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Foreword

TrE Radio Amateur’s Handbook has had a remarkable history. Back in 1926
we of the headquarters staff of the radio amateur’s organization, the American Radio
Relay League, set about the writing of a small pamphlet of operating instructions
intended to improve the performance of amateur stations. When it was finished we
found that, with the necessary additional material on technical topics, we had writ-
ten a considerable-size book. Upon its publication it enjoyed an instant success and
quickly became an important factor in the literature of the radio amateur. As suc-
cessive reprintings were undertaken new material was added, and an evolutionary
process began which became the policy of the Handbook: to present the kind of in-
formation required to get results, rather than the academic intricacies of the class-
room, and to refine and perfect the explanations so that they were thoroughly helpful
to practical amateurs. Thus the book grew through the years — in size, in value, in
acceptance. It became the right-hand guide of practical radio amateurs in every
country of the globe. As war came on, it was inevitable that a book written as the
Handbook was written would be found to provide exactly the kind of information
required to make practical radiomen for the military services and to help those who
were training themselves for wartime radio work. This book certainly has: not only
is it used directly in many training programs, either as basic text or reference, but its
information has provided source-data for many of the service-written special courses.

With the Handbook thus doing a wartime job, with its total distribution now well
over a million copies, we have had a heavy sense of our responsibilities as writers
and publishers as we approached the present revision: the twenty-first edition, the
forty-first printing. Our editorial problem in this annual revising has always lain
largely in so adjusting its scope and perspective that the book would be of maximum
usefulness to the reader in his problems and activities of that particular year. In the
happier pre-war days of active amateur operation that task was chiefly one of se-
lecting the ideas and creating the apparatus designs upon which the greatest opera-
ting reliance could be placed, the latest and best *construction” information of
which we had knowledge. To-day, with amateur stations silenced and all our people
geared to the needs of war, the perspective necessarily shifts sharply. The world
to-day puts a premium upon knowledge of radio. The amateur studies his art to im-
prove his proficiency in his present wartime job as well as for the day when his sta-
tion re-opens. Hundreds of thousands of additional men and women are being trained
to useful proficiency in the radio field, to meet the nation’s needs — a job in which the
Handbook is proving a potent aid. We believe, then, that we best serve our readers
this year by putting more emphasis on the “how-it-works’’ part of the book than on
the ‘““how-to-make-it”’— although both are indispensable.

In this new edition we are using an enlarged page format which, despite wartime
paper restrictions, happily permits us to make this by far the largest edition yet
published, in point of editorial content. This edition is divided into two main parts.
In the first is grouped all the material treating of principles, theory and design con-
siderations — the enduring basis of the art. In the second part, embodying the best
current practical employment of the basic knowledge of the first part, are the exam-
ples of practical equipment — in general with at least one representative example of
each accepted type or combination — together with essential constructional data
and instructions for adjustment and use. Mention should be made of the new
chapter on carrier-current communication, the alternative field which the amateur
has found most interesting and fruitful during the war’s restrictions. The chapter on
the War Emergency Radio Service has been re-written and considerably expanded
to provide the best possible guidance to those engaged in this essential service. The
classified tube tables, always an important feature of the Handbook, have been re-
vised to include data on all released types, and remain the most comprehensive



compilation available. A new convenience, to facilitate locating a tube whose classi-
fication is not known, is a cross-index by type numbers.

The first main part of this book, Chapters Two to Ten, inclusive, eonstitute a
textbook on the theory of radio. The present treatment represents a considerable
expansion over previous editions, with new material and amplified information added
where practical teaching experience using the Handbook as a text has disclosed their
desirability. It is the culmination of several years of work by George Grammer,
QS1T’s technical editor (now on leave), not only in the writing but in the refining of
the writing in the crucible of actual use — by teaching experimental classes and by
surveying the progress of typical self-taught students. The aim has been to write an
understandable nonmathematical treatment for busy, practical people of average
education. Necessarily compact (as is any good text), information is deliberately
presented without sugar-coating, but every effort has been made to make it under-
standable and to avoid saying things in such a way that they are intelligible only to
those who already know the subject! The material has been so arranged in topical
sections as to make it readily possible to find what is wanted, a multitude of sub-
headings identifying subjects at 2 glance. The information is 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 lead the reader, if he needs it, to the applying fundamentals.
Finally, this portion of the book arranges subjectsin a logical order which can serve as
the basis for a well-ordered radio study course. Indeed, Mr. Grammer’s companion
work, A Course in Radio Fundamentals, also published by the League, is written around
this portion of the Handbook, providing for the student a proved and effective series
of study assignments, directions for experiments, and examination questions.

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 appara-
tus. The second part of the I{andbook deals only with practical considerations, but
reference to the first part of the book always will lead the reader quickly to any
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 many of
the constructional chapters is a bibliography of articles in QST. In these will be
found more extensive descriptions of some of the pieces of apparatus. Refererces to
the bibliographies in these cases take such a form as (Bib. §), 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.

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 separated 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 subjeet
referred to will be found discussed in Chapter Four, Section 7.

Throughout the book, illustrations are serially numbered in each chapter. Thus
Fig. 1107 can be readily located as the seventh illustration in Chapter Eleven. There
is an extensive, carefully prepared index at the rear of the book.

Most of the technically skilled specialists on the League’s headquarters staff at
West Hartford — men who have earned their spurs in amateur radio — have par-
ticipated in the present revision. It has already been mentioned that the first part of
the book was written by Mr. Grammer. The revision of the second part is the work
largely of Donald H. Mix, QST’s acting technical editor, Clinton B. DeSoto, the
editor of QST, and George Hart, the League’s acting communications manager, with
Mr. Grammer’s hand again appearing in some of the chapters. The production of the
book has fallen on Mr. DeSoto’s office, with special credit due Louisa B. Dresser,
QST’s editorial assistant. All of us will 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 Harrrorp, CONN,
October, 1943
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THE AMATEUR’S CODE

- G« S “ ¢

1. The Amateur is Gentlemanly

e never knowingly uses the air for his own amusement in such
a way as to lessen the pleasure of others. Ile abides by the
pledges given by the ARRL in his behalf to the public and

the Government.

2. The Amateur is Loyal

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

3. The Amateur is Progressive

He keeps his station abreast of science. It is built well and
efficiently. llis operating practice is clean and regular.

4<. The Amateur is Friendly

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

5. 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
community.

6. The Amateur is Patriotic

His knowledge and his station are always ready for the service
of his country and his community.

* K% % ¥ K K X K K K K K



CHAPTER ONE

Amateur Radio

AnaTEUR radio is silent now — its
keys stilled, its microphones lifeless. Dust gath-
ers in scores of thousands of radio shacks, their
operators off to war.

Amateur radio is silent now — but it is not
dead. The radio hams of yesterday are working
toward a different purpose, but fundamentally
their work now is much the same as their hobby
was before. And underlying their thoughts as
they give their best in the uniformed services
or in industry or research is the hopeful assur-
ance that one day they will be back on the air
as amateurs again.

To a hundred thousand people the world
over, amateur radio represents the most satis-
fying, the most worth while of all hobbies. To
communicate freely with other amateurs the
world around at the mere touch of a key or mi-
crophone 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
communication, however, is characteristic of
peace; it cannot 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 again may
flourish, when free men walk again in safety and
confidence, when free speech is restored to all
the peoples of the earth, and when free com-
munication between 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 falking with
people at these distant points! On one side of
your radio amateur’s table would be his high-
frequency receiver; on the other his private
transmitter, ready at the throw of a switch to
be used in calling and “working” other ama-
teurs in every corner of the globe. ligh power
or expensive equipment was not required. Even
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
other amateurs 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 peacetime, 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 made up almost wholly 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
astounded the world with his first experiments
proving that telegraph messages actually could
be sent between distant points without wires,
they were attempting to duplicate his results.
Marconi himself probably was the first amateur
— indeed, the distinguished inventor so liked
to style himself. But amateur radio, as it has
come to be known, was born when private citi-
zens first saw in the new marvel a means for
personal communication with others, and set
about learning enough of the new art to build
home-made 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 prineiple. 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
had 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 communication
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.
U. S. amateurs were 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.
It 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 dismantled. Within a few
months three-fourths of the amateurs of the
country 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 Armi-
stice, in 1918. The government, having had a
taste of supreme authority over all communi-
cations in wartime, was more than half in-
clined to keep it; indeed, the war had not been
ended a month before Congress was consider-
ing legislation that would have made it im-
possible for the amateur radia of old ever to be
resumed. President Maxim rushed to Washing-
ton, pleaded, argued; the bill was defeated.
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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 again
were 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.
Eleven 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 organization,
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 wartime 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 licensing resumed, there
was a headlong rush to get back on the air.

From the start, postwar amateur radio took
on new aspects. Wartime needs had stimulated
technical development in radio. There were new
types of equipment. The vacuum tube was
being used both for receiving and transmitting.
Amateurs immediately adapted the new ap-
paratus to 200-meter work. Ranges promptly
increased; it became possible to bridge the
continent with but one intermediate relay.
Soon stations on one coast were hearing those
on the other, direct!

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 trans-Atlantic work. Could
they get across? In December, 1921, the ARRL
sent abroad one of its most prominent ama-
teurs, Paul F. Godley, with the best amateur
receiving equipment available. Tests were run,
and thirty American amateur stations were
heard in Europe. The news electrified the ama-
teur world. In 1922 another trans-Atlantic test
was carried out; this time 315 American calls
were logged by European 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 across the At-
lantic by amateur radio! It must be possible —
but somehow they couldn’t quite make it.
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Further increases in power were out of the
question; many amateurs already were using
the legal maximum of one kilowatt. Better re-
ceivers? They already had the superhetero-
dyne; it didn’t seem possible to make any very
great advance in that direction.

Then how about trying another wavelength,
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 technical editor of @S7' (Boyd
Phelps, now a lieutenant-commander in the
Naval Reserve) carried on tests between Hart-
ford and Boston on 130 meters. The results
were encouraging. Early in 1923 the ARRL
sponsored a series of organized tests on wave-
lengths down to 90 meters, and it was noted
that as the wavelength dropped the reported
results were better. A growing excitement be-
gan 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, IMO, and Rein-
artz, 1XAM (now W9UZ and W3IBZ respec-
tively, and both commanders in the Naval
Reserve), 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 national
and international radio conferences partitioned
off various bands of frequencies for the differ-
ent services clamoring for assignments. Al-
though thought still centered on 100 meters,
League officials at the first of these conferences,
in 1924, came to the conclusion that the surface
had only been scratched, and wisely obtained
amateur 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-
sponded by enabling two-way communication
with Australia, New Zealand and South Africa.
How about 20 meters? This new band im-
mediately showed entirely unexpected possi-
bilities by enabling an East Coast amateur to
communicate with another on the West Coast,
direct, at high noon. The dream of amateur
radio — daylight DX! — had come true.
From that time to the advent of World War
II — when amateur radio again was closed
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 confu-
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sion became so great that it was necessary to
devise 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 been 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 conference formed the Interna-
tional Amateur Radio Union — a federation of
national amateur societies.

Nor was experimental development lost sight
of in the enthusiasm incident to international
amateur communication. The experimentally
minded amateur was 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 amateur 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 of his ability to make the
most of what is at hand. In 1924, first amateur
experiments in the vicinity of 56 Mc. indicated
that 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-Mc. 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 very-high frequen-
cies (then known as the ‘“ultrahighs’’). In 1934
additional impetus was given to this band when
experiments by the ARRL with directive an-
tennas resulted in remarkably consistent two-
way communication over distances of more
than 100 miles, without the aid of ‘hilltop”’
locations. While atmospheric conditions 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-Mec. bands, many of
them having worked hundreds of stations at
distances up to several thousand miles; even
transcontinental distances were being spanned
when conditions were right. To-day’s concept
of v.h.f. propagation was developed almost
entirely through amateur research.

The amateur is constantly in the forefront
of technical progress. Many developments by
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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 ‘100 per cent modu-
lation,” the technical staff of the ARRL pub-
lished 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 ‘‘noise-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 develop-
ment of secret wartime radio devices, both in
government and in private laboratories. Equally
as important, the prewar technical progress by
amateurs has provided the keystone for the de-

velopment of modern military communications

equipment. The sets now in use by the armed
forces closely resemble the best prewar ama-
teur equipment. This is only logical, because
the problems of military communications in
modern warfare — extreme congestion, spe-
cial operating requirements, the need for com-
pactness and efficiency — closely resemble the
problems peculiar to the amateur service before
the war, and for which the amateurs were
forced to devise their own specialized solutions.
The fact that amateurs on the staffs of the
Signal Corps and Naval Research laboratories
have been closely allied with the design of this
new military communications equipment has
been a vital factor. .

On the fighting fronts their operating skill is
equally valuable. Sharpened to the highest de-
gree by years of communicating experience
under the severest conditions of congestion,
and with low-powered equipment, the amateur
has the ability to hear signals so faint that they
are inaudible to the average ear; and to read
signals so confused with interference that for
ordinary operators they are completely garbled.
These abilities make the amateur a key figure
in military communications,

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 past 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-
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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 Skenandoah
made a tour of the country, amateurs pro-
vided continuous contact between the big ship
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 wasin
complete charge of an experimental amateur-
type set on the U.8.8. Seattle and proved for all
time the superiority of the high frequencies.
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 coéperation. The radio
Naval Reserve and the Army-Amateur Net are
the outgrowth of these proposals. Thousands
of amateurs in the Naval Reserve now are
on active duty with the Navy, from the rank
of captain on down, while other thousands
are serving in the Army, Air Forces, Coast
Guard and Marine Corps. Altogether, more
than 25,000 radio amateurs are in the armed
forces of the United States, while many more
thousands are engaged in vital electronic re-
search, development and manufacturing.

The public service record of the amateur is 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 accomplishment. 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 these disasters and
many others — tornadoes, sleet storms, forest
fires, blizzards — amateurs played a major réle
in the rescue work and earned wide commenda-
tion for their resourcefulness in effecting com-
munication where all other means had failed.

During 1938 the ARRL inaugurated a new
emergency-preparedness program, providing
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for the appointment of regional and local
Emergency Coérdinators 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
Corps. A comprehensive program of coopera-
tion with the Red Cross, Western Union and
others was put into effect. During the three
years before the wartime close-down of ama-
teur activity, this emergency organization
proved the effectiveness of its planning and the
proficiency of its personnel in more than a
dozen important emergencies.

Although normal participation in such ac-
tivity now is 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, established by the
Federal Communications Commission to fur-
nish emergency communication to local com-
munities in connection with the Office of
Civilian Defense. The background and func-
tions of WERS are described in detail in Chap-
ter Sixteen. Here it need only be noted that,
by official statement, without the reservoir of
amateur operators in this country to serve as
a nucleus, the War Emergency Radio Service
would have been an impossibility.

In mid-1943 the scope of WERS, limited
before to war-created emergencies, was broad-
ened to include the supplying of emergency
communications in connection with natural
disasters or other situations involving civilian
defense or national security. Under this exten-
sion of its activities, amateurs in WERS again
are in position to render emergency communi-
cations service in their traditional fashion.

Amateur codperation with expeditions goes
back to 1923, when a League member, Don
Mix of Bristol, Conn., (now acting technical
editor of QST) accompanied MacMillan to the
Arctic on the schooner Bowdoin with an ama-
teur 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 secured amateur codp-
eration; in 1925 there were three, and by 1928
the figure had risen to nine for that year alone;
altogether, during subsequent years, a total of
perhaps two Liundred 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, the im-
portance of amateur participation in the armed
forces and other aspects of national defense
emphasize more strongly than ever that ama-
teur radio is vital to our national existence.
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¢ 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 advancement of
the radio art. It stands for the maintenance of
fraternalism and a high standard of conduct.
One of its principal purposes is to keep ama-
teur activities so well conducted that the ama-
teur will continue to justify his existence.

With normal amateur activity suspended
for the duration of the war, the ARRL Head-
quarters establishment is largely devoted to
activities designed to advance the war effort —
in training, and in personnel and apparatus
procurement.

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 elected 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. No one
commercially engaged in selling or manufac-
turing radio apparatus or literature can become
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 Directors. 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 ama-
teur’s magazine, QST. QST goes to all mem-
bers of the League each month. It acts as a
monthly bulletin of the League’s organized
activities. It serves as a medium for the ex-
change of ideas. It fosters amateur spirit. Its
technical articles are renowned. QST has
grown to be the ‘“amateur’s bible,” as well as
one of the foremost radio magazines in the
world. The profits @ ST makes are used in sup-
porting League activities. Membership dues to
the League include a subscription to @ST for
the same period.

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 ppera-
tion of amateur apparatus. If you don’t find
the information you want in QST or the
Handbook, write to ARRL Headquarters,
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West Hartford 7, 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 Brainard
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
call, W1INF, and later as W1AW, The eall
W1AW, held until his death by Hiram Percy
Maxim, was issued to the League by special
order of the FCC for use as the official head-
quarters station call.

From September, 1938, until the wartime
closing of all amateur stations, the Hiram Percy
Maxim Memorial Station at Newington, Conn.,
was in operation 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 build-
ing in which it is housed was designed by order
of the Board of Directors as a permanent
memorial to the League’s founder-president,
Hiram Percy Maxim.

( Joining the League

Every person interested in amateur radio
should join the League and start reading QST'.
Inquiries regarding membership should be ad-
dressed to the Secretary. 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 to
you the best assistance it can in matters con-
cerning amateur radio.

