
stant and will not follow the variations in
a.c. grid voltage. For grid-leak bias,

E X 1000
1,
where R, = grid-leak resistance in ohms
E = desired bias voltage
I, = d.c. grid current in milliamperes.

When two tubes are operated in push-pull
or parallel and use a common cathode- or grid-
leak resistor, the value of resistance becomes
one-half what it would be for one tube.

Cathode circuits; filament center tap—
When a filament-type cathode is heated by
a.c. the hum introduced can be minimized by
making the two ends of the filament have equal
and opposite potentials with respect to a
center point, usually grounded (§2-13), to
which the grid and plate return circuits are
connected. The filament transformer winding
is frequently center-tapped for this purpose, as
shown in Fig. 310-A. The same result can be
secured with an untapped winding by sub-
stituting a center-tapped resistor of 10 to 50
ohms as at B. The by-pass condensers, C1 and
C2, are used in radio-frequency circuits to
avoid having the r.f. current flow through the
transformer or resistor, either of which may
have considerable reactance at radio frequen-
cies.

The filament supply for tubes with in-
directly-heated cathodes sometimes is center-
tapped for the same purpose; although fre-
quently one side of the filament supply, and
hence one terminal of the tube heater, is simply
grounded.

® 3-7 OSCILLATORS

Self-oscillation — If in an amplifier with
positive feedback the feedback or regeneration
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Fig. 310 — Filament center-tap connections.

(§ 3-3) is increased to a critical value, the tube
will generate a continuous alternating current.
This phenomenon, called oscillation, occurs
when the power transferred between plate and
grid circuits becomes large enough to overcome
the circuit losses and the tube provides its own
grid excitation. The power consumed is of
course taken from the d.c. plate supply.

It is not necessary to apply external excita-
tion to such a circuit, since any random varia-
tion in current, even though minute, will
rapidly be amplified up to the proper value
to cause oscillation. The frequency of oscilla-
tion will be that at which losses are least whigg,
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Fig. 311 — Oscillator circuits with magnetic feed-
back. A, tickler circuit; B, Hartley circuit.
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in the case of the resonant circuits usually
associated with oscillators, is very nearly the
resonant frequency of the circuit.

Magnetic feedback — One form of feedback
is by electromagnetic coupling between plate
(output) and grid (input) circuits. Two repre-
sentative circuits of this type are shown in
Fig. 311. That at A is called the tickler circuit.
The amplified current flowing in the “tickler,”
Lg, induces a voltage in L; in the proper phase
when the coils are connected as shown and
wound in the same direction. The feedback
can be adjusted by adjusting the coupling
between L; and Ls.

The Hartley circuit, B, is similar in principle.
There is only one coil, but it is divided so that
part of it is in the plate circuit and part in the
grid circuit. The magnetic coupling between
the two sections of the coil provides the feed-
back, which can be adjusted by moving the
tap on the coil.

R.F.Choke
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Fig. 312 — Oscillator circuits with capacity feedback.
A, Colpitts circuit; B, tuned-plate tuned-grid circuit; C,
ultraudion circuit.
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Capacity feedback — The feedback can also
be obtained through ecapacity coupling, as
shown in Fig. 312. At A, the Colpitts circuit,
the voltage across the resonant circuit is
divided, by means of the series condensers,
into two parts. The instantaneous voltages at
the ends of the circuit are opposite in polarity
with respect to the cathode, hence in the right
phase to sustain oscillation.
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The tuned-grid tuned-plate circuit at B
utilizes the grid-plate capacity of the tube
to provide feedback coupling. There should be
no magnetic coupling between the two tuned-
circuit coils. Feedback can be adjusted by
varying the tuning of either the grid or plate
circuit. The circuit with the higher @ (§ 2-10)
determines the frequency of oscillation, al-
though the two circuits must be tuned ap-
proximately to the same f{requency for
oscillations to occur.

The ultraudion circuit at C is equivalent to
the Colpitts, with the voltage division for
oscillation brought about through the grid-
to-filament and plate-to-filament capacities
of the tube. In this and in the Colpitts circuit
the feedback can be controlled by varying the
ratio of the two capacities. In the ultraudion
circuit this can be done by connecting a
small variable condenser between grid and
cathode.

Crystal oscillators — Since a properly-cut
quartz crystal is equivalent to a high-@ tuned
circuit (§ 2-10) it may be substituted for a
conventional circuit in an oscillator to control
the frequency of oscillation. A simple crystal
oscillator circuit is shown in Fig. 313. It will be
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Fig. 313 — Simple crystal oscillator circuit.

recognized as the tuned-plate-tuned-grid ecir-
cuit with the crystal substituted for the res-
onant circuit in the grid. Many variations
of this fundamental circuit are used in prac-
tice.

Series and parallel feed — A circuit such as
the tickler circuit of Fig. 311-A is said to be
series fed because the source of plate voltage and
the r.f. plate circuit (the tickler coil) are con-
nected in series, hence the d.c. plate current
flows through the coil to the plate. A by-pass
(§ 2-13) condenser, Cs, must be connected
across the plate supply to shunt the radio-
frequency current around the source of power.
Other examples of series plate feed are shown
in Figs. 312-B and 313.

In some cases the source of plate power must
be connected in parallel with the tuned circuit
in order to provide a path for direct current to
the plate. This is illustrated by the Hartley
eireuit of Iig. 311-B where it would be im-
possible to feed the plate current through the
coil because there is a direct connection be-
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tween the coil and cathode. HMence the voltage
is applied to the plate through a radio-fre-
quency choke which prevents the r.f. current
from flowing to the plate supply and thus
short-circuiting the oscillator. The blocking
condenser Cb provides a low-impedance path
for radio-frequency current flow but is an open
circuit for direct current (§ 2-13). Other ex-
amples of parallel feed are shown in Figs.
312-A and 312-C. .

Values of chokes, by-pass and blocking con-
densers are determined by the considerations
outlined in §2-13.

Excitation and bias — The excitation volt-
age required depends upon the characteristics of
the tube and the losses in the circuit, including
the power consumed in the load. In practically
all oscillators the grid is driven positive during
part of the cycle, so that power is consumed in
the grid circuit (§ 3-2). This power must be
supplied by the plate circuit. With insufficient
excitation the tube will not oscillate; with
too-high excitation the grid losses, or power
consumed in the grid circuit, will be exces-
sive,

Oscillators are almost always grid-leak
biased (§ 3-6), which not only takes advan-
tage of the grid-current flow but also gives
better operation since the bias adjusts itself to
the excitation voltage available.

Tank circuit — The resonant circuit asso-
ciated with the oscillator is generally called
the tank circuit. This name derives from the
storage of energy associated with a resonant
circuit of reasonably high @ (§2-10). It is
applied to any resonant circuit in transmitting
applications, whether used in an oscillator or
amplifier.

Power output— The power output of an
oscillator is the useful a.c. power consumed
in a load connected to the oscillator. The load
may be coupled by any of the means described
in § 2-11.

Plate efficiency — The plate efficiency
(§ 3-3) of an oscillator depends upon the load
resistance, excitation, and other operating
conditions, and usually is in the vicinity of
509,. 1t is not as high as in the case of an
amplifier, since the oscillator must supply its
own grid losses, which are usually 10% to 20%
of the output power.

Frequency stability — The frequency sta-
bility of an oscillator is its ability to maintain
constant frequency in the presence of variable
operating conditions. The more important
factors which may cause a change in fre-
quency are (1) plate voltage, (2) temperature,
(3) loading, (4) mechanical variations of
circuit elements. Plate-voltage variations will
eause a eorresponding instantaneous shift in
frequency; this type of frequency shift is called
dynamic instability. Temperature changes will




cause tube elements to expand or contract
slightly, thus causing variations in the inter-
electrode capacities (§ 3-2), and since these are
unavoidably part of the tuned circuit the
frequency will change correspondingly. Tem-
perature changes in the coil or condenser will
change the inductance and capacity slightly,
again causing a shift in the resonant frequency.
Both these temperature effects are relatively
slow in operation, and the frequency change
caused by them is called drifi. Load variations
act in much the same way as plate voltage
variations except when there is a temperature
change in the load, when drift also may be
present. Mechanical variations, usually caused
by vibration, cause changes in inductance and/
or capacity which in turn cause the frequency
to ““wobble’ in step with the vibration.

Dynamic instability can be reduced by using
a tuned circuit of high effective Q which means,
since the tube and load represent a relatively
low resistance in parallel with the cireuit, that
a low L/C ratio (“high-C’’) must be used
(§ 2-10), and that the circuit should be lightly
loaded. Dynamic stability also can be im-
proved by using a high value of grid leak,
which gives high grid bias and raises the ef-
fective resistance of the tube as seen by the
tank circuit, and by using relatively high plate
voltage and low plate current, which accom-
plishes the same result. Drift can be minimized
by using low d.c. input (for the size of tube),
by using coils of large wire to prevent undue
temperature rise, and by providing good
ventilation to carry off heat rapidly. A low
L/C ratio in the tank circuit also helps because
the interelectrode capacity variations have
proportionately less effect on the frequency
when shunted by a large condenser. Special
temperature-compensated components also
can be used. Mechanical instability can be
prevented by using well-designed components
and insulating the oscillator from mechanical
vibration.

Negative-resistance oscillators — If a reso-
nant circuit were completely free from losses,
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Fig. 314 — Negative-resistance oscillator. This circuit,
known as the * transitron,” requires that the screen be
operated at a higher d.c. potential than the plate of the
tube. ‘
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Fig. 315 — The multivibrator circuit, or relaxation
oscillator.

a current once started would continue indefi-
nitely; that is, sustained oscillations would
occur. This condition can be simulated in prac-
tice by cancelling the actual resistance in the
circuit by inserting an equal or greater amount
of megative resistance. Negative resistance is
exhibited by any device showing an increase of
current when the applied voltage is decreased,
or vice versa.

The vacuum tube can be made to show nega-
tive resistance by a number of arrangements of
electrode potentials. One cireuit is shown in
Fig. 314. Negative resistance is produced by
virtue of the fact that as the suppressor grid of
a pentode is given more negative bias, elec-
trons normally passing through to the plate
are turned back to the screen, thus increasing
the screen current, and reversing normal tube
action (§ 3-2). The negative resistance so pro-
duced is sufficiently low so that ordinary
tuned circuits will oscillate readily at fre-
quencies up to 15 Mec. or so.

The multivibrator — The type of oscillator
circuit shown in Fig. 315 is known as the
multivibralor, or relaxation oscillator. Two
tubes are used with resistance coupling, the
output of one tube being fed to the input cir-
cuit of the other. The frequency of oscillation .
is determined by the time constants (§ 2-6)
of the resistance-capacity combinations. The
principle of oscillation is the same as in the
feedback circuits already described, the second
tube being necessary to obtain the proper
phase relationship (§ 3-3) for oscillation when
the energy is fed back.

The multivibrator is a very unstable oscilla-
tor, and for this reason its frequency readily
can be controlled by a small signal of steady
frequency introduced into the circuit. This
phenomenon is called locking. Its output wave-
shape is highly distorted, hence has high har-
monic content (§ 2-7). A useful feature is that
the multivibrator will lock with a frequency
corresponding to one of its higher harmonics
(the tenth harmonic is frequently used) and it
can therefore be used as a frequency divider.

CHAPTER THREE 5/



j‘e /eaa/io _/4mafeur’.4 ﬂana/éooé

0 3-8 CATHODE-RAY TUBES

Principles— The cathode-ray tube is a
vacuum tube in which the electrons emitted
from a hot cathode are accelerated to give them
considerable velocity, formed into a beam, and
allowed to strike a special translucent screen
which fluoresces, or gives off light at the point
where the beam strikes. A narrow beam of mov-
ing electrons is similar to a wire carrying cur-
rent (§ 2-1) and is accompanied by electrostatic
and electromagnetic fields. Hence it can be de-
flected (have its direction changed) by applica-
tion of external electrostatic or magnetic fields
which exert a force on the beam in the same
way as similar fields do on charged bodies or on
wires carrying current (§ 2-3, 2-5). Since the
beam consists only of moving electrons, its
weight and inertia are negligibly small, hence
it can be deflected easily and without any
appreciable time lag. For this reason it can
be made to follow instantly the variations in
fields which are changing periodically at very
high radio frequencies.

Electron gun — The electrode arrangement
which forms the electrons into a beam is called
the electron gun. In the simple tube structure
shown in Fig. 316, the gun consists of the
cathode, grid, and anodes Nos. 1 and 2. The in-
tensity of the electron heam is regulated by the
grid in the same way as in an ordinary tube
(§ 3-2). Anode No. 1 is operated at a positive
potential with respect to the cathode, thus
accellerating the electrons which pass through
the grid, and is provided with small apertures
through which the electron stream passes and is
concentrated into a narrow beam. This anode
is also known as the focusing electrode. Anode
No. 2 is operated at a high positive potential
with respect to cathode and further increases
the velocity of the electrons in the beam. The
electron velocity and sharpness of the beam are
determined by the relative voltages on the
electrodes. In some tubes a second grid is in-
serted between the control grid and anode No.
1 to provide additional accelleration of the
electrons.

Methods of deflection — The gun alone
simply produces a small spot on the screen,
but when the beam is deflected by either mag-
netic or electrostatic fields the spot moves
across the screen in proportion to the force ex-
erted. When the motion is sufficiently rapid,
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Fig. 316 — Arrangement of elements in the cathode-ray

tube with electrostatic beam deflection.
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retentivity of vision makes the path of the mov-
ing spot (trace) appear to be a continuous line.

Electrostatic deflection, generally used in
the smaller tubes, is produced by deflection
plates. Two sets of plates are placed at right
angles to each other, as indicated in Fig. 316.
The fields are created by applying suitable volt-
ages between the two plates of each pair. Usu-
ally one plate of each pair is connected to anode
No. 2 to establish the polarities (§ 2-3) of the
fields with respeet to the beam and to each
other.

Tubes intended for magnetic deflection have
the same type of gun, but have no deflection
plates. Instead, the deflecting fields are set up
by means of coils corresponding to the plates
in tubes having electrostatic deflection. The
coils are external to the tube but are mounted -
close to the glass envelope in the same rela-
tive positions occupied by the electrostatic
deflection plates.

The beam deflection caused by a given
change in the field intensity is called the de-
flection sensitivity. With electrostatic-deflection
tubes it is usually expressed in millimeters per
volt, which gives the linear movement of the
spot on the screen as a function of the voltage
applied to a set of deflecting plates. Values
range from about 0.1 to 0.6 mm/volt, depend-
ing upon the tube construction and gun elec-
trode voltages. The sensitivity is decreased by
an increase in anode No. 2 voltage.

Fluorescent screens— The fluorescent screen
materials used have varying characteristics ac-
cording to the type of work for which the tube
is intended. The spot color is usually green,
white, yellow or blue. depending upon the
screen material. The persistence of the screen
is the time duration of the afterglow which
exists when the excitation of the electron beam
is removed. Screens are classified as long-, me-
dium- and short-persistence. Small tubes for
oscilloscope work are usually provided with
medium-persistence screens having greenish
fluorescence.

Tube circuits — A representative cathode-
ray tube circuit with electrostatic deflection is
shown in Fig. 317. One plate of each pair of de-
flecting plates is connected to anode No. 2.
_Since the voltages required are normally rather
high, the positive terminal of the supply is
usually grounded (§ 2-13) so that the common
deflection plates will be at ground poten-
uial. This places the cathode and other ele-
ments at high potentials above ground,
hence these elements must be well insu-
lated. The various electrode voltages are
obtained from a voltage divider (§2-6)
across the high-voltage d.c. supply. Bs is a
variable divider or “potentiometer’’ for ad-
justing the negative bias on the control
grid and thereby varying the beam cur-
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Fig. 317 — Cathode-ray tube circuit. Typical values
for a three-inch (screen-diameter) tube such as the type

Ri, R2 — 1 to 10 megohms.
R3 — 20,000-0ohm potentiometer.
R4 — 0.2-megohm potentiometer.
Rs — 0.5 megohm.
The high-voltage supply should furnish about 1300
volts d.c.

rent; it is called the intensity or brightness
control. The focus, or sharpness of the luminous
spot formed on the screen by the beam, is con-
trolled by R4, which changes the ratio of anode
No. 2 to anode No. 1 voltage. The focusing and
intensity controls interlock to some extent, and
the sharpest focus is obtained by keeping the
beam current low.

Deflecting voltages for the plates are applied
to the terminals marked “input voltage,” R;
and R being high resistances (1 megohm or
more) to drain off any accumulation of charge
on the deflecting plates. Usually some provision
is made to place an adjustable d.c. voltage on
each set of plates so that the spot can be
‘“centered’ when stray electrostatic or mag-
netic fields are present; the adjustable voltage
simply is set to neutralize such fields.

The tube is mounted so that one set of plates
produces a horizontal line when a varying volt-
age is applied to it, while the other set of plates
produces a vertical line under similar condi-
tions. They are called, respectively, the ‘“hori-
zontal” and ‘‘vertical” plates, but which set
of actual plates produces which line is sim-
ply a matter of how the tube is mounted.
It is usually necessary to provide a mount-
ing which can be rotated to some extent so
that the lines will actually be horizontal and
vertical.

Power supply — The d.c. voltage required
for operation of the tube may vary from 500
volts for the miniature type (l-inch diameter
screen) to several thousand for the larger tubes.
The current, however, is very small, so that
the power required is likewise small. Because
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of the small current requirements a rectified
a.c. supply with half-wave rectification (§ 8-3)
and a single 0.5 to 2-ufd. condenser as a filter
(§ 8-5) is satisfactory.

0 3-9 THE OSCILLOSCOPE

Description — An oscilloseope is essentially
a cathode-ray tube in the basic circuit of Fig.
317, but with provision for supplying a suitable
deflection voltage on one set of plates, ordi-
narily those giving horizontal deflection. The
deflection voltage is called the sweep. Oscilio-
scopes are frequently also equipped with
vacuum-tube amplifiers for increasing the am-
plitude of small a.c. voltages to values suitable
for application to the deflecting plates. These
amplifiers are ordinarily limited to operation
in the audio-frequency range, and hence cannot
be used at radio frequencies.

Formation of patterns— When periodi-
cally-varying voltages are applied to the two
sets of deflecting plates the path traced by the
fluorescent spot forms a patlern which is sta-
tionary so long as the amplitude and phase re-
lationships of the voltages remain unchanged.
Fig. 318 shows how such patterns are formed.
The horizontal sweep voltage is assumed to
have the ‘“sawtooth’” waveshape indicated;
with no voltage applied to the vertical plates,
the trace would simply sweep from left to
right across the screen along the horizontal
axis X—X’ until the instant H is reached, when
it reverses direction and returns to the starting
point. The sine-wave voltage applied to the
vertical plates would similarly trace a line
along the axis Y-Y' in the absence of any de-
flecting voltage on the horizontal plates. How-
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Fig. 318 — Showing the formation of the pattern from
the horizontal and vertical sweep voltages.

CHAPTER THREE 53



3Ae /Qatlio _/4mafeur’d ﬂanz/éaoL

ever, when both voltages are present the posi-
tion of the spot at any instant depends upon
the voltages on both sets of plates at that in-
stant. Thus at time B the horizontal voltage
has moved the spot a short distance to the
right and the vertical voltage has similarly
moved it upward, so that it reaches the actual
position B’ on the sereen. The resulting trace
is easily followed from the other indicated
positions, which are taken at equal time in-
tervals.

Types of sweeps — A horizontal sweep-volt-
age waveshape such as that shown in Fig. 318
is called a linear sweep, because the deflection
in the horizontal direction is directly propor-
tional to time. If the sweep were perfect, the
“fly-back” time, or time taken for the spot to
retirn from the end (H) to the beginning (I or
A) of the horizontal trace would be zero, so that
the line HI would be perpendicular to the axis
Y-Y'’ Although the fly-back time cannot be
made zcro in practicable sweep-voltage gener-
ators, it can be made quite small in comparison
to the time of the desired trace AH, at least at
most frequencies within the audio range. The
flv-back time is somewhat exaggerated in Fig.
318 to show its effect on the pattern. The line
H'1’ is called the return trace; with a linear
sweep it is less brilliant than the pattern be-
cause the spot is moving much more rapidly
during the fly-back time than during the time
of the main trace. If the fly-back time is short
enough the return trace will be invisible.

The linear sweep has the advantage that it
shows the shape of the wave applied to the
vertical plates in the same way in which it is
usually represented graphically (§ 2-7). By
making the sweep time equal to a multiple of
the time of one cycle of the a.c. voltage applied
to the vertical plates, several cycles of the
vertical or signal voltage will appear in the
pattern. The shape of only the last cycle to
appear will be affected by the fly-back in such
a case. Although the linear sweep is generally
most useful, other waveshapes may be desira-
ble for certain purposes. The shape of the pat-
tern obviously will depend upon the shape of
the horizontal sweep voltage. If the horizontal
sweep is sinusoidal, the main and return sweeps
each occupy the same time, and the spot moves
faster horizontally in the center of the pattern

Sync.
Voltage
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than it does at the ends. If two sinusoidal volt-
ages of the same frequency are applied to both
sets of plates, the resulting pattern may be a
straight line, an ellipse or a circle, depending
upon the amplitude and phase relationships.
If the frequencies are harmonically related
(§ 2-7) a stationary pattern will result, but
if one frequency is not an exact harmonic of
the other the pattern will show continuous
motion. This is also the case when a linear
sweep circuit is used; the swecp frequency
and the frequency under observation must be
harmonically related or the pattern will not be
stationary.

Sweep circuits — A sinusoidal sweep is easi-
est to obtain, since it is possible to apply a.c.
voltage from the power line directly or through
a suitable transformer to the horizontal plates.
A variable voltage divider can be used to regu-
late the width of the horizontal trace.

A typical circuit for a linear sweep is shown
in Fig. 319. The tube is a gas {riode or grid-
control rectifier (§ 3-5). The breakdown volt-
age, or plate voltage at which the tube ionizes
and starts conducting, is deterinined by the
grid bias. When plate voltage is applied, the
voltage across Ci rises, as it acquires a charge
through Rji, until the breakdown voltage is
reached, when the condenser discharges rapidly
through the comparatively low plate-cathode
resistance of the tube. When the voltage drops
to a value too low to maintain plate-current
flow, the ionization is extinguished and Ci
once more charges through Ri. If R; is large
enough, the voltage across Cp rises linearly
with time up to the breakdown point. This
voltage is used for the sweep, being coupled to
the cathode-ray tube or to an amplifier through
Cs. The fly-back is the time required for dis-
charge through the tube, and to keep it small
the resistance during discharge must be as low
as possible.

To obtain a stationary pattern, the ‘‘saw-
tooth” frequency can be controlled by varying
C; and R;, and by introducing some of the
voltage to be observed (on the vertical plates)
into the grid circuit of the tube. This voltage
“triggers” the tube into operation in syn-
chronism with the signal frequency. Synchro-
nizing will occur even though the signal fre-
quency is a multiple of the sweep frequency,

1

Fig. 319 — A linear sweep-oscillator circuit,

C1 —0.001 t0 0.25 xfd.

Cz — 0.5 ufd. Cs —0.1 ufd.

C4— 25 ufd., 25-volt electrolytic.

Ri —0.3 to 1.5 megohms.

Rz — 2000 ohms. R4 — 25,000 ohms,

Rs —0.25 megohm. Rs — 0.1 megohm.
“B™ supply should deliver 300 volts. C; and R are
proportioned to give suitable sweep frequency; the
higher the time constant (§ 2-6) the lower the frequency.
R4 is a protective resistor to limit grid-current flow dur-
ing the deionizing period, when positive ions are at-
tracted to the negative grid.



provided the circuit constants and the ampli-
tude of the synchronizing voltage are properly
adjusted.

The voltage output of the type of circuit
shown in Fig. 319 is limited because the charg-
ing rate of the condenser is linear only on that
portion of the logarithmic charging curve
(§ 2-6) which is practically a straight line. A
linear charging rate over a longer period of
time can be secured by substituting a current-
limiting device, such as a properly-adjusted
vacuum tube, for R,. .

Amplifiers — The usefulness of the oscil-
loscope is enhanced by providing amplifiers for
both the horizontal and vertical sweep volt-
ages, thereby insuring that sufficient voltage
will be available at the deflection plates to give
a pattern of suitable size. With small oscillo-
scope tubes (3-inch and smaller screens) the
voltage required for a deflection of one inch
varies from about 30 to 100 volts, depending
upon the anode voltages, so that an amplifier
tube capable of an undistorted peak output

IUa cuum juéed

voltage of 100 or so is necessary. (With such an
amplifier the voltage difference, or total volt-
age ‘“‘swing’’, between the positive and nega-
tive peaks is 200 volts.) A resistance-coupled
voltage amplifier (§ 3-3) having a pentode tube
is ordinarily used because of the high stage
gain obtainable, and the amplifier should be
designed to have good frequency response over
as wide a range of audio frequencies as possible
(§ 5-9). Since a voltage gain of 100 to 1590 or
more is readily obtainable, full deflection of
the beam can be secured with an input of one
volt or less with such an amplifier.

Constructional considerations — An os-
cilloscope should be housed in a metal cabinet,
both to shield the tube from stray electromag-
netic and electrostatic fields which might de-
flect the beam, and also to protect the operator
from the high voltages associated with the
tube. It is good practice to provide an inter-
lock switch which automatically disconnects
the high-voltage supply when the cabinet is
opened for servicing or other reasons.
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o 4-1 TRANSMITTER REQUIREMENTS

General Requirements — The power out-
put of a transmitter must be as stable in fre-
quency and as free from spurious radiations as
the state of the art permits. The steady r.f.
outpus, called the carrier (§ 5-1), must be free
from amplitude variations attributable to rip-
ple from the plate power supply (§8-4) or
other causes, its frequency should be unaf-
fected by variations in supply voltages or in-
advertent changes in circuit constants, and
there should be no radiations on other than
the intended frequency. The degree to which
these requirements can be met depends upon
the operating frequency.

Design principles — The design of the
transmitter depends on the output frequency,
the required power output, and the type of
operation (c.w. telegraphy or ’phone). For
c.w. operation at low power on medium-high
frequencies (up to 7 Me. or so) a simple crystal
oscillator circuit can meet the requirements
satisfactorily. However, the stable power out-
put which can be taken from an oscillator is
limited, so that for higher power the oscillator
is used simply as a frequency-controlling ele-
ment, the power being raised to the desired
level by means of amplifiers. The requisite fre-
quency stability can be obtained only when
the oscillator is operated on relatively low fre-
quencies, so that for output frequencies up to
about 60 Mec. it is necessary to increase the os-
cillator frequency by multiplication (harmonic
generation — § 3-3), which is usually done at
fairly low power levels and before the final
amplification. An amplifier which delivers
power on the frequency applied to its grid cir-
cuit is known as a straight amplifier; one which
gives harmonic output is known as a frequency
multiplier. An amplifier used principally to
isolate the frequency-controlling oscillator
from the effects of changes in load or other va-
riations in following amplifier stages is called a
buffer amplifier. A complete transmitter there-
fore may consist of an oscillator followed by
one or more buffer amplifiers, frequency multi-
pliers, and straight amplifiers, the number
being determined by the output frequency and
power in relation to the oscillator frequency
and power. The last amplifier is called the final
amplifier, and the stages up to the last com-
prise the exciter. Transmitters are usually de-
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signed to work in a number of frequency bands,
so that means for changing the frequency of
resonant circuits in harmonic steps usually is
provided, generally by means of plug-in in-
ductances.

The general method of designing a transmit-
ter is to decide upon the power output and the
highest output frequency required, and also
the number of bands in which the transmitter
is to operate. The latter usually will determine
the oscillator frequency, since it is general
practice to set the oscillator on the lowest fre-
quency band to be used. The oscillator fre-
quency is seldom higher than 7 Me. except in
some portable installations where tubes and
power must be conserved. A suitable tube (or
pair of tubes) should be selected for the final
amplifier and the grid driving power required
determined from the tube manufacturer’s data.
This sets the power required from the preced-
ing stage. From this point the same process is
followed back to the oscillator, including fre-
quency multiplication wherever necessary.
The selection of a suitable tube complement
requires knowledge of the operating character-
istics of the various types of amplifiers and os-
cillators. These are discussed in the following
sections.

At 112 Mec. and above the ordinary methods
of transmitter design become rather cumber-
some, although it is possible to use them with
proper choice of tubes and other components,
However, in this ultra-high-frequency (§ 2-7)
region the requirements imposed are less se-
vere, since the limited transmission range
(§ 9-5) mitigates the interference conditions
that determine the requirements on the long-
distance lower frequencies. Hence simple os-
cillator transmitters are widely used.

Vacuum tubes — The type of tube used in
the transmitter has an important effect on the
circuit design, Tubes of high power sensitivity
(§ 3-3) such as pentodes and beam tetrodes,
give larger power amplification ratios per stage
than do triodes, hence fewer tubes and stages
may be used to obtain the same output power.
On the other hand, triodes have certain oper-
ating advantages such as simpler power sup-
ply circuits and relatively simpler adjustment
for modulation (§5-3), and in addition are
considerably less expensive for the same power
output rating. Consequently it is usually mere



economical to use triodes as output amplifiers
even though an extra low-power amplifier
stage may be necessary.

At frequencies in the region of 56 Mec. and
above it is necessary to select tubes designed
particularly for operation at ultra-high fre-
quencies, since tubes built primarily for the
lower frequencies may work poorly or not at
all.

0 4-2 SELF-CONTROLLED
OSCILLATORS

Advantages and disadvantages — The
chief advantage of a self-controlled oscillator
is that the frequency of oscillation is deter-
mined by the constants of the tuned circuit,
and hence readily can be set to any desired
value. However, extreme care in design and
adjustment are essential to secure satisfactory
frequency stability (§ 3-7). Since frequency
stability is generally poorer as the load on the
oscillator is increased, the self-controlled os-
eillator should be used purely to control fre-
quency and not for the purpose of obtaining
appreciable power output, in transmitters in-
tended for working below 60 Me.

Oscillator circuits — The inherent stability
of all of the oscillator circuits described in
§ 3-7 is about the same, since stability is more
a function of choice of proper circuit values and
adjustment than of the method by which
feedback is obtained. However, some circuits
are more convenient to use than others, par-
ticularly from the standpoint of feedback ad-
justment, mechanical considerations (whether
the tuning condenser rotor plates can be
grounded or not, etc.), and uniform output
over a considerable frequency range. All sim-
ple circuits suffer from the fact that the power
output must be taken from the frequency-
determining tank cireuit, so that aside from
the effect of loading on frequency stability,
the following amplifier stage also can react on
the oscillator in such a way as to change the
frequency.

The electron-coupled oscillator — The
effects of loading and coupling to the next
stage can be greatly reduced by use of the
electron-coupled cireuit, in which a screen-grid
tube (§ 3-5) is so connected that its screen
grid is used as a plate, in connection with the
control grid and cathode, in an ordinary
triode oscillator circuit. The screen is operated
at ground r. f. potential (§2-13) to act as a shield
between the actual plate and the cathode and
control grid; the latter two elements must
therefore be above ground potential. The out-
put is taken from the plate circuit. Under these
conditions the capacity coupling (§ 2-11) be-
tween the plate and other ungrounded tube
elements is quite small, hence the output
power is secured almost entirely by variations

paclio-grequency Power Generah'on

Fig. 401 — Electron-coupled oscillator circuit. For
maximum stability the grid leak, Ri, should be 100,000
ohme or more. The grid condenser should be of the order
of 100 upfd., other fixed condensers from 0.002 ufd. to
0.1 ufd. Proper values for Rz and Ra may be determined
from § 8-10. For maximum isolation between oscillator
and output circuits, the tube should have extremely
low grid-plate capacity.

in the plate current caused by the varying
potentials on the grid and cathode. Since in a
screen-grid tube the plate voltage has a rela-
tively small effect on the plate current, the re-
action on the oscillator frequency for different
conditions of loading is small.

It is generally most convenient to use a
Hartley (§ 3-7) circuit in the frequency-deter-
mining part of the oscillator. This is shown in
Fig. 401, where L;C, is the oscillator tank cir-
cuit. The screen is grounded for r.f. through a
by-pass condenser (§ 2-13) but has the usual
d.c. potential. The cathode connection is made
to a tap on the tank coil to provide feedback.
In the plate circuit a resonant circuit, L,Cs,
can be connected as shown at A; it may be
tuned either to the oscillation frequency or to
one of its harmonies. Untuned output coupling
is shown at B; with this method the output
voltage and power are considerably lower than
with a tuned plate circuit, but better isolation
between oscillator and amplifier is secured.

If the oscillatar tube is a pentode with an
external suppressor connection the suppressor
grid should be grounded, not connected to
cathode. This provides additional internal
shielding and further isolates the plate from
the frequency-determining circuit.

Factors influencing stability — The causes
of frequency instability and the necessary
remedial steps have been discussed in §3-7.
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These apply to all oscillators. In addition,
in the electron-coupled oscillator the ratio of
plate to screen voltage has an important ef-
fect on the stability with changes in supply
voltage; the optimum ratio is generally of the
order of 3:1 but should be determined experi-
mentally for each case. Since the cathode is
above ground potential, means should be taken
to reduce the effects of heater-to-cathode
capacitance or leakage, which by allowing a
small a.c. voltage from the heater supply to
develop between cathode and ground may
cause modulation (§4-1) at the supply fre-
quency. This effect, which is usually appre-
ciable only at 14 Mec. and higher, may be
reduced by by-passing of the heaters as indi-
cated in Fig. 401 or by operating the heater at
the same r.f. potential as the cathode. The lat-

Fig. 402 — Method of operating the heater at cathode
r.f. potential in an electron-coupled oscillator. Lz should
have the same number of turns as the part of 1.1 between
ground and the cathode tap, and should be closely
coupled to Ly (preferably interwound). By-pass con-
denser C should be 0.01 to 0.1 ufd.

ter may be accomplished by the wiring ar-
rangement shown in Fig. 402.

Tank circuit @ — The most important
single factor in determining frequency stabil-
ity is the @ of the oscillator tank circuit. The
effective ) must be as high as possible for best
stability. Since oscillation is accompanied by
grid-current flow, the grid-cathode -circuit
constitutes a resistance load of appreciable
proportions, the effective resistance being low
enough to be the determining factor in estab-
lishing the effective parallel impedance of the
tank circuit. Consequently, if the ends of the
tank are connected to plate and grid, as is
usual, a high effective @ can be obtained only
by decreasing the L/C ratio and making the
inherent resistance in the tank as low as pos-
sible. The tank resistance can be decreased by
using low-loss insulation on condensers and
coils, and by winding the coil with large wire.
With ordinary construction the optimum tank
capacity is of the order of 500 to 1000 uufd. at
a frequency of 3.5 Mec.

The effective circuit @ can be raised by in-
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creasing the resistance of the grid circuit and
thus decreasing the loading. This can be ac-
complished by reducing the oscillator grid
current, by using minimum feedback to main-
tain stable oscillation and by using a high value
of grid-leak résistance.

A high-Q tank circuit can also be obtained
with a higher L/C ratio by ‘‘tapping down”
the tube connections on the tank (§2-10).
This is advantageous in that a eoil with higher
inherent @ can be used; also, the circulating
r.f. current in the tank circuit is reduced so
that drift from coil heating is decreased. How-
ever, the circuit is complicated to some extent
and the taps may cause parasitic oscillations
to be set up (§ 4-10).

Plate supply — Since the oscillator fre-
quency will -be affected to some extent by
changes in plate supply voltage, it is necessary
that the latter be free from ripple (§ 8-4) which
would cause frequency variations at the ripple-
frequency rate (frequency modulation). It is also
advantageous to use a voltage-stabilized power
supply (§ 8-8). Since the oscillator is usually
operated at low voltage and current, gaseous
regulator tubes are quite suitable.

Power level — The self-controlled oscillator
should be designed purely for frequency con-
trol and not to give appreciable power output,
hence small tubes of the receiving type may be
used. The power input is ordinarily not more
than a watt or two, subsequent buffer ampli-
fiers being used to increase the power to the
desired level. The use of receiving tubes is
advantageous mechanically, since the small
elements are.less susceptible to vibration and
are usually sécurely braced to the envelope.

Oscillator* adjustment — The adjustment
of an oscillator consists principally in observ-
ing the design principles outlined in the pre-
ceding paragraphs. Frequency stability should
be checked with the aid of a stable receiver, or
an auxiliary crystal oscillator may be used as a
standard for checking dynamic stability and
drift, the self-controlled oscillator being ad-
justed to approximately the same frequency
so that an audio-frequency beat (§2-13) can
be obtained. Tf it is possible to vary the oscil-
lator plate voltage (an adjustable resistor of
50,000 or 100,000 ohms in series with the plate
supply lead will give considerable variation)
the change in frequency with change in plate
voltage may be observed and the operating
conditions varied until minimum frequency
shift results.. The principal factors affecting
dynamic stability will be the tank circuit
L/C ratio, the grid-leak resistance, and the
amount of feedback. In the electron-coupled
circuit the latter may be adjusted by changing
the position of the cathode tap on the tank
coil; this adjustment is quite important in its
effect on the frequency stability.



Drift may be checked by allowing the oscil-
lator to operate continuously from a cold start,
the frequency change being observed at reg-
ular intervals. Drift may be minimized by us-
ing less than the rated power input to the plate
of the tube, by construction which prevents
tube heat from reaching the tank circuit ele-
ments, and by use of large wire in the tank coil
to reduce temperature rise from internal heat-
ing.

In the electron-coupled oseillator having a
tuned plate cireuit (IFig. 401-A) resonance at
the fundamental and harmonic frequencies of
the oscillator portion of the tube will be indi-
cated by a dip in plate current as the plate
tank condenser is varied. This dip should be
rather marked at the fundamental, but will be
less so on harmonic frequencies.

0 14-3 PIEZO-ELECTRIC CRYSTALS

Characteristics — Piezo-electric crystals
(§ 2-10) are universally used for eontrolling
the frequency of transmitting oscillators be-
cause the extremely high @ of the crystal and
the necessarily loose coupling between it and

the oscillator tube make the frequency stabil- -

ity of a erystal-controlled oscillator very high.
Active plates may be cut from a raw crystal at
various angles to its electrical, mechanical and
optical axes, resulting in differing characteris-
tics as to thickness, frequency-temperature
coefficient, power-handling capabilities, etc.
The commonly used cuts are designated as
X, Y, AT, V, and LD.

The ability to adhere closely to a known fre-
quency is the outstanding characteristic of a
crystal oscillator. This is also its disadvan-
tage, in that the oscillator frequency can be
changed appreciably only by using a number
of crystals.

Frequency-thickness ratio — Crystals
used for transmitting purposes are so cut
that the thickness of the crystal is the fre-
quency-determining factor, the length and
width of the plate being of relatively minor im-
portance. For a given crystal cut, the ratio
hetween thickness and frequency is a con-
stant; that is,

k

F=T

where F is the frequency in megacycles and ¢
is the thickness of the crystal in thousandths
of an inch. For the X-cut, & = 112.6; for the
Y-cut, k = 77.0; for the AT-cut, k = 66.2.
. At frequencies above the 7-Me. region the
crystal becomes very thin and correspondingly
fragile, so that crystals are seldlom manufac-
tured for operation mueh above this frequency.
Direct crystal control on 14 and 28 Mec. is se-
cured by use of “harmonic’’ crystals, which
are ground to be active oscillators when ex-
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cited at the third harmonic of the frequency
represented by their thickness.

Temperature coefficient of frequency —
The resonant frequency of a crystal will vary
with its temperature, to an extent depending
upon the type of cut. The frequency-tempera-
ture coefficient is usually expressed in cycles
frequency change per megacycle, per degree
Centigrade temperature change, and may be
either positive (increasing frequency with in-
creasing temperature) or negative (decreasing
frequency with increasing-temperature). X-cut
crystals have a negative coefficient of 15 to 25
cycles/megacycle/degree C. The coefficient of
Y-cut crystals may vary from — 20 cycles/
megacycle/degree C. to + 100 cycles/mega-
cycle/degree C. The AT, V and LD cuts have
very low coeflicients. Y-cut crystals frequently
“jump” to another frequency when the tem-
perature is changed rather than gradually
changing frequency as the nominal coefficient
might indicate, and hence are rather unre-
liable under temperature variations.

The temperature of a crystal depends not
only on the temperature of its surroundings
but also on the power it must dissipate while
oscillating, since power dissipation causes
heating (§ 2-6, 2-8). Consequently the crystal
temperature may be considerably above that
of the surrounding air when the oscillator is in
operation. To minimize heating and frequency
drift (§ 3-7) the power used in the crystal must
be kept to & minimum.

Power limitations — If the crystal is made
to oscillate too strongly, as when it is used in
an oscillator circuit with high plate voltage
and excessive feedback, the amplitude of the
mechanical vibration will become great enough
to crack or puncture the quartz. An indication
of the vibration amplitude can be obtained by
connecting an r.f. current indicating device of
suitable range in series with the crystal. Safe
r.f. erystal currents range from 50 to 200 mil-
liamperes, depending upon the type of cut. A
flashlight bulb or dial light of equivalent cur-
rent rating makes a good current indicator. By
choosing a bulb of lower rating than the cur-
rent specified by the manufacturer as sale [or
the particular type of crystal used, the bulb
will serve as a fuse, burning out before a cur-
rent dangerous to the erystal is reached. The
60-ma. and 100-ma. bulbs are frequently used
for this purpose. High crystal current is ac-
companied by increased power dissipation and
heating, so that the frequency change also is
greatest when the crystal is overloaded.

Crystal mountings — To make use of the
erystal, it must be mounted between two metal
electrodes. There are two types of mountings,
one having a small air-gap between the top
plate and the crystal and the other maintaining
both plates in contact with the crystal. It is es-
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sential that the surfaces of the metal plates in
contact with the crystal be perfectly flat. In
the air-gap type of holder; the.frequency of
oscillation depends to some extent upon the
size of the gap. This property can be used to
advantage with most low-drift crystals so that
by using a holder having a top plate with
closely adjustable spacing a controllable fre-
quency variation can be obtained. A 3.5-Mec.
crystal will oscillate without very great vari-
ation in power output over a range of about 5
ke. X- and Y-cut crystals are not generally
suitable for this type of operation because they
have a tendency to “jump” in frequency with
different air gaps.

A holder having a heavy metal bottom plate
with a large surface exposed to the air is ad-
vantageous in radiating quickly the heat gen-
erated in the crystal and thereby reducing
temperature effects. Different plate sizes,
pressures, etc., will cause slight changes in
frequency, so that if a crystal is being ground
to an exact frequency it should be tested in the
holder and with the same oscillator circuit with
which it will be used in the transmitter.

0 4-14 CRYSTAL OSCILLATORS

Triode oscillators — The triode crystal os-
cillator circuit (§ 3-7) is shown in Fig. 403.
The limit of plate voltage that can be used
without endangering the crystal is about 250
volts. With the r.f. erystal current limited to a
safe value of about 100 ma., the power output
obtainable is about 5 watts. The oscillation
frequency is dependent to some extent on the
plate tank tuning because of the change in in-
put capacity with changes in effective ampli-
fication (§ 3-3).

Tetrode and pentode oscillators — Since
the power output of a crystal oscillator is lim-
ited by the permissible r.f. crystal current
(§ 4-3), it is advantageous to use an oscillator
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Fig. 403 — Triode crystal oscillator. The tank con-
denser Ci may be a 100-uufd. variable, with L propor-
tioned so that the tank will tune to the érystal frequency.
Ca should be 0.001 ufd. or larger. The grid leak, Rj,
will vary with the type of tube; high-u types take lower
values, 2500 to 10,000 ohms, while medium and lowu
types take values of 10,000 to 25,000 ohms. Flashlight
bulb or r.f. milliammeter (§ 4-3) may be inserted at X.
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tube of high power sensitivity (§ 3-3), such as
a pentode or beam tetrode (§ 3-3). Thus for a
given crystal voltage or current more power
output may be obtained than with the triode
oscillator, or for a given output the crystal
voltage will be lower, thereby reducing crystal
heating. In addition, tank circuit tuning and
loading react less on the crystal frequency be-
cause of the lower grid-plate capacity (§ 3-3).

Fig. 404 shows a typical pentode or tetrode
oscillator circuit. The pentode and tetrode
tubes designed for audio power work are ex-
cellent ecrystal-oscillator tubes. The screen
voltage is generally of the order of half the
plate voltage for optimum operation. Small
tubes rated at 250 volts for audio work may be
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Fig. 404 —Tectrode or pentode crystal oscillator.
Typieal values: Ci, 100 uufd. with L wound to suit fre-
quency; Cg, C3, 0.001 ufd. or larger; Ci, 0.01 ufd.; Ry,
10,000 to 50,000 ohmis, best value being determined by
trial for the plate voltage and operating conditions
chosen; Rz, 250 to 400 ohms. Rz and Cs may be omitted,
connecting cathode directly to ground, if plate voltage is
limited to 250 volts. Cs (if needed) may be formed by
two meta. plates about }4 inch square spaced about 1
inch. If the tube has a suppressor grid, it shonld be
grounded. X indicatcs point where flashlight bulb may
be inserted (§ 4-3).

operated with 300 volts on the plate and
100~125 on the screen as crystal oscillators.
The screen is at ground potential for r.f. and
has no part in the operation of the circuit
other than to set the operating characteristics
of the tube. The larger beain tubes may be
operated at 400 to 500 volts on.the plate and
250 on the screen for maximum output.

Pentode oscillators operating at 250 to 300
volts will give 4 or 5 watts output under nor-
mal conditions. The beam types 6L6 and 807
will give 15 watts or more at maximum plate
voltage.

The grid-plate capacity may be too low to
give sufficient feedback, particularly at the
lower frequencies, in which case a feedback
condenser, C5, may be required. Its capacity
should be the lowest value which will give
stable oscillation.

Circuit constants — Typical values for
grid-leak resistance and by-pass condenser
values are given in Figs. 403 and 404. Since the



Fig. 405 — D.c. plate
current vs. plate tuning
capacity with the triode,
tetrode or pentode crystal
oscillator.

PLATE CURRENT

ML TUNING CAPACITY MNP

crystal is the frequency-determining element,
the @ of the plate tank circuit has a relatively
minor effect on the oscillator frequency. A Q
of 12 (§ 4-8) is satisfactory for average condi-
tions, but departure from this figure will not
greatly affect the performance of the oscillator.

Adjustment of crystal oscillators — The
tuning characteristics and procedure to be fol-
lowed in tuning are essentially the same for
triode, tetrode or pentode crystal oscillators.
Using a plate milliammeter as an indicator
of oscillation {(a 0-100 ma. d.c. meter will have
ample range for all low-power oscillators), the
plate current will be found to be steady when
the circuit is in the non-oscillating state, but
will dip when the plate condenser is tuned
through resonance at the crystal frequency.
Fig. 405 is typical of the behavior of plate cur-
rent as the tank condenser capacity is varied.
An rf. indicator, such as a small neonbulb
touched to the plate end of the tank coil, will
show maximum at point A. However, when the
oscillator is delivering power to a load it is best
to operate in the region B-C, since the oscillator
will be more stable and there is less likelihood
that a slight change in loading will throw the
circuit out of oscillation, which is likely to hap-
pen when operation is too near the critical
point, A. The crystal current is lower in the
B-C region.

When power is taken from the oscillator, the
dip in plate current is less pronounced, as in-
dicated by the dotted curve. The greater the
power output the smaller the dip in plate cur-
rent. If the load is made too great, oscillations
will not start. Loading is adjusted by varying
the coupling to the load circuit (§ 2-11).

The greater the loading, the smaller the valt-
age fed back to the grid circuit for excitation
purposes. This means that the r.f. voltage
across the crystal also will be reduced, hence
there is less crystal heating when the oscillator
is delivering power than when operating un-
loaded.

Failure of a crystal circuit to oscillate may
be caused by any of the following:

1. Dirty, chipped or fractured crystal

2. Imperfect or unclean holder surfaces

3. Too tight coupling to load

4. Plate tank circuit not tuning correctly

5. Insufficient feedback capacity

Pierce oscillator — This circuit is shown in
Fig. 406. It is equivalent to the ultraudion cir-
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cuit (§3-7) with the crystal replacing the
tuned circuit. The output of the Pierce oscil-
lator is relatively small, although it has the ad-
vantage that no tuning controls are required.
The circuit requires capacitive coupling to a
following stage. The amount of feedback is de-
termined by the condenser (3. To sustain
oscillation the net reactance (§2-8) of the
plate-cathode circuit must be capacitive; this
condition is met so long as the inductance of
the r.f. choke, together with the inductance
of any coils associated with the input circuit

200 = 300
VOoLTS

Fig. 406 — Pierce oscillator circuit. Tubes such as the
5C5 and 6F6 are suitable, operating at plate voltages
not exceeding 300 to prevent crystal fracture. When a
triode is used, Ra and Cs are omitted. Ri should be
25,000 to 50,000 ohms. 1000 ohms is recommended for
Rz. Ra is the screen voltage dropping resistance (75,000
ohms for the 6F6). Ci may have any value between
0.001 and 0.01 xfd. Cs and C4 should be 0.01 ufd. Co,
the regeneration capacity, must be determined by ex-
periment; usual values are between 50 and 150 uufd.
The capacity of Cs, usually 100 uufd., should be ad-
justed so that the oscillator is not overloaded.

of the following stage and the tube and stray
capacities, forms a circuit tuned to a lower
frequency than that of the crystal.

04-5 HARMONIC-GENERATING
CRYSTAL OSCILLATORS

Tri-tet oscillator — The Tri-tet oscillator
circuit is shown in Fig. 407, In this circuit the
screen grid is operated at ground potential
and the cathode at an r.f. potential above
ground. The screen-grid acts as the anode of a
triode erystal oscillator, while the plate or out-
put circuit is tuned to the oscillitor frequency
or, for harmonic output, to a multiple of it.

Besides harmonic output, the Tri-tet circuit
has the ““buffering’’ feature of electron-coup-
ling between crystal and output circuits
(§ 4-2). This makes the crystal frequency less
susceptible to changes in loading or tuning and
hence improves the stability.

If the output circuit is to be tuned to the
same frequency as the crystal, a tube having
low grid plate capacity (§ 3-2, 3-5) must be
used, otherwise there may be excessive feed-
back and danger of fracturing the crystal.

The cathode tank circuit, LiC}, is not tuned
to the frequency of the crystal, but to a con-
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Fig. 407 — Tri-tet oscillator cirenit, using pentodes
(A) or beam tetrodes (B). G and Cz, 200-pufd. vari-
able; Ca, Ca, Cs, Cs, 0.001 to 0.01 ufd., not critical;
Ri, 20,000 to 100,000 ohms; Re, 400 ohms for 400- or
500-volt operation,

Following specifications for cathode coils, L., are
based on a coil diameter of 134 inches and length 1 inch;
turns should be spaced evenly to fill the required length.
For 1.75-Mc. crystal, 32 turns; 3.5 Mec., 10 turns, 7
Me., 6 turns, ‘I'he screen should be operated at 250 volts
or less. Audio beam tetrodes such as the 61.6 and 61.6G
should be used only for second-harmonic output. Flash-
light bulb may be inserted at X (§ 4-3).

The L-C ratio in the plate tank, L2Csz, should be
adjusted so that the capacity in use is 75 to 100 uufd.
for fundamental output and about 25 uufd. for second
harmonic output.

siderably higher frequency. Recommended
values for Ly are given under the diagram. Cy
should be set-as near minimum capacity as is
consistent with good output. This reduces the
erystal voltage.

With pentode-type tubes having separate
suppressor connections, the suppressor may be
connected directly to ground or may be oper-
ated at about 50 volts positive. The latter
method will give somewhat higher output than
with the suppressor connected to ground.

With transmitting pentodes or beam tubes
operated at 500 volts on the plate an output of
15 watts can be obtained on the fundamental
and very nearly as much on the second har-
monic.

Grid-plate oscillator — In the grid-plate
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oscillator, Fig. 408, the crystal is connected be-
tween grid and ground and the cathode tuned
circuit CoRFC is tuned to a lower frequency
than that of the crystal. This circuit gives high
output on the fundamental erystal frequency
with low erystal current. The output on even
harmonics (2nd, 4th, ete.) is not as great as
that obtainable with the Tri-tet, but the out-

6V606, 6L6,6L66

-B +5.6 +8

Fig. 408 — Grid-plate erystal oscillator circuit. In
the cathode circuit, RFC is a 2.5-mh. r.f. choke. Other
constants are the same as in Fig. 506. X indicates point
where ecrystal-current indicator may be inserted

(§4-3).

put on odd harmonies (3rd, 5th, ete.) is ap-
preciably better.

If harmonic output is not needed, C2 may be
a fixed capacity of 100 uufd. The cathode coil,
RFC, may be a 2.5-mh. choke, since the in-
ductance is not critical.

Output power of 15 to 20 watts may be ob-
tained at the crystal fundamental with a tube
such as the 6L6G at plate and screen voltages
of 400 and 250, respectively.

Tuning and adjustment — The tuning pro-
cedure for the Tri-tet oscillator is as follows:
With the cathode tank condenser at about
three-quarters scale, turn the plate tank con-
denser until there is a sharp dip in plate cur-
rent, indicating that the plate circuit is in
resonance. The crystal should be oscillating
continuously regardless of the setting of the
plate condenser. Set the plate condenser so
that plate current is minimum. The load cir-
cuit may then be coupled and adjusted so
that the oscillator delivers power. The mini-
mum plate current will rise; it may be neces-
sary to retune the plate condenser when the
load is coupled to bring the plate current to a
new minimum. Fig. 409 shows the typical be-
havior of plate current with plate-condenser
tuning.

After the plate circuit is adjusted and the
oscillator is delivering power, the cathode
condenser should be readjusted to obtain
optimum power output. The setting should be
as far toward the low-capacity end of the scale
as is cousistent with good output; it may, in



Fig. 409 — D.c. plate
current vs, plate tuning
capacity with the Tri-tet
oscillator.

PLATE CURRENT

TUNING CAPACITY

fact, be desirable to sacrifice a little output if
s0 doing reduces the current through the crys-
tal and thus reduces heating.

For harmonic output the plate tank circuit
is tuned to the harmonic instead of the funda-
mental of the crystal frequency. A plate-cur-
rent dip will oecur at the harmonic. If the
cathode eondenser is adjusted for maximum
output at the harmonie, this adjustment will
usually serve for the fundamental as well. The
erystal should be ehecked for evidence of ex-
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C
IREW
RFC
=
T
<C) +8B N -c
AMP

-C

/eaclio-jre uenc ower eneralt'on
9 7

cessive heating, the most effective remedy for
which is to lower the plate and /or sereen volt-
age, or to reduce the loading. With this circuit
maximum r.f. voltage across the crystal is de-
veloped at maximum load so crystal heating
should be checked with the load coupled.
When a fixed cathode condenser is used in
the grid-plate oscillator the plate tank circuit is
simply resonated, as indicated by the plate-
current dip, to the fundamental or a harmonic
of the output frequency, loading being ad-
justed to give optimum power output. If the
variable cathode condenser is used, it should be
set to give, by observation, the maximum
power output consistent with safe crystal cur-
rent. The variable eondenser is chiefly useful in
inereasing the output on the third and higher
harmonics; for fundamental operation the

cathode capacity is not critical and the fixed

c AmP
C%

!

-C

AMP

condenser may be used.

DRIVER
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+8

®

DRIVER

Q) K 2

Fig. 410 — Direct- or capacity-coupled driver and amplifier stages. Coupling condenser capacity may be from
50 uufd. to 0.002 ufd., not critical except when tapping the coils for control of excitation is not possible. Parallel
plate feed to the driver and series grid feed to the amplifier may be substituted in any of the circuits (§ 3-7).
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0 14-6 INTERSTAGE COUPLING

Requirements — The purpose of the inter-
stage coupling system is to transfer, with as
little energy loss as possible, the power devel-
oped in the plate circuit of one tube (the driver)
to the grid circuit of the following amplifier
tube or frequency multiplier. The circuits in
practical use are based on the fundamental
coupling arrangements described-in § 2-11. In
the process of power transfer, impedance trans-
formation (§ 2-9) also is frequently necessary
so that the proper exciting voltage and current
will be available at the grid of the driven tube.

Capacity coupling — Fig. 410 shows several
types of capacitive coupling. In each case, C
is the eoupling condenser. The coupling con-
denser serves also as a blocking condenser
(§ 2-13) to isolate the d.c. plate voltage of the
driver from the grid of the amplifier. The cir-
cuits of C and D are preferable when a bal-
anced circuit is used in the output of the
driver; instead of both tubes being in parallel
aeross one side, the output capacity of the
driver tube and the input capacity of the am-
plifier are across opposite sides of the tank
circuit, thereby preserving a better circuit bal-
ance. The circuits of E and F are designed for
coupling to a push-pull stage.

In A, B, E and F, excitation is adjusted by
moving the tap on the coil to provide an opti-
mum impedance match. In E and F, the two
grid taps should be maintained equidistant
from the center-tap on the coil.

While capacitive coupling is simplest from
the viewpoint of construction, it has certain
disadvantages. The input capacity of the am-
plifier is shunted across at least a portion of the
driver tank coil. When added to the output
capaeity of the driver tube, this additional ca-
paeity may be sufficient, in many cases, to
prevent use of a desirable L/C ratio in circuits
for frequencies above about 7 Mec.

Link coupling — At the higher frequencies
it is advantageous in reducing the effects of
tube capacities on the L/C ratio to use separate
tank circuits for the driver plate and amplifier
grid, coupling the two circuits by means of a
link (§2-11). This method of coupling also
has some constructional advantages, in that
separate parts of the transmitter may be con-
structed as separate units without the neces-
sity for running long leads at high r.f. potential.

Circuits for link coupling are shown in Fig.
411. The coupling ordinarily is by a turn or
two of wire closely coupled to the tank induct-
ance at a point of low r.f. potential such as the
center of the coil of a balanced tank circuit, or
the “ground” end of the coil in a single-ended
eircuit. The link line usually consists of two
closely-spaced parallel wires; occasionally the
wires are twisted together, but this usually
causes undue losses at high frequencies.
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Fig. 411 — Link coupling between driver and ampli-
er.

It is advisable to have some means of vary-
ing the coupling between link and tank coils.
The link coil may be arranged to be swung in
relation to the tank coil or, when it consists of
a large turn around the outside of the tank eoil,
can be split into two parts which can be pulled
apart or closed somewhat in the fashion of a
pair of calipers. If the tank coils are wound on
forms, the link may be wound close to the main
coil.

With fixed coils, some adjustment of coup-
ling can usually be obtained by varying the
number of turns on the link. In general the
proper number of turns for the link must be
found by experiment.

e 14-7 R.F. POWER AMPLIFIER
CIRCUITS

Tetrode and pentode amplifiers— When
the input and output circuits of an r.f. ampli-
fier tube are tuned to the same frequency, it
will oscillate as a tuned-grid tuned-plate oscil-
lator unless some means is provided to elimi-
nate the effects of feedback through the plate-
to-grid capacity of the tube (§ 3-5). In all
transmitting r.f. tetrodes and pentodes, this
capacity is reduced to a satisfactory degree by
the internal shielding between grid and plate
provided by the screen. Tetrodes and pentodes



designed for audio use (such as the 6L6, 6V6,
6F6, etc.) are not sufficiently well screened for
use as r.f. amplifiers without employing addi-
tional means for nullifying the effect of the
grid-plate capacity.

Typical circuits of tetrode and pentode r.f.
amplifiers are shown in Fig. 412, The high
power sensitivity (§ 3-3) of pentodes and tet-
rodes, however, makes them prone to self-
oscillate with very small values of feedback
voltage, so that particular care must be used
to prevent feedback by means external to the
tube itself. This calls for adequate isolation of
plate and grid tank circuits to prevent unde-
sired magnetic or capacity coupling between
them. The requisite isolation can be secured
by keeping the circuits well separated and
mounting the coils so that magnetic coupling
is minimized, or by shielding (§ 2-11).

Triode amplifiers — The feedback through
the grid-plate capacity of a triode cannot be
eliminated in the tube itself, and therefore
special circuit means, called neutralization,
must be used to prevent oscillation. A prop-
erly-neutralized triode amplifier then behaves

LA
%‘:gzp//hy
Bias. Output
circuits

+SCREEN +SUPP: "“ v
VOLTAGE vOLY

SINGLE -TUBE OR PARALLEL

+5UP +5CR
V. v

™

PUSH-PULL

Fig. 412 — Tetrode-pentode r.f. amplifier circuits.
g;:a— 0.01 ufd.; C2 — 0.001 ufd. or larger; Cs-L — see

In circuits for tetrodes, the suppressor-grid connec-
tion and by-pass condenser are omitted.

paJio-grequency power generafion

as though it were operating at very low fre-
quencies where the grid-plate capacity feed-
back is negligible (§ 3-3).

Neutralization — Neutralization amounts
to taking some of the radio-frequency current
from the output or input circuit of the am-

. plifier and introducing it into the other circuit

in such a way that it effectively cancels the
current flowing through the grid-plate capacity
of the tube, thus rendering it impossible for the
tube to supply its own excitation. For com-
plete neutralization it is necessary that the two
currents be opposite in phase (§ 2-7) and equal
in amplitude.

The out-of-phase current (or voltage) can be
obtained quite readily by using a balanced
tank circuit in either grid or plate, taking the
neutralizing voltage from the end of the tank
opposite that to which the grid or plate is
connected. The amplitude of the neutralizing
voltage can be regulated by means of a small
condenser, the neutralizing condenser, having
the same order of capacity as the grid-plate
capacity of the tube. Circuits in which the
neutralizing voltage is obtained from a bal-
anced grid tank and fed to the plate through
the neutralizing condenser are termed grid-
neutralized circuits, while if the neutralizing
voltage is obtained from a balanced plate tank
and fed to the grid of the tube, the circuit is
plate-neutralized.

Plate-neutralized circuits — The circuits
for plate neutralization are shown in Fig. 413
at A, B and C. In A, voltage induced in the
extension of the tank coil is fed back to the
grid through the neutralizing condenser C, to
balance the voltage appearing between grid
and plate. In this circuit the capacity required
at C, increases as the tank coil extension is
made smaller; in general, neutralization is sat-
isfactory over only a small range of frequencies
since the coupling between the two sections of
the tank coil will vary with the amount of
capacity in use at C.

In B the tank coil is center-tapped to give
equal voltages on either side of the center tap,
the tank condenser being across the whole coil.
The neutralizing capacity is approximately
equal to the grid-plate capacity of the tube in
this case. A disadvantage of the circuit, when
used with the single tank condenser shown, is
that the rotor of the condenser is above ground
potential and hence small capacity changes
caused by bringing the hand near the tuning
control (hand capacity) cause detuning. In gen-
eral, neutralization is complete at only one
frequency since the plate-cathode capacity of
the tube is across only half the tank coil; also,
it is difficult to secure an exact center-tap. Both
these cause unbalance which in turn causes the
voltages across the two halves of the coil to
differ when the frequency is changed.
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Fig. 413 — Triode amplifier circuits. Plate neutralization is shown in A, B and C; D, E and F show types of
grid neutralization. Either capacitive or link coupling may be used with circuits of A, B or C.

C-L — See §4-8.
Ca-Lg — Grid tank circuit.
Cn — Neutralizing condensers.

The circuit of C also uses a center-tapped
tank circuit, the voltage division being secured
by use of a balanced (split-stator) tank con-
denser, the two condenser sections being iden-
tical. Ca is approximately equal to the grid-
plate capacity of the tube. In this circuit the
upper section of the tank condenser is in paral-
lel with the output capacity of the tube, hence
the circuit can be completely neutralized at
only one setting of the tank condenser unless a
compensating capacity (Fig. 414) is connected
across the lower section. In practice, if the ca-
pacity in use in the tank circuit is large com-
pared to the plate-cathode capacity the unbal-
ancing effect is not serious.

Grid-neutralized circuits — Typical cir-
cuits employing grid neutralization are shown

Fig. 414 — Compensating for capacity unbalance in
the single-tube neutralizing circuit. C:, the balancing
capacity, should be variable and should have a maxi-
mum capacity somewhat larger than the output ca-
pacity of the tube. It is adjusted to minimize shift in
neutralizing capacity at Cu as the frequency is changed.
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C1—0.01 nfd.
C2 — 0.001 .fd. or larger.

in Fig. 413 at D, E and F. The principle of bal-
ancing out the feed-back voltage is the same as
in plate neutralization. However, in these cir-
cuits the fed-back voltage may either be in
phase or out of phase with the excitation volt-
age on the grid side of the input tank circuit
(and the opposite on the other side) depending
upon whether the tank is divided by means of
a balanced condenser or a tapped coil. Cir-
cuits such as those at D and E neutralized by
ordinary procedure (described below) will be
regenerative when the plate voltage is applied;
the circuit at F will be degenerative. In addi-
tion, the normal unbalancing effects described
in the preceding paragraph are present, so that
grid neutralizing is less satisfactory than the
plate method.

Inductive neutralization — With this type
of neutralization inductive coupling between
the grid and plate circuits is provided in such a
way that the voltage induced in the grid coil by
magnetic coupling from the plate coil opposes
the voltage fed back through the grid-plate
capacity of the tube, A representative circuit
arrangement, using a coupling link to provide
the mutual inductance (§2-11) is shown in
Fig. 415. Ordinary inductive coupling between
the two coils also could be used, but is less con-
venient. Inductive neutralization is complete
at only one frequency, since the effective mu-
tual inductance changes to some extent with
tuning, but is useful in cases where the grid-
plate capacity of the tube being neutralized is
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Fig. 415 — Inductive neutralizing circuit. The link
coils should have one or two turns and should be coupled
to the grounded ends of the tank coils. Neutralization is
adjusted by moving the link coils in relation to the tank

coils. Reversal of connections to one of the coils may be
required to obtain the proper phasing.
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very small and suitable circuit balance cannot
be obtained with circuits using neutralizing
condensers,

Push-pull neutralization — With push-
pull circuits two neutralizing condensers are
used as shown in Fig. 416. In these circuits the
grid-plate capacities of the tubes and the neu-
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Fig. 416 — Push-pull triode amplifier circuits with
“cross-neutralization.” Either capacitive or link cou-
pling may be used.

C-L — See §4-8.
Co — Neutralizing condensers.
C1 — 0.01 nfd.

Ca — 0.001 ufd. or larger.
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tralizing capacities form a capacity bridge
(§ 2-11) which is independent of the grid and
plate tank circuits. The neutralizing capacities
are approximately the same as the tube grid-
plate capacities. With electrically similar tubes
and symmetrical construction (stray capacities
to ground equal on both sides of the circuit)
the neutralization is complete and independent
of frequency. A circuit using a balanced con-
denser, as at B, is preferred since it is an aid
in obtaining good circuit balance.

Frequency effects — The effects of slight
dissymmetry in a neutralized circuit become
more important as the frequency is raised, and
may be sufficient at ultra-high frequencies (or
even lower) to prevent good neutralization. At
these frequencies the inductances and stray
capacities of even short leads become impor-
tant elements in the circuit, while input load-
ing effects (§ 7-6) may make it impossible to
get proper phasing, particularly in single-tube
circuits. In such cases the use of a push-pull
amplifier, with its general freedom from the
effects of dissymmetry, is not only much to be
preferred but may be the only type of circuit
which can be satisfactonily neutralized.