Every amateur should read the League’s
magazine, QST, each month. It is filled with
the latest developments in the radio field, with
‘“ham” news from your particular section of
the country. Each issue contains valuable in-
structional material of aid to the student of
radio, as well as both practical and theoretical
technical articles. One of its most valuable
features at present is a monthly compilation
of information on all known available jobs or
assignments for which amateurs are especially
qualified, particularly in the governmentservice
and the armed forces. A sample copy of QST
will be sent for 25 cents, if you are unable to
obtain one at your local newsstand.
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¢ The Amateur Bands

Discussion of the frequency bands assigned
to and formerly used by amateurs may seem
academic at a time
when all amateur op-
eration is prohibited;
yet, although a spe-
cial order of the FCC
has temporarily sus-
pended amateur op-
eration, 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, a brief discussion
of the characteristics
of the various amateur
bands is in order.

As will be observed
in Fig. 101, the ama-
teur bands constitute
narrow segments in
that part of the radio
spectrum lying be-
tween 1700 ke. 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
special operating char-
acteristics of the bands
themselves. Briefly,
these were as follows:

The 1750-ke. band,
which carried all ama-
teur activity before
the higher-frequency

24M

Fig. 101 —Theamateur
bands. Areas shaded with
diagonal lines sloping to
left were open to c.w. te-
legraphy only. Areas with
diagonal lines sloping to
right were also open to
amplitude-modulated te-
lephony (and c.w.). Cross-
hatched areas were open
to frequency-modulated
’phone (as well as to regu-
lar a.m. 'phone and c.w.).
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bands were opened, always served well for
general contact all over the country, although
during the height of the higher-frequency de-
velopment there was some dwindling of activ-
ity. It was especially popular for radiotelephone
work, but also was used for short-haul c.w.
nets and code-practice transmissions for be-
ginners. It was useful primarily for distances
up to 400-500 miles, at night, but much longer
distances were covered under good conditions.

The 8500-kec. band was regarded, in recent
years, as best for consistent domestic communi-
cation and as good for coast-to-coast work at
night except for a few summer months. Much of
the friendly human contact between amateurs
and most of their domestic message-handling
took place in this band.

The 7000-ke. 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-ke. or 14-Mc. band was the one
used mostly for covering great distancesin 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-Mec.
band and some of the local advantages of the
56-Mec. band, but was popular chiefly because
of its remarkable long-distance characteristics.
Its disadvantage was lack of reliability because
of seasonal effects and more sudden changesin
transmitting conditions even than on 14 Me.

The 56,000-ke. (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, hundreds of stations operated
“Jocally” there. Experiments by the ARRL
technical staff beginning in 1934 disclosed that
consistent two-way work could be done over
distances of a hundred miles or more with
suitable conditions and equipment, and such
contacts became common by 1940-41. Occa-

sional periodic “‘sky-wave’ work over several

thousand miles also was agcomplished.

The 112,000-kc. (112-Mc.) band was the new-
est addition to the amateur spectrum, and be-
fore the close-down was attaining widespread
popularity for the local work previously car-
ried on in the 56-Mec. band. This band now
figures prominently as the chief field of opera-
tions for the War Emergency Radio Service
(WERS), in which hundreds of amateurs are
employing 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. The 224-Mec. band may be called
on to carry part of the WERS load.
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€ Memorizing the Code

Amateur operator licenses are still being is-
sued by the Federal Communications Commis-
sion, despite the cessation of amateur on-the-
air activity. This is being done in part at the
request of the military services, to whom pos-
session of amateur license is practically equiva-
lent to a certification of proficiency in radio,
and in part to encourage future amateurs to
prepare themselves for postwar operation.

Apart from the technical and regulatory
phases of the examination, the most important
requirement for obtaining an amateur opera-
tor’s license is an ability to send and receive the
continental code at the rate of 13 words per
minute. Aside from that, knowledge of the
code is especially desirable during wartime; it
is not putting it too strongly to say that every-
one should know the code and be able to useit.

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 ARRL booklet, Learn-
ing the Radiotelegraph Code (price, 25 cents,
postpaid), and, in fact, anyone desirous of
learning the code is advised to do so via the
method outlined in this booklet. However, the
following suggestions will suffice to enable one
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. 102. 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.” The
sound “dit" is pronounced as “it” with a “d”
before it. The sound “dah’’ is pronounced with
“ah’ as in “father.” The sound ‘“dah” is al-
ways stressed or accented — not in a different
tone of voice, but slightly drawn out and the
least bit louder. Thesound *“dit”’ is pronounced
as rapidly and sharply as possible; for purposes
of easy combination, as a prefix, it is often
shortened to “di.” When combinations of the
sounds appear as one letter, say them smoothly
but rapidly, remembering to make the sound
“di” gtaccato, and allowing equal stress to
fall on every dah. There should never be a
space or hesitation between dits and dahs of
the same letter.

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-
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Period

Comma

Question mark

Error

Double dash

Wait

End of message
Invitation to transmit
End of work
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B mme oo dahdididit
C mmemme dahdidahdit
D mueo gg_hdidit

E o dit

F oomme didicia_hdit

G memme  dahdahdit

H ooeoeo  idididit *
I oo didit

J ewmmmm= jidahdahdah
K omomm dah_dida_——h

L emmee jidahdidit
M v =m dahdah

N smeo dahdit

O mmmmmm  dahdahdah
P oummme dTi-ah_da—}E-it
Q mmmmewm= dahdshdidah
R oemme did.i}}dit

S eee dididit

T o dah

U eoemm mdah

V eeemm didididah

W emmms  didahdah

X eomeo 0 mm dih_dlal—a-i_h
Y oo mumm gillldid_a}_]d_al}
Z mmmuoe dahdahdidit

didahdahdahdah
dididahdahdah
didididahdah
dididididah
dididididit
dahdidididit
dahdahdididit
dahdahdahdidit
dabdahdshdahit

Fig. 102 — The Continental (International Morse) Code,

operation and learn the code by listening to it.
It is best to have someone do this who is fa-
miligr 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-
guage without mental “translation’’ the easier
it will be for you. You don’t think of the spoken
letter U, for example, as being composed of
two separate and distinct sounds — yet actu-
ally it is made up of the pure sounds “ee” and
“00,” spoken in rapid succession. You learned
the letter U as a sound unit itself. Similarly,
you should learn code letters as sounds them-
selves, and not as combinations of other sounds.
Don’t think about speed at first; your first
job is to learn all the characters to the point
where you know them without hesitation.

Two Dry Cells
o in Jmegcannxted
o here

Fig. 103 — Wiring diagram of a buzzer code-practice set.
The headpbones are connected across the coils of the
buzzer, with a condenser in series. The size of this
conderiser determines the strength of the signal in the
’phones. If the value shown gives an excessively loud
signal, it may be reduced to 500 uufd. or even 250 uufd.

€ 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 indistinet sending. 1f pos-
sible it is a good idea to obtain the assistance

1646
p
+8
LSV,
Key
: —uafshs]
Phones + 22.5v.C

Fig. 104 — Wiring diagram of a simple vacuum-tube
audio-frequency oscillator for use as a code-practice set.
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of an experienced operator for the first few
sessions, so that you will learn how well-sent
characters should sound.

Either the buzzer set shown in Fig. 103 or
one of the audio oscillators described will give
satisfactory results as a practice set. The oscil-
lator more closely simulates actual radio signals.

The battery-operated audio oscillator in
Figs. 104 and 105 is easy to construct. How-
ever, it employs batteries, which are difficult
to acquire in wartime. If nothing is heard in
the headphones when the key is depressed,
reverse the leads going to either transformer
winding (not both).

The sets shown in Figs. 106 and 107 operate
directly from the 115-volt a.c. or d.c. power
line. That of Fig. 106 employs a neon-bulb
oscillator functioning from rectified d.c.; al-
most any tube having a 5- or 6.3-volt filament,
such as an 014, 71A, etc., can be used as the
half-wave rectifier (grid and plate connected
together). If the tone is fuzzy, wind a single
turn of insulated wire around the top of the
neon bulb and connect it as shown by the
dotted line. The oscillator in Fig. 107 uses a
combination diode-pentode tube, the pentode
section being used as a vacuum-tube oscillator.

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-

Fig. 106— Neon-
hulb audio oscilla-
tor code-practice
set for 115.-volt
a.c.-line operation.
Cy — 1.0 ufd.
Cz, C3 — 0.002 nfd.
R — 3 megohms.
I. — 25-watt lamp.
N — Nvon balb.
V — Any 5-0r6.3-
volt triode.

"5V, AC

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.

Resistor
1+ Line Cord

PHONES KEY

{IOV.ACORDC

Fig. 107 — A.c.-d.c. vacuum-tube audio oscillator,

Cy — 100-pufd. midget mica.

Cg — 250-pufd. midget mica.

C3 — 8-ufd. 200-volt electrolytic.

Ri — 0.5 megohm, Y4-watt. (A lower value. or a variable
resistor, may be used to reduce volume,)

Rz — 1 megohm, Y5-watt.

R3 — 50 ohms, 1-watt.

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

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

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.

TUBE 0.25-MEGOHM
+ SOCKET RESISTOR
‘A" BAT A A
15 VOLTS 2l o O
*8" BAT )
22.5VLTs) |+ o.on/ufd CONDENSER
P TRANSFORMER 6

|

'PHONES

¢ Using a Key

The correct way to grasp the
key is important. The knob of
the key should be about eight-
een inches from the edge of the
operating table and abouton 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 ten-
sion of the key varies with
different operators. A fairly
heavy spring at the start is de-
sirable. The back adjustment

Fig. 105

Layout of the audio-oscillator code-practice set. All parts may
be mounted on a wooden baseboard, approximately 5 X 7 inches in size.

of the key should be changed
until there is a vertical move-
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ment of about 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 minimum spring ten-
sion that will cause the key to open immedi-
ately when the pressure is released. More spring
tension than necessary causes the expenditure
.of unnecessary energy. The contacts should be
spaced by the rear screw on the key only and
not by allowing 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
caused. The gap between the contacts should
always be at least a thirty-second of an inch,

Fig. 108 — Thissketch illustrates the correet position of the
hand and fingers for good sending with a telegraph key.

since a too-finely spaced contact will cultivate
a nervous style of sending which is highly uu-
desirable. 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
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.
108 shows the correct 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 may seem easier than receiv-
ing, but don’t be deceived. A beginner should
not attempt to send fast. Keep your transmit-
ting speed down to the receiving speed, and
bend your efforts to sending well. 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 speeial types
of keys alone until you have mastered the knack
of handling the standard key. Because radio
transmissions are seidom free from interference,
a ‘‘heavier’’ style of sending is best to develop
for radio work. A rugged, heavy key will help
in developing this characteristic.
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¢ Obtaining Government Licenses

It may occur to many readers that there is
little point in obtaining an amateur operator
license when amateur 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 may
serve as a passport to a preferred positionin the
Signal Corps or Air Forces; in the Navy and
Marine Corps, the holder of an amateur license
(provided he also has had a high-school educa-
tion and can pass the physical requirements)
may be eligible for a rating as a petty officer.
Even among officer candidates, insome branches
possession of an amateur operator license is
accepted as indicating certain proficiency in
respect to special radio qualifications. This
also applies to positions in various branches of
the radio industry engaged in war work. Among
women, possession of an amateur operator
license is specified as one of the requirements
for certain government positions open to
feminine applicants. Both industry and Civil
Service give preferred attention to amateur
licensees.

When you are able to copy 13 words per min-
ute, have studied basic transmitter theory and
have familiarized yourself with the radio laws
and amateur regulations, you are ready to give
serious thought to securing the government
amateur operator license which is issued you,
after examination at a local district office,
through the Federal Communications Com-
mission 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
involves more detailed treatment than it is
possible to give within the limitations of this
chapter, it has been made the subject of a
special booklet published by the League. At
this point the prospective 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
isits representative examination questions with
their correct answers.

Amateur licenses are issued entirely free of
charge. They can be issued only to citizens of
the United States, but the requirement of
citizenship is the only limitation, and licenses
are issued without regard to age or physical
condition to anyone who successfully com-
pletes the examination.

A brief summary of the basic Communica-
tions Act and the amateur regulations and
specia] orders current at the time this Hand-
book went to press will be found in Chapter
Twenty-Two. All pertinent extracts from both
the Communications Act and the FCC regula-
tions are published in the License Manual.



CHAPTER TWO

Electrical and Radio
Fundamentals

( 2-1 Fundamentals of a Radio System

Tue 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
distinct 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 again is 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 these processes are performed by elec-
trical means, a knowledge of the principles
of electricity is necessary to understand them.

€ 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.

The atom is made up of a central part, called
the nucleus, around which minute particles or
charges of electricity, called electrons, circulate.
The atom can be compared roughly to the solar
system, with the sun representing the nucleus
and the planets the electrons. By far the
greater part of the mass or weight of an atom
is in the nucleus, but because of its extreme
compactness the nucleus occupies only a small
part of the space taken up by the atom. In the
normal or neutral atom the electrical ‘“charge”’
on each electron is balanced by an equal
charge of opposite kind associated with the
nucleus. The kind of electricity represented
by the electron is called negative, while that
associated with the nucleus is called positive.

The greater mass of the nucleus (the nucleus
is more than 1800 times as heavy as the elec-
trons associated with it) is considered to be
principally in neutral particles — that is, parti-
cles which exhibit no electrical effects —
bound together by some means. These neutral
particles each may actually be the result of the
combination of a positive and a negative parti-
cle, so that the charge on each is neutralized.
The net positive charge associated with the nu-
cleus can be looked upon as an excess of positive
particles, or as an absence of enough negative
charges to neutralize completely the positive
charges present. Ordinary electrical activity is
the result of movements of the electrons, or
negative charges, so it is customary to consider
electrical phenomena as caused by the presence
or absence of these negative particles.

In the atoms of many substances, one or two
of the outer electrons associated with the
nucleus can be detached from the atom by
suitable means, thus leaving the atom as a
whole with a net positive charge. When this
occurs, electrical activity becomes evident.

The unit of quantity — The amount of
electricity represented by a single electron is
extremely small — far too small to be used as
a unit of quantity in practical electrical work.
The practical unit of electrical quantity is the
coulomb. One coulomb is equal to about 6.2 X
10'® electrons. Because the electron is so mi-
nute, the “granular” nature of electricity is
not apparent in practical work.

Static and current electricity — An elec-
trical charge may be either at rest (siatic) or
moving. Electrostatics i1s that branch of electri-
cal theory which deals with the behavior of
electricity at rest. If an electrical charge is
moving, its movement constitutes a current of
electricity. The movement may take place
through a vacuum, through a gas or liquid, or
through solid materials (usually metals) called
conductors. When the movement is through a
solid, the collection of electrons constituting the
original charge does not move as a unit through
the entire path;instead, individual electrons all
along the path are urged to leave the atoms to
which they are attached. Each electron travels
only a relatively short distance before finding
another atom which is electron-deficient, and
to which it tends to attach itself. The motion
is, therefore, transmitted along the path from
electron to electron, much in the same way
that motion in a chain is transmitted from link
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to link. Naturally, the ease with which the
electron motion is transmitted depends upon
the ease with which an eclectron can be de-
tached from an atom of the substance through
which the current is moving. )

The flow of current through a conductor is
accompanied by heating of the conductor,
which may be explained as resulting from col-
lisions between moving electrons and atoms,
setting the latter into vibration. Thus there is
a loss of energy, in the form of heat, accom-
panying the flow of current.

¢
Fig. 201 — Attraction and repulsion of charged objects,
as demonstrated by the pith.ball experiment described.

Insulators and conductors — Materials
whose atoms will readily give up an electron
are called conductors, while those in which all
the electrons are firmly bound in the atom are
called insulators or dielectrics. Most metals are
good conductors, as also are acid or salt solu-
tions. Among the insulators are wood, hard
rubber, bakelite, quartz, glass, porcelain, tex-
tiles and many other nonmetallic materials.

Resistance — No substance is a perfect con-
ductor, 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 (high conductivity), good insulators
very high resistance. Between the two are ma-
terials which are neither good conductors nor
good insulators, but nonetheless are useful
since there often is need for intermediate values
of resistance in electrical circuits.

Circuits — A circuit is simply a complete
path along which electrons can move. There
will normally be a source of energy (a battery,
for instance), and a load, or portion of the cir-
cuit where the current is made to do useful
work. There must be an unbroken path
through which the electrons can move, 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, because of a break in the path. It is
closed when no break exists — when switches
are closed and all connections are made.

Q 2-3 Static Electricity

The electric charge — Many materials that
have a high resistance can be made to acquire
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
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deficiency of electrons — a surplus of electrons
is called. a negative charge; a lack of them is
called a positive charge. The kind of charge is
called its polarity. A negatively charged object
is frequently called a negative pole, and a posi-
tively charged object a positive pole.
Attraction and repulsion — Unlike charges
(one positive, one negative) exert an attraction
on each other. This can be demonstrated by
giving charges of opposite polarity to two very
light, well-insulated conductors, such as bits
of metal foil suspended from dry thread (Fig.
201). (Pith balls covered with foil frequently
are used in this experiment.) When the two
charged objects are brought close together,
they will be attracted to each other. If the
charges are equal and the charged bodies are
permitted to touch, the surplus electrons on
the negatively charged object will trausfer
to the positively charged object (i.c., the one
deficient in electrons) and the two charges will
neutralize, leaving both bodies uncharged. If
the charges are not equal, the weaker charge
neutralizes an equal amount of the stronger
when the two bodies touch, upon which the
excess of the stronger charge distributes itself
over both. Both bodies then have charges of
the same polarity, and a force of repulsion is
exercised between them. Consequently, the bits
of foil tend to spring away from each other.
Unlike charges attract, like charges repel.
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 an
electrostatic field, this concept of a field being
adopted to explain the *“‘action at a distance”
of the charge. The field is pictured as consisting
of lines of force originating on the charge and
spreading in all directions, finally terminating
on other charges of opposite polarity. These
other charges may be a very large distance
away. The number of lines of force per unit
area is a mcasure of the intensity of the field.
The general picture of a charged object in
isolated space is shown in Fig. 202. This is an
idealized situation, since in practice the charged
object could not be completely isolated. The
presence of other charges, or simply of in-
sulators or conductors, in the vicinity will
greatly change the configuration of the field.
The direction of the field, as indicated by the
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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 should be visualized in three dimensions,
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arrowheads, is away from a positively charged
object; if the charge were negative, the direc-
tion would be toward the charge.