Neutralizing condensers— In most cases
the neutralizing voltage will be equal to the
r.f. voltage between the plate and grid of the
tube so that for perfect balance the capacity
required in the neutralizing condenser theoret-
ically will be equal to the grid-plate capacity.
If, in the circuits having tapped tank coils, the
tap is more than half the total number of turns
from the plate end of the coil, the required neu-
tralizing capacity will increase approximately
in proportion to the relative number of turns in
the two sections of the coil.

With tubes having grid and plate con-
nections brought out through the bulb, a con-
denser having at about half-scale or less a ca-
pacity equal to the grid-plate capacity of the
tube should be chosen. If the grid and plate
leads are brought through a common base, the
capacity needed is greater because the tube
socket and its associated wiring adds some ca-
pacity to the actual inter-element capacities.

Wlen {wo or more tubes arc connected in
parallel, the neutralizing capacity required
will be in proportion to the number of tubes.

The voltage rating of neutralizing con-
densers must at least equal the r.f. voltage
across the condenser plus the sum of the d.c.
plate voltage and the grid-bias voltage.

Neutralizing procedure — The procedure
in neutralizing is essentially the same for all
tubes and circuits. The filament of the tube
should be lighted and the excitation from the
preceding stage should be fed to the grid cir-
cuit. There should be no plate voltage on the
amplifier.

The grid-circuit milliammeter makes a good
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neutralizing indicator. If the circuit is not com-
pletely neutralized, tuning of the plate tank cir-
cuit through resonance will change the tuning of
the grid circuit and affect its loading, causing a
change in the rectified d.c. grid current. The
setting of the neutralizing condenser which
leaves the grid current unaffected as the plate
tank is tuned through resonance is the correct
one. If the circuit is out of neutralization, the
grid current will drop perceptibly as the plate
tank is tuned through resonance. As the point
of neutralization is approached, by adjusting
the neutralizing capacity in small steps, the dip
in grid current as the plate condenser is swung
through resonance will become less and less
pronounced until, at exact neutralization, there
will be no dip at all. Further change of the neu-
tralizing capacity in the same direction will
bring the grid-current dip back. The neutraliz-
ing condenser should always be adjusted with
a screwdriver of insulating material to avoid
hand-capacity effects.

Adjustment of the neutralizing condenser
may affect the tuning of the grid tank or driver
plate tank, so both' eireuits shom:etuned
each time & change is made in tralizing
capacity. In neutrslizing a push-pull amplifier,
the neutralizing condensers should be adjusted
together, step by step, keeping their capacities
as equal as possible.

Withsingle-ended circuits having split-stator
neutralizing, the behavior of the grid meter
will depend somewhat upon the type of tube
used. If the tube output capacity is not great
enough to upset the balance, the action of the
meter will be the same as in other circuits.
With high-capacity tubes, however, the meter
usually will show a gradual rise and fall as the
plate tank is tuned through resonance, reach-
ing a maximum right at resonance when the
circuit is properly neutralized.

When an amplifier is not neutralized, a neon
bulb touched to the plate of the amplifier tube
or to the plate side of the tuning condenser
will glow when the tank circuit is tuned
through resonance, providing the driver has
sufficient power. The glow will disappear when
the amplifier is neutralized.

However, touching the neon bulb to such
an ungrounded point in the circuit may intro-
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duce enough stray capacity to unbalance the
circuit slightly, thus upsetting the neutralizing.

A flashlight bulb connected in series with =
single-turn loop of wire 214 or 3 inches in
diameter, with the loop coupled to the tank
coil, will also serve as a neutralizing indicator.
Capacitive unbalance can be avoided by
coupling the loop to the low-potential part of
the tank coil.

Incomplete neutralization — If a setting
of the neutralizing condenser can be found
which gives minimum r.f. current in the plate
tank circuit without completely eliminating it,
there may be magnetic or capacity coupling
between the input and output circuits external
to the tube itself. Short leads in neutralizing
circuits are highly desirable, and the input
and output inductances should be so placed
with respect to each other that magnetic
coupling is minimized. Usually this requires
that the axes of the coils should be at right
angles to each other. In some cases it may be
necessary to shield the input and output cir-
cuits from each other. Magnetic coupling can
be detected by disconnecting the plate tank
from the remainder of the circuit and testing
for r.f. in it (by means of the flashlight lamp
and loop) as the tank condenser is tuned
through resonance. The driver stage must be
operating, of course.

With single-ended amplifiers there are many
stray capacities left uncompensated for in the
neutralizing process. With large tubes, espe-
cially those having relatively high interelec-
trode capacities, these commonly neglected
stray capacities can prevent perfect neutraliza-
tion. Symmetrical arrangement of a push-pull
amplifier is about the only way to obtain
practically perfect balance throughout the am-
plifier.

The neutralization of tubes with extremely
low grid-plate capacity, such as the 616, is
often difficult, since it frequently happens that
the wiring itself will introduce sufficient ca-
pacity between the right points to “over-
neutralize’’ the grid-plate capacity. The use
of _a neutralizing condenser only aggravates
the condition. Inductive or link neutralization
as shown in Fig. 415 has been used successfuliy
with such tubes.

Fig. 417 — Inverted amplificr. The number of
turns at L should be adjusted by experiment to
give optimum grid excitation to the amplifier.
By.pass condenser C may be 0.001 ufd. or larger.




The inverted amplifier — The circuit of
Fig. 417 avoids the necessity for neutralization
by operating the control grid of the tube at
ground potential, thus making it serve as a
shield between the input and output circuits.
It is particularly useful with tubes of low
grid-plate capacity which are difficult to neu-
tralize by ordinary methods. Excitation is ap-
plied between grid and cathode through the
coupling coil L; since this coil is common to
both the plate and grid circuits the amplifier
is degenerative with the circuit constants
normally used, hence more excitation voltage
and power are required for a given output than
is the case with a neutralized amplifier. The
tube used must have low plate-cathode ca-
pacity (of the order of 1 wufd. or less) since
larger values will give sufficient feedback to
permit it to oscillate, the circuit then becom-
ing the ultraudion (§ 3-7). Tubes having suf-
ficiently low plate-cathode capacity (audio
pentodes, for example) can be used without
danger of oscillation at frequencies up to 30
Me. or so.

0 4-8 POWER AMPLIFIER OPERATION

Efficiency — An r.f. power amplifier is
usually operated Class-C (§ 3-4) to obtain a
reasonably-high value of plate efficiency
(§ 3-3). The higher the plate efficiency the
higher the power input that can be applied to
the tube without exceeding the plate dissipa-
tion rating (§ 3-2), up to the limits of other
tube ratings (plate voltage and plate current).

Plate efficiencies of the order of 759, are read--

ily obtainable at frequencies up to the 30-60
megacycle region. The overall efficiency of the
amplifier will be lower by the percentage of
power lost in the tank and coupling circuits, so
that the actual efficiency is less than the plate
. efficiency.

Operating angle — The operating angle is
the proportionate part of the exciting grid-
voltage cycle (§ 2-7) during which plate cur-
rent flows, as shown in Fig. 418. For Class-C
operation it is usually in the vicinity of 120-
150 degrees which, with other operating con-
siderations, resuits in an optlmum relation-
ship between plate efficiency and grid driving
power.

Load impedance — The load impedance
(§ 3-3) for an r.f. power amplifier is adjusted,
by tuning the plate tank circuit to resonance,
to represent a pure resistance at the operating
frequency (§ 2-10). Its value, which is usually
in the neighborhood of a few thousand ohms, is
adjusted by varying the loading on the tank
circuit, closer coupling to the load giving lower
values of load resistance and vice versa
(§ 2-11). The load may be either the grid cir-
cuit of a following stage or the antenna circuit.

For highest efficiency the value of load re-
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sistance should be relatively high, but if only
limited excitation voltage is available greater
power output will be secured by using a lower
value of load resistance. The latter adjustment
is accompanied by a decrease in plate effi-
ciency. The optimum load resistance is that
which, for the maximum permissible peak
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Fig. 418 — Instantaneous voltages and cuoffents in
a Class-C amplifier operating under optimum conditions.

plate current, causes the minimum ginstan-
taneous plate voltage (Fig. 418) to be equal to
the maximum instantaneous grid voltage re-
quired to cause the peak plate current to flow;
this gives the optimum ratio of plate effi-
ciency to required grid driving power.

R.f. grid voltage and grid bias — For most
tubes optimum operating conditions result
when the minimum instantaneous plate volt-
age is 109 to 209, of the d.c. plate voltage, so
that the maximum instantaneous positive grid
voltage must be approximately the same figure.
Since plate current starts flowing when the
instantaneous voltage reaches the cut-off value
(§ 3-2), the d.c. grid voltage must be consid-
erably higher than cut-off to confine the operat-
ing angle to 150 degrees or less (with grid bias
at cut-off the angle would be 180 degrees). For
an angle of 120 degrees the r.f. grid voltage
must reach 509% of its peak value (§ 2-7) at
the cut-off point. The corresponding figure for
an angle of 150 degrees is 25%. Hence the op-
erating bias required is the cut-off value plus
259, to 509, of the peak r.f. grid voltage. These
relations are shown in Fig. 418. The grid bias
should be at least twice cut-off if the amplifier
is to be plate modulated so that the operating
angle will not beless than 180 degrees when the
plate voltage rises to twice the steady d.c.
value (§ 5-3). Because of their relatively high
amplification factors, with most modern tubes
Class-C operation requires considerably more
than twice cut-off bias to make the operating
angle fall in the region mentioned above.
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Suitable operating conditions are usually
given in the data accompanying the type of
tube used.

Grid bias may be secured either from a bias
source (fized bias), a grid leak (§ 3-6) of suit-
able value, or from a combination of both.
When a bias supply is used, its voltage regula-
tion should be taken into consideration (§ 8-9).

Driving power — As indicated in Fig. 418,
grid current flows only during a small portion
of the peak of the r.f. grid voltage cycle. The
power consumed in the grid circuit is therefore
approximately equal to the peak r.f. grid volt-
age multiplied by the average rectified grid
current as read by a d.c. milliammeter. The
peak r.f. grid voltage, if not included in the
tube manufacturer’s operating data, can be
estimated roughly by adding 109, to 20% of
the plate voltage to the operating grid bias,
assuming the operating conditions are as de-
scribed above.

At frequencies up to 30 Mec. or so the grid
losses are practically entirely those resulting
from grid-current flow. At ultra-high fre-
quencies, howﬁ dielectric losses in the glass
envelope and ¥Pase materials become appre-
ciable, togetherswith losses caused by transit-
time effects (§7-6), and may necessitate
supplying several times the driving power indi-
cated above. At any frequency, the driving
stage should be capable of a power output
two to three times the power it is expected the
grid circuit of the amplifier will consume. This
is necessary because losses in the tank and
coupling circuits must also be supplied, and
also to provide reasonably good regulation of
the r.f. grid voltage. Good voltage regulation
(see § 81 for general definition) insures that
the waveform of the excitation voltage will not
be distorted because of the changing load on
the driver during the r.f. cycle.

Grid impedance — During most of the r.f.
grid voltage cycle, no grid current flows, as
indicated in Fig. 418, hence the grid impedance
is infinite. During the peak of the cycle, how-
ever, the impedance may drop to very low
values (of the order of 1000 chms) depending
upon the type of tube. Both the minimum and
average values of grid impedance depend to a
considerable extent on the amplification factor
of the tube, being lower with tubes having large
amplification factors.

The average grid impedance is equal to E?/P,
where E is the r.m.s. (§ 2-7) value of r.f.
grid voltage and P the grid driving power.
Under optimum operating conditions values of
average grid impedance ranging from 2000 chms
for high-g tubes to four or five times as much
for low-z types are representative. Values in
the vicinity of 4000 to 5000 ohms are typical
of modern triodes with amplification factors
of 20 to 30.

7
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Because of the large change in impedance
during the cycle it is necessary that the tank
circuit associated with the amplifier grid have
fairly high @ so that the voltage regulation
over the cycle will be good. The requisite @
may be obtained by adjusting the L/C ratio
or by tapping the grid circuit across only part
of the tank (§ 4-6).

Tank circuit Q — Besides serving as a
means for transforming the actual load resist-
ance to the required value of plate load im-
pedance for the tube, the plate tank circuit
also should suppress the harmonics present in
the tube output as a result of the non-sinusoidal
plate current (§ 2-7, 3-3). For satisfactory har-
monic suppression a @ of 12 or more (with the
circuit fully loaded) is desirable. A @ of this
order is also helpful from the standpoint of
securing adequate coupling to the load or an-
tenna circuit (§ 2-11). The proper @ can be ob-
tained by suitable selection of L/C ratio in
relation to the optimum plate load resistance
for the tube (§ 2-10).

For a Class-C amplifier operated under opti-
mum conditions as described above, the plate
load impedance is approximately proportional
to the ratio of d.c. plate voltage to d.c. plate
current. For a given effective @, the tank ca-
pacity required at a given frequency will be
inversely proportional to the parallel resistance
(§ 2-10), so that it will also be inversely pro-
portional to the plate-voltage/plate-current
ratio. The capacity required on various ama-

‘teur bands for a @ of 12 is shown in Fig. 419 as

a function of this ratio. The capacity given is
for single-ended tank circuits as shown in Fig.
420 at A and B. When a balanced tank circuit
is used, the total tank capacity required is re-
duced to 14 this value because the tube is con-
nected across only half the circuit (§ 2-9). Thus
if the plate-voltage/plate-current ratio calls for
a capacity of 200 uufd. in a single-ended circuit
at the desired frequency, only 50 uufd. would
be needed in a balanced circuit. If a split-stator
or balanced tank condenser is used, each sec-
tion should have a capacity of 100 pufd., the
total capacity of the two in series being 50
pufd. These are “in use’’ capacities, not simply
the rated maximum capacity of the condenser.
Larger values may be used with an increase in
the effective Q.

To reduce energy loss in the tank circuit the
inherent @ of the coil and condenser should be
high. Since transmitting coils usually have @'s
ranging from 100 to several hundred, the tank
transfer efficiency is generally 909% or more.
An unduly large C/L ratio is not advisable
since it will result in large circulating r.f. tank
current and hence relatively large losses in the
tank, with a consequent reduction in the power
available for the load.

Tank constants — When the capacity nec-
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essary for a @ of 12 has been determined from
Fig. 419, the inductance required to resonate
at the given frequency can be found by means

Fig. 419 — Chart showing tank-capacities required
for “Q” of 12 with various ratios of plate voltage to
plate current for various frequencies. In circuits F, G,
H (Fig. 420), the capacities shown in the graph may be
divided by four. In circuits C, D, E, I, J and K, the
capacity of each section of the split-stator condenser
may be one-half that shown by the graph. Values given
by the graph should be used for circuits A and B.

of the formula in § 2-10. Alternatively, the re-
quired number of turns on coils of various
construction can be found from the charts of
Figs. 421 and 422.

Fig. 421 is for coils wound on receiving-type
forms having a diameter of 114 inches and
ceramic forms having a diameter of 18 inches
and winding length of 3 inches. Such coils
would be suitable for oscillator and buffer
stages where the power is not over 50 watts.
In all cases the number of turns given must be
wound to fit the length indicated and the turns
should be evenly spaced.

Fig. 422 gives data on coils wound on trans-
mitting-type ceramic forms. In the case of the
smallest form, extra curves are given for
double-spacing (winding turns in adternate
grooves). This is sometimes advisable in the
case of 14- and 28-Mec. coils when only a few
turns are required. In all other cases it is as-
sumed that the specified number of turns is
wound in the grooves without any additional
spacing.

Ratings of components — The peak voltage
to be expected between the plates of a tank
condenser depends upon the arrangement of
the tank circuit as well as the d.c. plate voltage.
Peak voltage may be determined from Fig. 420,
which shows all of the commonly used tank-
circuit arrangements. These estimates assume
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Fig. 420 — In circuits A, B, C, D and E, the peak voltage E will be approximately equal to the d.c. plate voltage
applied for c.w. or twice this value for phone. In circuits F, G, H, I, J and K, E will be twice the d.c. plate voltage
for c.w. or 4 times the plate voltage for phone. Circuit is assumed to be fully loaded. Tubes in parallel in any of the
circuits will not affect the peak voltage. Circuits A, C, E, F, G and H require that the tank condenser be insulated
from chaseis or ground and be provided with a suitably insulated shaft coupling for tuning.
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forms, diameter 114 inches. Curve A — winding length,
1 inch; Curve B — winding length, 115 inches; Curve
C — winding length, 2 inches. Curve C is also suitable
for coils wound on 13{-inch diameter ceramic forms
with 3 inches of winding length.

that the amplifier is fully loaded; the voltage
will rise considerably should the amplifier be
operated without load. The figures include a
reasonable factor of safety.

The condenser plate spacing required to
withstand any particular voltage will vary
with the construction. Most manufacturers
specify peak voltage ratings for their condensers.

Plate or screen by-pass condensers of 0.001
ufd. should be satisfactory for frequencies as
low as 1.7 Mc. Cathode-resistor and filament
by-passes in r.f. circuits should be not less than
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Fig. 422 — Coil-winding data for ceramic transmit-
ting-type forms. Curve A — ceramic form 214-inch
effective diameter, 26 grooves, 7 per inch; Curve B —
same as A, but with turns wound in alternate grooves;
Curve C — ceramic form 27%-inch effective diameter,
32 grooves, 7.1 turns per inch, app.; Curve D — ceramic
form 4-inch effective diameter, 28 grooves, 5.85 turns
per inch, app.; Curve E — ceramic form 5-inch effec-
tive diameter, 26 grooves, 7 per inch. Coils may he
wound with No. 12 or No. 14 wire.
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0.01 ufd. Condensers should have voltage rat-
ings 25 to 509, greater than the maximum d.c.
or a.c. voltage across them.

Interstage coupling condensers should have
voltage ratings 50%, to 1009, greater than the
sum of the driver plate and amplifier biasing
voltages.

0 4-9 ADJUSTMENT OF POWER
AMPLIFIERS

Excitation — The effectiveness of adjust-
ments to the coupling between the driver plate
and amplifier grid circuits can be gauged by the
relative values of amplifier rectified grid cur-
rent and driver plate current, the object being
to obtain maximum grid current with minimum
driver loading. The amplifier grid circuit rep-
resents the load on the driver, and the average
grid impedance must be transformed to the
proper value for optimum driver operation
(§ 4-8).

With capacity coupling, either the driver
plate or amplifier grid must be tapped down on
the driver tank coil as shown in Fig. 410 at A
and B unless the grid impedance is approxi-
mately the right value for the driver plate load,
when it will be satisfactory to connect both
elements to the end of the tank. If the grid im-
pedance is lower than the required driver plate
load, Fig. 410-A is used; if higher, Fig. 410-B.
In either case the coupling which gives the
desired grid current with minimum driver load-
ing should be determined experimentally by
moving the tap. Should both plate and grid be
connected to the end of the circuit it is some-
times possible to control the loading, when the
grid impedance is low, by varying the capacity
of the coupling condenser, C, but this method
is not altogether satisfactory since it is simply
an expedient to prevent driver overloading
without giving suitable impedance matching.

In push-pull circuits the method of adjust-
ment is the same, except that the taps should
be kept symmetrically located with respect to
the center of the tank circuit.

With link coupling, Fig. 411, the object of
adjustment is the same. The two tanks are
first tuned to resonance, as indicated by maxi-
mum grid current, and the coupling adjusted
by means of the links (§ 4-6), to give maximum
grid current with minimum driver plate cur-
rent. This will usually suffice to load the driver
to its rated output provided the driver plate
and amplifier grid tank circuits have reasonable
values of Q. If the @ of one or both of the cir-
cuits is too low, it may not be possible to load
the driver fully with any adjustment of link
turns or coupling at either tank. In such a case
the @s of the tank circuits must be increased to
the point where adequate coupling is secured.
If the driver plate tank is designed to have a Q
of 12, the difficulty almost invariably is in the



amplifier grid tank. Its @ can be increased to a
suitable value by adjustment of the L/C ratio
or by tapping the load across part of the coil
(§ 2-10).

Whatever the type of coupling, a preliminary
adjustment should be made with the proper
bias voltage and/or grid leak, but with the
amplifier plate voltage off; then the amplifier
should be carefully neutralized. After neutrali-
zation, the driver-amplifier coupling should be
readjusted for optimum power transfer, after
which plate voltage may be applied and the
amplifier plate circuit adjusted to resonance
and coupled to its load. Under actual operating
conditions the grid current decreases below the
value obtained without plate voltage on the
amplifier and the effective grid impedance
rises, hence the final adjustment is to recheck
the coupling to take care of this shift.

With recommended bias, the grid current
obtained before plate voltage is applied to the
amplifier should be 259%, to 30% higher than
the value required for operating conditions.
If this value is not obtained, and the driver
plate input is up to rated value, the reason may
be either improper matching of the amplifier
grid to the driver plate or simply insufficient
power output from the driver to take care of all
losses. Driver operating voltages should be
checked to assure they are up to rated values.
If batteries are used for bias and are not strictly
fresh, they should be replaced, since batteries
which have been in use for some time often
develop high internal resistance which effec-
tively acts as additional grid-leak resistance.
If a rectified a.c. bias supply is used, the
bleeder or voltage-divider resistances should
be checked to make certain that low grid cur-
rent is not caused by greater grid-circuit re-
sistance than is recommended. In this connec-
tion it is helpful to measure the actual bias
when grid current is flowing, by means of a
high-resistance d.c. voltmeter. There is also
the possibility of loss of filament emission of
the amplifier tube either from prolonged serv-
ice or from operating the filament under or
over the rated voltage.

Plate tuning — In preliminary tuning, it is
desirable to use low plate voltage to avuid
possible damage to the tube. With excitation
and plate voltage applied, rotate the plate tank
condenser until the plate current dips, then set
the condenser at the minimum plate-current
point (resonance). When the resonance point
has been found, the plate voltage may be
increased to its normal value.

With adequate excitation, the off-resonance
plate current of a triode amplifier may be two
or more times the normal operating value.
With screen-grid tubes, the off-resonance plate
current may not be much higher than the nor-
mal operating value since the plate current is
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principally determined by the screen rather
than the plate voltage.

With reasonably efficient operating condi-
tions, the minimum plate current with the
amplifier unloaded will be a small fraction of

3 i-loaded

3 I Fig. 423 — Typical
3 behavior of d.c. plate
o | Unloaded current with tuning of
S = an amplifier.
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the rated plate current for the tube (usually a
fifth or less) since with no load the parallel
impedance of the tank circuit is high. If the ex-
citation is low, the “dip” will not be very
marked, but with adequate excitation the
plate current at resonance without loading will
be just high enough so that the d.c. plate
power input supplies all the losses in the tube
and circuit. As an indication of probable effi-
ciency, the minimum plate current value
should not be taken too seriously, because
without load the @ of the circuit is high and
the tank current relatively large. When the
amplifier is delivering power to a load, the
circulating current drops considerably and the
tank losses correspondingly decrease. High
minimum unloaded plate current is chiefly
encountered at 28 Mec. and above, where tank
losses are higher and the tank L/C ratio is
usually lower than normal because of irre-
ducible tube capacities. The effect is particu-
larly noticeable with screen-grid tubes which
have relatively high output capacity. Because
of the decrease in tank r.f. current with loading,
however, the actual efficiency under load is
reasonably good.

With the load (antenna or following amplifier
grid circuit) connected, the coupling between
plate tank and load should be adjusted to make
the tube take rated plate current, keeping the
tank always tuned to resonance. As the output
coupling is increased, the minimum plate cur-
rent will also increase about as shown in Fig.
423. Simultaneously, the tuning becomes less
sharp, because of the increase In effective re-
sistance of the tank. If the load circuit simu-
lates a resistance, the resonance setting of the
tank condenser will be practically unchanged
with loading; this is generally the case since
the load circuit itself usually is also tuned to
resonance. A reactive load (such as an antenna
or feeder system which is not tuned exactly to
resonance) may cause the tank condenser
setting to change appreciably with loading
since reactance as well as resistance is coupled
into the tank (§ 2-11).

Power output — As a check on the opera-
tion of an amplifier, its power output may be
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measured by the use of a load of known re-
sistance coupled to the amplifier output as
shown in Fig. 424. At A a thermoammeter M
and non-inductive (ordinary wire-wound re-
sistors are not satisfactory) resistance R are
connected across a coil of a few turns coupled
to the amplifier tank coil. The higher the re-
sistance of R, the greater the number of turns
required in the coupling coil. A resistor used
in this way is generally called a “dummy an-
tenna,” since its use permits the transmitter
to be adjusted without actually radiating
power. The loading may readily be adjusted
by varying the coupling between the two coils,
so that the amplifier draws rated plate current
when tuned to resonance. The power output is
then calculated from Ohm’s Law:

P (watts) = I’R

where I is the current indicated by the thermo-
ammeter and R is the resistance of the non-
inductive resistor R. Special resistance units are
available for this purpose ranging from 73 to
600 ohms (simulating antenna and transmis-
sion-line impedances) at power ratings up to
100 watts. For higher powers, the units may be
connected in series-parallel. The meter scale
required for any expected value of power out-
put may also be determined from Ohm’s Law:

P
.

Incandescent light bulbs can be used to re-
place the special resistor and thermoammeter.

lank
Circult

ié%_i ®

Tank |
Circuit

TR

Tank
Circuit

©

Fig. 424 — “Dummy antenna’’ circuits for checking
power ontput and making operating adjustments with.
out applying power to the actual antenna.
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The lamp should be equipped with a pair of
leads, preferably soldered to the terminals on
the lamp base. The coupling should be varied
until the greatest brilliance is obtained for a
given plate input. In using lamps as dummy
antennas, a size corresponding to the expected
power output should be selected so that the
lamp will operate near its normal brilliancy.
Then when the adjustments have been com-
pleted an approximation of the power output
can be obtained by comparing the brightness of
the lamp with the brightness of one of similar
power rating in a 115-volt socket.

The circuit of Fig. 424-B is for resistors or
lamps of relatively high resistance. In using
this circuit, care should be taken to avoid ac-
cidental contact with the plate tank when the
power is on. This danger is avoided by circuit
C, in which a separate tank circuit, LC, tuned
to the operating frequency, is coupled to the
plate tank circuit. The loading is adjusted by
varying the number of turns across which the
dummy antenna is connected on L and by
changing the coupling between the two coils.
With push-pull amplifiers, the dummy antenna
should be tapped equally on either side of the
center of the tank, when Fig. 424-B is used.

Harmonic suppression — The most im-
portant step to take in elimination of harmonic
radiation (§ 4-8, 2-12) is to use an output tank
circuit having a Q of 12 or more. Beyond this,
it is desirable to avoid any considerable amount
of over-excitation of a Class-C amplifier, since
excitation in excess of that required for normal
Class-C operation further distorts the plate-
current pulse and increases the harmonie con-
tent in the output of the amplifier even though
the proper tank Q is used. If the antenna sys-
tem will accept harmoniec frequencies they will
be radiated when present, consequently the an-
tenna coupling system preferably should be se-
lected with harmoniec transfer in mind (§ 10-6).

Harmonic content can be reduced to some
extent by preventing distortion of the r.f.
grid voltage waveshape. This can be done by
using a grid tank circuit with high effective
Q. Link coupling between the driver and final
amplifier are helpful, since the two tank ecir-
cuits provide more attenuation than one at the
harmonic frequencies. However, the advan-
tages of link coupling in this respect may be
nullified unless the @ of the grid tank is high
enough to give good voltage regulation and
thus prevent distortion in the grid circuit.

The stray capacity between the antenna
coupling coil and the tank coil may be sufficient
to couple harmonic energy into the antenna
system. This coupling may be eliminated by
the use of electrostatic shielding (Faraday
shield) between the two coils. Fig. 425 shows
the construction of such a shield, while Fig. 426
illustrates the manner in which it i installed.




The construction shown in Fig. 425 is used to
prevent current flow in the shield, which would
oceur if the wires formed closed circuits since
the shield is in the magnetic field of the tank
coil. Should this oceur there would be magnetic
shielding as well as electrostatic; in addition,
there would be an undesirable power loss in the
shield.

Improper operation — Inexact neutraliza-
tion or stray coupling between plate and grid
circuits may result in regeneration. This effect
is most evident with low excitation, when the
amplifier will show a sudden increase in output
when the plate tank circuit is tuned slightly
to the high-frequency side of resonance. It is
accompanied by a pronounced increase in
grid current.

Self-oscillation is apt to occur with tubes of
high power sensitivity such as the r.f. pentodes

No Cbnn/fct/bns

Tl

Gondlctors /'
Joined heré
Fig. 425 — The Faraday shield. It is made of parallel
conductors, insulated from each other except at one end
where all are joined. Stiff wire or small diameter rod may
be used, spaced about the diameter of the wire or rod.

and tetrodes. In event of either regeneration
or oscillation, circuit components should be
arranged so that those in the plate circuit are
well isolated from those of the grid circuit.
Plate and grid leads should be made as short
a8 possible and the screen should be by-passed
as close to the socket terminal as possible. A
cylindrical shield surrounding the lower portion
of the tube up to the lower edge of the plate is
sometimes required.

“Double resonance’” or two tuning spots on
the plate tank condenser, one giving minimum
plate current and the other maximum power
output, may occur when the tank circuit Q is
too low™(§ 2-10). A similar effect also occurs
at times with screen-grid amplifiers when the

Fig. 426 — Methods of using the Fara-
day shield. Two are required with a push-
pull or balanced tank circuit. The shield
should be somewhat larger than the di-
ameters of the coupled coils, and should
be inserted between them so each is

completely unexposed to the other,
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screen voltage regulation (§ 8-1) is poor, as
when the screen is supplied through a dropping
resistor. The screen voltage decreases with an
increase in plate current, because the screen
current increases under the same conditions.
Thus the minimum plate current point causes
the screen voltage, and hence power output,
to be less than when a slightly higher plate
current is drawn.

A phenomenon known as “grid emission”
may occur when the amplifier tube is oper-
ated at higher than rated power dissipation on
either the plate or grid. It is particularly likely
to oceur with tubes having oxide-coated cath-
odes such as the indirectly-heated types. It is
caused by the grid reaching a temperature high
enough to cause electron emission (§ 2-4).
The electrons so emitted are attracted to the
plate, further increasing the power input and
heating, so that grid emission is characterized
by gradually increasing plate current and heat
which eventually will ruin the tube if the power
is not removed. Grid emission can be prevented
by operating the tube within its ratings.

04-10 PARASITIC OSCILLATIONS

Description — If the circuit sgonditions in
an oscillator or amplifier are such that self-
oscillation at some frequency other than that
desired exist, the spurious oscillation is termed
parasilic. The energy required ¢0 maintain a
parasitic oscillation is wasted so far as useful
output is concerned, hence an oscillator or
amplifier having parasitics will eperate at re-
duced efficiency. In addition, its behavior at
the operating frequency often will be erratic.
Parasitic oscillations may be higher or lower
in frequency than the operatin‘- frequency of
the amplifier. 3.

The parasitic oscillation ustfﬁly starts the
instant plate voltage is applied or, when the
amplifier is biased beyond cut-off, at the instant
excitation is applied. In the latter case, the
oscillation frequently will be self-sustaining
after the excitation has been removed. At other
times the oscillation may not be self-sustaining,
becoming active only in the presence of excita-
tion. It may be apparent only by the produc-
tion of abunormal key clicks (§ 6-1) over & wide
frequency range or by the presence of sim-
ilarly wide-spread spurious side-bands (§ 5-2)
with 'phone modulation.

Tank Coil

mut
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Low-frequency parasitics — Parasitic os-
cillations at low frequencies (usually 500 ke. or
less) are of the tuned-plate tuned-grid type,
the tuned circuits being formed by r.f. chckes
and associated by-pass and coupling condens-
ers, with the regular tank tuning condensers
having only a minor effect on the oscillation.
The operating-frequency tank coil has negligi-
ble inductance for such low frequencies and
may be short-circuited without affecting the
oscillations. The oscillations do not occur when
no r.f. chokes are used, hence whenever possible
in series-fed circuits such chokes should be
omitted. With single-ended amplifiers it is
usually possible to arrange the circuit so that
either the grid or plate circuit needs no choke.
In push-pull stages where chokes must be used
in both plate and grid circuits, it is helpful
to connect an unby-passed grid leak from the
choke to the bias supply or ground, thus placing
the resistance in the parasitic circuit and tend-
ing to prevent oscillation. When the driver
plate circuit has parallel feed and the amplifier
grid circuit series feed (§ 3-7) this type of os-
cillation cannot occur so long as no choke is
used in the series grid circuit, since the grid is
grounded through the tank coil for the parasitic
frequency.

Parasitics near operating frequency — In
circuits utilizing a tap on the plate tank coil
toestablish a ground for a balanced neutralizing
circuit, such as Fig. 413-B, a parasitic oscilla-
tion may be set up if the amplifier grid is
tapped down on the grid (or driver plate) tank
circuit for adjustment of driver-amplifier
coupling (§ 4-6). In this case the turns between
grid and ground, and between plate and
ground, form with the stray and other capaci-
ties present a t.p.t.g. circuit (§ 3-7) which os-
cillates at a frequency somewhat higher than
the nominal operating frequency. Such an os-
cillation can be prevented by dispensing with
the taps in either the plate or grid circuit.
Balancing the plate circuit by means of a split-
stator condenser, as in Fig. 413-C, is recom-
mended.

Ultra-high frequency parasitics — Para-
gitics in the u.h.f. region are likely to occur
with any amplifier having a balanced tank cir-
cuit, particularly when associated with neu-
tralizing connections. The parasitic circuit may
be either of the t.p.t.g. or ultraudion type,
and is formed by the leads connecting the
various components.

The frequency of such oscillations may be
determined by connecting a tuned circuit in
series with the grid lead to the tube. A variable
condenser (50 or 100 uufd.) may be used in
conjunction with three or four self-supporting
turns of heavy wire wound in a coil an inch or
8o in diameter. With the amplifier oscillating at
the parasitic frequency, the condenser is slowly
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tuned through its range until oscillations cease.
In case this point is not found on first trial, the
turns of the coil may be spread apart or a turn
removed and the process repeated. While this
may not be the simplest cure in all cases, the
use of such a tuned circuit as a trap is an al-
most certain remedy, if the frequency can be
determined, and introduces little if any loss at
the operating frequency.

An alternative cure which is feasible when
the oscillation is of the t.p.t.g. type is to detune
the parasitic circuit in either the plate or grid
circuit. Since this type of oscillation occurs
most frequently with push-pull amplifiers,
it may often be cured by making the grid and
plate leads to their respective tank circuits of
considerably different length. Similar consid-
erations apply to neutralizing connections in
push-pull circuits. The extra wire length may
be coiled up in the form of a so-called “choke,”
which in this case is simply additional induc-
tance for detuning the parasitic circuit.

Testing for parasitic oscillations — An
amplifier always should be tested for parasitic
oscillations before being considered ready for
service. The preferable method is first to
neutralize the amplifier, then apply sufficient
fixed bias to permit a moderate value of plate
current to flow without excitation. (The plate
current should not be large enough to cause
the power input to exceed the rated plate dis-
sipation of the tube.) If the amplifier is free
from self-starting parasitics the plate current
will remain steady as the tank condensers are
varied in capacity; also, there will be no grid
current and a neon bulb touched either to the
plate or grid will show no glow. Care must be
used not to let the hand come in contact with
any metal parts of the transmitter in using the
neon bulb.

If any of these effects are present the fre-
quency of the parasitic must first be deter-
mined. If r.f. chokes are used in both the plate
and grid circuits one of them should be short-
circuited to determine if the oscillation is at a
low frequency; if 8o, it may be eliminated by
the methods outlined above. If the test indi-
cates that the parasitic is not a low-frequency
oscillation, the grid trap described above should
be tried for the u.h.f. type. The type which
occurs near the operating frequency ‘will not
occur unless the plate and grid tank coils are
both tapped, hence may be eliminated from
consideration if this is not the case in the cir-
cuit used. When it is possible for such an oscil-
lation to be present, its existence can be de-
tected very readily by moving the grid tap to
include the whole tank circuit, when the oscil-
lation will cease.

Some indication of the frequency of the para-
sitic can be obtained from the color of the
glow in the neon bulb. Usually it will be yellow-



ish with low-frequency oscillations and violet
with u.h.f. oscillations.

If the amplifier is stable under the condi-
tions described above, excitation should be
applied and then removed to ascertain if a self-
sustaining oseillation is set up with excitation.
If the plate current does not return to the
previous value when the excitation is cut off,
the same tests should be applied to determine
the parasitic frequency.

As a final test, the transmitter should be put
on the air and a nearby reeeiver tuned over
as wide a frequency range as possible to locate
any off-frequency signals associated with the
radiation. Parasitics usually can be recognized
by their poor stability, as contrasted to the
normal transmitter harmonies, which will have
the same stability as the fundamental signal
as well as the usual harmonic frequency rela-
tionship. Harmonies should be quite weak
compared to the fundamental frequency,
whereas parasitic oscillations may have con-
siderable strength.

o 4-11 FREQUENCY MULTIFLICATION

Circuits — A frequency multiplier is an
amplifier having its plate tank circuit tuned
to a multiple (harmonic) of the frequency ap-
plied to its grid. The difference between a
straight amplifier (§ 4-1) and a frequency mul-
tiplier is in the way in which it is operated
rather than in the circuit. However, since the
grid and plate tank circuits are tuned to differ-
ent frequencies a triode frequency multiplier
will not self-oscillate, hence does not need neu-
tralization. A typical circuit arrangement is
shown in Fig. 427-A. For screen-grid multi-
pliers the circuit is the same as in Fig. 412-A.
Under usual conditions the plate efficiency of a
frequency multiplier drops off rapidly with an
increase in the number of times the frequency
is multiplied. For this reason most multipliers
are used as frequency doublers, giving second
harmonic output.

A special circuit for frequency doubling
(““push-push” doubler) is shown in Fig. 427-B.
The grids of the tubes are in push-pull and the
plates in parallel, thus the plate tank circuit
receives two pulses of plate current for each
cycle of excitation frequency. The circuit is
similar in principle to the full-wave rectifier
(§ 8-3) where the ripple frequency is twice the
applied frequency.

Push-pull amplifiers are suitable for fre-
quency multiplication at odd harmonies but
are unsuited to doubling or other even-har-
monic multiplication because the even har-
monics are largely balanced out in the tank
circuit (§ 3-3).

Operating conditions and circuit con-
stants — To obtain good efficiency the operat-
ing angle at the harmonic frequency must be
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180 degrees or less. preferably in the vicinity
of 150-120 degrees (§ 4-8). In a doubler this
means that plate current should flow during
only half this angle of fundamental frequency.
Consequently the r.f. grid voltage, operating
bias, and grid driving power must be increased
considerably beyond the values obtaining for
normal Class-C amplifieation. For comparable
plate efficiency the bias will ordinarily be four
to five times the normal Class-C bias, and the
r.f. grid voltage must be considerably larger
to drive the tube to the same peak plate cur-
rent. Since the plate and grid current pulses
under these conditions have the same peak
amplitudes but only half the time duration as
in a straight amplifier, the average d.c. values
should be one-half those for normal Class-C
operation. That is, a tube operated in this way
will have the same plate efficiency as a Class-C
amplifier, but can be operated at only half the
plate input so that the output power also is
halved. The driving power required is usually
about twice that for straight-through ampli-
fication with the same plate efficiency.
Greater output can be secured by using a
larger operating angle (lower grid bias) or
lower plate load resistance to increase the plate

Tuned to
o harmoniic
cou,o/m7 -

and bias

Crreurts P
g K l””l uv
BIAS

-~
Tuned to
harmonic

Fig. 427 — Frequency-multiplying circuits. A is for
triodes, used either singly or in parallel. The push-
push doubler is shown at B. Any type of coupling may
be used between the grid circuit and the driver. C;
should be 0.01 xfd. or larger; Cz, 0.001 nfd. or larger.
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current, but this is accompanied by a decrease
in efficiency. Since operation as described
above is below the maximum plate dissipation
rating of the tube, the decrease in efficiency can
usually be tolerated in the interests of securing
somewhat more power output. Ordinarily the
efficiency is 409, to 50%,.

The tank .circuit should have reasonably
high @ (12 is satisfactory) to give good output
voltage regulation (§ 4-9) since a plate-current
pulse occurs only onee every two cyeles of out-
put frequency. A low-Q circuit (high L/C
ratio) is helpful chiefly when the operating
angle is greater than 180 degrees at the second
harmonie. Such a tank circuit will have rela-
tively high impedance to the considerable
fundamental-frequency component of plate
current which is present with large operating
angles, and thus aid in reducing the average
d.c. plate current.

The grid impedance of a frequency multi-
plier is considerably higher than that of a
straight amplifier because of the high bias
voltage. The average impedance can be calcu-
lated as previously described (§4-8). The
L/C ratio of the grid tank circuit may be
higher, therefore, for a given Q. It is often ad-
vantageous to use a fairly high ratio since a
large r.f. voltage must be developed between
grid and cathode, so long as it is not made too
high (Q too low) to permit adequate coupling
between the grid tank circuit and the driver
stage. In some cases it may be necessary to step
up the driver output voltage to obtain suffi-
cient r.f. grid voltage for the doubler; this may
be done by tapping the driver plate on its tank
circuit, when capacity coupling is used, or
by similar tapping or use of a higher C/L ratio
in the driver plate tank when the stages are
link-coupled (§ 4-6).

Tubes for frequency multiplication —
There is no essential difference between tubes
of various characteristics in their performance
as frequency doublers. Tubes having high
amplification factors will require somcwhat
less bias for equivalent operation, but the grid
driving power needed is almost independent of
the u, assuming tubes of otherwise similar con-
struction and characteristics. Pentodes and
tetrodes having high power sensitivity will,
as in normal amplifier operation, require less
driving power than triodes for efficient dou-
bling, although more power will be needed than
for straight amplification.

@ 4-12 ULTRA-HIGH-FREQUENCY
OSCILLATORS
Linear circuits — At ultra-high frequen-
cies tube interelectrode capacities become of
inereasing importance, so that eventually the
shortest possible straight wire connection be-
tween elements, in conjunction with internal
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leads and eapaeities, represents the highest
possible frequency to which the tube can be
tuned. The tube usually will not oscillate up to
this limit because of dielectric losses in the seals
and other loading effects (§ 7-6). With most
small tubes of ordinary construction the upper
limit of oscillation is in the region of 150 Me.;
for higher frequencies it is necessary to use
special u.h.f. tubes having low interelectrode
capacities and low internal lead inductance.
Only a few types are capable of developing
more than a few watts at frequencies of 300
Mec. and higher.

Although ordinary coil and condenser tank
circuits can be used at frequencies as high as
112 Mec., the Q of such circuits is low at ultra-
high frequencies because of increased losses,
so that both stability and efficiency are poor.
For this reason special tank circuits of the lin-
ear type (§ 2-12) are preferable. These may be
any multiple of a quarter wave in length, the
Q increasing with the number of quarter
waves. The quarter-wave line is generally
used, however, because of the considerable
space required for longer lines. At 112 Me.
it is also possible to build high-Q tank circuits
with lumped constants, not in the form of ordi-
nary coils and condensers but with large con-
ducting surfaces to reduce resistance to the
lowest possible value.

The oscillator circuits used are the same in
principle as on the lower frequencies (§ 3-7)
although frequently modified considerably to
compensate for inherent capacities and indue-
tances which are negligible at lower frequencies.

Two-conductor lines — The quarter-wave
two-conductor open line is equivalent to a
resonant circuit (§ 2-12) and ¢an be used as the
tank circuit (§ 3-7) in an oscillator. It should
be used as a balanced eircuit to avoid unequal
currents in the two conductors and consequent
loss of @ because of radiation.

A typical oscillator circuit of the ultraudion
type is shown in Fig. 428. The resonant line is
usually constructed of copper tubing to give
a large conducting surface and hence reduce
resistance, and also to make a mechanically-
stable circuit and thus minimize the effects of
vibration on the oscillator frequency. The line
should be approximately a quarter wavelength
long, although the resonant frequency will
decrease somewhat when the tube with its in-
ternal capacities is connected across it so that a
somewhat shorter length is ordinarily suffi-
cient. The frequency can be changed by means
of the shorting bar, which can be moved along
the line to change its effective length.

The tube elements preferably should be
tapped down on the line as shown to reduce
the loading effect and thus prevent an undue
decrease in Q. In general, these taps should be
as close to the shorted end of the line as is con-




Fig. 428 — Single-tube linc oscillator. The grid con-
denser, Ci, wnay be 50 uufd.; grid leak, Ri, 5000 to 50,000
ohms depending upon the type of tube. The choke,
RFC, will in general consist of relatively few turns (20
to 50) wound to a diameter of ¥ inch, although dimen-
sions will change considerably with the frequency. By-
pass condensers should be small in size to reduce lead
inductance; 500 uufd. is a satisfactory value.

sistent with reliable operation and satisfactory
power output, since the frequency stability
will be better under these conditions.

The coils (L) in the filament circuit are fre-
quently required at 112 Mc. and higher to com-
pensate for the effects of the inductance of
connecting leads, which in many cases are long
enough to cause an appreciable phase shift
(§ 2-7) which reduces the oscillator efficiency.
The effective length of the filament circuit to
the points of connection to the lines should be
approximately 13 wavelength to bring the
filament to the same potential as the shorted
ends of the lines. The proper inductance must

L Shorting Bar
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be determined by experiment, the coils being
adjusted until optimum stability and power
output are obtained.

The oscillation frequency may also be ad-
justed by connecting a low-capacity variable
condenser across the open end of the line. The
added capacity makes it necessary to shorten
the line considerably for a given frequency,
however, and this together with the additional
loss in the condenser causes a marked decrease
in the Q of the line. These effects will be less if
the condenser is connected down on the line
rather than at the open end. Tapping down
also gives a greater band-spread tuning effect
(§ 7-7).

Push-pull oscillators — It is often advan-
tageous to use a push-pull oscillator circuit at
ultra-high frequencies, not only as a means to
secure more power output than can be ob-
tained from one tube but also because better
circuit symmetry is posgible with open lines.
Fig. 429 shows a typical push-pull circuit of
the t.p.t.g. (§ 3-7) type. The grid line is usually
operated as the frequency-controlling circuit
since it is not associated with the load and
hence its Q can be kept high. The same adjust-
ment considerations apply as in the case of the
single-tube oscillator described in the preced-
ing paragraph. The grid taps in particular
should be tapped down as far as possible, thus
improving the frequency stability.

It is also possible to use a linear tank in the
grid cireuit for frequency control in conjunc-
tion with a conventional coil-condenser tank
in the plate circuit, where the lower @ does not
have so great an effect on the sta-
bility.

Fig. 429-B shows a push-pull oscil-
lator having tuned plate and cathode
circuits, using linear tanks for each.
The grids are connected together and
grounded through the grid leak, Ri;

.

ordinarily no by-pass condenser is

I needed across Ry. This circuit gives

+B

’-{Mp ut good power output at ultra-high fre-

quencies, but is not especially stable
unless the plates are tapped down on
the plate tank circuit to avoid too
groat a reduction in Q. Tapping on tho
eathode line is not feasible for me-
chanical reasons, since one filament
lead must be brought through the
tubing in order to maintain both sides
of the filament at the same r.f. po-
tential.

@

£ L

Output

il Sup.

®

Fig. 429 — Push.pull line oscillator eirevits. See Fig.

text for discussion of circuit constants.

Concentric-line circuits — At fre-
quencies in the neighborhood of 300
Mec. radiation (§2-12) from the open
line becomes so serious that the Q is
greatly reduced. This is because the
conductor spacing represents an ap-

28 and . C
preciable fraction of the wavelength.
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Consequently at these frequencies the concen-
tric line must be used. In this type the field is
confined inside the line so that radiation is neg-
ligible; there is a further advantage in that the
outside of the lineis “cold”’; that is, no r.f. po-
tentials develop between points on the outer
surface. The concentric line also is advanta-
geous at lower frequencies, but as it is more
complicated to construct and length adjust-
ment and tapping both are difficult mechan-
ically, the open lines are generally favored.
The concentric line is usually constructed of
copper pipes arranged concentrically and short-
circuited at one end. The optimum ratio of
inner diameter of the outer conductor to the
outer diameter of the inner conductor is 3.6.
Taps are usually made on the inner conductor
and brought through a hole in the outer con-
ductor to the tube element, as shown in Fig.
430. The tube loads the line in the same way as
described in the preceding paragraphs, hence
the length is generally shorter than an actual
quarter wavelength. The length can be ad-
justed by a sliding short-circuiting disc at the
closed end, a close fit and low-resistance con-
tact being necessary to avoid reduction of the
Q. It is also possible to make the inner con-

|

®)

Fig. 430 — Concentric-line oscillator circuits. The
line, usually of tubular conductors, is shown in cross-
scction. See Fig. 428 and text for discussion ef circuit
constants,
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Fig. 431 — High-Q lumped-constant tank circuit in
a u.h.f. oscillator. This drawing shows a cross-section of
the tank, which is usually built of concentric cylinders.
Ci and R are the grid condenser and leak, respectively;
see Fig. 428 for discussion of circuit constants.

ductor a pair of close-fitting concentric tubes
so that one may be slid in and out of the other
to change the effective conductor length. -

The circuit of Fig. 430-A is a t.p.t.g. (§ 3-7)
oscillator using the concentric line in the grid
circuit for frequency control. An ordinary coil-
condenser tank is shown in the plate circuit,
but a linear tank may be substituted. The
filament inductances have the same function
as in the preceding circuits. The ultraudion
circuit is shown at B; the same considerations
apply. In this case the output is taken from the
line inductively by means of the half-turn
“hairpin’ shown; coupling can be changed to
some extent by varying the position of the hair-
pin. Both circuits may be tuned by means of
the small variable condenser C2, although this
condenser may be omitted and the tuning
accomplished by changing the line length.

For ease of construction, the concentric line
is sometimes modified into a ‘‘trough,” in
which the cross-section of the outer conductor
is in the shape of a square “ U,” one side being
left open for tapping and adjustment of the
inner conductor. Some radiation takes place
with this construction, although not as much
as with open lines.

High-Q circuits with lumped constants —
To obtain reasonably high effective @ when a
low resistance is connected across the tank
circuit it is necessary to use a high C/L ratio
and a tank af inherently high @ (§2-10). At
low frequenc'!‘- the inherent @ of any well-
designed circu% will be high enough so that it
may be neglected in comparison to the effec-
tive @ when loaded, so that no special pre-
cautions have to be taken with respect to the
resistance of coils and condensers. At ultra-
high frequencies these internal resistances are
too large to be ignored, and a reduction of the



L/C ratio will not increase the effective Q
unless the internal resistance of the tank can
be made very small. The reduction in resistance
can be brought about by use of large conduct-
ing surfaces and elimination of radiation. In
such cases the inductance and capacity are
generally built as a unit; several arrangements
are possible, one being shown in Fig. 431.
The tank circuit consists of a rod A (the induc-
tance) inside two concentric cylinders B and C
which form a two-plate condenser, one plate
being connected to each end of the inductance.
The resonant frequency is determined by the
length and diameter of A, and the length,
diameter and spacing of B and C. The oscilla-
tor shown uses the tickler circuit (§ 3-7) with
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the feedback coil in the grid circuit; this induc-
tance is the wire D in the diagram. Output is
taken from the tank circuit by means of the
hairpin coupling coil. The tank circuit may
also be used in the ultraudion circuit, replacing
the concentric line in Fig. 430-B. A variable
condenser may be connected across the tank
for tuning, if desired, although the @ may be
reduced if a considerable portion of the tank
r.f. current flows through it.

This type of circuit actually has lumped
constants only when the length is small (109,
or less) in proportion to the wavelength. At
greater lengths it tends to act as a linear cir-
cuit, eventually evolving into the concentric
line.
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¢ 5-1 MODULATION

The carrier — The steady radio-frequency
power generated by transmitting circuits can-
not alone result in the transmission of an
intelligible message to a receiving point. It
serves only as a ‘“carrier” for the message;
the intelligence is conveyed by modulation
(a change) of the carrier. In radiotelephony
this modulation reproduces electrically the
sounds it is intended to convey.

Sound and alternating currents — Sounds
are caused by vibrations of air particles. The
pitech of the sound depends upon the rate of
vibration; the more rapid the vibration the
higher the piteh. Most sounds consist of com-
plex combinations of vibrations of differing
rates or frequencies; the human voice, for in-
stance, generates frequencies from about 100
per second to several thousand per second.
The problem of transmitting speech by radio
is therefore one of varying the r.f. carrier in a
way which corresponds to the air-particle vi-
brations. The first step in doing this is to
change the sound vibrations into alternating
clectrical currents of the same frequency
and relative intensity; the clectromechanical
device which achieves this translation is the
microphone. These currents may then be
amplified and used to modulate the normally-
steady r.f. output of the transmitter.

Methods of modulation — The carrier may
be made to vary in accordance with the speech
current by using the current to change the
phase (§2-7) frequency or amplitude of the
carrier. Amplitude modulation is by far the
most common system, and is used exclusively
on all frequencies below the ultra-high-fre-
quency region (§ 2-7). Frequency modulation,
which has special characteristics which make
its use desirable under certain conditions, is
used to a considerable extent on ultra-high
frequencies. Phase modulation, which is closely
related to frequeney modulation, has had little
or no dircet application in practical com-
munication.

0 5-2 AMIPPLITUDE MODULATION

Carrier requirements — For proper ampli-
tude modulation, the earrier should be com-
pletely free from inherent amplitude variations
such as might be caused by insufficient filtering
of a rectified-a.c. power supply (§ 8-4). 1t is
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also essential that the carrier frequency be
entirely unaffected by the application of
modulation. If modulating the amplitude of
the carrier also causes a change in the carrier
frequency, the signal wobbles back and forth
with the modulation, introducing distortion
and widening the channel taken by the signal.
This causes unnecessary interference to other
transmissions. In praetice, this undesirable
frequeney modulation is prevented by applying
the modulation to an r.f. amplifier stage which
is isolated from the frequency-controlling
oscillator by a “buffer”” amplificr. Amplitude
modulation of an oscillator is almost always
accompanicd by frequeney modulation. 1t is
permitted on ultra-high frequencies above 112
Me. because the problem of interference is
less acute than on lower frequencics.

Percentage of modulation — In the ampli-
tude-modulation system the audible output
at the recciver depends entirely upon the
amount of variation — termed depth of modu-
lation — in the carrier wave and not upon the
strength of the ecarrier alone. It is thercfore
desirable to obtain the largest permissible
variations in the carrier wave. This condition
is reached when the carrier amplitude during
modulation is at times reduced to zero and at
other times increased to twice its unmodulated
value. Such a wave is said to be fully modu-
lated, or 1009, modulated. Any desired degree
of modulation can be expressed as a pereent-
age, using the unmodulated carrier as a base.
I'ig. 501 shows at A an unmodulated carrier
wave; at B the same wave modulated 50%,
and at C the wave with 1009, modulation,
using a sine-wave (§2-7) modulating signal.
The outline of the modulated r.f. wave is
called the modulation envelope.

The percentage modulation can be found by
dividing either Y or Z by X and multiplying
the result by 100. If the modulating signal is
not symmetrical, the larger of the two (¥ or Z)
should be used.

Power in modulated wave — The ampli-
tude values correspond to current or voltage,
so that the drawings may be taken to represent
instantaneous values of either. Since power
varies as the square of either the current or
voltage (so long as the resistanee in the circnit
is unchanged), at the peak of the modulation
up-swing the instantaneous power in the wave
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Fig. 501 — Graphical representation of (A) unmodu-
lated carrier wave, (B) wave modulated 50%, (C) wave
modulated 100%.

of Fig. 501-C is four times the unmodulated
carrier power. At the peak of the down-swing
the power is zero since the amplitude is zero.
With a sine-wave modulating signal, the aver-
age power in a 1009%-modulated wave is one
and one-half times the unmodulated carrier
power: that is, the power output of the trans-
mitter increases 509, with 1009, modula-
tion.

Linearity — Up to the limit of 1009 modu-
lation, the amplitude of the carrier should
follow faithfully the amplitude variations of
the modulating signal. When the modulated
r.f. amplifier is incapable of meeting this con-
dition it is said tu be non-linear. The amplifier
may not, for instance, be capable of quadru-
pling its power output at the peak of 1009,
modulation. A non-linear modulated amplifier
causes distortion of the modulation envelope.

Modulation characteristic — A graph
showing the relationship between r.f. ampli-
tude and instantaneous modulating voltage is
called the modulation characteristic of the
modulated amplifier. This graph should be a
straight line (linear) between the limits of zero
and twice carrier amplitude. Curvature of the
line between these limits indicates non-line-
arity.

/eaa/iofe/épﬁony

Modulation capability — The modulation
capability of the transmitter is the maximum
pereentage of modulation that is possible
without objectionable distortion from non-
linearity, The maximum capability is, of
course, 1009, The modulation capability
should be as high as possible so that the most
effective signal can be transmitted for a given
carrier power.

Overmodulation — If the carrier is modu-
lated more than 100%, a condition such as is
shown in Fig. 502 occurs. Not only does the
peak amplitude exceed twice the carrier ampli-
tude, but there may actually be a considerable
period during which the output is entirely
cut off. The modulated wave is therefore dis-
torted (§ 3-3) with the result that harmonics
of the audio modulating frequency appear.
The carrier should never be modulated more
than 1009%,.

Side bands — The combining of the audio
frequency with the r.f. carrier is essentially a
heterodyne process and therefore gives rise to
beat frequencies equal to the sum and differ-
ence of the a.f. and r.f, frequencies involved
(§ 2-13). Therefore, for each audio frequency
appearing in the modulating signal two new
radio frequencies appear, one equal to the
carrier frequency plus the audio frequency,
the other equal to the carrier minus the audio
frequeney. These new frequencies are called
side frequencies, since they appear on each
side of the carrier, and the groups of side fre-
quencies representing a band or group of
modulation frequencies are called. side bands.
Henece a modulated signal occupies a group
of radio frequencies, or channel, rather than a
single frequency as in the case of the unmodu-
lated carrier. The channel widih js twice the
highest modulation frequency. To accommo-
date the largest number of. transmitters in a

Wave-shape of
e

Fig. 502 — An overmodulated wave,
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given part of the r.f. spectrum it is apparent
that the channel width should be assmall as pos-
sible, but on the other hand it is necessary, for
speech of reasonably good quality, to use modu-
lating frequencies up to about 3000 or 4000
cycles. This calls for a channel width of 6 to 8 ke.

Spurious side bands — Besides the normal
side bands required by speech frequencies,
unwanted side bands may be generated by
the transmitter. These usually lie outside the
normally-required channel and hence cause
it to be wider without increasing the useful
modulation. By increasing the channel width
these spurious side bands cause unnecessary
interference to other transmitters. The quality
of transmission is also adversely affected when
spurious side bands are generated,

The chief causes of spurious side bands are
harmonie distortion in the audio system, over-
modulation, unnecessary frequency modula-
tion, and lack of linearity in the modulated
r.f. system.

Types of amplitude modulation — The
most widely used type of amplitude modula-
tion system is that in which the modulating
signal is applied in the plate circuit of a radio-
frequency power amplifier (plate modulation).
In a second type the audio signal is applied to
a control-grid cireuit (grid-bias modulation).
A third system involves variation of both plate
voltage and grid bias and is called cathode
modulalion.

0 5-3 PLATE MODULATION

Transformer coupling —1In Fig. 503 is
shown the most widely-used system of plate
modulation. A balanced (push-pull Class-A,
Class-AB or Class-B) modulator is trans-
former-coupled to the plate circuit of the
modulated r.f. amplifier. The audio-frequency
power generated in the modulator plate circuit
is combined with the d.c. power in the modu-
lated-amplifier plate circuit by transfer through
the coupling transformer, T'. For 100 % modu-
iation the audio-frequency output of the
modulator and the turns ratio of the coupling
transformer must be such that the voltage at
the plate of the modulated amplifier varies
between zero and twice the d.c. operating plate
voltage, thus causing corresponding variations
in the amplitude of the r.f. output.

Modulator power — The average power
output of the modulated stage must increase
509, for 100% modulation (§ 5-2), so that the
modulator must supply audio power equal to
50% of the d.c. plate input to the modulated
r.f. stage. For example, if the d.c. plate power
input to the r.f. stage is 100 watts, the sine-
wave audio power output of the modulator
must be 50 watts.

Modulating impedance, linearity — The
modulating tmpedance or load resistance pre-
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Fig. 503 — Plate modulation of a Class-C r.f. am-
plifier. The plate by-pass condenser, C, in the r.f. stage
should have high reactance at audio frequencies. A value
of 0.002 ufd. or less is usually satisfactory.

sented to the modulator by the modulated
r.f. amplifier, is equal to

= X 1000

I,
where E, is the d.c. plate voltage and I, the
d.c. plate current in milliamperes, both meas-
ured without modulation.

Since the power output of the r.f. amplifier
must vary as the square of the plate voltage
(r.f. voltage proportional to applied plate
voltage) in order for the modulation to be
linear, the amplifier must operate Class-C
(§ 3-4). The linearity depends upon having
sufficient grid excitation, proper bias, and
adjustment of circuit constants to the proper
values (§ 4-8).

Power in speech waves — The complex
waveform of a speech sound translated into
alternating current does not contain as much
power, on the average, as there is in a pure
tone or sine wave of the same peak (§2-7)
amplitude. That is, with speech waveforms
the ratio of peak to average amplitude is
higher than in the sine wave. For this reason,
the previous statement that the power output
of the transmitter increases 509, with 1009,
modulation, while true for tone modulation, is
not true for speech. On the average, speech
waveforms will contain only about half as
much power as a sine wave, both having the
same peak amplitude. The average power out-
put of the transmitter therefore increases only
about 25% with 1009, speech modulation.
However, the tnstantaneous power output must
quadruple on the peak of 1009, modulation



(§ 5-2) regardless of the modulating waveform,
Therefore the peak capacity of the transmitter
must be the same for any type of modulating
signal.

Adjustment of plate-modulated ampli-
fiers — The general operating conditions for
Class-C operation have been described (§ 3-4,
4-8). The grid bias and grid current required
for plate modulation are usually given in the
operating data supplied by the tube manu-
facturer; in general, the bias should be such
as to give an operating angle (§ 4-8) of about
120 degrees at carrier plate voltage, and the
excitation should be sufficient to maintain the
plate efficiency constant when the plate volt-
age is varied over the range from zero to twice
the d.c. plate voltage applied to the amplifier.
For best linearity, the grid bias should be ob-
tained partly from a fixed souree of about the
cut-off value supplemented by grid-leak bias
to supply the remainder of the required operat-
ing bias.

The maximum permissible d.c. plate power
input for 100% modulation is twice the sine-
wave audio-frequency power output of the
modulator. This input is obtained by varying
the loading on the amplifier (keeping its tank
circuit tuned to resonance) until the product
of d.c. plate voltage and plate current is the de-
sired power. The modulating impedance under
these conditions will be the proper value for
the modulator if the proper output trans-
former turn ratio (§ 2-9) is used.

Neutralization, when triodes are used,
should be as nearly perfect as possible, since
regeneration may cause non-linearity. The
amplifier also should be free from parasitic
oscillations (§ 4-10).

Although the effective value (§ 2-7) of power
input increases with modulation, as described
above, the average plate input to a plate-
modulated amplifier does not change, since
each increase in plate voltage and plate cur-
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Fig. 504 — Plate and screen modulation of a pentode
Class-C r.f. amplifier. Plate and screen by-pass con-
densers, C1 and Cz, should have high reactance at audio
frequencies (0.002 xfd. or less).
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rent is balanced by an equivalent decrease in
voltage and current. Consequently the d.c.
plate current to a properly-modulated am-
plifier is constant with or without modulation.

Screen-grid amplifiers — Screen-grid tubes
of the pentode or beam tetrode type can be
used as Class-C platc-modulated amplifiers
provided the modulation is applied to both the
plate and screen grid. The method of feeding
the screen grid with the necessary d.c. and
modulation voltage is shown in Fig. 504. The
dropping resistor, R, should be of the proper
value to apply normal d.c. voltage to the screen
under stcady carrier conditions. Its value
can be calculated by taking the difference be-
tween plate and screen voltages and dividing
it by the rated sereen current.

CLASS-C
AMPR
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Fig. 505 — Choke-coupled plate modulation,

The modulating impedance is found by di-
viding the d.c. plate voltage by the sum of the
plate and screen currents. The plate voltage
multiplied by the sum of the two currentsis the
power input figure which is used as the basis
for determining the audio power required from
the modulator.

Choke coupling — In Fig. 505 is shown the
circuit of the choke-coupled system of plate
modulation. The plate power for the modulator
tube and modulated amplifier is furnished from
a2 common source through the modulation
choke, L, which has high impedance for audio
frequencies. The modulator operates as a power
amplifier with the plate circuit of the r.f.
amplifier as its load, the audio output of the
modulator being superimposed on the d.c.
power supplied to the amplifier. For 100%
modulation the audio voltage applied to the
r.f. amplifier plate circuit across the choke, L,
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must have a peak value equal to the d.c. volt-
age on the modulated amplifier. To obtain this
without distortion, the r.f. amplifier must be
operated at a d.c. plate voltage less than the
modulator plate voltage, the extent of the volt-
age difference being determined by the type
of modulator tube used. The necessary drop in
voltage is provided by the resistor R;, which
is by-passed for audio frequencies by the con-
denser Ci.

This type of modulation is seldom used
except in very low-power portable sets, be-
cause a single-tube Class-A (§ 3-4) modulator
is required. The output of a Class-A modulator
is very low compared to that obtainable from a
pair of tubes of the same size operated Class-B,
hence only a small amount of r.f. power can be
modulated.

® 5-4 GRID-BIAS MODULATION

Circuit — Fig. 506 is the diagram of a typi-
cal arrangement for grid-bias modulation.
In this system the secondary of an audio-
frequency output transformer, the primary
of which is connected in the plate circuit of
the modulator tube, is connected in series with
the grid-bias supply for the modulated ampli-
fier. The audio voltage thus introduced varies
the grid bias and thus the power output of
the r.f. stage, when suitable operating condi-
tions are chosen. The r.f. stage is operated as
a Class-C amplifier, with the d.c. grid bias
considerably beyond cut-off.

Operating principles — In this system the
plate voltage is constant, and the increase in
power output with modulation is obtained by
making the plate current and plate efficiency
vary with the modulating signal. For 1009,

CLASS-C
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Fig. 506 — Grid-bias modulation of a Class-C ampli-
fier, The r.f. grid by-pass condenser, C, should have

high reactance at audio frequencies (0.002 ufd. or less
in usual cases).
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modulation, both plate current and efficiency
must, at the peak of the modulation up-swing,
be twice their carricr values so that the peak
power will be four times the carrier power.
Since the peak efficiency in practicable circuits
is of the order of 709, to 809%, the carricr effi-
ciency ordinarily cannot exceed about 359,
to 409%,. For a given size of r.f. tube the carrier
output is about one-fourth the carrier obtaina-
ble from the same tube plate-modulated. The
grid bias, r.f. excitation, plate loading and
audio voltage in series with the grid must be
adjusted to give a linear modulation charac-
teristic.