It should be understood that the field pic-
ture as represented above is a convenient
method of explaining observed effects, and is
not to be taken too literally. The electric force
does not consist of separate lines like strings or
rods, but completely pervades the medium
through which the force is exerted. With this
understanding, it is convenient to talk of lines of
force and to measure the field intensity in
terms of number of lines per unit area.

The intensity of the field dies away with
distance from the charged object in a manner
determined by its shape and the circum-
stances of its surroundings. In the case of an
isolated charge at a point (an infinitesimally
small object), the field strength is inversely
proportional to the square of the distance.
However, this relationship is not true in many
other cases; in some important practical ap-
plications the field intensity is inversely pro-
portional to the distance, not to its square.

Electrostatic induction — If a piece of
conducting material is brought near a charged
object, the field will exert a force on the elec-
trons of the metal so that those free to move
will do so. If the object is positively charged,
as indicated in Fig. 203, the free electrons will
move toward the end of the conductor nearest
the charged body, leaving a deficiency of elec-
trons at the other end. Hence, one end of the
conductor becomes negatively charged while
the other end has an equal positive charge.
The lines of force from the charged body ter-
minate on the conductor, where sufficient
electrons accumulate to provide an electric
intensity equal and opposite to that of the
field at that point. Because of this effect, the
electrostatic field inside the conductor is com-
pletely neutralized by the induced charge; in
other words, the field does not penetrate the con-
ductor. In radio work this provides the means
by which electrostatic fields may be excluded
from regions where they are not wanted.

Charges induced in a conductor as shown in
Fig. 203-A are held in existence by the field
from the charged object. On taking the con-
ductor out of the field the electrons will re-
distribute themselves so that the charges dis-
appear. However, if the conductor is con-
nected to the earth through a wire while under
the influence of the field, as shown in Fig.
203-B, the induced positive charge will tend to
move as far as possible from the source of the
field (that is, electrons will flow from the earth
to the conductor). If the grounding wire is then
removed, the conductor will be left with an
excess of electrons and will have acquired a
‘‘permanent’’ charge — permanent, that is, so
long as the conductor is well enough insulated
to prevent the charge from escaping to earth
or to other objects. The polarity of the induced
charge always is opposite to the polarity of the
charge which set up the original field.
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Fig. 203 — Electrostatic induction. The field from the
positively charged body attracts electrons, which ac-
cumulate to form a negative charge. The opposite end of
the conductor consequently acquires a positive charge.
This may be “drained off” to earth, as shown at (B).

Energy in the electrostatic field — The
expenditure of energy is necessary to place an
electrical charge upon an object and thus es-
tablish an electrostatic field. Once the field is
established and is constant, no further ex-
penditure of energy is required. The energy
supplied to establish the field is stored in the
field ; thus the field represents potential energy
(that is, energy available for use). The poten-
tial energy is acquired in the same way that
potential energy is given any object (a 10-
pound weight, for instance) lifted against the
gravitational pull of the earth. If the weight is
allowed to drop, its potential energy is changed
into the energy of motion. Similarly, if the
electrostatic field is made to disappear, its po-
tential energy is transformed into a movement
of electrons, or into an electric current.

The potential energy of the lifted weight is
measured by its weight and the distance it is
lifted; that is, by the work done in lifting it.
Similarly, the potential energy (called simply
potential) of the electrostatic field at any point
is measured by the work done in moving a
charge of specified value to that point, against
the repulsion of the field. In practice, absolute
potential is of less interest than the difference
of potential between two points in the field.

Potential difference — If two objects are
charged differently, a potential difference
exists between them. Potential difference is
measured by an electrical unit called the volt.
The greater the potential difference, the
higher (numerically) the voltage. This voltage
exerts an electrical pressure or force as explained
above, and is often called electromotive force
or, simply, e.m.f. It is not necessary to have
unlike charges in order 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 between the two charged objects.
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Capacity — More work must be done in
moving a given charge against the repulsion
of a strong field than against a weak one;
hence, potential is proportional to the strength
of the field. In turn, field strength is propor-
tional to the charge or quantity of electricity
on the charged object, so that potential also is
proportional to charge. By inserting a suitable
* constant, the proportionality can be changed
to an equality:

Q =CE

where @ is the quantity of charge, E is the po-
tential, and Cis a constant depending upon the

charged object (usually a conductor) and its

surroundings and is called the capacity of the
object. Capacity is the ratio of quantity of
charge to the potential resulting from it, or

-9
C=%

When @ is in coulombs and E in volts, C is
measured in farads. A conductor has a capacity
of one farad when the addition of one coulomb
to its charge raises its potential by one volt.

The farad is much too large a unit for prac-
tical purposes. In radio work, the microfarad
(one millionth of a farad) and the micro-
microfarad (one millionth of a microfarad) are
the units most frequently used. They are ab-
breviated ufd. and uufd., respectively.

The capacity of a conductor in air depends
upon its size and shape. A given charge on a
small conductor results in a more intense
electrostatic field in its vicinity than the same
charge on a larger conductor. This is because
the charge distributes itself over the surface,
hence its density (the quantity of electricity
per unit area) is smaller on the larger conduc-
tor. Consequently the potential of the larger
conductor is smaller, for the same amount of
charge. In other words, its capacity is greater
because a greater charge is required to raise
its potential by the same amount.

Condensers — If a grounded conductor, 4
(Fig. 204), is brought near a second conductor
B, which is charged, the former will acquire a
charge by electrostatic induction. Since the

Fig. 204 — The principle of the condenser.

charge on A is opposite in polarity to that on
13, the field set up by the induced charge on 4
will oppose the original field set up by the
charge on B, hence the potential of B will be
lowered. Because of this, more charge must be
placed on B to raise its potential to its original
value; in other words, its capacity has been
increased by the presence of the second con-
ductor. The combination is called a condenser,
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The capacity of a condenser depends upon
the areas of the conductors, as before, and also
becomes greater as the dlstance between the
conductors is decreased, since, with a fixed
amount of charge, the potential difference
between them decreases as they are moved
closer together.

Symbols

Fig. 205 — A simple type of condenser, consisting of
two metal plates separated by dielectric material. Dia-
grammatic symbols for condensers are shown at the
right. The two at the top mdlcate condensers of fixed
capacity; the two below, « s whose capacity is
variable. The symbols on the left are commonly used.

If insulating or dielectric material other
than air is inserted between the conductors, it
is found that the potential difference is lowered
still more — that is, there is a further increase
in capacity. This lowering of the potential
difference is considered to be the result of
polarization of the dielectric. By this it is
meant that the molecules of the substance
tend to be distorted under the influence of the
electrostatic field in such a way that the
negative charges within the molecule are
drawn toward thée positively charged conduc-
tor, leaving the other end of the molecule
with a positive charge facing the negatively
charged conductor. Since the electrons are
firmly bound in the atoms of the dielectric,
there is no flow of current and the total charge
on each atom is still zero, but there is a
tendency toward separation which causes a
reaction on the electrostatic field. The dielec-
tric of a charged condenser thus is under
mechanical stress, and if the potential differ-
ence between the plates of the condenser is
great enough the dielectric may break down
mechanically and electrically.

The ratio of the capacity of a condenser with
a given dielectric material between its plates
to the capacity of the same condenser with air
as a dielectric is called the specific tnductive
capacity of the dielectric, or, probably more
commonly, the dielectric constant. Strictly
speaking, the comparison should be made to
empty space (i.e., a vacuum) rather than to
air, but the dielectric constant of air is so nearly
that of a vacuum that the practical difference
is negligible. A table of dielectric constants is
given in Chapter Twenty-One.

Condensers have many uses in electrical
and radio circuits, all based on their ability to
store energy in the electric field when a poten-
tial difference or voltage is caused to exist be-
tween the plates — energy which later can be
released to perform useful functions.
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 2-4 The Electric Current

Conduction in metals — When a difference
of potential is maintained between the ends of
a metallic conductor, there is a continuous
drift of electrons through the conductor to-
ward the end having a positive potential (rela-
tive polarity positive). This electron drift con-
stitutes an electric current through the metal
(§ 2-2). The speed with which the electron
movement is established is very nearly the
speed of light (300,000,000 meters, or approxi-
mately 186,000 miles, per second), so that the
current is said to travel at nearly the speed of
light. By this it is meant that the time interval
between the application of the electromotive
force and the flow of current in all parts of a
circuit, even one extending over hundreds of
miles, is negligible. However, the individual
electrons do not move at anything approach-
ing such a speed. The situation is similar to
that existing when a mechanical force is trans-
mitted by means of a rigid rod. A force ap-
plied to one end of the rod is transmitted
practically instantaneously to the other end,
even though the rod itself moves relatively
slowly or not at all.

The magnitude of the electric current is the
rate at which electricity is moved past a point
in the circuit. If the rate is constant, then the
current is equal to the quantity of electricity
moved past a given point in some selected
time interval. That is,

)
i

where 7 is the intensity or magnitude of the
current, Q is the quantity of electricity, and ¢
is the time. If @ is in coulombs and ¢ in seconds,
the unit for I is called the ampere. One ampere
of current is equal to one coulomb of electricity
moving or “flowing”’ past a given point in a
circuit in one second.

The currents used by different electrical
devices vary greatly in magnitude. The current
which flows in an ordinary 60-watt lamp, for
instance, is about one-half ampere, the current
in an electric iron is about 5 amperes, and that
in a radio tube may be as Jow as 0.001 ampere.

When a current flows through a metallic
conductor there is no visible or chemical effect
on the conductor. The only physical effect is
the heat developed (§ 2-2) as the result of en-
ergy loss in the conductor, Under normal condi-
tions the rate at which heat is generated and
that at which it is radiated by the conductor
will quickly reach equilibrium. However, if the
heat is developed at a more rapid rate than it
can be radiated, the temperature will continue
to rise until the conductor burns or melts.

Experimental measurements have shown
that the current which flows in a given metallic
conductor is directly proportional to the ap-
plied e.m.f., so long as the temperature of the
conductor is held constant. There is no e.m.f.
so small but that some current will flow as a
result of its application to a metallic conductor.
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Gaseous conduction — In any gas or mix-
ture of gases (such as air, for example) there
are always some free electrons — that is, elec-
trons not attached to an atom —and also
some atoms lacking an electron. Thus there are
both positively and negatively charged parti-
cles in the gas, as well as many neutral atoms.
An atom lacking an electron is called a positive
ion, while the free electron is called a negative
ton. The term fon is, in fact, applied to any
elemental particle which has an electric charge.

If the gas is in an electric field, the free elec-
trons will be attracted toward the source of
positive potential and the positive ions will be
attracted toward the source of negative poten-
tial. If the gasis at atmospheric pressure neither
particle can travel very far before meeting an
ion of the opposite kind, when the two com-
bine to form a neutral atom. Since a neutral
atom is not affected by the electric field, there
is no flow of current through the gas.

However, if the gas is enclosed in a glass
container in which two separate metal pieces
called electrodes are sealed, and the gas pres-
sure is then reduced by pumping out most of
the gas, a different set of conditions results.
At low pressure there is a comparatively
large distance between each atom, and when
an electric field is established by applying a
difference of potential to the electrodes the
ions can travel a considerable distance before
meeting another ion or atom. The farther the
ion travels the greater the velocity it acquires,
since the effect of the field is to accelerate its
motion. If the field is strong enough the ions
will acquire such velocity that when one hap-
pens to collide with a neutral atom the force
of the collision will knock an electron out of
the atom, so that this atom also becomes
ionized. The process is cumulative, and the
freed electrons are attracted to the positive
electrode while the positive ions are attracted
to the negative electrode. This movement of
charged particles constitutes an electric cur-
rent through the gas.

Since an ion must acquire a certain velocity
before it can knock an electron out of a neutral
atom, a definite field strength is required be-
fore conduction can take place in a gas, That
is, a certain value of potential difference,
called the fonizing potential, must be applied
to the electrodes. If less voltage is applied, the
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Fig. 206 — Illustrating conduction through a gas at
low pressure. Positive ions are attracted to the negative
electrode, while electrons are attracted to the positive
electrode. This takes place only after the gas is {onized.
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gas does not ionize and the current is negligible.
On the other hand, once the gas is ionized an
increase in potential does not have much effect
on the current, since the ions already have
sufficient velocity to maintain the ionization.
The ionizing potential required depends upon
the kind of gas and the pressure. Ionization is
usually accompanied by a colored glow in the
gas, different kinds of gases having different
characteristic colors,

Fig. 207 — Eleetrolytic 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 neg-
atively charged plate. The battery, which is the source
of the e.m.f., is indicated by its customary symbol.

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
tonized. For example, common table salt
(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
dissocialion 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. Thus an electric
eurrent will 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.

In this process, the water is decomposed into
its gaseous constituents, hydrogen and oxygen.
The energy used up in decomposing the water
and in moving the ions is supplied by the
source of potential difference. The energy used
in decomposing the water is equivalent to an
opposing e.m.f,, of the order of a volt or two. If
this constant ‘““back voltage” is subtracted
from the applied voltage, it is found that the
current flowing through a given solution, or
electrolyte, is proportional to the difference
between the two voltages.

Current flow in vacuum — If a suitable
metallic conductor is heated to a high tempera-
ture in a vacuum, electrons will be emitted
from the surface. The electrons are freed from
this filament or cathode because it has been
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heated to a temperature that gives themn suffi-
cient energy of motion 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 and given a posi-
tive charge with respect to the cathode, this
plate or anode will attract a number of the elcc-
trons that surround the cathode. The passage
of the electrons from cathode to anode consti-
tutes an electric current. All thermionic vac-
uum tubes depend for their operation on the
emission of electrons from a hot cathode.

Since the electrons emitted from the hot
cathode are negatively charged, it is evident
that they will be attracted to the plate only
when the latter is at a positive potential with
respect to the cathode. If the plate is nega-
tively charged with respect to the cathode the
electrons will be repelled back to the cathode,
hence no current will flow through the vacuum.
Consequently, a thermionic vacuum tube con-
ducts current in one direction only. When the
plate is positive, it is found that (if the poten-
tial is not too large) the current increases with
an increase in potential difference between the
plate and cathode. However, the relationship
between current and applied voltage is not a
simple one. If the voltage is made large enough
all the electrons emitted by the cathode will be
drawn to the plate, and a further increase in
voltage therefore cannot cause a further in-
crease in current. The number of electrons
emitted by the cathode depends upon the temn-
perature of the cathode and the material of
which it is constructed.

Direction of current flow — Use was being
made of electricity for a long time before its
electronic nature was understood. While it is
now clear that current flow is a drift of nega-
tive electrical charges or electrons toward a
source of positive potential, in the era preced-
ing the electron theory it was assumed that the
current flowed from the point of higher positive
potential to a point of lower (i.c., less positive
or more negative) potential. While this assump-
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Fig. 208 — IMustrating conduction by thermionic emis-
sion of eleetrons in a vacuum tube. One battery is used
only to heat the filament to a temperature where it will
cmit electrons. The other battery places a potential on
the plate which is positive with respeet to the filament,
and as a result the electrons are attracted to the plate.

" The flow of electrons from filament to plate completes the

electrical path, and current flows in the plate ecircuit.
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tion turned out to be wholly wrong, it is still
customary to speak of current as flowing “from
positive to negative’ in many applications.
The practice often causes confusion, but this
distinction between ‘‘current” flow and
“electron” flow often must be taken into ac-
count. If electron flow is specifically mentioned
there is of course no doubt as to the meaning,
but when the direction of current flow is speci-
fied it may be taken, by convention, as being
opposite to the direction of electron movement,

Primary cells—1If two electrodes of dis-
similar metals are immersed in an electrolyte,
it is found that a small difference of potential
exists between the electrodes. Such a combina-
tion is called a cell. If the two electrodes are
connected together by a conductor external to
the cell, an electric current will flow between
them. In such a cell, chemical energy is con-
verted into electrical energy. The difference of
potential arises as a result of the fact that ma-
terial from one or both of the electrodes goes
into solution in the electrolyte, and in the
process ions are formed in the vicinity of the
electrodes. The electrodes acquire charges be-
cause of the electric field associated with the
charged ions. The difference of potential be-
tween the electrodes is principally a function of
the metals used, and is more or less independent
of the kind of electrolyte or the size of the cell.

When current is supplied to an external cir-
cuit, two principal effects oceur within the cell.
The negative electrode (negative as viewed
from outside the cell) loses weight as its mate-
rial is used up in furnishing energy, and hydro-
gen bubbles form on the positive electrode.
Since the gas bubbles are non-conducting, their
accumulation tends to reduce the effective area
of the positive electrode, and consequently re-
duces the current. The effect is cumulative, and
eventually the electrode will be completely
covered and no further current can flow. This
effect is called polarization. If the bubbles are
removed, or prevented from forming by chemi-
cal means, polarization is reduced and current
can flow as long as there is material in the nega-
tive electrode to furnish the energy. A chemical
which prevents the formation of hydrogen
bubbles in a cell is called a depolarizer.