Modulator power — Since the increase in
average carrier power with modulation is se-
cured by varying the plate efficiency and d.c.
plate input of the amplifier, the modulator
need only supply such power losses as may
be occasioned by connecting it in the grid
circuit. These are quite small, hence a modu-
lator capable of only a few watts output will
suffice for transmitters of considerable power.
The load on the modulator varies over the
audio-frequency cycle as the rectified grid
current of the modulated amplifier changes,
hence the modulator should have good voltage
regulation (§ 5-6).

Grid-bias source — The change in bias
voltage with modulation causes the rectified
grid current of the amplifier also to vary, the
r.f. excitation being fixed. If the bias source
has appreciable resistance, the change in
grid current also will cause a change in bias
in a direction opposite to that caused by the
modulation. It is therefore necessary to use a
grid-bias source having low resistance so that
these bias variations will be negligible. Battery
bias is satisfactory. If a rectified a.c. bias sup-
ply is used the type having regulated output
(§ 8-9) should be used. Grid-leak bias for a
grid-modulated amplifier is unsatisfactory and
its use should not be attempted.

Driver regulation — The load on the driving
stage varies with modulation, and a linear
modulation characteristic may not be obtained
if the r.f. voltage from the driver does not stay
constant with changes in load. Driver regula-
tion (ability to maintain constant output volt-
age with changes in load) may be improved
by using a driving stage having two or three
times the power output necessary for excitation
of the amplifier (this is somewhat less than
the power required for ordinary Class-C opera-
tion), and by dissipating the extra power in a
constant load such as a resistor. The load
variations are thereby reduced in proportion
to the total load.

Adjustment of grid-bias modulated am-
plifiers — This type of amplifier should be
adjusted with the aid of an oscilloscope to
obtain optimum operating conditions. The




oscilloscope should be connected as described
in § 5-10, the wedge pattern being preferable.
A tone source for modulating the trans-

mitter will be convenient. The fixed grid [,,c,-gft,-,,,,

bias should be two or three times the cut-
off value (§ 3-2). The d.c. input to the amplifier,
assuming 33% carrier efficiency, will be 115
times the plate dissipation rating of the tube or
tubes used in the modulated stage, and the plate
currentforthisinput (in milliamperes, 1000 P/E,
where P is the power and E the d.c. plate volt-
age) determined. Apply r.f. excitation and,
without modulation, adjust the plate loading
(keeping the plate tank circuit tuned to reso-
nance) to give the required plate current.
Next, apply modulation and increase in the
modulating signal until the modulation char-
acteristic shows curvature (§ 5-10). This will
probably occur well below 100% modulation,
indicating that the plate efficiency is too high.
Increase the plate loading and reduce the ex-
citation to maintain the same plate current,
apply modulation and check the characteristic
again. Continue this process until the charac-
teristic is linear from the axis to twice the car-
rier amplitude. It is advantageous to use the
maximum permissible plate voltage on the
tube, since it is usually easier to obtain a more
linear characteristic with high plate voltage
and low current (carrier conditions) rather
than with relatively low plate voltage and
high plate current.
_ The amplifier can be adjusted without an
oscillosdope by determining the plate current
as described above, then setting the bias to the
cut-off value (or slightly beyond) for the d.c.
plate voltage used and applying maximum
excitation. Adjust the plate loading, keeping
the tank circuit at resonance, until the ampli-
fier draws twice the carrier plate current, and
note the antenna current. Decrease the exci-
tationi until the output and plate current just
start to drop, then increase the bias, leaving
the excitation and plate loading unchanged,
until the plate current drops to the proper
carrier value. The antenna current should
be just half the previous value; if it is larger,
try somewhat more loading and less excita-
tion; if smaller, less loading and more excita-
tion. Repeat until the antenna current drops
to half its maximum value when the plate
current is biased down to the carrier value.
Under these conditions the amplifier should
modulate properly, provided the plate supply
has good voltage regulation (§ 8-1) so that the
plate voltage is practically the same at both
values of plate current during the initial testing.

The d.c. plate current should be substan-
tially constant with or without modulation
(§5-3).

Suppressor modulation — The cireuit ar-
rangement for suppressor-grid modulation of a
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Fig. 507 — Suppressor-grid modulation of a pentode
r.f. amplifier. The suppressor r.f. by-pass condenser, C,
should be 0.002 ufd. or less.

pentode tube is shown in Fig. 507. The operat-
ing principles are the same as for grid-bias
modulation, However, the r.f. excitation and
modulating signals are applied to separate
grids, which gives the system a simpler operat-
ing technique, since best adjustment for proper
excitation requirements and proper modulating
circuit requirements are more or less independ-
ent. The carrier plate efficiency is approxi-
mately the same as for grid-bias modulation,
and the modulator power requirements are
similarly small. With tubes having suitable
suppressor-grid characteristies, linear modula-
tion up to practically 1009, can be obtained
with negligible distortion.

The method of adjustment is essentially the
same as that described in the preceding para-
graph. Apply normal excitation and bias to
the control grid and, with the suppressor bias
at zero or the positive value recommended
for c.w. telegraph operation with the particular
tube used, adjust the plate loading to obtain
twice the carrier plate current (on the basis of
339%, carrier efficiency). Then apply sufficient
negative bias to the suppressor to bring the
plate current to the carrier value, leaving the
loading unchanged. Simultaneously, the an-
tenna current also should drop to half its maxi-
mum value. The amplifier is then ready for
modulation. Should the plate current not
follow the antenna current in the same pro-
portion when the suppressor bias is made
negative, the loading and excitation should be
readjusted to make them coincide.

® 5-5 CATHODE MODULATION

Circuit — The fundamental circuit for
cathode or “center-tap’’ modulation is shown
in Fig. 508. This type of modulation is a com-
bination of the plate- and grid-bias methods,
and permits a carrier efficiency midway be-
tween the two. The audio power is introduced
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Fig. 508 — Cathode modulation of a Class-C r.f.
amplifier. The grid and plate by-pass condcnsers, C,
should be 0.002 ufd. or less (high reactance at audio fre-
quencies).

in the cathode circuit, and both grid bias and
plate voltage vary during modulation.

The cathode circuit of the modulated stage
must be independent of other stages in the
transmitter; that is, when filament-type tubes

are modulated they must be supplied from a_

separate filament transformer. The filament
by-pass condensers should not be larger than
about 0.002 ufd., to avoid by-passing the audio.

Operating principles — Because part of the
modulation is by the grid-bias method, the
plate efficiency of the modulated amplifier
must vary during modulation. The carrier
efficiency therefore must be lower than the
efficiency at the modulation peak. The re-
quired reduction in carrier efficiency depends
upon the proportion of grid modulation to
plate modulation; the higher the percentage of
plate modulation the higher the permissible
carrier efficiency, and vice versa. The audio
power required from the modulator also varies
with the percentage of plate modulation, being
greater as this percentage is increased.

The way in which the various quantities
vary is illustrated by the curves of Fig. 509.
In these curves, the performance of the cath-
ode-modulated r.f. amplifier is plotted in
terms of the tube ratings for plate-modulated
telephony, with the percentage of plate modu-
lation as a base. As the percentage of plate
modulation is decreased, it is assumed that
the grid-bias modulation is increased to make
the overall percentage of modulation reach
1009. The limiting condition, 1009, plate
modulation and no grid-bias modulation, is at
the right (A); pure grid-bias modulation is rep-
resented by the left-hand ordinate (B and C).
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As an example, assume that 409, plate
modulation is to be used. Then the modulated
r.f. amplifier must be adjusted for a carrier
plate efficiency of 569, the permissible plate
input will be 65% of the ratings of the same
tube with pure plate modulation, the power
output will be 489%, of the rated output of the
tube with plate modulation, and the audio
power required from the modulator will be
209, of the d.c. input to the modulated ampli-
fier.

Modulating impedance — The modulating
impedance of a cathode-modulated amplifier
is approximately equal to

m-E—b
I

where m is the percentage of plate modulation
expressed as a decimal, E, is the plate voltage,
and I, the plate current of the modulated r.f.
amplifier. This figure for the modulating im-
pedance is used in the same way as the corre-
sponding figure for pure plate modulation in
determining the proper modulator operating
conditions (§ 5-6).

Conditions for linearity — R.f. excitation
requirements for the cathode-modulated am-
plifier are midway between those for plate
modulation and grid-bias modulation. More
excitation is required as the percentage of
plate modulation is increased. Grid bias should
be considerably beyond cut-off; fixed bias
from a supply having good voltage regulation
(§ 8-9) is preferred, especially when the per-
centage of plate modulation is small and the
amplifier is operating more nearly like a grid-
bias modulated stage. At the higher percent-
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Fig. 509 — Cathode modulation performance curves,
in terms of percentage of plate modulation against per
cent of Class-C tclephony tube ratings.

Win — D.c. plate input watts in per cent of plate-modu-
lation rating.

‘W, — Carrier output watts in per cent of plate-modula-
tion rating (based on plate efficicney of 77.5%).

Wa — Audio power in per cent of d.c. watts input.

Np — Plate efficiency in per cent.



ages of plate modulation a combi-
nation of fixed and grid-leak bias
can be used since the variation in
rectified grid current is smaller.
The grid-leak should be by-passed
for audio frequencies. The percent-
age of grid modulation may be
regulated by choice of a suitable
tap on the modulation trans-
former secondary.

Avdio
Input

Adjustment of cathode-mod- =

ulated amplifiers — In most re-
spects the adjustment procedure
is similar to that for grid-bias modulation
(§ 5-4). The critical adjustments are those of
antenna loading, grid bias, and execitation. The
proportion of grid-bias to plate modulation
will determine the operating conditions.
Adjustments should be made with the aid of
an oscilloscope (§ 5-10). With proper antenna
loading and excitation, the normal wedge-
shaped pattern will be obtained at 1009, mod-
ulation. As in the case of grid-bias modulation
too-light antenna loading will cause flattening
of the up-peaks of modulation (downward
modulation), as will also too-high excitation
(§ 5-10). The cathode current will be prac-
tically constant with or without modulation
when the proper operating conditions are
reached (§ 5-3).

0 5-6 CLASS-B MODULATORS

Modulator tubes —In the case of plate
modulation, the relatively-large audio power
needed (§ 5-3) practically dictates the use of a
Class-B (§ 3-4) modulator, since the power
can be obtained most economically with this
type of amplifier. A typical cireuit is given in
Fig. 510. A pair of tubes must be chosen which
is capable of delivering sine-wave audio power
equal to half the d.c. input to the modulated
("lass-C amplifier. It is sometimes convenient
to use tubes which will operate at the same
plate voltage as that applied to the Class-C
stage, since one power supply of adequate
current capacity may then suftice for both
stages. Available components do not always
permit this, however, and better overall
performance and economy may frequently
result from the use of separate power sup-
plies.

Matching to load —In giving Class-B
ratings on power tubes, manufacturers specify
the plate-to-plate load impedance (§3-3)
into which the tubes must operate to deliver
the rated audio power output. This load im-
pedance seldom is the same as the modulating
impedance (§5-3) of the Class-C r.f. stage,
so that a matech must be brought about by
adjusting the turn ratio of the eoupling trans-
former, The required turn ratio, primary to
secondary, is
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Fig. 510 — Class-B modulator and driver circuit.

N
©

|

N
3

where Z,, is the Class-C modulating impedance
and Z, is the plate-to-plate load impedance
specified for the Class-B tubes.

Commercial Class-B output transformers
usually are rated to work between specified
primary and secondary impedances and are
designed for specific Class-B tubes. In such a
case the turn ratio can be found by substitut-
ing the given impedances in the formula
above. Many transformers are provided with
primary and secondary taps so that various
turn ratios can be obtained to meet the rc-
quirements of a large number of tube com-
binations.

Driving power — Class-B amplifiers are
driven into the grid-current region, so that
power is consumed in the grid circuit (§ 3-3).
The preceding stage (driver) must be capable
of supplying this power at the required peak
audio-frequency grid-to-grid voltage. Both
these quantities are given in the manufactur-
er’'s tube ratings. The grids of the Class-B
tubes represent a variable load resistance over
the audio-frequency cyele, since the grid cur-
rent does not increase directly with the grid
voltage. To prevent distortion, therefore, it is
necessary to have a driving source which has
good regulation — that is, which will maintain
the waveform of the signal without distortion
even though the load varies. This ean he
brought about by using a driver capable of
delivering two or three times the actual power
consumed by the Class-B grids, and by using
an input coupling transformer having a turn
ratio giving the largest step-down in voltage,
between the driver plate or plates and Class-B
grids, that will permit obtaining the specified
grid-to-grid a.f. voltage.

Driver coupling — A Class-A or Class-AB
(§3-4) driver is used to excite a Class-B
stage. Tubes for the driver preferably should
be triodes having low plate resistance, since
these will have the best regulation. Having
chosen a tube or tubes with ample power out-
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put from tube data sheets, the peak output
voltage will be, approximately,

E, =14 VPR
where P is the power output and R the load

resistance. The input transformer ratio, pri-
mary to secondary, will be

E,
E,

where E, is as given above and E, is the peak
grid-to-grid voltage required by the modulator
tubes.

Commercial transformers usually are de-
signed for specific driver-modulator combina-
tions, and usually are adjusted to give as good
driver regulation as the conditions will permit.

Grid bias — Modern Class-B audio tubes
are intended for operation without fixed bias.
This lessens the variable grid-circuit loading
effect and eliminates the need for a grid-bias
supply.

When a grid-bias supply is required, it must
have low internal resistance so that the flow
of grid current with excitation of the Class-B
tubes does not cause a continual shift in the
actual grid bias and thus cause distortion.
Batteries or a regulated bias supply (§ 8-9)
should be used.

Plate supply — The plate supply for a
Class-B modulator should be sufficiently well
filtered (§ 8-3) to prevent hum modulation of
the r.f. stage (§5-2). An additional require-
ment is that the output condenser of the sup-
ply should have low reactance (§ 2-8) at 100
cycles or less compared to the load into which
each tube is working, which is !4 the plate-to-
plate load resistance. A 4-ufd. output con-
denser with a 1000-volt supply, or a 2-ufd.
condenser with a 2000-volt supply, usually
will be satisfactory. With other plate voltages,
condenser values should be in inverse propor-
tion to the plate voltage.

Overexcitation — When a Class-B amplifier
is overdriven in an attempt to secure more
than the rated power, distortion in the output
waveshape increases rapidly. The high-fre-
quency harmonics which result from the distor-
tion (§ 3-3) modulate the transmitter, produc-
ing spurious sidebands (§ 5-2) which readily
can cause serious interference over a band of
frequencies several times the channel width
required for speech. This may happen even
though the transmitter is not being over-
modulated, as in the case where the modulator
is incapable of delivering the power required
to modulate the transmitter fully, or when
the Class-C amplifier is not adjusted to give
the proper modulating impedance (§ 5-3).

The tubes used in the Class-B modulator
should be capable of somewhat more than the
power output nominally required (50% of the
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d.c. input to the modulated amplifier) to take
care of losses in the output transformer. These
usually run from 109, to 20%, of the tube out-
put. In addition, the Class-C amplifier should
be adjusted to give the proper modulating
impedance and the correct output transformer
turn ratio should be used. Such high-frequency
barmonics as may be generated in these cir-
cumstances can be reduced by connecting
condensers across the primary and secondary
of the output transformer (about 0.002 pfd.
in the average case) to form, with the trans-
former leakage inductance (§ 2-9) a low pass
filter (§ 2-11) which cuts off just above the
maximum audio frequency required for speech
transmission (about 4000 cycles). The con-
denser voltage ratings should be adequate for
the peak a.f. voltages appearing across them.

Operation without load — Excitation
should never be applied to a Class-B modulator
until after the Class-C amplifier is turned on
and is drawing the proper plate current to
present the rated load to the modulator. With
no load to absorb the power, the primary im-
pedance of the transformer rises to a high
value and excessive audio voltages are de-
veloped across it — frequently high enough
to break down the transformer insulation.
If the modulator is to be tested separately
from the transmitter a load resistance of the
same value as the modulating impedance,
and capable of dissipating the full power out-
put of the modulator, should be connected
across the transformer secondary.

0 35-7 LOW-LEVEL MODULATORS

Selection of tubes — Modulators for grid-
bias and suppressor modulation usually can
be small audio power output tubes, since the
audio power required is quite small. A triode
such as the 2A3 is preferable because of its
low plate resistance, but pentodes will work
satisfactorily.

Matching to load — Since the ordinary
Class-A receiving power tube will develop
about 200 to 250 peak volts in its plate circuit,
which is ample for most low-level modulator
applications, a 1:1 coupling transformer is
generally used. If more voltage is required,
a step-up ratio must be provided in the trans-
former. It is usual practice to load the primary
of the output coupling transformer with a re-
sistance equal to or slightly higher than the
rated load resistance for the tube in order to
stabilize the voltage output and thus improve
the regulation. This is indicated in Figs. 506
and 507.

¢ 5-8 MICROPHONES

Sensitivity — The sensitivity of a micro-
phone is its electrical output for a given speech
intensity input. Sensitivity varies greatly with




microphones of different basic types, and also
varies between different models of the same
type. The output is also greatly dependent on
the charaeter of the individual voice and the
distance of the speaker’s lips from the miero-
phone, deereasing approximately as the square
of the distance. It also may be affected by
reverberation in the room. Hence, only ap-
proximate values based on averages of “nor-
mal’’ speaking voices can be attempted. The
values given in the following paragraphs are
based on close talking; that is, with the micro-
phone six inches or less from the speaker’s lips.

Frequency response — The frequency re-
sponse of a microphone is its relative ability
to convert sounds of different frequeneies into
alternating current. With fixed sound inten-
sity at the microphone, the electrieal output
may vary considerably as the sound frequency
is varied. For intelligible speech transmission
only a limited frequency range is necessary,
and natural-sounding spcech ean be obtained
if the output of the mierophone does not vary
more than a few decibels (§ 3-3) over a range
of about 100 cyeles to 3000 or 4000 cycles.
When the variation in deeibels is small be-
tween two frequency limits, the microphone
is said to be flat between those limits.

Carbon microphones — Fig. 511 shows con-
nections for single- and double-button carbon
microphones, with a variable potentiometer
included in each circuit for adjusting the but-
ton current to the correet value as specified
with eaeh microphone. The single-button
microphone consists of a metal diaphragm
placed against an insulating cup containing
loosely-packed carbon granules (microphone
button). Current from a battery flows through
the granules, the diaphragm being one connee-
tion and the metal back-plate the other. The
primary of a transformer is connected in scries
with the battery and microphone. As the dia-
phragm vibrates its pressure on the granules
alternately inereases and decreases, causing a
corresponding increase and decrease of current
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flow through the circuit, since the pressure
changes the resistance of the mass of granules.
The change in eurrent flowing through the
transformer primary causes an alternating
voltage, of corresponding frequeney and in-
tensity, to be set up in the transformer sec-
ondary (§ 2-9). The double-button type oper-
ates similarly, but with two buttons in push-
pull.

Good quality single-button carbon miero-
phones give outputs ranging from 0.1 to 0.3
volt across 50 to 100 ohms; that is, across the
primary winding of the microphone trans-
former. With the step-up of the transformer, a
peak voltage of between 3 and 10 volts across
100,000 ohms or so ean be assumed available
at the grid of the first tube. These microphones
are usually operated with a button current of
50 to 100 ma.

The sensitivity of good-quality double-
button microphones is considerably less, rang-
ing from 0.02 volt to 0.07 volt across 200 ohms.
With this type microphone and the usual
push-pull input transformer, a peak voltage
of 0.4 to 0.5 volt across 100,000 ohms or so can
be assumed available at the first speech ampli-
fier grid. The button current with this type
mierophone ranges from 5 to 50 ma. per button.

Crystal microphones — The input circuit
for a piezo-electric or erystal type microphone
is shown in Fig. 511-E. The element in this
type consists of a pair of Rochelle salts crystals
cemented together, with plated electrodes.
In the more sensitive types the crystal is
mechanically coupled to a diaphragm. Sound
waves actuating the diaphragm cause the
crystal to vibrate mechanically and, by piezo-
electric action (§2-10), to generate a corre-
sponding alternating voltage between the elec-
trodes, whieh are conneeted to the grid circuit
of a vacuum tube amplifier as shown. The
crystal type requires no separate source of
current or voltage.

Although the sensitivity of erystal micro-
phones varies with different models, an output
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of 0.01 to 0.03 volt is representative for com-
munication types. The sensitivity is affected
by the length of the cable connecting to the
first amplifier stage; the above figure is for
lengths of 6 or 7 feet. The frequency charac-
teristic is unaffected by the cable but the load
resistance (amplifier grid resistor) does affect
it, the lower frequencics being attenuated as
the shunt resistance becomes less. Grid resistor
values of 1 megohm and higher should be used,
5 megohms being a customary figure.

Condenser microphones — The condenser
microphone of Fig. 511-C consists of a two-
plate capacity with one plate stationary and
the other, separated from the first by about a
thousandth of an inch, a thin metal membrane
serving as a diaphragm. This condenser is con-
nected in series with a resistor and d.c. voltage
source. When the diaphragm vibrates the
change in capacity causes a small charging
current to flow through the circuit. The result-
ing audio voltage which appears across the
resistor is fed to the tube grid through the
coupling condenser.

The output of condenser microphones varies
with different models, the high-quality type
being about one-hundredth to one-fiftieth as
sensitive as the double-button carbon micro-
phone. The first amplifier tube must be built
into the microphone since the capacity of a
connecting cable would impair both output
and frequency range.

Velocity and dynamic microphones —
In a velocity or ribbon microphone, the ele-
ment acted upon by the sound waves is a thin
corrugated metallic ribbon suspended between
the poles of a magnet. When made to vibrate
the ribbon cuts the lines of force between the
poles in first one direction and then the other,
thus generating an alternating voltage.

The sensitivity of the velocity microphone,
with a suitable coupling transformer, is about
0.03 to 0.05 volt.

The dynamic microphone is similar to the
ribbon type in principle, but the ribbon is re-
placed by a coil attached to a diaphragm. The
coil provides several turns of wire cutting the
magnetic field, and thus gives greater sensitiv-
ity. A small permanent-magnet loud-speaker
makes a practical dynamic microphone.

0 3-9 THE SPEECH AMPLIFIER
Description — The function of the speech
amplifier is to build up the weak microphone
voltage to a value sufficient to excite the modu-
lator to the required output. It may have from
one to several stages. The last stage nearly
always must deliver a certain amount of audio
power, cspecially when it is used to excite a
Class-B  modulator. Speech amplifiers for
grid-bias modulation usually end in a power
stage which also functions as the modulator.

9
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The speech amplifier is frequently built as a
separate unit from the modulator, and in such
a case may be provided with a step-down
transformer designed to work into a low im-
pedance, such as 200 or 500 ohms (tube-to-
line transformer). When this is done, a step-up
input transformer intended to work between
the same impedance and the modulator grids
(line-to-grid transformer) is provided in the
modulator circuit. The line connecting the two
transformers may be made any convenient
length.

General design considerations — The last
stage of the speech amplifier must be selected
on the basis of the power output required
from it; for instance, the power necessary to
drive a Class-B modulator (§ 5-6). It may be
either single-ended or push-pull (§ 3-3) the
latter being generally preferable because of
higher power output and lower harmonic
distortion. Push-pull amplifiers may be either
Class A, Class AB; or Class AB2 (§ 3-4) as the
power requirements dictate. If a Class A or
AB; amplifier is used, the preceding stages
may all be voltage amplifiers, but when a Class-
AB; amplifier is used the stage immediately
preceding it must be capable of furnishing the
power consumed by its grids at full output.
The requirements in this case are much the
same as those which must be met by a driver
for a Class-B stage (§ 5-6), but the actual
power needed is considerably smaller and
usually can be supplied by one or two small
receiving triodes. Any lower-level stages are
invariably worked as purely voltage ampli-
fiers.

The minimum amplification which must be
provided ahead of the last stage is equal to
the peak audio-frequency grid voltage re-
quired by the last stage for full output (peak
grid-to-grid-voltage in the case of a push-pull
stage) divided by the output voltage of the
microphone or secondary of the microphone
transformer if one is used (§ 5-8). The peak
a.f. grid voltage required by the output tube
or tubes is equal to the d.c. grid bias in the
case of a single-tube Class A amplifier, and
approximately twice the grid bias for a push-
pull Class-A stage. The requisite information
for Class AB; and AB; amplifiers can be ob-
tained from the manufacturer’s data on the
type considered. If the gain is not obtainable
in one stage, several stages must be used in
cascade. When the output stage is operated
Class ABj;, due allowance must be made for
the fact that the next-to-the-last stage must
deliver power as well as voltage. In such cases
suitable driver combinations are usually recom-
mended by manufacturers of tubes and inter-
stage transpermers. The coupling transformer
must be designed especially for the purpose.

The total gain provided by a multi-stage



amplifier is equal to the product of the indi-
vidual stage gains. For example, when three
stages are used, the first having a gain of 100,
the second 20 and the third 15, the total gain
is 100 X 20 X 15, or 30,000. It is good prac-
tice to provide two or three times the mini-
mum required gain in designing the speech
amplifier. This will insure having ample gain
available to cope with varying conditions.

When the gain must be fairly high, as when
a crystal microphone is used, the speech am-
plifier frequently has four stages, including
the power output stage. The first is generally
a pentode because of the high gain attainable
with this type of tube. The second and third
stages are usually triodes, the third frequently
having two tubes in push-pull when it drives a
Class AB: output stage. Two pentode stages
are seldom used conseeutively because of the
difficulty of getting stable operation when the
gain per stage is high. With carbon micro-
phones less amplification is needed, hence the
pentode first stage usually is omitted, one or
two triode stages being ample to obtain full
output from the power stage.

Stage gain and voltage output — In volt-
age amplifiers, the stage gain is the ratio of
a.c. output voltage to a.c. voltage applied
to the grid. It will vary with the applied audio
frequency, but for speech work the variation
should be small over the range 100-4000
cycles. This condition is easily met in practice.

The output voltage is the maximum value
which can be taken from the plate circuit
without distortion. It is usually expressed in
terms of the peak value of the a.c. wave (§ 2-7)
since this value is independent of the wave-
form. The peak output voltage usually is of
interest only when the stage drives a power
amplifier, since only in this case is the stage
called upon to work near its maximum capa-
bilities. Low-level stages are very seldom
worked near full capacity, hence harmonic
distortion is negligible and the voltage gain
of the stage is the primary consideration.

Resistance coupling — Resistance coupling
is generally used in voltage amplifier stages.
It is relatively incxpensive, good frequency
response can be secured, and there is little
danger of hum pick-up from stray magnetic
fields associated with heater wiring. It is the
only type of coupling suitable for the output
circuits of pentodes and high-u triodes, since
with audio-frequeney transformers a suffi-
ciently high load impedance (§ 3-3) cannot be
obtained without considerable frequency dis-
tortion. Typical resistance-coupled circuits
are given in Fig. 512.

The frequency response of the amplifier will
be determined by the circuit constants, par-
ticularly C3R,4, the coupling condenser and
resistor to the following stage, and C)R;, the
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Fig. 512 — Resistance-coupled voltage amplifier cir-
cuits. A, pentode; B, triodc. Designations are as follows:

C1 — Cathode by-pass condenser.
Cz2 — Plate by-pass condenser.
C3 — Output coupling condenser (blocking condenser).
C4 — Screen by-pass condcnser.
Ri1 — Cathode resistor.
Rz — Grid resistor.
Ras — DPlate resistor.
R4 — Next-stage grid resistor.
Rs — Plate decoupling resistor.
Re — Screen resistor.
Values for commonly-used tubes are given in Table I.

cathode bias resistor and by-pass condenser.
For adequate amplification at low frequencies
the time constant (§ 2-6) of both these CR
combinations should be large. Depending upon
the type of tube used in the next stage, R4
may vary from 50,000 ohms (with power
tubes such as the 2A3 or 6F6) to 1 megohm;
it is advantageous to use the highest value
recommended for the type of tube used since
this gives greatest low-frequency response
with a given size of coupling condenser, (3.
A capacity of 0.1 ufd. at C3 will provide ample
coupling at low frequencies with any ordina-
rily-used tube, load resistance (R3) and next-
stage grid resistance (R,).

The reactance (§ 2-8) of C; must be small
compared to the resistance of R; for good low-
frequency response. While with values of R;
in the vicinity of 10,000 chms, more or less, a
condenser of 1 ufd. will suffice, it is more com-
mon practice to use 5- or 10-ufd. low-voltage
electrolytic condensers for the purpose, since
they are inexpensive and provide ample by-
passing. A value of 10 ufd. is usually sufficient
with values of R; as low as 500 ohms.
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For maximum voltage gain the resistance
at R should be as high as possible without
causing too great a drop in voltage at the plate
of the tube. Values range from 50,000 ochms
to 0.5 megohm, the smaller figure being used
with triodes having comparatively low plate
resistance. The value of R, depends upon Rj3,
which principally determines the plate cur-
rent; in general, the grid bias is somewhat
smaller than in circuits having low-resistancé
output devices (such as a transformer) be-
cause of the lower voltage effective at the plate
of the tube. This is also true of the screen
voltage, for similar reasons, and values of the
screen resistor, K, may vary from 0.25 to
2 megohms. A sereen by-pass (Cy) of 0.1 ufd.
will be adequate in all cases.

Table I shows typical values for some of the
more popular tube types used in speech ampli-
fiers. The stage gain and peak undistorted
output voltage also are given. Other operating
conditions are of course possible. The value
of the grid resistor, Rs, does not affect any
of these quantities, but should not exceed
the maximum value recommended by the
manufacturer for the particular type of tube
used.

The resistance-capacity filter (§ 2-11) formed
by C:Rs is called a decoupling circuit. It iso-
lates the stage from the power supply so that
unwanted coupling between this and other

lput
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Fig. 513 — Transformer-coupled amplifier circuits for
driving a push-pull amplifier. A, resistance-transformer
conpling; B, transformer coupling. Designations corre-
spond to those of Fig. 512. In A4, values can be taken
from Table I. In B, the cathode resistor is calculated
from the rated plate current and grid bias as given for
the particular type of tube used (§ 3-6).
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stages through the output impedance of the
power supply is eliminated. Such coupling is
a frequent cause of low-frequency oscillation
(motorboating) in multistage resistance-coupled
amplifiers.

Transformer coupling — Transformer cou-
pling between stages is ordinarily used only
when power is to be transferred (in such a case
resistance coupling is very inefficient) or when
it is necessary to couple between a single-
ended and a push-pull stage. Triodes having
an amplification factor of 20 or less are used
in transformer-coupled voltage amplifiers.

Representative circuits for single-ended to
push-pull are shown in Fig. 513. That at A
uses a combination of resistance and trans-
former coupling and may be used for exciting
the grids of a Class-A or AB, following stage.
The resistance coupling is used to keep the
d.c. plate current from flowing through the
transformer primary and thereby prevent a
reduction in primary inductance below its no-
current value (§ 8-4). This improves the low-
frequency response. With triodes ordinarily
used (6C5, 6J5, etc.) the gain is equal to that
with resistance coupling (typical values in
Table 1) multiplied by the secondary-to-
primary turn ratio of the transformer. This
ratio is generally 2:1

In B the transformer primary is in series
with the plate of the tube and thus must carry
the tube plate current. When the following
amplifier operates without grid current, the
voltage gain of the stage is practically equal to
the u of the tube multiplied by the transformer
ratio. This circuit is also suitable for trans-
ferring power (within the capabilities of the
tube) as in the case of a following Class-AB,
stage used as a driver for a Class-B modulator.

Gain control — The overall gain of the am-
plifier may be changed to suit the output level
of the microphone, which will vary with voice
intensity and distance of the speaker from the
microphone, by varying the proportion of a.c.
voltage applied to the grid of one of the stages.
This is done by means of an adjustable voltage
divider (§2-6), commonly called a “poten-
tiometer” or ‘“volume c¢ontrol,” as shown in
Fig. 514. The actual voltage applied between
grid and cathode will be very nearly equal to
the ratio of the resistance between AB to the
total resistance AC, multiplied by the a.c.
voltage which appears across AC. The gain
control is usually also the grid resistor for the
amplifier stage with which it is associated.

The gain control potentiometer should be
near the input end of the amplifier so that
there will be no danger that stages ahecad of
the gain control will overload. With earhon
microphones the gain control may be plaeed
directly across the mierophone transformer
secondary, but with other types the gain con-




Fig. 514 — Gain control circuit.

trol usually will affect the frequency response
of the microphone when connected directly
across it. The control is therefore usually
placed in the grid circuit of the second stage.

Phase inversion — Push-pull output may
be secured with resistance coupling by using
an extra tube as shown in Fig. 515. There
is a phase shift of 180 degrees through any
normally-operating resistance-coupled stage
(§ 3-3) and the extra tube is used purely to
provide this phase shift without additional
gain. The outputs of the two tubes are then
added to give push-pull excitation to the next
amplifier.

In Fig. 515, V, is the regular amplifier, con-
nected in normal fashion to the grid of one of
the push-pull tubes. The next-stage grid re-
sistor is tapped so that part of the output
voltage is fed to the grid of the phase inverter,
Vo This tube then amplifies the signal and
applies it in reverse phase to the grid of the
second push-pull tube. Two similar tubes
should be used at V; and V3, with identical
plate resistors and output coupling condensers.
The tap on R, is adjusted to make Vy and V.
give equal voltage outputs so that balanced
excitation is applied to the grids of the follow-
ing stage.

The cathode resistor, Rs, commonly is left
un-bypassed since this tends to help balance
the circuit. Double-triode tubes are frequently
used as phase inverters.