In addition to polarization effects, a cell has
a certain amount of internal resistance because
of the resistance of the electrodes and the elec-
trolyte and the contact resistance between the
electrodes and electrolyte. The internal resist-
ance depends upon the materials used and the
size and electrode spacing of the cell. Large
cells with the electrodes close together will
have smaller internal resistance than small
cells made of the same materials.

A collection of cells connected together is
called a battery. The term battery also is ap-
plied frequently (although incorrectly) to a
single cell.

Dry cells— The most familiar form of
primary cell is the dry cell. Like the elementary
type of cell just described, it has a liquid elec-
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trolyte, but the liquid is mixed with other mate-
rials to form a paste. The cell therefore can be
used in any position and handied as though it
actually were dry.

Metal
4@(17/51'8 mina..l) }Iarbon Rod
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Fig. 209 — Construction of a dry cell.

The construction of an ordinary dry cell is
shown in Fig. 209. The container is the nega-
tive electrode and is made of zine. Next to it is
a section of blotting material saturated with
the electrolyte, a solution of sal ammoniac.
The positive electrode is a carbon rod, and the
space between it and the blotting paper is filled
with a mixture of carbon, manganese dioxide
(the depolarizer) and the electrolyte. The top
is filled with sealing compound to prevent
evaporation, since the cell will not work when
the electrolyte drys out. The e.m.f. of a dry cell
is about 1.5 volts.

_Dry cells are made in various sizes, depend-
ing upon the current which they will be called
upon to furnish. The construction frequently
varies from that shown in Fig. 209, although
in general the basic materials are the same in
all dry cells. Batteries of small cells are assem-
bled together as a unit for furnishing plate cur-
rent for the vacuum tubes used in portable
receiving sets; such ‘“B” batteries, as they are
called, can supply a current of a few hun-
dredths of an ampere continuously. Larger
cells, such as the common “No. 6” cell, can
deliver currents of a fraction of an ampere con-
tinuously, or currents of several amperes for
very short periods of time. The total amount of
energy delivered by a dry cellis larger when the
cell is used only intermittently, as compared
with continuous use. The cell will deteriorate
even without use, and should be put into serv-
ice within a year or so from the time it is manu-
factured. The period during which it is usable
(without having been put in service) is known
as the ““shelf life’” of the cell or battery.

Secondary cells — The types of cells just
described are known as primary cells, because
the electrical energy is obtained directly from
chemical energy. In some types of cells the
chemical actions are reversible; that is, forcing
a current through the cell, in the opposite
direction to the current flow when the cell is de-
livering electrical energy, causes just the re-
verse chemical action. This tends to restore the
cell to its original condition, and electrical
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energy is transformed into chemical energy.
The process is called charging the cell, A cell
which must first be charged before it can de-
liver electrical energy is called a secondary cell.
A simple form of secondary cell ean be made
by immersing two lead electrodes in a dilute
solution of sulphuric acid. If a current is forced
through the cell, the surface of the electrode
which is connected to the positive terminal of
the charging e.m.f. will be changed to lead
peroxide and the surfucee of the electrode con-
neeted to the negative terminal will be changed
to spongy lead. After a period of charging the
charging source c¢an be disconnected, and the
cell will be found to have an e.m.f. of about 2.1
volts. It will furnish a small current to an ex-
ternal circuit for a period of time. This drs-
charge of electrical energy is accompanied by
chemical action which forms lead sulphate on
both electrodes. When the lead peroxide and
spongy lead are converted to lead sulphate
there is no longer a difference of potential,
since both electrodes are now the same mate-
rial, and the cell is completely discharged.
The lead storage battery — The most com-
mon form of secondary cell is the lead storage
cell. The common storage battery for automo-
bile starting consists of three such cells con-
nected together electrically and assembled in a
single container. The principle of operation is
similar to that just described, but the con-
struction of the cell i8 considerably more com-
plicated. To obtain large currents it is neces-
sary to use electrodes having a great deal of
surface area and to put them as close together
as possible. The electrodes are made in the
form of rectangular flat plates, cousisting of a
latticework or grid of lead or an alloy of lead.
The interstices of the latticework are filled
with a paste of lead oxide. The electrolyte is a
solution of sulphuric acid in water. When the
cell is charged, the lead oxide in the positive
plate is converted to lead peroxide and that in
the negative plate to spongy lead. To obtain
high current capacity, a cell consists of a num-
ber of positive plates, all connected together,
and a number of negative plates likewise con-
nected together. They are arranged as shown
in Fig. 210, with alternate negative and posi-
tive plates kept from touching by means of
thin separators of insulating material, generally
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A%ate kr/m’rm,ls) assembly
" assembly (
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Fig. 210 — Details of typical lead storage-battery construction.
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treated wood or perforated hard rubber. The
separators preferably should be porous, so that
the electrolyte can pass through them freely;
thus they do not impede the passage of current
from one plate to the next. There is always one
extra negative plate in such an assembly, be-
cause the active material in the positive plate
expands when the cell is being charged and if
all the expansion took place on one side the
plate would be distorted out of shape.

The e.m.f. of a fully charged storage cell is
about 2.1 volts. When the e.m.f. drops to about
1.75 volts on discharge, the cell is considered to
be completely discharged. Discharge beyond
this limit may result in the formation of so
much lead sulphate on the plates that the cell
cannot be recharged, since lead sulphate is an
insulator. During the charging process water
in the electrolyte is used up, with the result
that the sulphuric acid solution becomes more
concentrated. The higher concentration in-
creases the specific gravity of the solution, so
that the specific gravity may be used to indi-
cate the state of the battery with respect to
charge. In the ordinary lead storage cell the so-
lution is such that a specific gravity of 1.285 to
1.300 indicates a fully charged cell, while a dis-
charged cell is indicated by a specific gravity
of 1.150 to 1.175. The specific gravity can be
measured by means of a hydrometer, shown in
Fig. 211. For use with portable batteries, the
hydrometer usually consists of a glass tube
fitted with a syringe so that some of the elec-~
trolyte can be drawn from the cell into the
tube. The hydrometer float is a smaller glass
tube, air-tight and partly filled with shot to
make it sink into the solution. The lower the
specific gravity of the solution, the farther the
float sinks into it. A graduated scale on the
float shows the specific gravity directly, being
read at the level of the solution. >

Storage cells are rated in ampere-hour capac-
ity, based on the number of amperes which can
be furnished continuously for a stated period of
time. For example, the cell may have a rating
of 100 ampere-hours at an 8-hour discharge
rate. This means that the cell will deliver 100/8
or 12.5 amperes continuously for 8 hours after
having been fully charged. The ampere-hour
capacity of a cell will vary with the discharge
rate, becoming smaller as the rated time of dis-
charge is made shorter. It also de-
pends upon the size of the plates and
their number. In automobile-type
batteries the dimensions of the plates
are fairly well standardized, so that
the ampere-hour capacity is chiefly
determined by the number of plates
in a cell. It is, therefore, common prac-
tice to speak of ‘Ill-plate,” ‘15-
plate,” etc., batteries as an indication
of the battery capacity.

Lead storage batteries must be kept
fully charged if they are tostay in good
condition. If a discharged battery is
left standing idle, lead sulphate will
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form on the plates and
eventually the battery
will be useless. When
the battery is being
charged, hydrogen
bubbles are given off by
theelectrolyte which,in

] _ bursting at the surface,
W 1 throw out fine drops of
1 the electrolyte. This is

float  called ‘‘gassing.” The
Mt"'.’“ '}: _/ sulphuric-acid solution
al spray from gassing will
3 IF attack many materials,

and consequently care
must be used to see
that it is not permitted
to fall on near-by ob-
jects. Tt should also be
wiped off the battery
itself.

A lead battery may
be charged at its nomi-
nal discharge rate; i.e.,
a 100-ampere-hour bat-
tery, 8-hour rating, can
be charged at 100/8,
or 12.5 amperes. The
charging voltage required is slightly more than
the output voltage of the cell. The preferred
method is to charge at the full rate until the
cells start to ‘‘gas” freely, after which the
charging rate should be dropped to about half
itsinitial value until the batteryis fully charged,
as indicated by the hydrometer reading. Alter-
natively, the battery may be charged from a
constant-potential source (about 2.3 volts per
cell), when the rise of terminal voltage of the
battery as it accumulates a charge will auto-
matically “taper” the charging rate.

The solution in a lead storage battery will
freeze at a temperature of about zero degrees
Fahrenheit when the battery is discharged, but
a fully charged battery will not freeze until the
temperature reaches about 90 degrees below
zero. Keeping the battery charged therefore
will prevent damage by freezing.

Cells in series and parallel — For proper op-
eration, many electrical devices require higher
voltage or current than can be obtained from
a single cell. If greater voltage is needed, cells
may be cohnected in series, as shown in Fig.
212-A. The negative terminal of one cell is
connected to the positive terminal of the next,
so that the total e.m.f. of the battery is equal to
the sum of the e.m.f.s of the individual cells.
For radio purposes, batteries of 45 and 90 volts
or more are built up in this way from 1.5-volt
dry cells. An automobile storage battery con-
sists of three lead storage cells in series, total-
ling 6.3 volts — or, in round figures, 6 volts.
The current which may be taken safely from a
battery composed of cells in series is the same
as that which may be taken safely from one cell
alone; since the same current flows through all
cells, the current capacity is unchanged.

Fig. 211 — The hydrom-
eter, a device with a
calibrated scale for
measuring the specific
gravity of the electro-
lyte, uscd to dctermine
the state of charge of a
lead storage hattery.
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When the device or load to which the battery
is to be connected requires more current than
can be taken safely from a single cell, the cells
may be connected in parallel, as shown in Fig.
212-B. In this case the total current is the sum
of the currents contributed by the individual
cells, each contributing the same amount if the
cells ave all alike. When cells are connected in
parallel it is essential that the e.m.f.s all be the
same, since if one cell generated a larger voltage
than the others it would force current through
the other cells in the reverse direction and thus
would take most, if not all, of the load. Also, if
one cell has a lower terminal voltage than the
others it will take current from the others
rather than carrying its fair share.

Cells may be connected in series-parallel, as
in Fig. 212-C, to increase both the voltage and
the current-carrying capacity of the battery.

 2-5 Electromagnetism

The magnetic field — Iiveryone is familiar
with the fact that a bar or horseshoe magnet
will attract small pieces of iron. Just as in the
case of electrostatic attraction (§ 2-3) the con-
cept of a field, in this case a field of magnetic
force, is adopted to explain the magnetic ac-
tion. The field is visualized as being made up of
lines of magnetic force, the number of which
per unit area determines the field strength. As
in the case of the electrostatic field, the lines of
force do not have physical existence but simply
represent a convenicut way of describing the
properties of the force.
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Fig. 212 — Series, parallel, and series-parallel connec-
tion of cells. Series connection increases the total voltage
withaut changing current capacity; parallel connection
increases current capacity without increasing voltage.
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Magnetic attraction and repulsion — The
forces exerted by the magnetic field are an-
alogous to electrostatic forces. Corresponding
to positive and negative electric charges, it is
found that there are two kinds of magnetic
poles. Instead of being called ““positive” and
‘““negative,” however, the magnetic poles are
called “north” (N) and “south” (S) poles.
These names arise from the fact that, when a
magnetized steel rod is freely suspended, it will
turn into such a position that one end points
toward the north. The end which points north
is called the ‘“‘north-seeking,” or simply the
‘““north,” pole.

Unlike electric lines of force, which termi-
nate on charges of opposite polarity (§2-3),
magnetic lines of force are closed upon them-
selves. This is illustrated by the field about a
bar magnet, as shown in Fig. 213-A. The lines
extend through the magnet, the direction being
taken from S to N inside the magnet and from
N to S outside the magnet. If similar poles of
two magnets are brought near each other, there
is a force of repulsion between them, while dis-

- similar poles are attracted when brought close
together. Asin the case of electric charges, like
poles repel, unlike poles attract. :

If a bar magnet is cut in half, as in Fig
213-B, it is found that the cut ends also are
poles, of opposite kind to the original poles on
the same picce. Such cutting can be continued
indefinitely, and, no matter how small the
pieces are made, there are always two opposite
poles associated with each piece. In other
words, a single magnetic pole cannot exist
alone; it must always be associated with a pole
of the opposite kind.

To explain this property of a magnet, it is
considered that each molecule of a magnetic
substance is itself a miniature magnet. If the
material is not magnetized, the molecules are

®

®

Fig. 213 — (A) The field about a bar magnet. The
magnetic lines of force are continuous, part of the path
being inside the magnet and part outside. (I3) Cutting a
magnet produces two magnets, cach complete with N
and S poles. With the magnets in the positions shown,
some of the lines of force are common to both magnets.
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in random positions and the total magnetic ef-
fect is zero since there are just as many mole-
cules tending to set up a magnetic field in one
direction as there are others tending to set up a
field in the opposite direction. When the sub-
stance becomes magnetized, however, the
molecules are aligned so that most or all of the
N poles of the molecular magnets are turned
toward one end of the material while the S
poles point toward the other end.

Magnetic induction — When an unmagnet-
ized piece of iron is brought into the field of a
magnet, its molecules tend to align themselves
as described in the preceding paragraph. If one
end of the iron is near the N pole of the mag-
net, the S poles of the molecules will turn
toward that end and an $ pole is said to be in-
duced in the iron. An N pole will appear at the
opposite end. Because of the attraction be-
tween opposite poles, the iron will be drawn
toward the magnet. Since the iron has become
a magnet under the influence of the field, it
also possesses the property of attracting other
pieces of iron.

When the magnetic field is removed, the mol-
ecules may or may not resume their random
positions. If the material is soft iron the mag-
netism disappears quite rapidly when the field
is removed, but in some types of steel the
molecules are slow to resume their random
positions and such materiuls will retain mag-
netism for a long time. A magnet which loses
its magnetism quickly when there is no exter-
nal magnetizing force is called a temporary
magnet, while one which retains its magnetism
for a long time is called a permanent magnet.
The tendency to retain magnetism is called
retentivity. The process of destroying magnet-
ism can be hastened by heating, which increases
the motion of the molecules within the sub-
stance, as well as by mechanical shock, which
also tends to disturb the molecular alignment.

Electric current and the magnetic field —
Experiment shows that 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 elec-
tric current, it follows that the flow of current
is accompanied by the creation of a magnetic
field. When the conductor is a wire the mag-
netic lines of force are in the form of concentric
circles around it and lie in planes at right
angles to it, asshown in Fig. 214. The direction
of this field is controlled by the direction of
current flow,

There is an easily remembered method for
finding the relative directions of the current
and of the magnetic field it sets up. Inagine the
fingers of the right hand curled about the wire,
with the thumb extended along the wire in the
direction of current flow (the conventional
direction, from positive to negative, not the
direction of electron movement). Then the fin-
gers will be found to point in the direction of
the magnetic field; that is, from N to S.
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Fig. 214—Whenever
eleetric current passes
through a wire, mag-
netie lines of force
are set up in the
form of concentric
eircles at right an-
gles to the wire, and
a magnetie field ex-
ists around the wire.
The direetion of this
field is controlled by
the direction of cur-
rent flow, and ean
be traced by means
of a small compass.

Magnetomotive force — The force which
causes the magnetic field is called magnetomo-
tive force, abbreviated m.m.f. It corresponds to
clectromotive force or e.m.f. in the electric cir-
cuit. The greater the magnetomotive force, the
stronger the magnetic field; that is, the larger
the number of magnetic lines per unit area.
Magnetomotive force is proportional to the
current flowing. When the wire carrying the
current is formed into a coil so that the mag-
netic flux will be concentrated instead of being
spread over a large area, the m.m.f. also is
proportional to the number of turns in the coil.
Consequently magnetomotive force can be ex-
pressed in terms of the product of current and
turns, and the ampere-turn, as this product is
called, is in fact the common unit of magneto-
motive foree. The same magnetizing effect can
be secured with a great many turns and a weak
current or with a few turns and a strong cur-
rent. For example, if 10 amperes flow in one
turn of wire, the magnetizing effect is 10 am-
pere-turns. If one ampere flows in 10 turns of
wire, the m.m.f. also is 10 ampere-turns.

The magnetic circuit — Since magnetic
lines of force are always closed upon them-
selves, it is possible to draw an analogy be-
tween the magnetic circuit and the ordinary
electrical circuit. The electrical circuit also
must be closed so that a complete path is pro-
vided around which the electrons or current
can flow. However, there is no insulator for the
magnetic field, so that the magnetic circuit is
always complete even though no magnetic ma-
terial (such as iron) may be present.

The number of lines of magnetic force, or
Auz, is equivalent in the magnetic circuit to
current in the electric circuit. However, it is
usual practice to express the strength of the
field in terms of the number of lines per unit
area, or flux density. The unit of flux density
is the gauss, which is equal to one line per
square centimeter, but the terms “lines per
square centimeter’’ or “lines per square inch”
are commonly used instead.

Corresponding to resistance in the electric
circuit is the tendency to obstruct the passage
of magnetic flux, which is called reluctance.
Thereluctance of good magnetic materials, such
as iron and steel, is quite low.
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The permeability of a material is the ratio of
the flux which would be set up in a closed mag-
netic path or circuit of the material to the flux
that would exist in a path of the same dimen-
sions in air, the same m.m.f. being used in
both casés. The permeability of air is assigned
the value 1. The permeability of steels of vari-
ous’types varies from about 50 to several thou-
sand, depending upon the materials alloyed
with the steel. Very high permeabilities are
attained in special materials such as “perm-
alloy,” which is an alloy of iron and nickel.

The permeability of magnetic materials de-
pends upon the density of magnetic flux in the
material. At very high flux densities the perme-
ability is less than its value at’low or moderate
flux densities. This is because the flux in mag-
netic materials is proportional to the applied
m.m.f. only over a limited range. As the m.m.f.
increases more and more of the molecular
magnets within the material become aligned,
until eventually n point is reached where a very
great increase in m.m.f. is required to cause a
relatively small increase in flux. This is called
magnetic saturation. In this region of saturation
the permeability deereases, since the ratio
between the number of linesin the material and
the number in air, for the same m.m.f.,"is
smaller than when the flux density is below the
saturation point.

Energy in the magnetic field — Like the
electrostatic field (§2-3). the magnetic field
represents potential energy. Consequently the
expenditure of energy is necessary to set up a
magnetic field, but once the field has been es-
tablished and remnains constant no further en-
ergy is consumed in maintaining it. If by some
means the field is caused to disappear, the
stored-up magnetic energy is converted to
energy in some other form. In other words the
energy undergoes a transformation when the
magnetic field is changing, being stored in the
field when the field strength is increasing and
being released from the field when the field
strength is decreasing.

When a magnetic field is set up by a current
flowing in a wire or coil, a certain amount of
energy is used initially in bringing the field
into existence. Thereafter the current must
continue to flow, if the field is to be maintained
at steady strength, but no expenditure of en-
ergy is required for this purpose. (There will be
a steady energy loss in the circuit, but only
because of the resistance of the wire.) If the
current stops the energy of the field is trans-
formed back into electrical energy, tending to
keep the current flowing. The amount of en-
ergy stored and subsequently released depends
upon the strength of the field, which in turn
depends upon the intensity of the current and
the circuit conditions, i.e., the relationship be-
tween field strength and current in the circuit.

Induced voltage — Since a magnetic field is
set up by an electric current, it is not surprising
to find that, in turn, a magnetic ficld can cause
a current to flow in a closed electrical circuit.
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That is, an e.m.f. can be ¢nduced in a wire in a
magnetic field. However, since a change in the
field is required for energy transformation, an
e.m.f. will be induced only when there is a
change in the field with respect to the wire.

This change may be an actual change in the
field strength or may be caused by relative
motion of the field and wire; e.g., a moving
field and a stationary wire, or a moving wire
and a stationary field. It is convenient to con-
sider this induced e.m.f. as resulting from the
wire’s “cutting through” the lines of force of
the field. The strength of the ¢.m.f. so induced
is proportional to the rate of cutting of the
lines of force.

If the conductor is moving parallel with
the lines of force in a field, no voltage is in-
duced since no lines are cut. Maximum cutting
results when the conductor moves through the
field in such a way that both its longer di-
mension and direction of motion are per-
pendicular to the lines of force, as shown in
Fig. 215. When the conductor is stationary and
the field strength varies, the induced voltage
results from the alternate increase and decrease
in the number of lines of force cutting the wire
as the m.m.f. varies in intensity.

Direction of motion

- =
Lines of Force-/ ~>
Direction of
induced e.m.f.

Fig, 215 — Showing how e.m.f. is induced in a conductor
moving through a stationary magnetic field, cutting the
lines of force. Conversely, a current sent through the
conductor in the same direction by means of an external
e.m.f. will cause the conductor to move downward.

Lenz’s Law — When a voltage is induced
and current flows in a conductor moving in a
magnetic field, energy of motion is transformed
into electrical energy. That is, mechanical
work is done in moving the conductor when an
induced current flows in it. If this were not so
the induced voltage would be creating electrical
encrgy, in violation of the fundamental prin-
ciple of physics that energy can neither be
created nor destroyed but only transformed.
It is found, therefore, that the flow of current
creates an opposing magnetic force tending to
stop the movement of the wire. The statement
of this principle is known as Lenz’s Law: “In
all cases of electromagnetic induction, the in-
dueed currents have such a direction that their
reaction tends to stop the motion which pro-
duces them.”

Motor principle ~ The fact that current
flowing in a conductor moving through a mag-
netic field tends to oppose the motion indicates
that current sent through a stationary conduc-
tor in a magnetic field would tend to set the
conductor in motion. Such is the case. If moving
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the conductor through the field in the direction
indicated in Fig. 215 causes a current to flow
as shown, then, if the conductor is stationary
and an e.m.f. is applicd to send a current
through the conductor in the same direction,
the conductor will tend to move across the
field in the opposite direction.

This principle is used in the electric motor.
The same rotating machine frequently may
be used either as a generator or motor; as a
generator it is turned mechanically to cause
an induced e.m.f., and as a motor electric
current through it causes mechanical motion.

Self-induction — When an e.nw.f. is applied
to a wire or coil, current begins to flow and a
magnetic field is created. Just before closing
the circuit there was no field; just after closing
it the field exists, Consequently, at the instant
of closing the circuit the rate of change of the
field is very rapid. Since the wire or coil carry-
ing the current is a conductor in a changing
field, an e.m.f. will be induced in the wire. This
induced voltage is the e.m.f. of self-induction,
so called because it results from the current
flowing in the wire itself.

By the principle of conservation of energy
(and Lenz’s Law), the polarity of the induced
voltage must be such as to oppose the applied
voltage; that is, the induced voltage must tend
to send current through the circuit in the
direction opposite to that of the current caused
by the applied voltage. At the instant of closing
the circuit the field changes at such a rate that
the induced voltage equals the applied voltage
(it cannot exceed the applied voltage, because
then it would be supplying energy to the source
of applied e.m.f.), but after a short interval
the rate of change of the field no longer is so
rapid and the induced voltage decreases. Thus
the current flowing is very small at first when
the applied and induced e.m.f.s are about
equal, but rises as the induced voltage becomes
smaller. The process is cumulative, the current
eventually reaching a final value determined
only by the resistance in the circuit.

Inforcing current through the circuit against
the pressure of the induced or “back” voltage,
work is done. The total amount of work done
during the time that the current is rising to its
final value is equal to the amount of energy
stored in the magnetic field, neglecting heat
losses in the wire itself. As explained before,
no further energy is put into the field once the
current becomes steady. However, if the cir-
cuit is opened and current flow caused by the
applied e.m.f, ceases, the field collapses. The
rate of change of field strength is very great in
this case, and a voltage is again induced in the
coil or wire. This voltage causes a current flow
in the same direction as that of the applied
e.m.f., since energy is now being restored to the
circuit. The energy usually is dissipated in the
spark which occurs when such a circuit is
opened, Since the field collapses very rapidly
when the switch is opened, the induced e.m.f,
at such a time can be extremely high.
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Fig, 216 — When the conducting wire is coiled, the
individual magnetic fields of each turn are in such a
direction as to produce a ficld similar to that of a bar
magnet. The schematic symbols for inductance are
shown at the right. The symbol at the lcft in the top
row indicates an iron-core inductance; at the right, air
core. Variable inductances are shown in the bottom row.

Inductance — As explained above, the
strength of the self-induced voltage is propor-
tional to the rate of change of the field. How-
ever, it is also apparent from the foregoing that
it depends as well upon the properties of the
circuit, since, if a number of similar conductors
are in the same varying field, the same voltage
will be induced in each. By combining the con-
ductors properly, the total induced voltage
in such a case will be the sum of the voltages
induced in each wire. Also, the rate of change of
field strength depends upon the strength of the
field set up by a given amount of current flow-
ing in the wire or coil, and thisin turn depends
upon the ampere-turns, permeability, length
and cross-section of the magnetic path, ete.
For a given circuit, however, the field strength
will be determined by the current, and the rate
of change of the field consequently will be de-
termined by the rate of change of current.
Hence, it is possible to group all the other fac-
tors into one quantity, a property of the cir-
cuit. This property is called inductance. When
this is done, the equation giving the value of
the induced voltage becomes:

Induced voltage
= I X rate of change of current

where L is the inductance.

Inductance is a property associated with all
circuits, although in many cases it may be so
small in comparison to other circuit properties
(such as resistance) that no error results from
neglecting it. The inductance of a straight wire
increases with the length of the wire and de-
creases with increasing wire diameter. The in-
ductance of such a wire is small, however. For
a given length of wire, much greater inductance
can be secured by winding the wire into a coil
so that the total flux from the wire is concen-
trated into a small space and the flux density
correspondingly increased. The unit of indue-
tance is the henry. A circuit or coil has an in-
ductance of one henry if an e.m.f. of one volt
is induced when the current changes at the
rate of one ampere per second. In radio work
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it is frequently convenient to use smaller units;
those commonly used are the millihenry (one
thousandth of a henry) and the microhenry
(one millionth of a henry).

It will be recognized that the relationship
between inductance and the magnetic field
is similar to that between capacity and the
electrostatic field. The greater the inductance,
the greater the amount of energy stored in the
magnetic field for a given amount of current;
the greater the capacity, the greater the
amount of energy stored in the electrostatic
field for a given voltage.

The inductance of a coil of wire depends
upon the number of turns, the cross-sectional
dimensions of the coil, and the length of the
winding. It also depends upon the permeability
of the material on which the coil is wound, or
core. Formulas for computing the inductance
of air-core coils of the type commonly used in
radio work, are given in Chapter Twenty-One.

Mutual inductance — If two coils are ar-
ranged with their axes coinciding, as shown
in Fig. 217, a current sent through Coil 1 will
cause a magnetic field which cuts Coil 2. Con-
sequently, an e.m.f. will be induced in Coil 2
whenever the field strength is changing. This
induced e.m.f. is similar to the e.m.f. of self-
induction; that is,

Induced e.m.f.
= M X rate of change of current

where MM is a quantity called the mutual induct-
ance of the two coils. The mutual inductance
may be large or small, depending upon the
self-inductances of the coils and the propor-
tions of the total flux set up by one coil which
cuts the turns of the other coil. If all the flux
set up by one coil cuts all the turns of the other
coil the mutual inductance has its maximum
possible value, while if only a small part of
the flux set up by one coil cuts the turns of
the other the mutual inductance may be rela-
tively small. Two coils having mutual induct-
ance are said to be coupled.

The degree of coupling expresses the ratio of
actual mutual inductance to the maximum
possible value. Coils which have nearly the
maximum possible mutual inductance are said
to be closely, or tightly, coupled, while if the

Fig. 217 — Mutual inductance. When the switch, S, is
closed current flows through Coil 1, sctting up a magnetic
field which induces an e.m.f. in the turns of Coil 2.
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mutual induetance is relatively small the coils
are said to be loosely coupled. The degree of
coupling depends upon the physical spacing
between the coils and how they are placed with
respect to each other. Maximum coupling ex-
ists when they have a common axis, as shown
in Fig. 217, and are as close together as possible.
If two coils having mutual inductance are
connected in the same circuit, the directions
of the respective magnetic fields may be such
as to add or oppose. In the former case the
mutual inductance is said to be “positive”’;
in the latter case, “negative.” Positive mutual
inductance in such a circuit means that the
total inductance is greater than the sum of the
two individual inductances, while negative
inductance means that the total inductance is
less than the sum of the two individual in-
ductances. The mutual inductance may be
made either positive or negative simply by
reversing the connections to one of the coils.

( 2-6 Fundamental Relations

Direct current — A current which always
flows in the same direction through a circuit is
called a direct current, frequently abbreviated
d.c. Current flow caused by batteries, for ex-
ample, is direct current. One terminal of each
cell is always positive and the other always
negative, hence electrons are attracted only in
the one direction around the circuit. To make
the current change direction, the connections
to the battery terminals must be reversed.

Work, energy and power — When a quan-
tity of electricity is moved from a point of one
potential to a point at a second potential, work
is done. The work done is measured by the
product of the quantity of electricity and the
difference of potential through which it is
moved; that is,

W = QFE

In the practical system of units, with @ in
coulombs and E in volts, the unit of work is
called the joule. Energy, which is the capacity
for doing work, is measured in the same units.

Since I = Q/t when the current is constant
(§2-1), Q = It. Substituting for @ in the
equation above gives

W = EIt

where E is in volts, / in amperes, and ¢ in sec-
onds. One ampere flowing through a difference
of potential of one volt for one second does one
joule of work. Power is the time rate at which
work is done, so that, if the work is done at a
uniform rate, dividing the equation by ¢ will
give the electrical power:

P = EI

The unit of power is called the watt.

In practical work, the term *‘joule” is sel-
dom used for the unit of work or energy. The
more common name is wall-second (one joule is
equal to one watt applied for one second). The
watt-second is a relatively small unit; a larger
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one, the watt-hour (one watt of power applied
for one hour) is more frequently used. Again,
for some purposes the watt is too small a unit,
and the kilowatt (1000 watts) is used instead.
A still larger energy unit is the kilowatt-hour,
the meaning of which is easily interpreted.

Fractional and multiple units — As illus-
trated by the examples in the preceding para-
graph, it is frequently convenient to change
the value of a unit so that it will not be neces-
sary to use very large or very small numbers.
As applied to electrical units, the practice is to
add a prefix to the name of the fundamental
unit to indicate whether the modified unit is
larger or smaller. The common prefixes are
micro (one millionth), milli (one thousandth),
kilo (one thousand) and mega (one million).
Thus, a microvolt is one millionth of a volt, a
milliampere is one thousandth of an ampere, a
kilovolt is one thousand volts, and so on.

Unless there is some indication to the con-
trary, it should be assumed that, whenever a
formula is given in terms of unprefixed letters
(E, I, P, R, etc.), the fundamental units are
meant. If the quantities to be substituted in
the equation are given in fractional or multiple
units, conversion to the fundamental units is
necessary before the equation can be used.

Ohm’s Law — In any metallic conductor,
the current which flows is directly proportional
to the applied electromotive force. This rela-
tionship, which is known as Ohm’s Law, can be
written

E = RI

where E is the e.m.f., I is the current, and Ris a
constant, depending on the conductor, called
the resistance of the conductor. By definition,
a conductor has one unit of resistance when an
applied e.m.f. of one volt causes a current of
one ampere to flow. The unit of resistance is
called the ohm.

Ohm’s Law does not apply to all types of
conduction, particularly to conduction through
gases and in a vacuum. The law is of very great
importance, however, because practically all
electrical circuits use metallic conduction in
whole or in part. A

By transposing the equation, the following
equally useful forms are obtained:

E E
= I ! R

The three equations state that, in a circuit to
which Ohm’s Law applies, the voltage across
the circuit is equal to the current multiplied by
the resistance; the resistance of the circuit is
equal to the voltage divided by the current;
and the current in the circuit is equal to the
voltage divided by the resistance.

Resistance and resistivity — Theresistance
of a conductor is determined by the material of
which it is made and its temperature, and is
directly proportional to the length of the con-
ductor (that is, the length of the path of the
current through the conductor) and inversely



Electrical and Radio Fundamentals

proportional to the area through which the cur-
rent flows, If the temperature is constant,

L
R =k A
where R is the resistance, k is a constant de-
pending upon the material of which the con-
ductor is made, L is the length and A the area.
I‘or the purpose of giving a specific value to £,
L is taken as one centimeter and A as onc
square centimeter (a cube of the material
measuring one centimeter on a side); k'is then
the resistance in ohms of such a cube at a
specified temperature. It is called the specific
resistance or resistivity of the material. If the
resistivity is known, the resistance of any
conductor of known length and uniform cross-
section readily ecan be determined by the
formula above. The length must be in centi-
meters and the area in square centimeters.

The relationships given above are true only
for unidirectional (direct) currents and low-
frequency alternating currents. Modifications
must be made when the.current reverses its
direction many times each second (§ 2-8).

Conductance and conductirvity — The
reciprocal of resistance is called conductance,
and has the opposite properties to resistance.
The lower the resistance of a circuit, the higher
is the conductance, and vice versa. The sym-
bol of conduetance is G, and the relationship
to resistance is

1 1
@ R R G
The unit of conductance is called the mho. A
cireuit or conductor which has a resistance of
one ohm has a conductance of one mho. By
substituting 1/G for R in Ohm’s Law,
1 1

= = f 4y = =
Q 5 I =EQ@ E G

The reciprocal of resistivity is called the
specific conductance or conductivity of n ma-
terial, and is measured in mhos per centimeter
cube. It is frequently useful to know the rela-
tire conductivity of different materials. This
is usually expressed in per cent conductivity, the
conductivity of annealed copper being taken
as 100 per cent. A table of per cent conductivi-
ties is given in Chapter T'wenty-One.

Power used in resistance — If two con-
ductors of different resistances have the same
current flowing through them, then by Ohm’s
Law. the conductor with the larger resistance
will have a greater difference of potential
across its terminals. Consequently, more en-
ergy is supplied to the larger resistance, since
in a given period of time the same amount of
electricity is moved through a greater potential
difference. The energy appears in the form of
heat in the conductor. With a steady current,
the heat will raise the temperature of the con-
ductor until a balance is reached between the
heat generated and that radiated to the sur-
rounding air or otherwise carried away.
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Since P = EI, substituting for E the ap-
propriate form of Ohm's Law (K = IR) gives

P =IR

and making a similar substitution for I gives
P - I
Vid

That is, the power used in heating a resistance
(or dissipated in the resistance) is proportional
to the square of the voltage applied or to the
square of the current flowing. In these formulax
P is in watts, E in volts and / in amperes.
Further transposition of the equations gives
the following forms, useful when the resistance

and power are known:
P
I = Al>
R

Unless the circuit containing the resistance
is being used for the specific purpose of gen-
erating heat, the power used in heating a re-
sistance is generally considered as a loss. How-
ever, there are very many applications in radio
circuits where, despite the loss of power, a
useful purpose is served by introducing re-
sistance deliberately. Resistances made to
specified values and provided with connecting
terminals are ecalled resistors. They are fre-
quently wound on eeramic or other heat-re-
sisting tubing with wire having high resistivity.