TABLE I—-TYPICAL VOLTAGE AMPLI-

FIER DATA
Peak

Tube Type Rs, Re, |R1, okhms| Output | Voltage
megohms | megohms Volts | Gain
6C5 0.1 6000 88 13
6J5 0.1 — 3000 64 14
6F5, 6SF5 0.25 — 3000 54 63
6J7 0.25 1.2 1200 104 140
63J7 0.25 1.0 900 88 167
0.5 2.0 1300 64 200

Other values (Fig. 512): C1, 10 ufd. (low-voltage electro-
lytic); C2, 8-ufd. electrolytic; Ca, C4, 0.1-ufd. paper; Rz, 0.1
to 1 megohm; R4, 0.5 megohm; Rs, 10,000 to 50,000 ohms.
Data are based on a plate-supply voltage of 300; lower
values will reduce the undistorted peak output voltage in
proportion, but will not materially affect the voltage gain.
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Output limiting — 1t is desirable to modu-
late as heavily as possible without overmodu-
lating, yet it is difficult to speak into the micro-
phone at a constant intensity. To maintain
reasonably constant output from the modula-
tor in spite of variations in speech intensity,
it is possible to use automatic gain control
which follows the average (not instantaneous)
variations in speech amplitude. This is accom-
plished by rectifying and filtering (§ 8-2, 8-3)
some of the audio output and applying the
rectified and filtered d.c. to a control electrode
in an early stage in the amplifier.

A practical circuit for this purpose is shown
in Fig. 516. The rectifier must be connected,
through the transformer, to a tube capable of

Fig. 515 — Phase inverter circuit for resistance-
coupled push-pull output. With a double-triode tube
(6IN7) the following values are typical:

R: — 0.5 megohm.
Rz, Rz — 0.1 megohm.
R4, Rs — 0.5 megohm.
R¢ — 1500 ohms.
C1, C2—0.1 ufd.
R4 should be tapped as described in the text. The
voltage gain with these constants is 22,

delivering some power output (a small part of
the output of the power stage may be used) or
else a separate amplifier for the rectifier cir-
cuit alone may have its grid connected in
parallel with that of the last voltage amplifier.
Resistor R4 in series with Ry across the plate
supply provides variable bias on the rectifier
plates so that the limiting action can be de-
layed until a desired microphone input level is
reached. R2, R3, Cs, C3, and C4 form the filter,
{§ 2-11) and the output of the rectifier is con-
nected to the suppressor grid of the pentode
first stage of the speech amplifier.

A step-down transformer giving about 50
volts when its primary is connected to the out-
put circuit should be used. A half-wave recti-
fier can be used instead of the full-wave circuit
shown, although satisfactory filtering is more
difficult.

Noise — It is important that the noise level
in a speech amplifier be low compared to the
level of the desired signal. Noise in the speech
amplifier is chiefly hum, which may be the
result of insufficient power-supply filtering
or may be introduced into the grid circuit of a
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Fig. 516 — Output limiting circuit.
C1, C2, C3, C4 — 0.1-ufd. paper.
Ri, Rz, R3 — 0.25 megohm.

R4 — 25,000.0hm potentiometer.
Rs — 0.1 megohm.,

T — See text.

tube by magnetic or electrostatic means from
heater wiring. The plate voltage for the ampli-
fier should be free from ripple (§ 8-4), par-
ticularly the voltage applied to the low-level
stages. A two-section condenser-input filter
(§ 8-5) is usually satisfactory. The decoupling
circuits mentioned in the preceding para-
graphs also are helpful in reducing plate-
supply hum.

Hum from heater wiring may be reduced
by keeping the wiring well away from un-
grounded components or wiring, particularly in
the vicinity of the grid of the first tube. Com-
plete shielding of the microphone jack is
advisable, and when tubes with grid caps in-
stead of the single-ended types are used the
caps and the exposed wiring to them should
be shielded. Heater wiring preferably should
run in the corners of a metal chassis to reduce
the magnetic field. A ground should be made
either on one side of the heater circuit or to
the center-tap of the heater winding. The
shells of metal tubes should be grounded;
glass tubes require separate shields, especially
when used in low-level stages. Heater connec-
tions to the tube sockets should be kept as far
as possible from the plate and grid prongs,
and the heater wiring to the sockets should be
kept close to the chassis. A connection to a
good ground (such as a cold water pipe} also
is advisable. The speech amplifier always
should be constructed on a metal chassis.

When the power supply is mounted on the
same chassis with the speech amplifier, the
power transformer and filter chokes should be
well separated from audio transformers in the
amplifier proper, to reduce magnetic coupling.

¢ 5-10 CHECKING *PHONE TRANS-
MITTER OPERATION
Modulation percentage — The most reliable
method of determining percentage of modula-
tion is by means of the cathode-ray oscillo-
scope (§3-9). The oscilloscope gives a direct
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picture of the modulated output of the trans-
mitter, and the waveform errors inherent in
other types of measurements are eliminated.

Two types of oscilloscope patterns may be
obtained, known as the ‘“wave envelope” and
“trapezoid.”” The former shows the shape of
the modulation envelope (§ 5-2) directly, while
the latter in effect plots the modulation char-
acteristic (§ 5-2) of the modulated stage on
the cathode-ray tube screen. To obtain the
wave-envelope pattern the oscilloscope must
have a horizontal sweep circuit. The trapezoid
pattern requires only the oscilloscope, the
sweep circuit being supplied by the transmitter
itself. Fig. 517 shows methods of connecting
the oscilloscope to the transmitter for both
types of patterns. The oscilloscope connections
for the wave-envelope pattern, Fig. 517-A,
are usually simpler than those for the trape-
zoidal figure. The vertical deflection plates are
coupled to the amplifier tank coil or an antenna
coil by means of a pickup coil of a few turns
connected to the oscilloscope through a
twisted-pair line. The position of the pickup
coil is varied until a carrier pattern, Fig.
518-B, of suitable height is obtained. The
sweep voltage should be adjusted to make the
width of the pattern somewhat more than
half the diameter of the screen. 1t is frequently
helpful in eliminating r.f. harmonics from the
pattern to connect a resonant circuit, tuned
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Fig. 517 — Methods of connecting an oscilloscope to
the modulated amplifier for checking modulation.
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Fig. 518 — Wave-envelope and trapezoidal patterns
under different conditions of modulation,

to the operating frequency, between the ver-
tical deflection plates, using link coupling
between this circuit and the transmitter tank
circuit.

With the application of voice modulation a
rapidly-changing pattern of varying height
will be obtained. When the maximum height
of this pattern is just twice that of the carrier
alone, the wave is being modulated 1009,
(§ 5-2).This is illustrated by Fig. 518-D, whete
the point X represents the sweep line (reference
line) alone, YZ is the carrier height, and PQ
is the maximum height of the modulated wave.
If the height is greater than the distance PQ,
as illustrated in E, the wave is overmodulated
in the upward direction. Overmodulation in
the downward direction is indicated by a gap
in the pattern at the reference axis, where a
single bright line appears on the screen. Over-
modulation in either direction may take place
even when the modulation in the other direc-
tion is less than 1009%,. Assuming that the
modulation is symmetrical, however, any
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modulation percentage can be measured di-
rectly from the screen by measuring the maxi-
mum height with modulation and the height
of the carrier alone; calling these two heights
h1 and hg, respectively, the modulation per-
centage is
hi — ke
» X 100

Connections for the trapezoidal pattern
are shown in Fig. 517-B. The vertical plates
are similarly coupled to the transmitter tank
circuit through a pick-up loop; the tuned in-
put circuit to the oscilloscope may also be
used. The horizontal plates are coupled to the
output of the modulator through a voltage
divider (§ 2-6) R Rz, the latter resistance
being variable to permit adjustment of the
audio voltage to a suitable value to give a
satisfactory horizontal sweep on the screen.
R; may be a 0.25-megohm volume control
resistor. The value of R; will depend upon the
audio output voltage of the modulator. This
voltage is equal to v/PR, where P is the audio
power output of the modulator and R is the
modulating impedance of the modulated r.f.
amplifier. In the case of grid-bias modulation
with a 1:1 output transformer, it will be satis-
factory to assume that the a.c. output voltage
of the modulator is equal to 0.7E for a single
tube, or 1.4E for a push-pull stage, where E
is the d.c. plate voltage on the modulator. If
the transformer ratio is other than 1:1, the
voltage so calculated should be multiplied
by the actual secondary-to-primary turn ratio.
The total resistance of Ry and R in series
should be 0.25 megohm for every 150 volts of
modulator output; for example, if the modula-
tor output voltage is 600, the total resistance
should be four (600/150) times 0.25 megohm,
or 1 megohm. Then with 0.25 megohm at Ry,
R, should be 0.75 megohm. The blocking
condenser (' should be 0.1 xfd or more and
its voltage rating should be greater than the
maximum voltage appearing in the circuit.
With plate modulation, this is twice the d.c.
voltage applied to the plate of the modulated
amplifier.

The trapezoidal patterns are shown in Fig.
518 at F to J, each alongside the corresponding
wave-envelope pattern. With no signal, only
the cathode ray spot appears on the screen.
When the unmodulated carrier is applied a
vertical line appears, and its length should be
adjusted by means of the pickup coil coupling
to a convenient value. When the carrier is
modulated the wedge-shaped pattern appears;
the higher the modulation percentage the wider
and more pointed the wedge becomes. At 1009,
modulation it just makes a point on the axis
A at one end and the height PQ at the other
end is equal to twice the carrier height YZ.

CHAPTER FIVE 97



5A¢ /eaJio _/4mafeur’6 ﬂantléooé

Overmodulation in the upward direction is
indicated by increased height over PQ, and
in the downward direction by an extension
along the axis X at the pointed end. The modu-
lation perccntage may be found by measur-
ing the modulated and unmodulated carrier
heights in the same way as with the wave
envelope pattern.

Non-symmetrical waveforms—1In voice
waveforms the average maximum amplitude
in one direction from the axis is frequently
greater than in the other direction, although
the average energy on both sides is the same.
For this reason the percentage of modulation
in the up direction frequently differs from that
in the down direction, and with a given voice
and microphone this difference in modulation
percentage is usually always in the same direc-
tion. Since overmodulation in the downward
direction causes more out-of-channel interfer-
ence than overmodulation upward because
of the steeper wavefront (§ 6-1), it is advisable
to “phase” the modulation so that the side
of the voice waveform having the larger excur-
sions causes the instantaneous carrier power to
increase and the smaller excursions to cause a
power decrease. This reduces the likelihood
of overmodulation on the down peak. The
direction of the larger excursions can readily be
found by careful observation of the oscillo-
scope pattern. The phase can be reversed by
reversing the connections of one winding of
any transformer in the speech amplifier or
modulator.

Modulation monitoring — While it is de-
sirable to modulate as fully as possible, 1009,
modulation should not be exceeded, particu-
larly in the downward direction, because har-
monic distortion will be introduced and the
channel width increased (§ 5-2), thus causing
unnecessary interference to other stations.
The oscilloscope may be used to provide a
continuous check on the modulation, but sim-
pler indicators may be used for the purpose,
once calibrated. A convenient indicator, when
a Class-B modulator (§ 5-6) is used, is the
plate milliammeter in the Class-B stage, since
plate current fluctuates with the voice inten-
sity. Using the oscilloscope, determine the
gain-control setting and voice intensity which
gives 1009, modulation on voice peaks, and
simultaneously observe the maximum Class-B
plate-milliammeter reading on the peaks.
When this maximum reading is obtained, it
will suffice in regular operation to adjust the
gain so that it is not exceeded.

A sensitive rectifier-type voltmeter (copper
oxide type) can also be used for modulating
monitoring. It should be connected across the
output circuit of an audio driver stage where
the power level is a few watts, and similarly
calibrated against the oscilloscope to determine
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the reading which represents 1009, modula-
tion.

The plate milliammeter of the modulated
r.f. stage may also be used as an indicator of
overmodulation. Since the average plate cur-
rent is constant (§ 5-3, 5-4, 5-5) when the
amplifier is linear, the reading will be the
same with or without modulation. When
the amplifier is overmodulated, especially in
the downward direction, the operation is no
longer linear and the average plate current
will change. A flicker of the pointer may there-
fore be taken as an indication of overmodula-
tion or non-linearity. However, it is possible
that the average plate current will remain
constant with considerable overmodulation
under some operating conditions, so such an
indicator is not wholly reliable unless it has
been previously checked against an oscillo-
scope.

Linearity — Thelinearity (§ 5-2) of a modu-
lated amplifier may readily be checked with
the oscilloscope. The trapezoidal pattern is
more easily interpreted than the wave enve-
lope pattern and less auxiliary equipment is re-
quired. The connections are the same as for
measuring modulation percentage (Fig. 517).
If the amplifier is perfectly linear, the sloping
sides of the trapezoid will be perfectly straight
from the point at the axis up to at least 1009,
modulation in the upward direction. Non-
linearity will be shown by curvature of the
sides. Curvature near the point, extending the
point farther along the axis than would occur
with straight sides, indicates that the output
power does not decrease rapidly enough in
this region; it may also be caused by imperfect
neutralization (a push-pull amplifier is recom-
mended because better neutralization is possi-
ble than with single-ended amplifiers) or r.f.
leakage from the exciter through the final
stage. The latter condition can be checked by
removing the plate voltage from the modulated
stage, when the carrier should disappear and
only the beam spot remain on the screen
(Fig. 518-F). If a small vertical line remains
the amplifier should be re-neutralized to elimi-
nate it; if this does not suffice, r.f. is being
picked up from lower-power stages either by
coupling through the final tank circuit or
through the oscilloscope pickup circuit.

Inward curvature at the large end of the
pattern is caused by improper operating con-
ditions of the modulated amplifier, usually
improper bias or insufficient excitation, or
both, with plate modulation. In grid-bias and
cathode-modulated systems, the bias, excita-
tion and plate loading are not correctly pro-
portioned when such curvature occurs, usually
because the amplifier has been adjusted to
have too-high carrier efficiency without modu-
lation (§ 5-4, 5-5).




For the wave-envelope pattern it is neces-
sary to have a linear horizontal sweep circuit
in the oscilloscope and a source of sine-wave
audio signal (such as an audio oscillator or
signal generator) which can be synchronized
with the sweep circuit. The linearity can be
judged by comparing the wave envelope with a
true sine wave. Distortion in the audio cir-
cuits will affect the pattern in this case (such
distortion has no effect on the trapezoidal
pattern, which shows the modulation charac-
teristic of the r.f. amplifier alone), and it is also
readily possible to misjudge the shape of the
modulation envelope, so that the wave enve-
lope is less useful than the trapezoid for check-
ing linearity of the modulated amplifier.

Fig. 519 shows typical patterns of both
types. The cause of the distortion is indicated
for grid-bias and suppressor modulation. The
patterns at A, although not truly linear, are
representative of properly-operated grid-bias
modulation systems. Better linearity can be
obtained with plate modulation of a Class-C
amplifier.

Faulty patterns — The drawings of Figs.
518 and 519 show what is normally to be ex-
pected in the way of pattern shapes when the
oscilloscope is used to check modulation. If
the actual patterns differ considerably from
those shown, it is probable that the pattern
is faulty rather than the transmitter. It is
important that only r.f. from the modulated
stage be coupled to the oscilloscope, and then
only to the vertical plates. The effect of stray
r.f. from other stages in the transmitter has
been mentioned in the preceding paragraph.
If rf. is also present on the horizontal plates,
the pattern will lean to one side instead of
being upright. If the oscilloscope cannot be
moved to a spot where the unwanted pick-up
disappears, a small by-pass condenser (10
uufd.) should be connected across the horizon-
tal plates as close to the cathode-ray tube as
possible. An r.f. choke (2.5 mh. or smaller)
may also be connected in series with the un-
grounded horizontal plate.

“Folded” trapezoidal patterns occur when
the audin sweep voltage is taken from some
point in the audio system other than that
where the a.f. power is applied to the modu-
lated stage, and are caused by a phase differ-
ence between the sweep voltage and the modu-
lating voltage. The connections should always
be as shown in Fig. 517-B.

Plate-current shift — As mentioned above,
the d.c. plate current of a modulated amplifier
will be the same with and without modulation
so long as the amplifier operation is perfectly
linear and other conditions remain unchanged.
This also assumes that the modulator is work-
ing within its capabilities. Because there is
usually some curvature of the modulation

pazliofe/ﬁzpéony

OPERATING
(A) POINTSET FOR

1009 UPWARD

MODULATION

AMPLIFIER
LIGHTLY LOADED

(B) orexciration
INCORRECT

Limts of i
Avdio Grid
Swing

Unmodulated

overmooutation C@rrrer L
CAUSED BY EX- A
(€) cessve avoto 1t of et
GRID VOLTAGE  Lim/E5 0,
Audio Grid

Swing

Fig. 519 — Oscilloscope patterns representing proper
and improper grid-bias or cathode modulation. The pat-
tern obtained with a correctly adjusted amplifier is
shown at A. The other two drawings indicate non-
linear modulation.

characteristic with grid-bias modulation there
is normally a slight upward change in plate
current of a stage so modulated, but this occurs
only at high modulation percentages and is
barely detectable under the usual conditions
of voice modulation.

With plate modulation, a downward shift
in plate current may indicate one or more
of the following:

1. Insufficient excitation to the modulated
r.f. amplifier.

2. Insufficient grid bias on the modulated
stage.

3. Wrong load resistance for Class-C r.f.
amplifier.

4. Insufficient output capacity in filter of
modulated amplifier plate supply.

5. Heavy overloading of Class-C r.f. amgli-
fier tube or tubes.

Any of the following may cause an upward
shift in plate current:

1. Uvermodulation (excessive audio power,
audio gain too great).

2. Incomplete neutralization of the modu-
lated amplifier.

3. Parasitic oscillation in the modulated
amplifier.

When a common plate supply is used for
both Class-B (or Class AB) modulator and
modulated r.f. amplifier, the plate current of
the latter may “kick’ downward because of
poor power-supply voltage regulation (§ 8-1)
with the varying additional load of the modu-
lator on the supply. The same effect may occur
with high-power transmitters because of poor
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regulation of the a.c. supply mains, even when
a separate power supply unit is used for the
Class-B modulator. Either condition may be
detected by measuring the plate voltage ap-
plied to the modulated stage; in addition, poor
line regulation may also be detected by a
downward shift in filament or line voltage.

With grid-bias modulation, any of the fol-
lowing may be the cause of a plate current
shift greater than the normal mentioned above:

Downward kick: Too much r.f. excitation;
insufficient operating bias; distortion in modu-
lator or speech amplifier; too-high resistance in
bias supply; insufficient output capacity in
plate-supply filter to modulated amplifier; am-
plifier plate circuit not loaded heavily enough;
plate-circuit efficiency too high under carrier
conditions.

Upward kick: Overmodulation (excessive
audio voltage); distortion in audio system; re-
generation because of incomplete neutraliza-
tion; operating grid bias too high.

A downward kick in plate current will ac-
company an oscilloscope pattern like that of
Fig. 519-B; the pattern with an upward kick
will look like Fig. 519-A with the shaded
portion extending farther to the right and
above the carrier, for the ‘“wedge’’ pattern.

Noise and hum on carrier — These may be
detected by listening to the signal on a receiver
sufficiently removed from the transmitter to
avoid overloading. The hum level should be
low compared to the voice at 1009 modula-
tion. Hum may come either from the speech
amplifier and modulator or from the r.f.
section of the transmitter. Hum from the r.f.
section can be detected by completely shutting
off the modulator; if hum remains when this
is done the power-supply filters for one or more
of the r.f. stages have insufficient smoothing
(§ 8-4). With a hum-free carrier, hum intro-
duced by the modulator can be checked by
turning on the modulator but leaving the
speech amplifier off; power-supply filtering
is the likely source of such hum. If .carrier
and modulator are both clean, connect the
speech amplifier and observe the increase in
hum level. If the hum disappears with the gain
control at minimum, the hum is being intro-
duced in the stage or stages preceding the gain
control. The microphone may also pick up
hum, a condition which can be checked by
removing the microphone from the circuit
but leaving the first speech-amplifier grid cir-
cuit otherwise unchanged. A good ground on
the microphone and speech system is usually
essential to hum-free operation.

Hum can be checked with the oscilloscope,
where it appears as modulation on the carrier
in the same way as the normal modulation.
Usually the percentage is rather small, but
if the carrier shows modulation with no speech
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input hum is the likely cause. The various parts
of the transmitter may be checked through
as described above.

Spurious sidebands — A superheterodyne
receiver having a crystal filter (§7-8, 7-11)
is needed for checking spurious sidebands
outside the normal communication channel
(§ 5-2). The r.f. input to the receiver must
be kept low enough, by removing the antenna
or by adequate separation from the transmit-
ter, to avoid overloading and consequent spuri-
ous receiver responses (§ 7-8). With the crystal
filter in its sharpest position and the beat oscil-
lator turned on, tune through the region out-
side the normal channel limits (3 to 4 kc. each
side of the carrier) while another person talks
into the microphone. Spurious sidebands will
be observed as intermittent beat notes coin-
ciding with voice peaks, or in bad cases of
distortion or overmodulation as ‘‘clicks” or
crackles well away from the carrier frequency.
Sidebands more than 4 ke. from the carrier
should be of negligible strength in a properly
modulated 'phone transmitter. The causes are
overmodulation or non-linear operation (§ 5-3).

R.f. in speech amplifier — A small amount
of r.f. current in the speech amplifier — par-
ticularly in the first stage, which is most sus-
ceptible to such r.f. pick-up — will eause over-
loading and distortion in the low-level stages.
Frequently also there is a regenerative effect
which causes an audio-frequency oscillation
or ‘“howl” to be set up in the audio system.
In such cases the gain control cannot be ad-
vanced very far before the howl builds up,
even though the amplifier may be perfectly
stable when the r.f. section of the transmitter
is not turned on.

Complete shielding of the microphone,
microphone cord and speech amplifier are
necessary to prevent r.f. pick-up, and a ground
connection separate from that to which the
transmitter is connected is advisable. Un-
symmetrical or capacity coupling to the an-
tenna (single-wire feed, feeders tapped on
final tank circuit, etc.) may be responsible in
that these systems sometimes cause the trans-
mitter chassis to take an r.f. potentional
above ground. Inductive coupling to a two-
wire transmission line is advisable. This an-
tenna effect can be checked by disconnecting
the antenna and dissipating the power in a
dummy antenna (§ 4-9) when it usually will
be found that the r.f. feedback disappears. If
it does not, the speech amplifier and micro-
phone shielding are at fault.

¢ 5-11 FREQUENCY MODULATION

Principles — In frequency modulation the
carrier amplitude is constant and the output
frequency of the transmitter is made to vary
about the carrier or mean frequency at a rate




corresponding to the audio frequencies of the
speech currents. The extent to which the fre-
quency changes in one direction from the un-
modulated or carricr frequency is called the
frequency deviation. It corresponds to the
change of carrier amplitude in the amplitude-
modulation system (§ 5-2). Deviation is usu-
ally expressed in kiloeycles, and is equal to
the difference between the carrier frequency
and either the highest or lowest frequency
reached by the carrier in its excursions with
modulation. There is no modulation percent-
age in the usual sense; with suitable circuit
design the deviation may be made as large
as desired without encountering any effect
equivalent to overmodulation in the amplitude
system.

Deviation ratio— The ratio of the maxi-
mum frequency deviation to the audio fre-
quency of the modulation is called the devia-
tion ratio. Unless otherwise specified, it is
taken as the ratio of the maximum frequency
deviation to the highest audio frequency to be
transmitted.

Advantages of f.m.— The chief advantage
of frequency modulation over amplitude mod-
ulation is noise reduction at the receiver. All
electrical noises in the radio spectrum, inelud-
ing those originating in the receiver, are r.f.
oscillations which vary in amplitude, this
variation causing the noise response in ampli-
tude-modulation receivers. If the receiver
does not respond to amplitude variations but
only to frequency changes, noise can affect it
only by causing a phase shift which appears as
frequency modulation on the signal. The effect
of such frequency modulation by the noise
can be made small by making the frequency
change (deviation) in the signal large.

A second advantage is that the power re-
quired for modulation is inconsequential, since
there is no power variation in the modulated
output.

Triangular spectrum — The way in which
noise is reduced by a large deviation ratio is
illustrated by Fig. 520. In this figure the noise
is assumed to be evenly distributed over the
chiannel used, an assumption which is almost
always true. It is also assumed that audio
frequencies above 4000 cycles (4 ke.) are not
necessary to voice communication, and that the
audio system in the receiver has no response
above this frequency. Then if an amplitude
modulation receiver is used and its selectivity
is such that there is no attenuation of side-
bands (§5-2) below 4000 cycles, the noise
components of all frequencies within the chan-
nel will produce equal response when they
beat with a carrier centered in the channel.
This is shown by the line DC.

I the f.m. receiver the output amplitude is
proportional to the frequency deviation, and
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Fig. 520 — Triangular spectrum of noise response in
an f.n. receiver eontpared with amplitude modulation.
Deviation ratios of 1 and 5 are shown.

noise components in the channel can be con-
sidered to frequency-modulate the steady
carrier with a deviation proportional to the
difference between the actual frequency of the
component and the frequency of the carrier,
and also to give an audio-frequency beat of
the same frequency difference. This leads to a
rising response characteristic such as the line
OC, where the noise amplitude is proportional
to the audio beat frequency. The average noise
power output is proportional to the square
root of the sum of the squares of ail the ampli-
tude values (§ 2-7), so that the noise power
with f.m. having a deviation ratio of 1 is only
15 that with amplitude modulation, or an im-
provement of 4.75 db.

If the deviation ratio is increased to 3, the
noise response is represented by the line OF,
but only frequencies up to 4000 cycles are re-
produced in the output so the audible noise
i= confined to the triangle OA B, These relations
only hold when the carrier ix strong compared
to the noise. With weak signals the signal-to-
noise ratio is better with a deviation ratio of 1.

Linearity — A transmitter in which fre-
quency deviation is directly proportional to
the amplitude of the modulating signal is said
to be linear. It is also essential that the carrier
amplitude remain constant under modulation,
which in turn requires that the transmitter
tuned circuits be broad enough to handle with-
out discrimination the range of frequencios
transmitted. This requirement is easily met
under ordinary conditions.

Sidebands — In frequency modulation there
is a series of sidebands on either side of the
carrier frequency for each audio-frequency
component in the modulation. In addition to
the usual sum and difference frequencies
(§ 5-2) there are also beats at harmonics of
the fundamental modulating frequeney, even
though the latter may be a pure tone. This oc-
curs because of the necessity for maintaining
the proper phase relationships between the
carrier and sidebands to keep the power output
constant. Hence a frequency-modulated signal
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inherently occupies a wider channel than an
amplitude-modulated signal, and because of
the necessity for conserving space in the usual
communication spectrum the use of f.m. is
confined to the ultra-high frequencies. ’

The number of sidebands for a single modu-
lating frequency increases with the frequency
deviation. When the deviation ratio is of the
order of 5 the sidebands beyond the maximum
frequency deviation are usually negligible,
so that the channel required is approximately
twice the frequency deviation.

¢ 5-I12 METHODS OF FREQUENCY
MODULATION

Requirements and methods — At present
there are no fixed standards of frequency devia-
tion in amateur work. Since a deviation ratio
of 5 is considered high enough in any case, the
maximum deviation necessary is 15 to 20 ke.
for an upper audio-frequency limit of 3000 or
4000 cycles (§ 5-2), or a channel width of 30
to 40 kc. The permissible deviation is deter-
mined by the receiver (§ 7-18), since deviation
beyond the limits of the receiver pass-band
causes distortion. If the transmitter is designed
to be linear (§ 5-11) with a deviation of about
15 ke. it can be used at lower deviation ratio
simply by reducing the gain in the speech
amplifier, and thereby made to conform to the
requirements of the particular receiver in use.

The several possible methods of frequency
modulation include mechanical (for instance,
varying condenser plate spacing in accordance
with voice vibrations), initial phase modula-
tion which is later transformed into frequency
modulation, and direct frequency modulation
of an oscillator by electrical means. The latter,
in the form of the reactance modulator, is the
simplest system.

The reactance modulator — The reactance
modulator is a vacuum tube amplifier con-
nected to the r.f. tank circuit of an oscillator
in such a way as to act as a variable inductance
or capacity of a value dependent upon the
instantaneous a.f. voltage applied to its grid.
Fig. 521 is a representative circuit. The control
grid circuit of the 6L.7 tube is connected across
the small capacity €, which is in series with
the resistor Rj across the oscillator tank cir-
cuit. Any type of oscillator circuit (§ 3-7) may
be used. R; is large compared to the reactance
(§ 2-8) of Cy, so the r.f. current through R3Cy
will be practically in phase (§ 2-7) with the r.f.
voltage appearing at the terminals of the
tank circuit. However, the voltage across Cy
will lag the current by 90 degrees (§ 2-8).
The r.f. current in the plate circuit of the 6L7
will be in phase with the grid voltage (§ 3-3)
and consequently is 90 degrees behind the cur-
rent through Cj, or 90 degrees behind the r.f.
tank voltage. This lagging current is drawn

10

CHAPTER FIVE

through the oscillator tank, giving the same
effect as though an inductance were connected
across the tank (in an inductance the current
lags the voltage by 90 degrees — § 2-8). The
frequency is therefore increased in proportion
to the lagging plate current of the modulator.
This in turn is determined by the a.f. voltage
applied to the No. 3 grid of the 6L7, hence
the oscillator frequency varies with the audio
signal.

Other circuit arrangements to produce the
same effect can be used. It is convenient to use
a tube (such as the 6L7) in which the r.f. and
a.f. voltages can be applied to separate con-
trol grids; however, both voltages may be
applied to the same grid with suitable precau-
tions taken to prevent r.f. from flowing in the
external audio circuit and vice versa (§ 2-13).

The modulated oscillator is usually operated
on a relatively low frequency so that a high
order of carrier stability can be secured. Fre-
quency multipliers are used to raise the fre-
quency to the final frequency desired. The
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Fig. 521 — Reactance modulator circuit using a 6L.7
tube,

C — Oscillator tank capacity.

Cit — 3-10 pufd. (See text.)

Cz — 250 uufd.

Cz — 8-ufd. electrolytic (a.f. by-pass) in parallel with
0.01-pfd. paper (r.f. by-pass).

Cs — 0.01 ufd.

L — Oscillator tank inductance.

Ri — 50,000 ohms.

Rz — 0.5 megohm.

Ra — 30,000 ohms.

R4 — 300 ohms.

Rs — 0.5 megohm.

frequency deviation increases with the number
of times the initial frequency is multiplied;
for instance, if the oscillator is operated on
7 Mec. and the output frequency is to be 112
Mec., an oscillator frequency deviation of 1000
cycles will be raised to 16,000 cycles at the
output frequency.

Design considerations — The sensitivity of
the modulator (frequency change per unit
change in grid voltage) increases when Cj
is made smaller, for a fixed value of R;, and
also increases with an increase in L/C ratio
in the oscillator tank circuit. Since the carrier




stability of the oscillator depends on the L/C
ratio (§ 3-7) it is desirable to use the highest
tank capacity which will permit the desired
deviation to be secured while keeping within
the limits of linear operation. When the circuit
of Fig. 521 is used in connection with a 7-Me.
oscillator, a linear deviation of 2000 cycles
above and below the carrier frequency can
be secured when the oscillator tank capacity
is approximately 200 uufd. A peak a.f. input
of two volts is required for full deviation. At
56 Mec. the maximum deviation would be
8 X 2000 or 16 ke.

Since a change in any of the voltages on the
modulator tube will cause a change in r.f.
plate current and consequently a frequency

change, it is advisable to use a regulated plate’

supply for both modulator and oscillator.
At the low voltages used (250 volts), the
required stabilization can be secured by means
of gaseous regulator tubes (§ 8-8).

Speech amplification — The speech ampli-
fier preceding the modulator follows ordinary
design (§ 5-9) except that no power is required
from it and the a.f. voltage taken by the modu-
lator grid is usually small — not more than
10 or 15 volts even with large modulator tubes.
Because of these modest requirements only a
few speech-amplifier stages are needed; a two-
stage amplifier consisting of a pentode followed
by a triode, both resistance coupled, will suf-
fice for erystal microphones (§ 5-8).

R f. amplifier stages — The frequency mul-
tiplier and output stages following the modu-
lated oscillator may be designed and adjusted
in accordance with ordinary principles. No
special excitation requirements are imposed,
since the amplitude of the output is constant.
Enough frequency multiplication must be
used to give the desired maximum deviation
at the final frequency; this depends upon the
maximum linear deviation available from the
modulator-oscillator. All stages in the trans-
mitter should be tuned to resonance, and care-
ful neutralization of any straight amplifier
stages (§ 4-7) is necessary to prevent r.f.
phase shifts which might cause distortion.

Checking operation — The two quantities
to be chiecked in the [.1n. transmitter are linear-
ity and frequency deviation. With a modulator
of the type shown in Fig. 521, both the r.f.
and a.f. voltages are small enough to make the
operation Class A (§3-4) so that the plate
current of the modulator is constant so long
as operation is over the linear portions of the
No. 1 and No. 3 grid characteristics. Hence
non-linearity will be indicated by a change in
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plate current as the a.f. modulating voltage
is increased. The distortion will be within ac-
ceptable limits with the tube and constants
given in Fig. 521 when the plate current does
not change more than 5% with signal.

Non-linearity is accompanied by a shift in
the carrier frequency, so it can also be checked
by means of a selective receiver such as one
with a crystal filter (§ 7-11). A tone source is
convenient for the test. Set the receiver for
high selectivity, switch on the beat oscillator
and tune to the oscillator carrier frequency.
(The check does not need to be made at the
output frequency, and the oscillator frequency
usually is more convenient since it will fall
within the tuning range of a communications
receiver.) Increase the modulating signal until
a definite shift in carrier frequency is observed;
this indicates the point at which non-linearity
starts. The modulating signal should be kept
below this level for minimum distortion.

A selective receiver also can be used to check
frequency deviation, again at the oscillator
frequency. A source of tone of known fre-
quency is required, preferably a continuously
variable calibrated audio oscillator or signal
generator. Tune in the carrier as described
above, using the beat oscillator and high selec-
tivity, and adjust the modulating signal to the
maximum level at which linear operation is
secured. Starting with the lowest frequency
available, slowly raise the tone frequency while
listening closely to the carrier beat note. As the
tone frequency is raised the beat note will de-
crease in intensity, disappear entirely at a defi-
nite frequency, then come back and increase
in intensity as the tone frequency is raised still
more. The frequency at which the beat note
disappears multiplied by 2.4 is the frequency
deviation at that level of modulating signal;
for example, if the beat note disappears with
an 800-cycle tone the deviation is 2.4 X 800,
or 1920 cycles. The deviation at the output
frequency is the oscillator deviation multiplied
by the number of times the frequency is multi-
plied; in this example, if the oscillator is on
7 Mec. and the output on 56 Mec., the final
deviation is 1920 X 8, or 15.36 ke.

The output of the transmltter can be
checked for amplitude modulation by observ-
ing the antenna current. It should not change
from the unmodulated carrier value when the
transmitter is modulated. If there is no an-
tenna ammeter in the transmitter, a flashlight
lamp and loop can be coupled to the final tank
coil to serve as a current indicator. The lamp
brilliance should not change with modulation.
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CHAPTER SIX

J(eying

0 6-1 KEYING PRINCIPLES AND
CIHHARACTERISTICS

Requirements — The keying of a trans-
mitter can be considered satisfactory if the
method employed reduces the power output
to zero when the key is open, or “up,” and
permits full power to reach the antenna when
the key is closed, or ‘“down.” Furthermore, it
should do this without causing keying tran-
sients or ‘‘clicks,” which cause interference
with other amateur stations and with local
broadcast reception, and it should not affect
the frequency of the emitted wave.

Back-ware — I'rom various causes some en-
ergy may get through to the antenna during
keying spaces. The effect then is as though the
dots and dashes were simply louder portions of
a continuous carrier; in some cases, in fact,
the back-wave, or signal heard during the key-
ing spaces, may seem to be almost as loud as
the keyed signal. Under these conditions the
keying is hard to read. A pronounced back-
wave often results when the amplifier stage
feeding the antenna is keyed; it may be present
because of incomplete neutralization (§4-7)
of the final stage, allowing some energy to get
to the antenna through the grid-plate capacity
of the tube, or because of magnetic coupling
between antenna coupling coils and one of the
low-power stages.

A back-wave also may be radiated if the key-
ing system does not reduce the input to the
keyed stage to zero during keying spaces. This
trouble will not oceur in keying systems which
cut off the plate voltage when the key is open,
but may be present in grid-blocking systems
(§ 6-3) if the blocking voltage is not great
cnough and, in power supply primary-keyed
systems (§ 6-3) if only the final stage power
supply primary is keyed.

Keying waveform and sidebands — A c.w.
signal can be considered equivalent to any
modulated signal (§ 5-1) except that instead
of being modulated by sinusoidal waves and
their harmonies, it is modulated by a rectan-
gular wave as in Fig. 601-A. 1f it were modu-
lated by a sinusoidal wave of single frequency,
as in Fig. 601-B, the only sidebands would be
those equal to the carrier frequency plus and
minus the modulation frequency (§ 5-2).
A keying speed of 50 words per minute, send-
ing sinusoidal dots, would give sidebands only
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20 cycles either side of the carrier. However,
when harmonics are present in the modulation,
the sidebands will extend out on both sides of
the signal as far as the frequency of the highest
harmonic. The rectangular wave form con-
tains an infinite number of harmonies of the
keying frequency, so a carrier modulated by
truly rectangular dots would have sidebands
covering the entire spectrum. Actually the
high-order harmonies are eliminated because
of the selectivity of the tuned circuits (§ 2-10)
in the transmitter, but there is still enough
energy in the lower harmonics to extend the
sidebands considerably. Considered from an-
other viewpoint, whenever a pulse of current
has a steep front (or back) high frequencies
are certain to be present. 1f the pulse can be
slowed down, or caused to lag, through a
filter the highest-order harmonics are filtered
out.

Key clicks — Because the high-order har-
monies exist only when the keying character
is started or ended (when the amplitude is
building up or dying down) their effects outside
the normal communication channel are ob-
served as pulses of very short duration. These
pulses are called key clicks.

Tests have shown that practically all opera-
tors prefer to copy a signal which is “solid”’
on the ““make” end of each dot or dash;i.e.,
one that does not build up too slowly, but just
slowly enough to have a slight click when the
key is closed. The same tests indicate that the
most pleasing and least difficult signal to copy,
particularly at high speeds, is one that has a
fairly soft “break’” characteristic; i.e., one
that has practically no click as the key is
opened. A signal with heavy clicks on both

ol

Fig. 601 — Extremes of possible keying waveshapes.
A, rectangular characters; B, sine.wave characters.



make and break is difficult to copy at high
speeds (and also causes considerable inter-
ference), but if it is too ““soft’’ the dots and
dashes will tend to run together. It is relatively
simple to adjust the keying of a transmitter
so that for all normal hand speeds (15 to 40
w.p.m.) the readability will be satisfactory
while the keying still will not cause interfer-
ence to reception of other signals near the
frequency of the transmitter.

Break-in keying-— Since in code transmis-
sion there are definite intervals, betwecen dots
and dashes and between words, when no power
is being radiated by the transmitter it is possi-
ble, with suitable keving methods, to allow
the receiver to operate continuously and thus
be capable of receiving incoming signals during
the keying intervals. This practice facilitates
communication because the receiving operator
can signal the transmitting operator, by hold-
ing down the key of his transmitter, whenever
he has failed to copy part of the message and
thus obtain a repetition of the missing part
without loss of time. This is called break-in
operation.

Frequency stability — Keying should have
no cffect upon the output frequency of a prop-
erly designed and adjusted transmitter. How-
ever, in many instances keyving will cause a
“chirp,” or small frequency change at the
instant of closing or opening the key, which
makes the signal difficult to read. Multi-stage
transmitters keyed in a stage subsequent to
the oscillator are usually free from this condi-
tion unless the keying causes line-voltage
changes which in turn affect the frequency of
the oscillator. When the oscillator is keyed
for break-in operation special care must be
taken to insure that the signal does not have
keying chirps.

Selecting the stage to key — It is advan-
tageous from an operating standpoint to
design the c.w. transmitter for break-in opera-
tion. In ordinary cases this dictates that the
oscillator be keyed, since a continuously-
running oscillator will create interference in the
receiver and thus prevent break-in operation
on or near the transmitter frequency. On the
other hand, it is easier to avoid a chirpy signal
by keying a buffer or amplifier stage. In either
case, the tubes following the keyed stage must
be provided with sufficient fixed bias to limit
the plate currents to safe values when the key
is up and they are not being excited (§ 8-9).
Complete cut-off reduces the possibility of a
back-wave if a stage other than the oscillator
is keved, but the keving waveform is not as well
preserved and some clicks can be introduced
even though the keyved stage itself produces
no elicks, It is a good general rule to bias the
tubes to take a key-up plate current equal to
about 5%, of the normal key-down value,
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Keyed power — The power broken by the
key is an important consideration, both from
the standpoint of safety for the operator and
arcing at the key contacts. Keying the oscilla-
tor or a low-power stage is favorable in hoth
respects. The use of a keying relay is highly
recommended when a high-power circuit is
keyed. .

0 6-2 KEYING CIRCUITS

Plate-circuit keying — Any stage of the
transmitter can be keyed by opening and clos-
ing the plate power circuit. Two methods are
shown in Fig. 602. In 4 the key is in series
with the negative lead from the plate power
supply to the keyed stage. It could also be
placed in the positive lead, although this is
to be avoided whenever possible hecause the
key is necessarily at the plate voltage above
ground and there is danger of shock unless a
keying relay is used.

1

i

(B)= T ;fv

+
$9. plate

Fig. 602 — A, plate keying; B, screen-grid keying.
Oscillator circuits are shown in both cases, but the key-
ing methods also can be used with amplifiers.

Fig. 602-B shows the key in the screen-
supply lead of an electron-coupled oscillator.
This can be considered to be a variation of
plate keying.

The circuits of Figs. 602-A and B respond
well to the use of key-click filters, and are
particularly suitable for use with crystal and
self-controlled oscillators operating at low
plate voltage and power input,

Power-supply  keying — A variation of
plate keying, in which the keviug is introduced
in the power supply itself rather thun between
the power supply and transmitter, is illus-
trated by the diagrams in Fig 603.
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Fig. 603 — Power-supply keving. Grid-control recti-
fiers are used in A. T'ransformer 1" is a small multiple-
secondary unit of the type used in receiver power sup-
plies, and is nsed in conjunetion with the full-wave recti-
fier tube to develop bias voltage for the grids of the high-
voltage rectifiers. Ry limnits the load on the bias supply
when the heving relay is closed; 50,000 ohms is a suitable
value. €y may be 0.1 ufd. or larger. L. and C constitute
the smoothing filter for the high-voltage supply in both
circuits. B shows primary keying.

Fig. 603-A shows the use of grid-controlied
rectifier tubes (§3-3) in the power supply.
Keying is accomplished by applying suitable
bias to the grids to cut off plate current flow
when the key is open, and removing the bias
when the key is closed. Since this circuit is
used only with high-voltage supplies, a well-
insulated keying relay is a necessity. Direct
keying of the primary of the plate power
transformer for the keyed stage or stages is
shown in I'ig. 603-B. This and the method at
B inherently have a keying lag becausc of the
time constant (§ 2-6) of the smoothing filter.
If enough filter is provided to reduce ripple to
a low percentage (§ 8-4) the lag (§ 6-1) is too
great to permit crisp keying at speeds above
about 25 words per minute, although this
type of kcying is very effective in eliminat-
ing key clicks. A single-section filter (§ 8-6) is
about the most that can be used for a reasona-
bly-good keying characteristic.

Blocked-grid keying — Kcying may be ac-
complished by applying sufficient negative
bias voltage to a control or suppressor grid to
cut off plate current flow when the key is open,
and by removing this blocking bias when the
key is elosed. The blocking bias voltage must
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be sufficient to overcome the r.f. grid vol-
tage, in the case where the bias is applied
to the control grid, and henee must be con-
siderably higher than the nominal cut-off
value for the tube at the operating d.c.
plate voltage. The fundamental circuits are
shown in Fig. 604.
In both circuits the key is connected in
25y series with a resistor, 21, which limits
M;,d,;,ymg the current drain on the blocking-
osprimary  hias source when the key is closed.
R2C1 is a resistancec-capacity filter
(§ 2-11) for controlling the lag on
make and break of the key circuit. The lag
increcases as the time constant (§ 2-6) of
this circuit is made larger. Since grid current
flows through K2 when the key is closed in
Fig. 604-A, additional operating bias is de-
veloped, hence somewhat less bias is
necded from the regular bias supply.
The operating and blocking biases can
be obtained from the same supply, if
desired, by utilizing suitable taps on a
voltage divider (§ 8-10) or if no fixed bias is
used R can be the regular grid leak (§ 3-6)
for the stage.

With blocked-grid keying a relatively small
direct current is broken as compared to other
systems, thus sparking at the key is reduced.
The keying characteristic (lag) readily can be
controlled by choice of values for C; and Rs.

- +
Blockin
Bras

Fig. 604 — Blocked-grid keving. Rj, the current-
limiting resistor, should have a value of about 50,000
ohms. C1 may have a capacity of 0.1 to 1 ufd., depending
upon the heying eharacteristies desired, Rz is similarly
variable, values being of the order of 5000 to 10,000
ohms in most cases.

Cathode keying — Opening the d.c. circuits
of both plate and grid simultancously is called
cathode lkeying, or center-tap keying with a
direetly-heated filaiment-type tube, sinee in
the latter case the key is placed in the filament-
transformer center-tup lead. The cireuits are
shown in Fig. 605.
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Fig. 605— Center-tap and cathode keying. Con-
denser C is an r.f. by-pass condenser having a capacity of
0.001 to 0.01 wfd.

Cathode keying results in less sparking at
the key contacts, for the same plate power,
as compared with keying in the plate-supply
lead. When used with an oscillator it does not
respond as readily to key-click filtering (§ 6-3)
as does plate keying, but there is little differ-
ence in this respect between the two systems
when an amplifier is keyed.

0 6-3 KEY-CLICK REDUCTION

R.f. filters — A spark at the key contacts,
even though minute, will cause a damped
oscillation to be set up in the keying circuit
which may modulate the transmitter output
or may simply be radiated by the wiring to

Keyrn
L/%ey
Fig. 606 — R.{f. filter for elimi-
nating effects of sparking at key
c contacts. Values are discussed in
RFC rrc  the text.
Ke_y

the key. Interference from this source is usu-
ally confined to the immediate vicinity of the
transmitter, and is similar in nature and effects
to the click which is frequently heard in a
receiver when an electric light is turned on or
off. It can be minimized by isolating the key
from the wiring by means of a low-pass filter
(§ 2-11), which usually consists of an r.f.
choke in each key lead, placed as ¢lose as
possible to the key, by-passed on the keying-
line side by a condenser, as shown in Fig.
606. Suitable values must be determined by
experiment. Chokes values may range from
2.5 to 80 millihenrys, and condenser capacities
from 0.001 to 0.1 ufd.

This type of filter is required in nearly every
keying installation, in addition to the lag cir-
cuits discussed in the next paragraph.

Lag circuits — A filter used to give a desired
shape to the keying character to eliminate
unnecessary sidebands and consequent inter-
ference is called a lag circuit. In one form,

../(cying

suitable for the circuits of Figs. 602 and 605, it
consists of a condenser across the key terminals
and an inductance in series with one of the
leads. This is shown in Fig. 607. The optimum
values of capacity and inductance must be
found by experiment, but are not especially
critical. If a high-voltage low-current circuit
is being keyed, a small condenser and large
inductance will be necessary, while if a low-
voltage high-current circuit is keyed, the ca-
pacity required will be high and the inductance
small. For example, a 300-volt 6-ma. circuit
will require about 30 henrys and 0.05 wfd.,
while a 300-volt 50-ma. circuit needs about
1 henry and 0.5 ufd. For any given circuit

To Keyed Circuit
E
< Fig. 607 — Lag circuit for shap-
ing the keying character. Values are
discussed in the text.
From Key
and rffilter

and fixed values of current and voltage, in-
creasing the inductance will reduce clicks on
“make,” and increasing the capacity will
reduce the clicks on “break.”

Blocked-grid keying is adjusted by changing
the values of resistors and condensers in the
circuit. In Fig. 604, the click on “make” is
reduced by increasing the capacity of C1 and
the click on break is reduced by increasing C
and/or Rs. The values will vary with the
amount of blocking voltage and the grid
current. The constants given in Fig. 604 will
serve as a first approximation.

Tube keying — A tube keyer is a convenient
adjunct to the transmitter because it allows
the keying characteristic to be adjusted easily
without necessitating condenser and induct-
ance values which may not be readily availa-
ble. It uses the plate resistance of a tube (or
tubes in parallel) to replace the key in a plate
or cathode circuit, the keyer tube (or tubes)
being keyed by the blocked-grid method
(§6-2). A typical circuit is shown in Fig. 608.
Type 45 tubes are suitable because of their
low plate resistance and consequently small
voltage drop between plate and cathode.
When a tube keyer is used to replace the key
in a plate or cathode circuit the power output
of the stage will be somewhat reduced because
of the voltage drop across the keyer tube,
but this can be compensated for by a slight
increase in the supply voltage. A tube keyer
makes the key itself very safe to handle,
since the high resistance in series with the key
and blocking voltage prevents shock.
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-l— and thus made more per-
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Oscillator keying —
The keying of an amplifier
is relatively straightfor-

ward and requires no spe-
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Fig. 608 — Vacuum-tube keyer circuit. The voltaze
drop across the tubes will be approximately 90 volis
with the two type 45 tubes shown when the keved cur-
rent is 100 milliamperes. More tubes can be connected in
{wrullel to reduce the drop. Suggested values are as fol-
ows:

Ci1—24fd., 600.volt paper.

C2 —0.003-4fd. mica.

Ca — 0.005-xfd. mica.

Ri1——0.25 megohm.

Rz — 50,000 ohms, 10-watt.

R3, R4 = 5 megohms.

Rs5— 0.5 megohm.

Swi, Swz — 3-position 1-circuit rotary switch.

Ri1—325 volts each side c.t., with 5-volt and 2.5-volt
windings.

A wider range of lag adjustment may be obtained by
using additional resistors and condensers. Suggested
values of capacity, in addition to the above (C2 and Cs),
are 0.001 and 0.002 xfd. Resistors in addition to Rz
could be 2, 2, 3 and 5 mcgohms. ’

0 6-4 CHECKING TRANSMITTER
KEYING

Clicks — Transmitter keying can be checked
by listening to the signal on a superhetero-
dyne receiver. The antenna should be discon-
nected so that the recciver does not overload
and, if necessary, the r.f. gain can be reduced
as well. Listening with the beat oscillator and
a.v.c. off, the keying should be adjusted so
that a slight click is heard as the key is closed,
but practically nonc is heard as the key is
released. When the keying constants have
been adjusted to meet this condition, the
clicks will be about optimum for all normal
amateur work. If the clicks are too pronounced,
they will cause interference with other ama-
teurs and possibly to nearby broadcast re-
ceivers.

Chirps — Keying chirps (instability) may
be checked by tuning in the signal or one of
its harmonies on the highest frequency range
of the réceiver and listening with the b.f.0.
on and the a.v.c. off. The gain should be suffi-
cient to give moderate signal strength but
it should be low enough to preclude the possi-
bility of overloading. Adjust the tuning to
give a low-frequency beat note and key the
transmitter. Any chirp introduced by the
keying adjustment will be readily apparent.
By listening to a harmonic, the effeet of any
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cial considerations other

than those mentioned, but
a few additional precautions are necessary with
oscillator keying. Any oscillator, cither self-
excited or erystal, will key well if it will oscillate
at low plate voltages (of the order of one or two
volts) and if its change in frequency with plate-
voltage changes is negligible. A crystal oscilla-
tor will oscillate at low plate voltages if a
regenerative type of circuit such as the Tritet
or grid-plate (§4-5) is used and if an r.f.
choke is connected in series with the grid leak
to reduce loading on the crystal. Crystal oscil-
lators of this typc are generally free from chirp
unless there is a relatively large air-gap be-
tween the crystal and top plate of the holder,
as is the case with a variable-frequency
crystal set at the high-frequency end of its
range.

Self-controlled oscillators can be made to
meet the same requirements by using a high
C/L ratio in the tank circuit, low plate and
screen currents, and judicious adjustment of
the feedback (§3-7). A self-controlled oscilla-
tor intended to be keyed should be designed
for good keying rather than maximum out-
put.

Stages following keying — When a keying
filter is being adjusted, the stages following
the keyed tube should be made inoperative by
removing the plate voltage. This facilitates
monitoring the keying without the introdue-
tion of additional effects. The following stages
should then be added one at a time, checking
the keying after cach addition. An increase
in click intensity (for the same carrier strength)
indicates that the clicks are being added in
the stages following the one which is keyed.
The fixed bhias on such stages should be suffi-
eient to reduce the idling plate current (no
excitation) to a low value but not to zero.
Under these conditions any instability or
tendency toward parasitic oscillations, either
of which ean adversely affect the keying char-
acteristic, usually will evidence itself. It is
particularly necessary that the transmitter
be free from parasitic oscillations, since they
can be the cause of key clicks which do not
respond to the methods of treatment outlined
in the preceding sections.
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® 7-1 ELEMENTS OF RECEIVING
SYSTEMS

Basic requirements — The purpose of a
radio receiving system is to abstract energy
from passing radio waves and convert it into
a form which conveys the intelligence con-
tained in the signal. It must also be able to
select a desired signal and eliminate those not
wanted. The fundamental processes involved
are amplification and detection.

Detection — The high frequencies used for
radio signalling are well beyond the audio-
frequency range (§ 2-7) and therefore cannot be
used directly to actuate a loudspeaker. Neither
can they be used to operate other devices,
such as relays, by means of which a message
might be transmitted. The process of convert-
ing a modulated radio-frequency wave to a
usable low frequency, called detection or de-
modulation, is essentially that of rectification
(§ 3-1). The modulated carrier (§ 5-1) is there-
by converted to a unidirectional current the
amplitude of which will vary at the same rate
as the modulation. These low-frequeney varia-
tions are readily applied to a headset, loud-
speaker, or other form of electro-mechanical
device.

Code signals — The dots and dashes of code
(c.w.) transmissions are rectified as described,
but in themselves can produce no audible tone
in a headset or loudspeaker because they are of
constant amplitude. For aural reception it is
necessary to introduce a second radio fre-
quency, differing from the signal frequency by
a suitable audio frequency, into the detector
circuit to produce an audible beat (§2-13).
The frequency difference, and hence the beat
nnle, is generally of the order of 500 to 1000
cycles since these tones are within the range
of optimum response of both the ear and the
headset. If the source of the second radio
frequency is a separate oscillator the system
is known as heterodyne reception; if the detector
itself is made to oscillate and produce the
second frequency, it is known as an autodyne
detector.

Amplification — To build up weak signals
to usable output level, modern receivers em-
ploy considerable amplification — often of the
order of hundreds of thousands of times.
Amplifiers are used at the frequency of the in-
coming signal (r.f. amplifiers), after detection

(a.f. amplifiers) and, in the superheterodyne
receiver, at one or more intermediate radio
frequencies (i.f. amplifiers). The r.f. and i.f.
amplifiers practically always employ tuned cir-
cuits.

Types of receivers — Receivers may vary
in complexity from a simple detector with no
amplification to multi-tube arrangements hav-
ing amplification at several different radio
frequencies as well as at audio frequency. A
regenerative detector (§ 7-14) with or without
audio frequency amplification is known as a
regenerative receiver; if the detector is preceded
by one or more tuned radio-frequency am-
plifier stages the combination is known as a
t.rf. (tuned radio frequency) receiver. The
superheterodyne receiver (§ 7-8) employs r.f.
amplification at a fixed intermediate fre-
quency as well as at the frequency of the
signal itself, the latter being converted by
the heterodyne process to the intermediate
frequency.

At ultra-high frequencies the superregenera-
tive detector (§ 7-4), usually with audio ampli-
fieation, is used in the superregenerative receiver,
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Fig. 701 — Selectivity eurve of a modern super-
heterodyne receiver. The relative response is plotted
against deviations above and below the resonance fre-
queney. The scale at the left is in terms of voltage
ratios; the corresponding decibel steps (§3-3) are shown
at the right.
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providing high amplification of weak signals °

with simple circuit arrangements.

® 7-2 RECEIVER CHARACTERISTICS

Sensitivity — Sensitivity is defined as the
strength of the signal (usually expressed in
microvolts) which must be applied to the input
terminals of the receiver to produce a specified
audio-frequency power output at the loud-
speaker or headset. It is a measure of the am-
plification or gain.

Signal-to-noise ratio — Every receiver gen-
erates some noise of a hiss-like character, and
signals weaker than the noise cannot be sepa-
rated from it no matter how much amplifica-
tion is used. This relation between noise and a
weak signal is expressed by the signal-fo-noise
ratio. It can be defined in various ways, one
simple one being to give it as the ratio of signal
power output to noise output from the re-
ceiver at a specified value of modulated carrier
voltage applied to the input terminals.

Since the noise is uniformly distributed over
the whole spectrum, its effect will depend upon
the selectivity of the receiver, greater selec-
tivity giving smaller noise output and hence a
higher signal-to-noise ratio.

Selectivity — Selectivity is the ability of a
receiver to discriminate against signals of
frequencies differing from that of the desired
signal. The overall selectivity will depend upon
the selectivity of the individual tuned circuits
and the number of such circuits.

The selectivity of a receiver is shown graph-
ically by drawing a curve which gives the ratio
of signal strength required at various frequen-
cies off resonance, to the signal strength at
resonance, to give constant output. A reso-
nance curve of this type (taken on a typi-
cal commiinications-type superheterodyne re-
ceiver) is shown in Fig. 701. The band-width
is the width of the resonance curve (in cycles
or kilocycles) at a specified ratio; in Fig. 701,
the band-widths are indicated for ratios of 2
and 10.

Selectivity for signals within a few kilocycles
of the desired signal frequency is called adja-
cent-channel selectivity, to distinguish it from
the discrimination against signals considerably
removed from the desired frequency.

Stability — Stability of a receiver is its
ability to give constant output, over a period
of time, from a signal of constant strength
and frequency. Primarily, it means the ability
to stay tuned to a given signal, although a
receiver which at some settings of its controls
has a tendency to break into oscillation, or
“howl,” is said to be unstable.

The stability of a receiver is affected prin-
cipally by temperature variations, voltage
changes, and constructional features of a
mechanical nature.
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Fidelity — Fidelity is the relative ability of
the receiver to reproduce in its output the
modulation (keying, ’phone, etc.) carried by
the incoming signal. For exact reproduction,
the band-width must be great enough to ac-
commodate the highest modulation frequency,
and the relative amplitudes of the various
frequency components within the band must
not be changed.

0 7-3 DETECTORS

Characteristics — The important charac-
teristics of a detector are its sensitivity, fidelity
or linearity, resistance, and signal-handling
capability.

Detector sensitivity is the ratio of audio-
frequency output to radio-frequency input.
Linearity is a measure of the ability of the
detector to reproduce, as an audio frequency,
the exact form of the modulation on the in-
coming signal. The resistance or impedance of
the detector is important in circuit design,
since a relatively low resistance means that
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Fig. 702 — Simplified and practical diode detector
circuits. A, the elementary half-wave diode detector;
B, a practical cricuit, with r.f. filtering and audio output
coupling; C, full-wave diode detector. with output
coupling indicated. The circuit L2C) is tuned to the sig-
nal frequency; typical values for Cz and R; in A and C
are 250 uufd. and 250,000 ohms, respectively; in B,
Cz and Cs are 100 uufd. each; R,, 50,000 ohms; and Rz,
250,000 ohms. Cq is 0.1 ufd. and Rs, 0.5 to 1 megohm in
all three diagrams,




power is consumed in the detector. The signal-
handling capability means the ability of the
detector to accept signals of a specified ampli-
tude without overloading.

Diode detectors — The simplest detector is
the diode rectifier. Circuits for both half-wave
and full-wave (§ 8-3) diodes are given in Fig.
702. The simplified half-wave circuit at 702-A
includes the r.f. tuned circuit LoCj, with a
coupling coil Ly from which the r.f. energy is
fed to L2Cy; the diode, D, and the load resist-
ance R and by-pass condenser Ca. The flow of
rectified r.f. current through R; causes a d.c.
voltage to develop across its terminals, and
this voltage varies with the modulation on
the signal. The — and + signs show the po-
larity of the voltage. Variation in amplitude
of the r.f. signal with modulation causes cor-
responding variations in the value of the d.c.
voltage across Ri. The load resistor, Ri, usu-
ally has a rather high value so that a fairly
large voltage will develop from a small recti-
fied-current flow.

In the circuit at 702-B, R; and C; have been
divided for the purpose of filtering r.f. from the
output circuit (§ 2-11); any r.f. voltage in the
output may cause overloading of a succeeding
amplifier tube. These audio-frequency varia-
tions can be transferred to another circuit
through a coupling condenser, C4 in Fig. 702,
to a load resistor K3, which usually is a “po-
tentiometer’ so that the volume can be ad-
justed to a desired level.

The full-wave diode circuit at 702-C is prac-
tically identical in operation to the half-wave
circuit, except that both halves of the r.f. cycle
are utilized. The full-wave circuit has the ad-
vantage that very little r.f. voltage appears
across the load resistor, R;, because the mid-
point of Lz is at the same potential as the cath-
ode or ‘‘ground”’ for r.f.

The reactance of C2 must be small compared
to the resistance of R at the radio frequency
being rectified, but at audio frequencies must
be relatively large compared to B; (§ 2-8, 2-13).
This condition is satisfied by the values shown.
If the capacity of C: is too large, the response
at the higher audio frequencies will be low.

Compared with other detectors, the sensitiv-
ity of the diode is low. Since the diode con-
sumes power, the Q of the tuned circuit is re-
duced, bringing about a reduction in selectiv-
ity (§ 2-10). The linearity is good, however,
and the signal-handling capability is high.

Grid-leak detectors— The grid-leak de-
tector i3 a combination diode rectifier and
audio-frequency amplifier. In the circuit of
Fig. 703-A, the grid corresponds to the diode
plate, and the rectifying action is exactly the
same. The d.e. voltage from rectified current
flow through the grid leak, R; biases the grid
negatively with respect to cathode, and the
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Fig. 703 — Grid-leak detector ecircuits, A, triode; B,
pentode. A tetrode may he used in the eireunit of B by
negleeting the suppressor-grid eonneetion. Transformer
coupling may be substituted for resistanee coupling in
A, or a high-induetanee choke may replace the plate
resistor in B, Li1C) is a cireuit tuned to the signal fre-
queney. The grid leak, Ri, may be connected directly
from grid to eathode instead of aeross the grid condenser
as shown. The operation with either conneetion will be
the same. Representative values are:

Component Circuit A Circuit B
Cz 100 to 250 uufd. 100 1o 250 upufd.
C3 0.001 to 0.002 ufd. 250 to 500 uufd.
Ca 0.1 ufd. 0.1 ufd.

Cs 0.5 ufd. or larger.
Rt lto2 h l1to5 h
Rz 50,000 ohms. 100,000 to 250,000 ohms.
Ra 50,000 ohms.
R 20,000 ohruas.
T Interstage audio
transformer.
L 500-henry ehoke.

The plate voltage in A should he ahout 50 volts for
best sensitivity. In the sereen voltage should he
about 30 volts, plate voltage from 100 to 250.

sudio-frequency variations in voltage across
R; are amplified through the tube just as in a
normal a.f. amplifier. In the plate circuit, Rz is
the plate load resistance (§ 3-3) and C; a by-
pass condenser to eliminate r.f. in the output
circuit. C4 is the output coupling condenser.
With a triode, the load resistor Rz may be
replaced by an audio transformer, T, as shown,
in which case C4 is not used.

Since audio amplification is added to recti-
fication, the grid-leak detector has consider-
ably greater sensitivity than the diode. The
sensitivity can be further increased by using
a screen-grid tube instead of a triode, as at
703-B. The operation is equivalent to that
of the triode circuit. Cs, the sereen hy-pass
condenser, should have low reactance (§ 2-8,
2-13) for both radio and audio frequencies. R3
and R4 eonstitute a voltage divider (§ 8-10)
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from the plate supply to furnish the proper
d.c. voltage to the screen. In both circuits, C2
must have low r.f. reactance and high a.f.
reactance compared to the resistance of Rj;
the same consideration applies to C3 with
respect to Rs.

The sensitivity of the grid-leak detector is
higher than that of any other type. Like the
diode, it ‘‘loads’’ the tuned circuit and reduces
its selectivity. The linearity is rather poor, and
the signal-handling capability is limited.

Plate detectors — The plate detector is
arranged so that rectification of the r.f. signal
takes place in the plate circuit of a triode,
tetrode or pentode, as contrasted to the grid
rectification just described. Sufficient negative
bias is applied to the grid to bring the plate

Co AF
_l'_oz-tfut

Ry

R3

®) -8 +B

Fig. 704 — Circuits for plate detection. A, triode; B,
pentode, L1C; is tuned to the signal frequency. Typical
values for other constants are:

Component Circuit A Circuit B

Cz 0.5 ufd. or larger. 0.5 ufd. or larger.

Cs 0.001 to 0.002 ufd. 250 to 500 uufd.

Cq 0.1 ufd. 0.1 ufd.

Cs 0.5 ufd. or larger.

Ri 10,000 to 20,000 10,000 to 20,000 ohms.
ohms.

Rz 50,000 t0 100,000 100,000 to 250,000 ohme
ohmes.

Rs 50,000 ohms.

Ra 20,000 ohms.

Plate voltages from 100 to 250 volts may be used.
Screen voltage in B should he ahout 30 volts.

current nearly to the cut-off point, so that the
application of a signal to the grid circuit causes
an increase in average plate current. The
average plate current follows the changes in
signal amplitude in a fashion similar to the
rectified current in a diode detector.
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Circuits for triodes and pentodes are given
in Fig. 704. C; is the plate by-pass condenser,
R; is the cathode resistor which provides the
operating grid bias (§ 3-6), and C: is a by-pass,
for both radio and audio frequencies, across 1
(§ 2-13). Ry is the plate load resistance (§ 3-3)
across which a voltage appears as a result of
the rectifying action described above. Cj is the
output coupling condenser. In the pentode
circuit at B, B3 and Ry form a voltage divider
to supply the proper potential (about 30 volts)
to the screen, and Cs is a by-pass condenser
between the screen and cathode. Cs must have
low reactance for both radio and audio fre-
quencies.

The plate detector is more sensitive than
the diode, since there is some amplifying action
in the tube, but less so than the grid-leak de-
tector. It will handle considerably larger sig-
nals than the grid-leak detector, but is not
quite as tolerant in this respect as the diode.
Linearity, with the self-biased circuits shown,
is good. Up to the overload point, the detector
takes no power from the tuned circuit and
hence does not affect its @ and selectivity
(§ 2-10).

Infinite impedance detector — The circuit
of Fig. 705 combines the high signal-handling

-3 A.F +8
ouTPUT

Fig. 705 — The infinite impedance detector. L2C; is
tuned to the signal frequency. Typical values for other
constants are:

C2 — 250 uufd.
C3 — 0.5 ufd.
Cs — 0.1 ufd.