Temperature coefficient of resistance —
The resistance of mest pure metals increases
with an inercase in temperature. The resist-
ance of a wire at any temperature is given by
the formula

E=+TIER

R = By (1 4 at)

where R is the required resistarce, Ry is the
resistance at 0 degrees C. (temperature of
melting ice), ¢ is the temperature (Centigrade),
and a is the temperature coefficient of resistance.
Ior copper, a is about 0.004; that is, starting
from a temperature of 0° C., the resistance in-
creases 0.4 per cent per degree above zero.

Terminals —

I 5
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P Exposedwire
Ceramic ’ \fbl’ ﬂg/i(ft/ﬂent
tube <

Were-wound
“Pigtail* é
i type !

SYMBOLS

Fig. 218 — Two common types of fixed resistors. The
wire-wound type is used for dissipating power of the
order of 5 watts or more. “Pigtail” resistors, usually
madec of carbon or other resistance material in the form
of a molded rod or as a thin coating on an insulating tube,
rather than being wound with wire, are small in gize but
do not safely dissipate much power. Schematic symbols
for fixed and variable resistors are shown at lower right.
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Temperature coefficient of resistance be-
comes of importance when conductors operate
at high temperatures. In the case of resistors
used in electrical and radio circuits, the heat
developed by current flow may raise the tem-
peratureof theresistanee wire
to several hundred degrees I,
In such a case the resistance
at operating temperature can
be very considerably higher
than the resistance at room
temperature. Consequently
such resistors are wound with
wire which has a low tem-
perature coeflicient of resist-
ance, so that the resistance
will be as nearly constant as
possible under all working
conditions.

Resistances in series —
When two or more resistances are connected
s0 that the same current flows through each in
turn, as shown in Fig. 219, they are said to be
connected in series. Then, by Ohm’s Law,

Fig, 219 — Resist-
ances in serics.

B = IR,
Ey = IR
Es = IRy

cte., where the subseripts 1, 2, 3 indicate the
first, second and third 1ex1stm, and the volt-
ages E1, Es and Ej are the voltages appearing
across the terminals of the respective resistors.
Adding the three voltages gives the total
voltage across the three resistors:

E=E +E +E; =1IR +IR: +IR; =
I(Ry + Rs + R3) =

That is, the voltage across the resistors in
series is equal to the current multiplied by the
sum of the individual resistances. In the above
equation, R, which denotes this sum, may be
called the equivalent resistance or total re-
sistance. The equivalent resistance of a number
of resistors connected in series is, therefore,
equal to the sum of the individual resistances,
Resistances in parallel — When a number
of resistances are connected so that the same
voltage is applied to all, as shown in Fig. 220,
they are said to be connected in parallel. By
Ohm’s Law,
K E E
ho=4 I =1 L=

so that the total current, 7, which is the sum
of the currents in the individual resistors, is

E E E
R R TR T

E(I;1+ +Rs) Ellf

=L+l +13=-

where R is the equivalent resistance —i.e.,

the resistance through which the same total
current would flow if such a resistance were
substituted for the three shown. Therefore,
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R R R

That is, the reciprocal of the ecquivalent re-
sistance of a number of resistances in parallel
is equal to the sum of the reciprocals of the
individual resistances. Since the reciprocal of
resistance is conductance,

G=G+G +Gs

where @ is the total conductance and G}, Ge,
G3. ete., are the individual conductances in
parallel.

To obtain R instead of its reciprocal the
equation above may be inverted, so that

R=
1 1 1

Ry Rs Ry

The number of terms in the denominator of
this equation will, of course, be equal to the
actual number of resistors in parallel.
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ig. 220 — Resistances in parallel.

For the special case of only two resistances in
parallel, the equation reduces to

Ry Iy
R+ R

Series-parallel connection of resistors is shown
in Fig. 221. When circuits of this type are en-
countered the equivalent or total resistance
can be found by first adding the series re-
sistances in each group, then treating each
group as a single resistor so that the formula
for resistors in parallel can be used.

R =

Pl

Ey
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WWW

m
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o

P EHE,=E
E3*+E, =E
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Fig. 221 — Scries-parullel connecction of resistances.
Voltage and current relationships are given at the right.
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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,
222-A, the voltage E; across R; is equal to the
applied voltage, E, multiplied by the ratio of
Il; to the total resistance, or

Ry

E,=-— """ .E
VIR F By + By
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Fig. 222 — Voltage divider (A) and potentiometer (B).

Similarly, the voltage, Es, is equal to
Ry + Re B

Such an arrangement is called a voltage divider,
since it provides a means for obtaining smaller
voltages from a source of fixed voltage. When
current is drawn from the divider at the various
tap points the above relations are no longer
strictly true, since under such conditions 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.
222-B, where the total resistance, R, is equipped
with a sliding tap for fine adjustment. Such a
resistor is frequently called a potentiometer.

Inductances in series and parallel— As
explained in § 2-5, inductance determines the
voltage induced when the current changes at a
given rate. That is, E = L X rate of change of
current. This resembles Ohm’s Law, if L cor-
responds to R and the rate of change of current
to J. Thus, by reasoning similar to that used
in the case of resistors, it can be shown that,
for inductances in series,

L=L+ 1L+ Ls

and for inductances in parallcel,

)
L L5

where the number of terms in either equation
is determined by the actual number of induec-
tances connected in series or parallel.

These equations do not hold if there is mu-
tual inductance (§ 2-5) between the coils.

Condensers in series and parallel — When
a number of condensers are in parallel, as in
Fig. 223-A, the same e.m.f. is applied to all.
Consequently, the quantity of electricity stored
in‘each is in proportion to its capacity. The
total quantity stored is the sum of the quanti-
ties in the individual condensers:

Q=’Q1+Q2+Q3=C1E+02E+03E =
(Ci + C2 + C)E = CE

where C is the equivalent capacity. The equiv-
alent capacity of condensers in parallel is equal
to the sum of the individual capacities.

When condensers are connected in series,
as in Fig. 223-B, the application of an e.m.f. to
the circuit causes a certain quantity of elec-
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tricity to accumulate on the top plate of Ci.
By electrostatic induction, an equal charge of
opposite polarity (negative in the illustration)
appears on the bottom plate of Cy, and, since
the lower plate of C1 and the upper plate of Cs
are connected together, this must leave an
equal positive charge on the upper plate of Cb.
This, in turn, causes the lower plate of Ca to
assume an equal negative charge, and so on
down to the plate connected to the negative
terminal of the source of e.m.f. In other words
the same quantity of electricity is placed on
each condenser, and this is equal to the total
quantity stored. The voltage across each con-
denser will depend upon its capacity, and the
sum of these voltages must equal the applied
voltage. Thus,
Q _

E =E|  + E: + E3 = ot
3

0,0
O + s +

1 1 1 Q
—+— 4+ T) =
Q (C1 Cq Cs C
where C is the equivalent capacity. This leads
to an expression similar to that for resistances
in parallel:
1
1 1 1

atata
where the number of terms in the denominator
should be the same as the actual number of
condensers in series.

C=

ﬁ%g
E Ezt C ®)
-

Fig. 223 — Condensers in parallel (A) and in series (B).

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. Likewise, 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-
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uct gives the time in seconds required for the
voltage across a discharging condenser to drop
to 1 /e, or approximately 37 per cent of its origi-
nal value. (The constant ¢ is the base of the
natural series of logarithms.)

AMPLITUDE OF
CURRENT —-

/ riME —>
Instant of
Closing Swi tch

AMPLITUDE OF
CURRENT =

TIME —b
Instant. of,
Clusing Swt tch

Iig. 224 — Showing how the current in a cirenit com-
bining resistance with inductance or capacity takes a
finite period of time to reach its steady-state value.

A cirecuit containing inductance and re-
sistance also has a time constant, for similar
rcasons. The time constant of an inductive
circuit is equal to L/R, where L is in henrys
and 2 in ohms. It gives the time in seconds re-
quired for the current toreach 1-1 /¢, or approx-
imately 63 per cent of its final steady value
when a constant voltage is applied.

Measuring instruments — Instruments for
measuring d.c. eurrent 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 there-
fore are 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 ammeler. A vollmeter is siply a mil-
lintnmeter with a high resistance in series so
that the current will be limited to a suitable
vulue 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
fiow. The series resistance is called a multi-
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plier. A wattmeler is a combination voltmeter
and ammeter in which the pointer deflection
is proportional to the power in the circuit.

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.

( 2-7 Alternating Current

Deseription — An alternating current is one
which periodically reverses its direction of
flow. In addition to this alternate change in
direction, usually the amount or amplitude of
the current also varies continually during the
period when the current is flowing in one di-
rection. These variations are accompanied by
corresponding variations in the magnetic field
sct up by the current, and it is this feature
which makes the alternating current so uscful.
By means of the varying field, energy may be
continually transferred (by induction) from
one circuit to another without direct connec-
tion, and the voltage may be changed in the
process. Neither of these is possible with direct
current because, except for brief periods when
the circuit is closed or opened, the field ac-
companying a steady direct current is un-
changing, and hence there is no way of indueing
an e.m.f. except by moving a conductor
through the field (§ 2-5).

Alternating currents may be generated in
several ways. Rotating electrieal machines (a.c.
generalors or aliernators) are used for develop-
ing large amounts of power when the rate of
reversal is relatively slow. However, such ma-
chines are not suitable for producing currents
which reverse direction thousands or millions
of times each second. The thermionic vacuum
tube is used for this purpose, as described in
Chapter Three.

pom ey
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Source of em [ Muitipher @
Voltage Measurement:

Fig. 225 — Principle of the d.c. measuring instrument,
Current flowing through the rotatable coil in the field of
the permancnt magnet causes a foree to act on the coil,
tending to turn it. The turning tendencey is counteracted
by springs (not shown) so that the amount of movement
is proportional to the value of the current in the coil. Con-
nections for measuring current and voltage are indicated
at the right. The shunt resistor is used for increasing the
value of the current which the instrument can measure,
by providing an alternate path through which some of
the current can flow, 'Vhe series multiplier limits the
current when the instrunient is used to measure voltage,
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Fig. 226 — Sine-wave alternating current or voltage.

The simplest form of alternating current (or
voltage) is shown graphically in Fig. 226. 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 follows the sine law
and is known as a sine wave, because of the
wavelike nature of the curve which results
when sine values are plotted on rectangular
codrdinates as a function of angle or time.

An alternating current or voltage of sine-
wave form has angular velocity, period, fre-
quency and phase.

Units of frequency — Alternating currents
are identified by their frequency, the basic unit
for which is the number of cycles per second.
In radio work, where frequencies are extremely
large, it is convenient to use two other units,
kilocycles per second (cycles per second =+ 1000)
and megacycles per second (cycles per second
+ 1,000,000). These are usually abbreviated
ke. and Me., respectively. Occasionally these
abbreviations are written kes. and Mes. to indi-
cate “kilocycles per second’” and ‘‘megacycles
per second’’ rather than simply “kilocycles”
and “megacycles,” but in both written and
spoken usage it is understood that *“per second”
is an integral part of the term when the shorter
forms are used.

Peak, instantaneous effective and average
values — The highest value of current or volt-
age during the time when the current is flowing
in one direction is called the mazimum or peak
value. For the sine wave, the peak has the same
absolute value on both the positive and nega-
tive halves of the cycle. This is not necessarily
true of waves having other than the sine form.

The value of current or voltage at any par-
ticular point of time in the cycle is called the
instantaneous value. The instant for which the
value is to be found can be specified in terms of
time (fraction of the period) or of angle.

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

Ee“ = \/ % ]Iznlx

For this reason, the effective value of an alter-
nating current or voltage is also known as the
root-mean-square, or r.m.s., value. Hence, the
effective value is the square root of 14, 0r 0.707,
times the maximum value.

In a purely a.c. circuit the average current
over a whole cycle must be zero, because if the
average current on, say, the positive half of the
cycle were greater than the average on the
negative half, there would be a net current flow
in the positive direction. This would correspond
to a direct (although intermittent) current,
and hence must be excluded because a purely
alternating current was assumed. The “aver-
age”’ value of an alternating current is defined
as the average current during the part of the
cycle when the current is lowing in one direc-
tion only. It is of particular importance when
alternating current is changed to direct current
by the methods considered in later chapters.
For a sine wave, the average value is equal to
0.636 of the peak value.

In the sine wave the three voltage values,
peak, effective and average, are reiated to each
other as follows:

Emnx =FE.i X1.414 = Eqo X 1.57
Eett = Emax X 0.707 = E,.o X 1.11
Eavc = Emnx X 0.636 = Eer X 0.9

The relationships for current are equivalent
to those given above for voltage.

Current, voltage and power in an in-
ductance — When alternating current flows
through an inductance, the continually vary-
ing magnetic field causes the continuous gen-
eration of an e.m.f. of self-induction (§2-5).
The induced voltage at any instant is propor-
tional to the rate at whicn the current is
changing at that instant. If the current is a
sine wave, it can be shown that the rate of
change is greatest when the current is passing
through zero and is least when the current
is maximum. For this reason, the indnced
voltage is maximum when the current is zero
and is zero when the current is maximum.
The direction or polarity of the induced volt-
age is such as to tend to keep the current
flowing when the current is decreasing and to
prevent it from flowing when the current is
increasing (§2-5). As a result, the induced
voltage in an inductance lags 90 degrees behind
the current,.

By Lenz’s Law, the induced voltage must al-
ways oppose the applied voltage; that is, the
induced and applied voltages must be in phase
opposition, or 180 degrees out of phase. Con-
sequently, the applied voltage leads the current
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by 90 degrees. These relationships are shown
in Fig. 227. Using the voltage as a reference,
the current in an inductance lags 90 degrees,
or one-quarter cycle, behind the voltage. (Ina
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Fig. 227 — Voltage, current and power relations in an
alternating-current circuit consisting of induetance only.

vector diagram, the current and voltage can-
not be added vectorially because they are
different kinds of quantities. In diagrams
showing both current and voltage, one is gen-
erally used simply as a reference, to establish
phase relationships. 1f several currents are
shown on one diagram, they can of course be
added together if they are in the same circuit;
similarly, several voltages in the same circuit
can be added. However, frequent use is made
of vector diagrams to show phase relationships
in different circuits, in which case the vectors
representing current and/or voltage in different
circuits cannot be added.)

When the current is increasing in either
direction, energy is being stored in the mag-
netic field. At such times the voltage has the
same polarity as the current, so that the prod-
uct of the two, which gives the instantaneous
power fed to the inductance, is positive. When
the current is decreasing energy is being re-
stored to the circuit and the applied voltage
has the opposite polarity, so that the product
of current and voltage is negative. This is also
shown in Fig. 227.Positive power means power
taken from the source (i.e., the source of the
applied e.m.f.), while negative power means
power returned to the source. Power is alter-
nately taken and given back in each quarter
cycle, and, since the amount given back is the
same as that taken, the average power in an
inductance is zero when cousidering a whole
cycle. In a practical inductance the wire
will have some resistance, so that some of the
power supplied will be consumed in heating
the wire, but if the resistance of the circuit is
small compared to the inductance the power
consumpiion is very small compared to the
power which is alternately stored and returned.

Current, vollage and power in a con-
denser — When an alternating voltage is ap-
plied to a condenser, the condenser acquires a
charge while the voltage is rising and loses its
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charge while the voltage is decreasing. The
quantity of electricity stored in the condenser
at any instant is proportional to the voltage
across its terminals at that instant (@ = CE).
Since current is the rate of transfer of quantity
of electricity, the current flowing into the con-
denser (when it is being charged) or out of it
(when it is discharging) consequently will be
proportional to the rate of change of the ap-
plied voltage. If the voltage is a sine wave, its
rate of change will be greatest when passing
through zero and least when the voltage is
maximum. As a result, the current flowing into
or out of the condenser is greatest when the
voltage is passing through zero and least when
the voltage reaches its peak value.

This relationship is shown in Fig. 228. When-
ever the voltage is rising (in either direction)
the current flow is in the same direction as the
applied voltage. When the voltage is decreas-
ing and the condenser is discharging, the cur-
rent flows in the opposite direction. This is of
course the normal condition for charge and dis-
charge of a condenser. The energy stored in the
condenser on the charging part of the eycle is
restored to the circuit on the discharge part,
and the total energy consumed in a whole cycle
therefore is zero. A condenser operating on
a.c. takes no average power from the source,
except for such actual energy losses as may
oceur as the result of heating of the dielectric
(§ 2-3). The energy loss in air condensers used
in radio circuits is negligibly small except at
extremely high frequencies.

As shown by Fig. 228, the phase relation-
ship between current flow and applied voltage
is such that the current leads the voltage by 90
degrees. This is just the opposite to the in-
ductance case.
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Fig. 228 — Voltage, current and power relations in an
alternating-current circuit consisting of capacity only.

Current, voltage and power in resistance
— In a circuit containing resistance only there
are no energy storage effects, and consequently
the current and voltage are in phase. The cur-
rent therefore always flows in the same direc-
tion as the applied voltage, and, since the power
is always positive, there is continual power
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dissipation in the resistance. The relationships
are shown in Fig. 229.

Strictly speaking, no circuit can have resist-
ance only, because the flow of current always
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Fig. 229 — Voltage, current and power relations in an
alternating-current circuit consisting of resistance only.

is accompanied by the creation of a mag-
netic field and every conductor also has a cer-
tain amount of capacity. Whether or not such
residual inductance and capacity are large
enough to require consideration is determined
by the frequency at which the circuit is to
operate.

The a.c. spectrum — Alternating currents
of different frequencies have different proper-
ties and are useful in many varieties of ways.
For the transmission of power to light homes,
run motors and perform familiar everyday
tasks by electrical means, low frequencies are
mnost suitable. Frequencies of 25, 50 and 60
cycles are in common use, the latter being most
widely used in this country. The range of fre-
quencies between about 15 and 15,000 cycles is
known as the audio-frequency range, because
when frequencies of this order are converted
from a.c. into air vibrations, as by aloudspeuaker
or telephone receiver, they are distinguishable
as sounds having a tone pitch proportional to
the frequency. Frequencies above 15,000 cycles
(15 kilocycles) are used for radio communica-
tion, because with frequencies of this ovder
it is possible to convert electrical energy into
radio waves which can be radiated over long
distances.

For convenience in reference, the following
classifications for radio frequencies have been
recommended by an international technical
conference and are now increasingly in use:

10 to 30 kilocycles

30 to 300 kilocycles

300 to 3000 kilocycles

3 to 30 megacycles

30 to 300 megacycles

300 to 3000 megacycles
3000 to 30,000 mcgacycles

Very-low frequencies
Low frequencies
Medium frequencies
High frequencies
Very-high frequencies
Ultrabigh frequencies
Superhigh frequencies

Until recently, older terminology was in com-
mon use; for example, all frequencies above 30
megacycles formerly were considered to be in
the ““ultrahigh-frequency’’ region.
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( 2-8 Ohm’'s Law for Alternating
Currents

Resistance — Since current and voltage are
always in phase through a resistance, the in-
stantaneous relations for a.c. are equivalent to
those in d.c. circuits. By definition, the effec-
tive units of current and voltage for a.c. are
made equal to those for d.c. in resistive cir-
cuits (§ 2-7).- Therefore the various formulas
expressing Ohm’'s Law for d.c. circuits apply
without any change to a.c. circuits containing
resistance only, or for purely resistive parts of
complex a.c. circuits. See § 2-6.

In applying the formulas, it must be remem-
bered that consistent units must be used. For
example, if the instantaneous value of current
is used in finding voltage or power, the voltage
found will be the instantaneous voltage and the
power will be the instantaneous power. Like-
wise, if the effective value is used for one quan-
tity in the formula, the unknown will be ex-
pressed in effective value. Unless otherwise
indicated, the effective value of current or volt-
age is always understood to be meant when
reference is made to ‘‘current’’ or ‘““voltage.”

Reactance — In an a.c. circuit containing
inductance or capacity, but no resistance, there
is no consumption of power — simply a con-
tinuous back-and-forth transfer of energy
between the magnetic or electric field and the
circuit (§ 2-7). Since the average power is zero,
the Ohm’s Law formulas cannot be applied in
terms of peak or effective voltages and currents.
Nevertheless, if the frequency is constant the
current which flows in an inductive or capaci-
tive circuit is directly proportional to the volt-
age applied; that is,

E = XI

where X is a constant depending upon the cir-
cuit, and is called the reactance of the circuit.
By transposition, the formula can be written

E E
X = = &
I I X

These expressions are quite similar to those
for the resistive circuit, and the quarntity X
has the same effect upon current flow as does
resistance in a resistive circuit. Consequently,
the ohm is used as the unit of reactance, just as
it 1s for resistance. Unlike resistance, however,
reactance does not use up or dissipate power.

Inductive reactance — When alternating
current flows through an inductance, the in-
duced voltage and applied voltage are equal
(§ 2-7). Since the induced voltage is equal to
the inductance of the coil multiplied by the
rate of change of current, it is evident that a
given value of voltage (to oppose a fixed ap-
plied voltage) can be induced either by using
a large inductance and a small rate of change
of current or by using a large rate of current
change and a small inductance, so long as the
product of the two is constant. The rate of
change of current is determined by the ampli-
tude of the current and the angular velocity.
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Therefore, for sine-wave current,
E = 2xfLI, org = 2+/L
Since X = E/I, then
Xy = 2xfL

where the subseript L indicates that the re-
actance is inductive. That is, inductive re-
actance is proportional to inductance and to
the applied frequency. At low frequencies a
large inductance must be used to obtain high
reactance, but at very high frequencies the
same value of reactance can be obtained readily
with quite a small inductance.

The fundamental units (ohms, cycles,
henrys) must be used in the above equation,
or appropriate factors inserted if other units
are employed. 1f inductance is in miliihenrys,
frequency should be in kilocyeles; if induct-
ance is in microhenrys, frequency should be
in megacycles, to bring the answer in ohms.

Capacitive reactance — With a fixed value
of applied voltage, the quantity of electricity
stored in a condenser of given capacity is al-
ways the same (Q = CE), and, if losses are
negligible, the same quantity of electricity is
taken out of the condenser on discharge. When
an a.c. voltage is applied to a condenser the
alternate charge and discharge, as the applied
voltage rises and falls and reverses polarity,
constitutes current flow ‘““through” the con-
denser. The amplitude of the current is pro-
portional to the rate of change of the voltage
(§ 2-7) and also to the capacity of the con-
denser, since both these quantities increase the
amount of electricity transferred in the cir-
cuit in a given period of time. Since rate of
change of voltage is proportional to the ampli-
tude of the voltage and the angular velocity,
then, for sine-wave voltage,

, E 1
I = 2xfCE, or 5 5o7C
Since X = E/I, then
_ 1
2rfC

where the subscript (' indicates that the reac-
tance is capacitive. Capacitive reactance is
inversely proportional to capacity and to the
applied frequency. For a given value of capac-
ity, the reactance decreases as the frequency
increases.

Fundamental units (farads, cycles per sec-
ond) must be used in the right-hand side of the
equation to obtain the reactance in ohms. Con-
version factors must be used if the frequency
and capacity are in units other than cycles
and farads. If C is in microfarads and f in
megacycles, the conversion factors cancel and
the reactance will be given in ohms.

Impedance — In any series circuit the same
current flows through all parts of the circuit.
1f a resistance and inductance are connected
in series to form an a.c. circuit they both carry
the same current, but the voltage across the

Xc
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resistance is in phase with the current while
the voltage across the inductance leads the
current by 90 degrees. In .a d.c. circuit with
resistances in series, the applied voltage is
equal to the sum of the voltages across the in-
dividual resistances (§ 2-6). This is also true of
the a.c. circuit with resistance and inductance
in series if the instantaneous voltages are added
algebraically to find the instantaneous value
of applied voltage. But, because of the phase
difference between the two voltages, the maxi-
mum value of the applied voltage will not be
the sum of the maximum values of the two
voltages (§ 1-9), so that the effective values
cannot be added directly.

The relationships are shown by means of
vectors in Fig. 230. If the current vector is
used as a reference, the voltage across the re-
sistance is in phase with the current and hence
lies on the same line. The voltage across the
inductance is 90 degrees ahead of the current,
and therefore is drawn at right angles upward.
The resultant voltage is, consequently, the
hypothenuse of a right triangle, and, by
geometry,

B = B, + En o1 E = /B, % I,

Since Er = IR and E; = IX,, substitution
gives

E=IVEFX,, o2 = VE§ X,

E/I is called the impedance of the circuit and is
designated by the letter Z. The impedance de-
termines the voltage which must be applied to
the circuit to cause a given current to flow.
The unit of impedance is, therefore, the ohm,
just as in the case of resistance and reactance,
which also determine the ratio of voltage to
current. However, the phase angle between
voltage and current must be specified, along
with the impedance, for the true nature of the
impedance to be known.

Similar consideration of resistance and ca-
pacity in series leads to the same expression
for the impedance of such a circuit. However,
in this case the voltage across the condenser
lags the current, so that the “impedance tri-
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Fig. 230 — Voltage and current relationships in a.c. cir-
cuits having resistance and inductance or resistance and
capacity. Vector diagrams should be drawn to scale for
particular values of voltage or reactance and resistance.
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angle’’ is drawn with the condenser voltage or
reactance extending downward. The general
formula is

Z = VR + X?

Ohm’s Law for alternating current circuits
then becomes

 E =17
Z 1

In summary, impedance is a generalized
quantity applying to a.c. or d.c. circuits, sim-
ple or complex. In a d.c. circuit orin an a.c. cir-
cuit containing resistance only, the phase angle
is zero (current and voltage are in phase) and
the impedance is equal to the resistance.

In an a.c. circuit containing reactance only
the phase angle is 90 degrees, with current lag-
ging the voltage if the reactance is inductive
and current leading the voltage if the reactance
is capacitive. In either case, the impedance is
equal to the reactance.

In an a.c. circuit containing both resistance
and reactance the phase angle may have any
value between zero and 90 degrees, with the
current lagging the voltage if the reactance is
inductive and leading the voltage if the re-
actance is capacitive. The impedance, in ohms,
may be found from the equation above.

Series circuits with L, C and R — When
inductance, capacity and resistance all are in
series in an a.c. circuit, the voltage relations
are a combination of the separate cases just
considered. The voltage across each element
will be proportional to the resistance or react-
ance of that element, since the current is the
same through all. The voltages across the in-
ductance and capacity are 180 degrees out of
phase, since one leads the current by 90 de-
grees and the other lags the current by 90 de-
grees. This means that the two voltages tend
to cancel; in fact, if the voltage across only the
inductance and capacity in series is considered
(leaving out the resistance), the total voltage
is the difference between the two voltages.

This is shown by the vector diagram of Fig.
231. Since the angles of lead and lag are both
90 degrees, the reactance voltage lines are op-
positely directed. The effect is exactly the
same as though the difference between the two
voltages (or reactances, in the impedance di-
agram) had been found first, and this differ-
ence then used as though it were a single volt-
age (or reactance). The net reactance in a
series circuit is, hence, the difference between
the inductive and capacitive reactances; or

X =X, - Xc

If more than one inductance is present, the
total inductive reactance is the sum of the in-
dividual reactances; similarly for capacitive re-
actances. Inductive reactance is conventionally
taken as “positive” and capacitive reactance as
“negative.” With this convention, algebraic ad-
dition of all the reactances in a series circuit
gives the total or net reactance of the circuit.
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Parallel circuits with L, C and R — The
equivalent resistance of a number of resistances
in parallelin an a.c. circuit is found by the same
rules as in the case of d.c. circuits (§2-6).

E
X, E EptE E=
- e I(EN'EC'EI.)
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X, 2
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l IMPEDANCE TRIANGLES

Fig. 231 — Current and voltage relationships in an
a.c. circuit containing resistance, inductance and ca-
pacity in series. Step-by-stcp addition of voltage vectors
is shown, The + signs are used in the algebraic sense, ca-
pacitive voltage or reactance being considered negative.

Parallel reactances of the same kind have an
equivalent reactance given by a similar rule:

1
X =1 1 1
X1+E+X ...... .

This formula cannot be used, however, if both
inductive and capacitive reactance are in
parallel. ’

When reactances and resistances are in
parallel, the same voltage is applied to the vari-
ous circuit elements. The current which flows
is the vector sum of the currents in the various
branches; that is, the phase of the currents
with respect to the applied voltage must be
taken into account in finding the total current.
Fig. 232-A shows a resistance and inductance
in parallel, with the corresponding vector dia~
gram. The voltage is taken as the reference,
since it is common to both branches. The cur-
rent through the resistance is in phase with
the voltage and coincides in direction with the
voltage line. The current through the induct-
ance lags the applied voltage by 90 degrees,
hence is drawn at right angles downwards. The
amplitudes of both currents are found by di-
viding the voltage by the resistance and react-
ance, respectively. The total current combines
by the right-triangle rule; that is,

I =17+ 1
The impedance of the cireuit is equal to E/7, so
E
Z = __ —
N 4+ 1y
By assuming some convenient value for the ap-
plied voltage and then solving for the currents
in the resistance and reactance, the values so
found may be substituted in this equation to
find the impedance of the circuit.
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Resistance and capacity in parallel are
shown in Fig. 232-B, with the corresponding
vector diagram. Except for the fact that the
current now leads the voltage, the relation-
ships are the saine as before and the total cur-
rent and impedance can be found by using the
same formulas.

1 1

Fig. 232 — Parallel reactance and resistance in a.c. cir-
cuits. The various currents add vectorially as indicated.

When resistance, inductance and capacity
are combined in parallel, as in Fig. 232-C, the
vector diagram has the typical form shown.
The currents in the inductance and capacity
are 180 degrees out of phase, so that the total
current through these elements (neglecting the
resistance) is the difference between the two
currents. Because of this, the current flowing
in the line is always smaller than the largest
reactive current, indicating that when induect-
ance and capacity are connected in parallel the
resultant impedance is larger than either of the
individual reactances. The net reactive cur-
rent may either lead or lag the applied voltage,
depending upon whether the inductive or
capacitive reactance is larger. The current
taken by the parallel resistance is determined
solely by the applied voltage. The total cur-
rent and impedance of such a circuit can be
found by the formulas used above, if for Iy
the difference between the currents in the in-
ductance and capacity is used.

With series-parallel circuits the solution be-
comes considerably more complicated, since
the phase relationships in any parallel branch
may not be either 90 degrees or zero. However,
the majority of parallel circuits used in radio
work can be solved by the rather simple ap-
proximate methods described in § 2-10.

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
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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

Watts

Power factor = —— —"—
rJ Voll-amperes

Distributed capacity and inductance —
It should not be thought that the reactance
of coils becomes iufinitely high as the fre-
quency is increased to. a high value and, like-
wise, that the reactance of condensers becomes
infinitely low at Ligh 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
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 the mag- .
netic field, instruments used for measurement
of d.c. (§ 2-6) will not operate on a.c. At low
frequencies suitable instruments ean be con-
structed by making the current produce both
magnetic ficlds, one by means of a fixed coil
and the other by the moving coil. Such in-
struments are used for measureinent of either
current or voltage. At radio frequencies this
type of instrument is inaccurate because of
distributed capacity aund 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 —It has been shown in the pre-
ceding sections that, when an alternating volt-
age is applied to an inductance, the flow of
alternating current through the coil causes an

_induced e.m.f. which is opposed to the applied

e.m.f. The induced e.m.f. results from the vary-
ing magnetic field accompanying the flow of al-
ternating current. If a second coil is brought
into the same field, a similar e.m.f. likewise
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will be induced in this coil. This induced e.m.f.
may be used to force a current through a wire,
resistance or other electrical device connected
to the terminals of the second coil.

Two coils operating in this way are said to be
coupled, and the pair of coils constitutes a
transformer. The coil connected to the source of
energy is called the primary coil, and the other
is called the secondary coil. Energy may be
taken from the secondary, being transferred
from the primary through the medium of the
varying magnetic field.

Voltage and turns 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. If 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, for all practical purposes,

E, ="p,
np
where E, is the secondary voltage, E, is the
primary voltage, and n; and n, are the number
of turns on the secondary and primary, respec-
tively. The ratio ng/n, is called the turns ratio
of the transformer.

This relationship is true only when all the
flux set up by the primary current cuts all the
turns of the secondary. If some of the mag-
netic flux follows a path which does not make it
cut the secondary turns then the secondary
voltage is less than given by this formula, since
this causes the rate of change of flux to be less
in the secondary than in the primary. In gen-
eral, the equation can be used only when both
coils are wound on a closed core of high
permeability, so that practically all of the flux
can be confined to definite paths.

Types of transformers— The usefulness
of the transformer lies in the fact that energy
can be transferred from one circuit to another
without direct connection, and in the process
can be readily changed from one voltage level
to another. Thus, if a device to be operated re-
quires, for example, 120 volts and only a 440-
volt source is available, a transformer can be
used to change the source voltage to that re-
quired. The transformer, of course, can be used
only on a.c., since no voltage will be induced in
the secondary if the magnetic field is not
changing. If d.c. is applied to the primary of a
transformer, a voltage will be induced in the
secondary only at the instant of closing or
opening the primary circuit, since it is only at
these times that the field is changing.

Transformers for use at radio frequencies
are usually wound on nonmagnetic material
(““air core’’) because the losses in ordinary iron
cores are excessive at these frequencies. As a
general rule, the equation given in the preced-
ing paragraph does not apply to such trans-
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formers, because only a small part of the flux
set up by the primary cuts the secondary
turns. Even when special iron cores are used
this statement is usually true of r.f. trans-
formers, for reasons considered in § 2-11.

Transformers for use at power frequencies
and audio frequencies are wound on iron cores,
hence nearly all of the primary flux cuts the
secondary turns. The turns-ratio equation can
be used at these frequencies. The following
discussion will be confined to such trans-
formers.

Effect of secondary current — The primary
current which has been discussed above is usu-
ally called the magnetizing current of the trans-
former. Like the current in any inductance, it
lags the applied voltage by 90 degrees, neg-
lecting the small energy losses in the resistance
of the primary coil and in the iron core.