Ry — 0.15 megobm.
R2 — 25,000 obms.
R3 — 0.25-megohm volume control.

A tube having a medium amplification factor (ahout
20; should be used. The plate voltage should he 250
volts.

capabilities of the diode detector with low
distortion (good linearity) and, like the plate
detector, does not load the tuned circuit to
which it is connected. The circuit resembles
that of the plate detector except that the load
resistance, R, is connected between cathode
and ground and is thus common to both grid
and plate circuits, giving negative feedback
for the audio frequencies. The cathode resistor
is by-passed for r.f. (C;) but not for audio
(§ 2-13), while the plate circuit is by-passed
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Fig. 706 — Triode and pentode regenerative detector
circuits, The circuit 1.2C1 is tuned to the signal frequency.
The grid condenser, Cz, should have a value of about
100 uufd. in all circuits; the grid leak, Ri, may range in
value from 1 to 5 megohms. The tickler coil, Ls, will
ordinarily have from 10% to 25% of the numher of
turns on Lg; in C, the cathode tap is about 10% of the
number of turns on 12 above ground. Regeneration
control condenser C3 in A should have a maximum
capacity of 100 uufd. or more; by-pass condensers Ca
in B and C are likewise 100 uufd. Cs is ordinarily 1 pfd.
or more; Rz, 50,000-0hm potentiometer; Rs, 50,000 to
100,000 ohms. I.4 in B (L3 in C) is a 500-henry induct-
ance, Cq is 0.1 ufd. in both circuits. 'I't in A is a conven-
tional audio transformer for coupling from the plate
of a tube to a following grid. RFC is 2.5 mh.

In A, the plate voltage should be of the order of 50
volts for hest sensitivity., The pentode circuits require
about 30 volts on the screen; plate voltage may be from
100 to 250 volts,
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to ground for both audio and radio frequencies.
Ry with C; forms an RC filter (§ 2-11) to iso-
late the plate from the “B’ supply at audio
frequencies.

The plate current is very low at no signal,
increasing with signal as in the case of the
plate detector. The voltage drop across Ri
similarly increases with signal because of the
increased plate current. Because of this and
the fact that the initial drop across R, is large,
the grid cannot be driven positive with respect
to the cathode by the signal, hence no grid
current can be drawn.

¢ 7-4 REGENERATIVE DETECTORS

Circuits — By providing controllable r.f.
feedback or regeneration (§ 3-3) in a triode or
pentode detector circuit, the incoming signal
can be amplified many times, thereby greatly
increasing the sensitivity of the detector.
Regeneration also increases the effective @ of
the circuit and hence increases the selectivity
(§ 2-10), by virtue of the fact that the maxi-
mum regenerative amplification takes place
at only the frequency to which the circuit is
tuned. The grid-leak type of detector is most
suitable for the purpose. Ixcept for the re-
generative connection, the circuit values are
identical with those previously described for
this type of detector, and the same considera-
tions apply.

Fig. 706 shows the circuits of regenerative
detectors of various types. The circuit of A
is for a triode tube, with a variable by-pass
condenser, C3, in the plate circuit to control
regeneration. When the capacity is small the
tube does not regenerate, but as it increases
toward maximum its reactance (§ 2-8) becomes
smaller until a critical value is reached where
there is sufficient feed-back to cause oscillation.
If Ly and L3 are wound end to end in the same
direction, the plate connection is to the out-
side of the plate or “tickler” coil, L3, when the
grid connection is to the outside of the tuned
circuit coil, Le.

The circuit of B is for a screen-grid tube, re-
generation being controlled by adjustment of
the screen-grid voltage. The tickler, L3, is in
the plate circuit. The portion of the control
resistor between the rotating contact and
ground is by-passed by a large condenser
(0.5 ufd. or more) to filter out scratching noise
when the arm is rotated (§ 2-11). The feedback
should be adjusted by varying the number of
turns on L3 or the coupling (§ 2-11) between
L and Lz so that the tube just goes into
oscillation at a sereen voltage of approximately
30 volts.

Circuit (' is identical with B in principle of
operation, except that the oscillating circuit is
of the Hartley type (§ 3-7). Since the screen
and plate are in parallel for r.f. in this circuit,
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only a small amount of ‘““tickler’” — that is,
relatively few turns between cathode tap and
ground — is required for oscillation.
Adjustment for smooth regeneration —
The ideal regeneration control would permit
the detector to go into and out of oscillation
smoothly, would have no effect on the fre-
quency of oscillation, and would give the same

value of regeneration regardless of frequency-

and the loading on the circuit. In practice the
effects of loading, particularly the loading that
occurs when the detector circuit is coupled to
an antenna, are difficult to overcome. Like-
wise, the regeneration is affected by the
frequency to which the grid circuit is tuned.

In all circuits it is best to wind the tickler at
the ground or cathode end of the grid coil, and
to use as few turns on the tickler as will allow
the detector to oscillate easily over the whole
tuning range with the proper plate (and
screen, if a pentode) voltage. Should the tube
break into oscillation suddenly, making a click,
as the regeneration control is advanced, the
operation can frequently be made smooth by
changing the grid-leak resistance to a higher
or lower value. The wrong grid leak plus too-
high plate and screen voltage are the most
frequent causes of lack of smoothness in going
into oscillation.

Antenna coupling —If the detector is
coupled to an antenna, slight changes in the
antenna constants (as when the wire swings in
a breeze) affect the frequency of the oscilla-
tions generated, and thereby the beat fre-
quency when c.w. signals are being received.
The tighter the antenna coupling is made, the
greater will be the feedback required or the
higher will be the voltage necessary to make
the detector oscillate. The antenna coupling
should be the maximum that will allow the
detector to go into oscillation smoothly with
the correct voltages on the tube. If capacity
coupling (§ 2-11) to the grid end of the coil is
used, only a very small amount of capacity
will be needed to couple to the antenna.
Increasing the capacity increases the cou-
pling.

At frequencies where the antenna system is
resonant the absorption of energy from the
oscillating detector circuit will be greater, with
the consequence that more regeneration is
needed. In extreme cases it may not be possible
to make the detector oscillate with normal
voltages, causing so-called ‘“‘dead spots’. The
remedy for this is to loosen the antenna cou-
pling to the point which permits normal oscilla-
tion and smooth regeneration control.

Body capacity — A regenerative detector
occasionally shows a tendency to change fre-
quency slightly as the hand is moved near the
dial. This condition (body capacily) can be
caused by poor design of the receiver or by
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CHAPTER SEVEN

the antenna, if the detector is coupled to an
antenna. If the body capacity is present when
the antenna is disconnected, it can be elimi-
nated by better shielding, and sometimes by
r.f. filtering of the ’phone leads. Body ca-
pacity present only when the antenna is
connected is caused by resonance effects in
the antenna which tend to cause part of a
standing wave (§2-12) of r.f. voltage to
appear on the ground lead and thus raise the
whole detector circuit above ground potential.
A good, short ground connection should be
made to the receiver and the length of the
antenna varied electrically (by adding a small
coil or variable condenser in the antenna lead)
until the effect is minimized. Loosening the
coupling to the antenna circuit also will help
reduce body capacity.

Hum — Power-supply frequency hum may
be present in a regenerative detector, especially
when it is used in an oscillating condition for
¢.w. reception, even though the plate supply is
free from ripple (§ 8-4). It may result from the
use of a.c. for the tube heater, but effects of
this type are normally troublesome only when
the circuit of Fig. 706-C is used, and then only
at 14 Mc. and higher frequencies. Connecting
one side of the heater supply to ground, or
grounding the center-tap of the heater trans-
former winding, is good practice to reduce
hum, and the heater wiring should be kept as
far as possible from the r.f. circuits.

House wiring, if of the “open” type, will
have a rather extensive electrostatic field
which may cause hum if the detector tube,
grid lead, grid condenser and leak are not
electrostatically shielded. This type of hum
is easily recognizable because of its rather high
pitch, a result of harmonics (§2-7) in the
power-supply system. The hum is caused by a
species of grid modulation (§ 5-4) because the
field causes a small a.c. voltage to develop
across the grid leak.

Antenna resonance effects frequently cause
a hum, of the same nature as that just de-
scribed, which is most intense at the various
resonance points and hence varies with tuning.
For this reason it is called tunable hum. It is
prone to occur with a rectified a.c. plate supply
(§8-1) when a standing wave effect of the
type described in the preceding paragraph
occurs, and is associated with the non-linear-
ity of the rectifier tube in the plate supply.
Elimination of antenna resonance effects and
by-passing the rectifier plates to cathode usu-~
ally will cure it.

Tuning — For c.w. reception, the regenera-
tion control is advanced until the detector
breaks into a ‘“hiss,” which indicates that the
detector is oscillating. Further advancing of
the regeneration control after the detector
starts oscillating will result in a slight decrease
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Fig. 707 — As the tuning dial of a receiver is turned
past a c.w. signal, the beat note varies from a high tone
down through “zero beat” (no audible frequency differ-
ence) and back up to a high tone, as shown at A, B and C.
The curve is a graphical representation of the action.
The beat exists past 8000 or 10,000 cycles but usually is
not heard because of the limitations of the audio system
of the receiver.

in the strength of the hiss, indicating that the
sensitivity is decreasing.

The proper adjustment for the reception of
c.w. signals is just after the detector has
started to oscillate, when it will be found that
c.w. signals can be tuned in and will give a tone
with each signal depending on the setting of
the tuning control. As the receiver is tuned
through a signal, the tone will first be heard
as a very high pitch, go down through “zero
beat” and then disappear at a high pitch
on the other side, as shown in Fig. 707. It
will be found that a low-pitched beat-note
cannot be obtained with a strong signal be-
cause the detector “pulls in” or “blocks,”
but this condition can be corrected by advanc-
ing the regeneration control until the beat-
note occurs again. If the regenerative detector
is preceded by an r.f. amplifier stage, the block-
ing can be eliminated by reducing the gain of
the r.f. stage. If the detector is coupled to an
antenna the blocking condition can be elimi-
nated by advancing the regeneration control
or loosening the antenna coupling.

The point just after the receiver starts ogcil-
lating is the most sensitive condition for c.w.
reception — further advancing of the regener-
ation control makes the receiver less prone to
blocking by strong signals but less capable of
receiving weak signals.

If the receiver is in the oscillating condition
and a 'phone signal is tuned in, a steady beat-
note will result and, while it is possible to
listen to 'phone if the receiver can be tuned to
exact zero beat, it is more satisfactory to
reduce the regeneration to the point just before
the receiver goes into oscillation. This is the
most sensitive operating point for this type of
reception.
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Superregeneration — The limit to which
ordinary regenerative amplification can be
carried is the point at which oscillations com-
mence, since at that point further amplification
ceases. The superregenerative detector over-
comes this limitation by introducing into the
detector circuit an alternating voltage of a
frequency somewhat above the audible range
(of the order of 20 to 100 kilocycles) in such a
way as to vary the detector’s operating point
(§ 3-3). As a consequence of the introduction of
this quench or interruption frequency the de-
tector can oscillate only when the varying
operating point is in a region suitable for the
production of oscillations. Because the os-
cillations are constantly being interrupted the
regeneration can be greatly increased and the
signal will build up to relatively tremendous
proportions. The superregenerative circuit is
suitable only for the reception of modulated
signals, and operates best on ultra-high fre-
quencies where it has found considerable appli-
cation in simple receivers.

A typical superregenerative circuit for ultra-

L

Ant g

QUENCH
0sC.

Fig. 708 — Superregenerative detector circuit with
separate quench oscillator. L2C; is tuned to the signal
frequency. Typical values for other components are as
follows:

Ca — 100 uufd.
C3z — 500 upufd.
Cs— 0.1 pfd.

R1 — 5 megohms.

Rz — 50,000 ohms.

Ra — 50,000-ohm potentiometer.

R4 — 50,000 ohms,

Ti1 — Audio transformer, plate-to-grid type.

RFC — Radio-frequency choke, constants depending
upon frequency of operation. Special low-
capacity chokes are required for ultra-high
frequencies.

high frequencies is shown in Fig. 708. The
regenerative detector circuit is an ultraudion
oscillator (§ 3-7). The quench frequency, ob-
tained from the separate quench oscillator, is
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introduced in the plate circuit. Many other
circuit arrangements are possible.

If regeneration in an ordinary regenerative
circuit is carried sufficiently far, the circuit will
hreak into a low-frequency oscillation simul-
taneously with that at the operating radio
frequency. This low-frequency oscillation has
much the same quenching effect as that from a
separate oscillator, hence a circuit so operated
is called a self-quenching superregenerative
detector. This type of circuit is more successful
at ultra-high than at ordinary communication
frequencies. The frequency of the quench
oscillation depends upon the feedback and
upon the time constant of the grid leak and
condenser, the oscillation being a form of
“blocking” or ““squegging’’ in which the grid
accumulates a strong negative charge which
cannot leak off rapidly enough through the grid
leak to prevent a relatively slow variation of
the operating point.

The superregenerative detector has little
selectivity, but discriminates against noise
such as that from automobile ignition systems.
It also has marked automatic volume control
action, since strong signals are amplified to a
much smaller extent than weak signals.

Adjustment of superregenerative detec-
tors — Because of the greater amplification,
the hiss when the superregenerative detector
goes into oscillation is mueh stronger than
with the ordinary regenerative detector. The
most sensitive condition is at the point where
the hiss first hecomes marked. When a signal is
tuned in the hiss will disappear to a degree
which depends upon the signal strength.

Lack of hissindicates insufficient feedback at
the signal frequeney or inadequate quench

Ca CZ
475 1 75
lnput c— Input
c_ af
R, T Output R,
$ ¢ S -
Ry
< -8 8
®
C
e ar—
Input lnput
R
<
) Rz
R Y

©
//6 CHAPTER

SEVEN

voltage. Antenna loading effects will cause
dead spots similar to those with regenerative
detectors and these can be overcome by the
same methods. The self-quenching detector
may require critical adjustment of the grid
leak and grid condenser values for smooth
operation, since these determine the frequency
and amplitude of the quench voltage.

0 7-3 AUDIO-FREQUENCY AMPLIFIERS

General — Audio-frequency amplifiers are
used after the detector to increase the power to
a level suitable for operating a loud-speaker or,
in some cases, a headset. There are seldom
more than two stages of a.f. amplification in a
receiver, and often only one.

In all except battery-operated receivers, the
negative grid bias of audio amplifiers is usually
secured from the voltage drop in a cathode re-
sistor (§ 3-6). The eathode resistor must be by-
passed by a eondenser having low reactance, at
the lowest audio frequeney to be amplified,
compared to the resistance of the cathode re-
sistor (10% or less) (§ 2-8, 2-13). In battery-
operated sets, a separate grid-bias battery
generally is used.

Headset and voltage amplifiers — The
circuits shown in Fig, 709 are typical of those
used for voltage amplifieation and for provid-
ing sufficient power for operation of head-
phones (§ 3-3). Triodes usually are preferred
to pentodes because they are better suited to
working into an audio transformer or headset,
whieh have impedances of the order of 20,000
ohms.

In these circuits, Rz is the cathode bias re-
sistor and C; the cathode by-pass condenser.
Ry, the grid resistor, gives volume control

C3
e
Output

Ry

Fig. 709 — Audio amplifier
circuits for voltage amplifica.
tion and headphone output.
The tubes are operated as
Class-A amplifiers (§ 3-4),
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Fig. 710 — Audio power output amplifier circuits.
Class A or AB (§ 3-4) amplificaiion is used.

action (§ 5-9). Its value ordinarily is from 0.25
to 1 megohm. C; is the input coupling con-
denser, already discussed under detectors; it
is, in fact, identical to C4 in Figs. 703 and 704
if the amplifier is coupled to a detector.
. Power amplifiers— A popular type of
power amplifier is the single pentode; the
circuit diagram is given in Fig. 710-A. The
grid resistor, B;, may be a potentiometer for
volume control as shown at R in Fig. 709. The
output transformer 7 should have a turns ratio
(§ 2-9) suitable for the speaker used; most of
the small speakers now available are furnished
complete with output transformer.

When greater volume is needed a pair of
pentodes or tetrodes may be connected in
push-pull (§3-3) as shown in Fig. 710-B.
Transformer coupling to the voltage-amplifier
stage is the simplest method of obtaining push-
pull input for the amplifier grids. The. inter-
stage transformer, T, has a center-tapped
secondary, with a secondary-to-primary turns
ratio of about 2 to 1. An output transformer,
T, with a center-tapped primary must be used.
No by-pass condenser is needed across the

cathode resistor, R, since the a.f. current

does not flow through the resistor as it
does in single-tube circuits.

Tone control — A tone control is a
device for changing the frequency re-

sponse (§3-3) of an audio amplifier; L.

usually it is simply a method for re-

ducing high-frequency response. This is help- Y
ful in reducing hissing and crackling noises
without disturbing the intelligibility of the ®
signal. By and C} together in Fig. 709-D form }

/geceiuer /9 rincipﬂzd ana[ ﬂ)edign

an effective tone control of this type. The
maximum effect is secured when Ry is entirely
out of the circuit, leaving Cs connected between
grid and ground. R4 should be large enough
compared to the reactance of Cy (§2-8) so
that when it is all in circuit the effect of ¢4 on
the frequency response is negligible.

0 7-6 RADIO-FREQUENCY AMPLIFIERS

Circuits — Although there are variations in
detail, practically all r.f. amplifiers conform to
the basic circuit shown in Fig. 711. A screen-
grid tube, usually a pentode, is invariably
used, since a triode will oscillate when its grid
and plate circuits are tuned to the same
frequency (§ 3-5). The amplifier operates Class
A, without grid current (§ 3-4). The tuned grid
circuit, L1Cy, is coupled through L; to the
antenna (or, in some cases, to a preceding
stage). By and C; are the cathode bias resistor
and cathode by-pass condenser, C; the screen
by-pass condenser, and Rz the screen dropping
resistor. L3 is the primary of the output trans-
former (§ 2-11), tightly coupled to L; which,
with C5, constitutes the tuned circuit feeding
the detector or a following amplifier tube.
LC1 and L4Cj are both tuned to the frequency
of the incoming signal.

Shielding — The screen-grid construction
prevents feedback (§ 3-3) from plate to grid
inside the tube, but in addition it is necessary
to prevent transfer of energy from the plate
circuit to the grid circuit external to the tube.
This is accomplished by enclosing the coils in
grounded shielding containers, and by keeping
the plate and grid leads well separated. With
‘“‘single-ended”’ tubes care in laying out the
wiring to obtain the maximum possible physi-
cal separation between plate and grid leads is
necessary to prevent capacity coupling.

The shield around a coil will reduce the in-
ductance and Q of the coil (§ 2-11) to an extent
which depends upon the shielding material
and its distance from the coil. Adjustments to
the inductance therefore must be made with
the shield in place.

By-passing — In addition to shielding, good
by-passing (§ 2-13) is imperative. This is not
simply a matter of choosing the proper type
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Fig. 711 — The circuit of a tuned radio-frequency
amplifier. Circuit values are discussed in the text.
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and capacity of by-pass condenser. Short
separate leads from C3; and C4 to cathode or
ground are a prime necessity, since at the
higher radio frequencies even an inch or two
of wire will have enough inductance to provide
feedback coupling, and hence cause oscillation,
if the wire happens to be common to both the
plate and grid circuits.

Gain control — The gain of an r.f. amplifier
usually is varied by varying the grid bias. This
method is applicable only to variable-u type
tubes (§ 3-5) hence this type usually is found
in r.f. amplifiers. In Fig. 711, B3 and R4 com-
prise the gain-control circuit. R3 is the control
resistor (§ 3-6) and R4 a dropping resistor of
such value as to make the voltage across the
outside terminals of R3 about 50 volts (§ 8-10).
The gain is maximum with the variable arm
all the way to the left (grounded) on R3 and
minimum at the right. B3 could simply be
placed in series with Rj, omitting B4 entirely,
but the range of control is limited when this
connection is used.

In a multi-tube receiver, the gain of several
stages would be varied simultaneously, a single
control sufficing for all. In such a case, the
lower ends of the several cathode resistors
(R1) would be connected together and to the
movable contact on Rj.

Circuit values — The value of the cathode
resistor, Rj;, should be calculated for the
mintmum recommended bias for the tube used.
The capacities of Cs, C3 and C4 must be such
that the reactance is low at radio frequencies;
this condition is easily met by using 0.01-pfd.
condensers at communication frequencies, or
0.001 to 0.002 mica units at ultra-high fre-
quencies up to 112 Mc. R, is found by taking
the difference between the recommended plate
and screen voltages, then substituting this and
the rated screen current in Ohm’s Law (§ 2-6).
R3 must be selected on the basis of the number
of tubes to be controlled; a resistor must be
chosen which is capable of carrying, at its low-
resistance end, the sum of all the tube currents
plus the bleeder current. A resistor of suitable
current-carrying capacity being found, the
bleeder current necessary to produce a drop
through it of about 50 volts can be calculated
by Ohm’s Law. The same formula will give
R4, using the plate voltage less 50 volts for E
and the bleeder current just found for I.

The constants of the tuned circuits will de-
pend upon the frequency range, or band, being
covered. A fairly high L/C ratio (§2-10)
should be used on each band; this is limited,
however, by the irreducible minimum capaci-
ties. An allowance of 10 to 20 uufd. should be
made for tube and stray capacity, and the
minimum capacity of the tuning condenser
also must be added.

If the input circuit of the amplifier is con-
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nected to an antenna, the coupkng coil L
should be adjusted to provide critical coupling
(§ 2-11) between the antenna and grid circuit.
This will give maximum energy transfer. The
turns ratio L;/Ls will depend upon the fre-
quency, the type of tube used, the @ of the
tuned circuit, and the antenna system, and in
general is best determined experimentally.
The selectivity will increase as the coupling is
reduced below this “optimum”’ value, a con-
sideration which it is well to keep in mind if
selectivity is of more importance than maxi-
mum gain.

The output circuit coupling depends upon
the plate resistance (§ 3-2) of the tube, the
input resistance of the succeeding stage, and
the Q of the tuned circuit LsCjs. L3 is usually
coupled as closely as possible to Ly (this avoids
the necessity for an additional tuning con-
denser across L3) and the energy transfer is
about maximum when L3 has 24 to 4 as many
turns as L4, with ordinary receiving screen-
grid pentodes.

Tube and circuit noise — In any conductor
electrons will be moving in random directions
simultaneously and, as a result, small irregular
voltages are developed across the conductor
terminals. The voltage is larger the greater the
resistance of the conductor and the higher its
temperature. This is known as the thermal
agilation effect, and it produces a hiss-like
noise voltage distributed uniformly throughout
the radio-frequency spectrum. The thermal
agitation noise voltage appearing across the
terminals of a tuned circuit will be the same as
in a resistor of a value equal to the parallel
impedance of the tuned circuit (§ 2-10) even
though the actual circuit resistance is low.
Hence the higher the @ of the circuit the greater
the thermal agitation noise.

Another component of hiss noise is devel-
oped in the tube, because the rain of electrons
on the plate is not entirely uniform. Small ir-
regularities caused by gas in the tube also
contribute to the effect. Tube noise varies
with the type of tube, and is proportional in a
general way to the inverse ratio of the mutual
conductance (§ 3-2) of the tube to the square
root of the plate current.

To obtain the best signal-to-noise ratio, the
signal must be made as large as possible at the
grid of the tube, which means that the antenna
coupling .must be adjusted to that end, and
also that the @ of the grid tuned circuit must
be high. A tube with low inherent noise obvi-
ously should be chosen. In an amplifier having
good signal-to-noise ratio the thermal agita-
tion noise will be greater than the tube noise.
This can easily be checked by grounding the
grid through a 0.01-.fd. condenser and observ-
ing whether there is a decrease in noise. If
there is no change, the tube noise is greatly




predominant, indicating a poor signal-to-
noise ratio in the stage. The test is valid only
if there is no regeneration in the amplifier.
The signal-to-noise ratio will decrease as the
frequency is raised because it becomes in-
creasingly difficult to obtain a tuned circuit of
high effective @ (§ 7-7).

The first stage of the receiver is the impor-
tarit one from the signal-to-noise ratio stand-
point. Noise generated in the second and sub-
sequent stages, while comparable in magnitude
to that generated in the first, is masked by the
amplified noise and signal from the first stage.
After the second stage, further contributions
by tubes and circuits to the total noise are in-
consequential in any normal receiver.

Tube input resistance — At high frequen-
cies the tube may consume power from the
tuned grid circuit even though the grid is not
driven positive by the signal. Abeve 7 Mec. all
tubes load the tuned circuit to an extent which
depends upon the type of tube. This effect
comes about because the time necessary for
electrons to travel from the cathode to the grid
becomes comparable to the time of one r.f.
cycle, and because of a degenerative effect
(§ 3-3) of the cathode lead inductance. With
certain tube types the input resistance may
be as low as a few thousand ohms at 28 Me.
and as low as a few hundred ohms at ultra-
high frequencies.

This tnput loading effect is in addition to
the normal decrease in the Q of the circuit
alone at the higher frequencies because of in-
creased losses in the coil and condenser. Thus
the selectivity and gain of the circuit are both
adversely affected.

Comparison of tubes — At 7 Mc. and lower
frequencies, the signal-to-noise ratio, gain and
selectivity of an r.f. amplifier stage are suffi-
ciently high with any of the standard receiving
tubes. At 14 Mec. and higher, however, this is
no longer true, and the choice of a tube must
be based on several conflicting considerations,

Gain is highest with high mutual-conduct-
ance pentodes, the 1851 and 1852 being ex-
amples of this type. These tubes also develop
less noise than any of the others. The input-
loading effect is greatest with them, however,
so that selectivity is decreased and the tuned-
circuit gain is lowered.

Pentodes such as the 6K7, 6J7 and corre-
sponding types in glass have lesser input-
loading effects at high frequencies, moderate
gain, and relatively-high inherent noise.

The ‘“acorn” and equivalent miniature
pentodes are excellent from the input-loading
standpoint, the gain is about the same as with
the standard types, and the inherent noise is
somewhat lower.

Where selectivity is paramount, the acorns
are best, standard pentodes second, and the
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1851-52 types last. On signal-to-noise ratio
the 1851-52 tubes are first, acorns second, and
standard pentodes third. The same order
holds for overall gain.

At 56 Me. the standard types are usable,
but acorns are capable of better performance
because of lesser loading. The 954, 956 and
the corresponding types 9001 and 9003 are
the only usable types for r.f. amplification at
112 Mec. and higher.

®7-7 TUNING AND BAND-CHANGING
METHODS

Band changing — The resonant circuits
which are tuned to the frequency of the
incoming signal constitute a special problemn
in the design of amateur receivers since the
amateur frequency assignments consist of
groups or bands of frequencies at widely-
spaced intervals. The same LC combination
cannot be used for, say, 14 Me. to 3.5 Me.,
because of the impracticable maximum-mini-
mum capacity ratio required, and also because
the tuning would be excessively critical with
such a large frequency range. It is necessary,
therefore, to provide a means for changing the
circuit constants for various frequency bands.
As a matter of convenience, the same tuning
condenser usually is retained, but new coils
are inserted in the circuit for each band.

There are two favorite methods of changing
inductances; one is to use a switch, having an
appropriate number of contacts, which con-
nects the desired coil and disconnects the
others. The second is to use coils wound on
forms with contacts (usually pins) which can
be inserted in and removed from a socket.

Band spreading — The tuning range of a
given coil and variable condenser will depend

(A)

tials of band-spread <B
tuning systems.
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Fig. 712 — Essen- E
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upon the inductance of the coil and the change
in tuning capacity. For ease of tuning it is de-
sirable to adjust the tuning range so that prac-
tically the whole dial scale is occupied by the
band in use. This is called band-spreading.
Because of the varying widths of the bands,
special tuning methods must be devised to give
the correct maximum-minimum capacity ratio
on each. Several of these are shown in Fig. 712,

In A, a small band-spread condenser C)
(15 to 25 pufd. maximum capacity) is used in
parallel with a condenser, Ca, which is usually
large enough (140 to 175 uufd.) to cover a 2-to-1
frequency range. The setting of Cz will deter-
mine the minimum ecapacity of the circuit,
and the maximum capacity for band-spread
tuning will be the maximum capacity of C
plus the setting of Ca. The inductance of the
coil can be adjusted so that the maximum-
minimum ratio will give adequate band-
spread. In practicable circuits it is almost
impossible because of the non-harmonic rela-
tion of the various bands to get full band-
spread on all bands with the same pair of con-
densers, especially when the coils are wound
to give continuous frequency coverage on Cg,
which is variously called the band-setting or
main-tuning condenser. C; must be re-set each
time the band is changed.

The method shown at B makes use of con-
densers in series. The tuning condenser, Ci,
may have a maximum capacity of 100 uefd. or
more. The minimum ecapacity is determined
principally by the setting of C3, which usually
has low capacity, and the maximum capacity
by the setting of Cs, which is of the order of 25
to 50 upfd. This method is capable of close ad-
justment to practically any desired degree of
band-spread. C2 and C3 must be adjusted for
each band or else separate pre-adjusted con-
densers must be switched in.

The circuit at C also gives complete spread
on each band. C;, the band-spread condenser,
may have any convenient value of capacity;
50 upfd. is satisfactory. C2 may be used for con-
tinuous frequeney coverage (‘‘general cover-
age’”) and as a band-setting condenser. The
effective maximum-minimum capacity ratio
depends upon the capacity of C2 and the point
at which C) is tapped on the coil. The nearer
the tap to the bottom of the coil, the greater
the band-spread, and vice versa. For a given
coil and tap, the band-spread will be greater
if Cq is set at larger capacity. C2 may be
mounted in the plug-in coil form and pre-set,
if desired. This requires a separate condenser
for each band, but eliminates the necessity for
re-setting 'y each time the band is changed.

Ganged tuning — The tuning condensers
of the several r.f. circuits may be coupled to-
gether mechanically and vperated by a single
control. This operating convenience involves
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more complieated construction, both electri-
cally and mechanically. It becomes necessary
to make the various circuits track — that is,
tune to the same frequency at each setting of
the tuning control.

True tracking can be obtained only when the
inductance, tuning condensers, circuit mini-
mum capacity and maximum capacity are
identical in all “‘ganged’” stages. A small
trimmer or padding condenser is connected
across the coil so that variations in minimum
capacity can be compensated. The fundamen-
tal circuit is shown in Fig. 713, where C, is the
trimmer and C2 the tuning condenser. The use
of the trimmer increases the minimum ecircuit
capacity, but is a necessity for satisfactory
tracking. Condensers having maximum ca-

Fig. 713 — Showing the
use of a trimmer condenser
across the tuned circuit to
set the minimum circuit
capacity for ganged tun-
ing.

pacities of 15 to 30 uufd. generally are used for
the purpose.

The same methods are applied to band-
spread circuits which must be tracked. The
circuits are identical with those of Fig. 712,
although if both general-coverage and band-
spread tuning are to be available, an addi-
tional trimmer condenser must be connected
across the coil in each circuit shown. If only
amateur-band tuning is desired, however,
then C3 in Fig. 712-B, and C, in Fig. 712-C
serve as trimmers.

The coil inductance can be adjusted by
starting with a larger number of turns than
necessary, then removing a turn or fraction of
a turn at a time until the circuits track satis-
factorily. An alternative method of adjusting
inductance, providing it is reasonably close to
the correct value initially, is to make the coil
so that the last turn is variable with respect to
the whole coil, or to use a single short-circuited
turn the position of which can be varied with
respect to the coil. These methods are shown in
Fig. 714.

U.HIL.F. circuits — Tube interelectrode ca-
pacities are practically constant for a given
tube type regardless of the operating fre-
quency, and the same thing is approximately
true of stray ecircuit capacities. Hence at
ultra-high frequencies these capacities become
an increasingly larger part of the usable tuning
capacity and reasonably-high L/C ratios
(§ 2-10) are more diflicult to secure as the
frequency is raised. Because of this irreducible
minimum capacity, standard types of tubes
cannot be tuned to frequencies higher than
about 200 Mec., even when the inductance in




Fig. 714— Methods of adjusting inductance for

ganging. The half turn in A can be moved so that its
magnetic field either aids or opposes the field of the coil.
The shorted loop in B is not connected to the coil, but
operates by induction. It will have no effect on the coil
inductance when the plane of the loop is parallel to the
axis of the coil, and will give maximum reduction of the
coil inductance when perpendicular to the coil axis.

the circuit is simply that of a straight wire
between the tube elements.

Along with these capacity effects the input
loading (§ 7-6) increases rapidly at ultra-high
frequencies so that ordinary tuned circuits
have very low effective Q’s when connected to
the grid circuit of a tube. The effect is still
further aggravated by the fact that losses in
the tuned circuit itself are higher, causing a
still further reduction in Q. For these reasons
the frequency limit at which an r.f. amplifier
will give any gain is in the vicinity of 60 Mec.,

Input

Short -circurted

Fig. 715 — Circuits of improved Q for ultra-high fre-
quencies. A, reducmg tube loading by tapplng down on
the resonant circuit; B, use of a concentric-line circuit,
with the tube mmllarly tapped down. The line should he
a quarter-wave long, electrically; because of the addi-
tional shunt capacity represented by the tuhe the
physical lcngth will be somcwhat less than given hy the
formula (§ 10-5). In general, this reduction in length will
be greater the higher the grid tap on the inner conductor.
One method of coupling to an antenna or preceding
stage is indicated. The coupling turn should be parallel
to the axis of the line and insulated from the outer
conductor,
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with standard tubes, and at higher frequencies
there is a loss instead of amplification. The
condition ean be mitigated somewhat by tak-
ing steps to improve the effective Q of the
circuit, either by tapping the grid down on the
coil as shown in Fig. 715-A or by using a
lower I,/ rat