When current is drawn from the secondary
winding, the secondary current sets up a mag-
netic field of its own in the core. The phase re-
lationship between this field and that caused
by the magnetizing current will depend upon
the phase relationship between current and
voltage in the secondary circuit. In every case
there will be an effect upon the original field.
To maintain the induced primary voltage equal
to the applied voltage, however, the original
field must be maintained. Consequently, the
primary current must change in such a way
that the effect of the field set up by the sec-
ondary current is completely canceled. This is
accomplished when the primary draws an addi-
tional current that sets up a field exactly
equal to the field set up by the secondary cur-
rent, but which always opposes the secondary
field. The additional primary current is thus
180 degrees out of phase with the secondary
current. (This assumes that all the flux cuts
both coils.) The total primary current is then
the vector sum of the magnetizing current and
this additional load current.

In rough calculations on transformers it is
convenient to neglect the magnetizing current
and to assume that the primary current is
caused entirely by the secondary load. This is
justifiable, because in any well-designed trans-
former the magnetizing current is quite small
in comparison to the load current when the

latter is near the rated value.

SYMBOLS

Fig. 233 — The transformer. Power is transferred from
the primary coil to the sceondary by means of the mag-
netic field. The upper symbol at right indicates an iron-
core transformer, the lower one an air-core transformer.
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For the fields set up by the primary and
secondary load currents to be equal, the num-
ber of ampere turns in the primary must equal
the number of ampere turns in the secondary.
That is,

nel, =n, I,
Hence,

I,="1,
Ny

The load current in the primary for a given
load current in the secondary is proportional
to the turns ratio, secondary to primary. This
is the opposite of the voltage relationships.

If the magnetizing current is neglected, the
phase relationship between current and voltage
in the primary circuit will be identical with that
existing between the secondary current and
voltage. This is because the applied voltage and
induced voltage arc 180 degrees out of phase,
and the primary current and secondary current
likewise are 180 degrees out of phase.

Energy relationships; efficiency — A trans-
former cannot create energy; it can only trans-
fer and transform it. Hence, the power taken
from the secondary cannot exceed that taken
by the primary fromm the source of applied
e.m.f. Since there is always some power loss in
the resistance of the coils and in the iron core,
the power taken from the source always will
exceed that taken {rom the secondary. Thus,

P,,=nP.-

where P, is the power taken from the sec-
ondary, P;is the power input to the primary,
and n is a factor which always is less than 1.
1t is called the efficiency of the transformer and
is usually expressed as a percentage. The effi-
ciency of small power transformers such as are
used in radio receivers and transmitters may
vary between about 60 per cent and 90 per
cent, depending upon the size and design.
Leakage reactance — In a practical trans-
former not all of the magnetic flux is common
to both windings, although in well-designed
transformers the amount of lux which cuts one
coil and not the other is only a small percentage
of the total flux. This leakage flux acts in the
same way as flux about any coil which is not
coupled to another coil; that is, it gives rise to
self-induction. Consequently, there is a small
amount of leakdye inductance associated with
both windings of the transformer, but not

m __T
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Fig. 234 — The equivalent circuit of & transformer in-
cludes the effects of leakage inductance and resistance of
both primary and secondary windings, The resistance
R is an equivalent resistance representing the constant
core losses. Since these are comparatively small, their ef-
fect may be neglected in many approximate calculations,
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common to them. Leakage inductance acts in
exactly the same way as an equivalent amount
of ordinary inductance inserted in series with
the circuit. It has, therefore, a certain react-
ance, depending upon the amount of induct-
ance and the frequency. Thisreactance is called
leakage reactance.

In the primary the practical effect of leak-
age reactance is equivalent to a reduction in
applied voltage, since the primary current
flowing through the leakage reactance causes
a voltage drop. This voltage drop increases
with increasing primary current, hence it in-
creases as more current is drawn froimn the sec-
ondary. The induced voltage consequently de-
creases, since the applied voltage (which the
induced voltage must equal in the primary)
has been effectively reduced. The secondary
induced voltage also decreases proportionately.
When current flows in the secondary circuit
the secondary leakage reactance causes an
additional "voltage drop, which results in a
further reduction in the voltage available from
the secondary terminals. Thus, the greater the
secondary current, the smaller the secondary
terminal voltage becomes. The resistance of
the primary and secondary windings of the
transformer also causes voltage drops when
current is flowing, and, although these voltage
drops are not in phase with those caused by
leakage reactance, together they result in a
lower secondary voltage under load than is in-
dicated by the turns ratio of the transformer.
At power frequencies (60 cycles) the voltage at
the secondary, with a reasonably well-designed
transformer, should not drop more than about
10 per cent under load. The drop in voltage
may be considerably more than thisin a trans-
former operating at audio frequencies, however,
since the leakage reactance in a transformer
increases directly with the frequency.

Impedance ratio — In an ideal transformer
having no losses or leakage reactance, the
primary and secondary volt-amperes are equal;
that is,

E,I,=E,I,

On this assumption, and by making use of the
relationships between voltage, current and
turns ratio previously given, it can be shown

that

E, _E, (ny,\?

I;z Ic (nc)
Since Z = E/I, E,/I, is the impedance of the
load on the secondary circuit, and E,/I, is the
impedance of the loaded transformer as viewed
from the line. The equation states that the
impedance presented by the primary of the
transformer to the line, or source of power,
is equal to the secondary load impedance multi-
plied by the square of the primary-to-second-
ary turns ratio. This primary impedance is
called the reflected impedance or reflected load.
The reflected impedance will have the same
phase angle as the secondary load impedance,
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CORE TYPE

Fig. 235 — Two eommon ty pes of transforier construc-
tion. Core picces are interleaved to provide a continu-
ous magnetic path with as low reluctance as possible.

as previously explained. If the secondary load
is resistive only, then the input terminals of the
transformer primary will appear to the source
of e.m.f. as a pure resistance. .

In practice there is always some leakage re-
actance and power loss in the transformer, so
that the relationship above does not hold ex-
actly. However, it gives results which are ade-
quate for many practical cases. The impedance
ratio of the transformer consequently is con-
sidered to be equal to the square of the turns
ratio, both ratios being taken from the same
winding to the other.

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,

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

Transformer construction — Transformers
are gencrally built so that flux leakage is mini-
mized insofar as possible. The magnetic path
is laid out so that it is as short as possible, since
this reduces its reluctance and hence the num-
ber of ampere-turns required for a given flux
density, and also tends to minimize flux leak-
age. Two core shapes are in common use, as
shown in Fig. 235. In the shcll type both wind-
ings are placed on the inner leg, whilc in the
core type the primary and secondary windings
may be placed on separate legs, if desired. This
is sometimes done when it is necessary to mini-
mize capacity effcets between the primzary end
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secondary, or when there is a large difference of
potential between primary and secondary.

Core material for small transformers is
usually silicon steel, called ““transformer iron.”
The core is built up of thin sheets, called
laminations, insulated from each other (by a
thin coating of shellac, for example) to prevent
the flow of eddy currents which are induced in
the iron at right angles to the direction of the
field. If allowed to flow, these eddy currents
would cause considerable loss of energy in
overcoming the resistance of the core material.
The separate laminations are overlapped, to
make the magnetic. path as continuous as
possible and thus reduce leakage.

The number of turns required on the pri-
mary for a given applied e.m.f. is determined
by the maximum permissible flux density in the
type of core material used, the frequency, and
the magnetomotive force required to force the
flux through the iron. As a rough indication,
windings of small power transformers {re-
quently have about two turns per volt for a
core of 1 square inch cross-section and a mag-
netic path 10 or 12 inches in length. A longer
path or smaller cross section would require
more turns per volt, and vice versa.

In most transformers the coils are wound in
layers, with a thin sheet of paper insulation be-
tween each layer. Thicker insulation is uscd
between separate coils and between the coils
and the core.

In power transformers distributed capacity
in the windings is of little consequence, but in
audio-frequency transformers it may cause un-
desired resonance effects (see § 2-10 for a dis-
cussion of resonance). High-grade audio trans-
formers often have special types of windings
designed to minimize distributed capacity.

The autotransfermer— The transformer
principle can be utilized with only one winding
instead of two, as shown in Fig. 236; the princi-
ples just discussed apply equally well. The
autotransformer has the advantage that, since
the line and load currents are out of phase,
the section of the winding common to both
cireuits carries less current than the remainder
of the coil. This advantage is not very marked
unless the primary and secondary voltages do
not differ very greatly, while it is frequently
disadvantageous to have a direct connection.
between primary and secondary circuits. For
these reasons, appliention of the autotrans-
former is usually limited to boosting or reduc-
ing the line voltage by a relatively small
amount for purposes of voltage correction.

—-/ron Core
p———

Fig. 236 — The auts-trans-
former is based on the trans-
former principle, but uses
. only ove winding. The line
T Line  and load currents in the
A common winding (A) flow iu

opposite directious, so that
the resultant current is the
difference between them. t he
voltage across A is propors
ticual ta the turas ratio.
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¢ 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
series combination of inductance and capaci-
tance, therefore, there is one particular fre-
quency for which the inductive and capacitive
reactances are equal. Since these two react-
ances cancel each other, the net reactance in
the circuit becomes zero, leaving only the re-
sistance 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.

Series circuits — The frequency at which a
series circuit is resonant is that for which
X1 = X¢. Substituting the formulas for in-
ductive and capacitive reactance (§ 2-8) gives

1
2zfL = 27!’7

Solving this equation for frequency gives
1
f Sl e ———
27v/LC
This equation is in the fundamental units —
cycles per second, henrys and farads — and so,
if fractional or multiple units are used, the ap-
propriate factors must be inserted to change

them to the fundamental units. A formula in
units commonly used in radio circuits is

-1
f=—— X% 108
/LC

where f is the frequency in kilocycles per sec-
ond, 2r is 6.28, L is the inductance in micro-
henrys (uh.), and C is the capacitance in micro-
microfarads (uufd.).

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

When a constant a.c. voltage of variable fre-
quency is applied, as shown in Fig. 237-A,
the current flowing through such a circuit will
be maximum at the resonant frequency. The
magnitude of the current at resonance will be
determined by the resistance in the circuit. The
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Fig, 237—-Charact_eristics of geries-resonant and par-
allel-rcsonant circuits with variations in resistance, R.
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curves of Fig. 237 illustrate this, curve a being
for low resistance and curves b and ¢ being
for increasingly greater resistances.

In the circuits used at radio frequencies the
reactance of either the coil or condenser at
resonance is usually several times as large as
the resistance of the circuit, although the net
reactance is zero. As the applied frequency de-
parts from resonance, say on the low-frequency
side, the reactance of the condenser increases
and that of the inductance decreases, so that
the net reactance (which is the difference be-
tween the two) increases rather rapidly. When
it becomes several times as high as the resist-
ance, it becomes the chief factor in determining
the amount of current flowing. Hence, for cir-
cuits having the same values of inductance and
capacity but varying amounts of resistance,
the resonance curves tend to coincide at fre-
quencies somewhat removed from resonance.
The three curves in the figure show this ten-
dency.

Parallel circuits — The parallel-resonant
circuit is illustrated in Fig. 237-B. This cir-
cuit also contains inductance, capacitance and
resistance in series, but the voltage is applied in
parallel with the combination instead of in
series with it as in A. Ag explained in connec-
tion with parallel inductance and capacity
(§ 2-8), the total current through such a com-
bination is less than the current flowing in the
branch having the smaller reactance. If the
currents through the inductive and capacitive
branches are equal in amplitude and exactly
180 degrees out of phase, the total current,
called the line current, will be zero no matter
how large the individual branch currents may
be. The impedance (Z = E/I) of such a cir-
cuit, viewed from its parallel terminals, would
be infinite. In practice the two currents will not
be exactly 180 degrees out of phase, because
there is always some resistance in one or both
branches. This resistance makes the phase re-
lationship between current and voltage less
than 90 degrees in the branch containing it,
hence the phase difference between the cur-
rents in the two branches is less than 180 de~
grees and the two currents will not cancel com~
pletely. However, the line current may be very *
small if the resistance is small compared to the
reactance, and thus the parallel impedance at
resonance may be very high.

As the applied frequency is increased or de-
creased from the resonant frequency, the re-
actance of one branch decreases and that of
the other branch increases. The branch with
the smaller reactance takes a larger current, if
the applied voltage is constant, and that with
the larger reactance takes a smaller current.
As a result, the difference between the two
currents becomes larger as the frequency is
moved farther from resonance. Since the line
current is the difference between the two cur-
rents, the current increases when the frequency
moves away from resonance; in other words,
the parallel impedance of the circuit decreases.
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The variation of parallel impedance of a
parallel-resonant circuit with frequency is il-
lustrated by the same curves of Fig. 237 that
show the variation in current with frequency
for the series-resonant circuit. The parallel
impedance at resonance increases as the series
resistance is made smaller.

In the case of parallel circuits, resonance
may be defined in three ways: the condition
which gives maximum impedance, that which
gives a power factor of 1 (impedance purely
resistive), or (as in series circuits) when the in-
ductive 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 generally computed by the
series-resonance formula 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
cuter vart 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. I'or 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-walled tubing will serve just as
well as solid wire of the same diameter.

A further effect occurs in coils at radio fre-
quencies. The magnetic fields cause a concen-
tration of current in certain parts of the con-
ductors, 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 at radio fre-
quencies to many times the d.c. resistance of
the wire.

Magnetic materials at high frequencies —
At frequencies above the audio range (upper
limit in the vicinity of 15,000 cycles) ordinary
iron and steel cores are not useful for increasing
the inductance of coils, although they are
highly effective for this purpose at low fre-
quencies. This is principally because losses
from currents induced in the iron (eddy cur-
rents) increase to a prohibitive extent at high
frequencies, since the induced current is pro-
portional to frequency. Coils for radio-fre-
quency purposes either are constructed with-
out magnetic material (atr-core) or have spe-
cial types of iron cores particularly designed to
reduce losses. Cores for radio-frequency use are
made from finely divided iron of selected
grades, held together with an insulating bind-
ing material in such a way that eachiron parti-
cle is effectively insulated from the others. This
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prevents, or greatly reduces, the loss from
eddy currents. The permeability of such a
“powdered-iron’’ core is high enough, and the
core losses are low enough, so that it is possible
to construct an iron-core coil having lower
effective resistance than an air-core coil of the
same inductance. Although coils of this type
now are used chiefly at the lower radio fre-
quencies (below about 2 Me.), practicable iron-
core coils have been constructed for frequencies
approaching the very-high-frequency range.

Sharpness of resonance — As the internal
series resistance is increased the resonance
curves become ‘““flatter’ for frequencies near
the resonance frequency, as shown in Fig. 237.
The relative sharpness of the resonance curve
near resonance frequency is a measure of the
sharpness of tuning or selectivity (ability to dis-
criminate between voltages of different fre-
quencies) in such circuits. This is an important
consideration in tuned cireuits 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
continues in a resonant circuit by virtue of the
energy stored in the magnetic field of the coil
and the electric field of the condenser. When
the applied power is shut off the energy surges
back and forth between the coil and condenser,
being first stored in the field of one, then re-
leased in the form of current flow, and then re-
stored in the field of the other. Since there is
always resistance present some of the energy
is lost as heat in the resistance during each of
these .oscillations of energy, and eventually all
the energy is so dissipated. The length of timc
the oscillations will continue is proportional to
the ratio of the energy stored to that dissi-
pated in each cycle of the oscillation. This ratio
is called the @ (quality factor) of the circuit.

Since energy is stored by either the induct-
ance or capacity and wmay be dissipated in
either the inductive or capacitive branch of the
cireuit, a Q can be established for either the in-
ductance or capacity alone as well as for the
entire circuit. It can be shown that the energy
stored is proportional to the reactance and
that the energy dissipated is proportional to
the resistance, so that, for either inductance or
eapaeity associated with resistance,

This relationship is useful in circuit problems,

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

The sharpness of resonance of a tuned cir-
cuit is directly proportional to the @ of the
circuit. As an indication of the effect of @, the
current in a series circuit drops to a little less
than half its resonance value when the applied
frequency is changed by an amount equal to
1/Q times the resonant frequency. The paral-
lel impedance of a parallel circuit similarly de-
creases with change in frequency. For example,
in a circuit having a Q of 100, changing the ap-
plied frequency by 1/100th of the resonant
frequency will decrease the parallel impedance
to less than half its value at resonance.

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 ecircuit with high decrement
(low Q) is said to be highly damped; one with
low deerement (high Q) is lightly damped.

Voltage rise — When a voltage of the reso-
nant frequency is inserted in serics 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 are of opposite types and hence the
voltages are opposite in phase, so that the net
voltage around the circuit is only that which is
applied. The ratio of the reactive voltage to the
applied voltage is proportional to the ratio of
reactance to resistance, which is the @ of the
circuit. Hence. the voltage across either the coil
or condenser is equal to @ times the voltage in-
serted in series with the circuit.

Parallel-resonant circuit impedance —
The parallel-resonant circuit offers pure re-
sistance (its resonant 7mpedance) between its
terminals because the line current is practically
in phase with the applicd voltage. At frequen-
cies off resonance the current increases through
the branch having the lower reactance (and

RESISTANCE -RELATIVE

REACTANCE

FREQUENCY

Fig. 238 — The impedance of a parallcl-resonant resist-
ance circuit is shown here separated into its reactance
and resistance components, The parallel resistance of the
circuit is cqual 1o the parallel impedance at resonance.
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vicg versa) so that the circuit becomes reac-
tive, and the resistive component of the im-
pedance decreases as shown in Fig. 238,

If the circuit Q is 10 or more, the parallel
impedance at resonance is given by the formula

Z, = X*/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 power
dissipated is that lost in the resistance of the
resonant circuit itself. Hence the coil should be
designed to have as high Q as possible. Since,
within limits, increasing the number of turns
raises the reactance faster than it raises the
resistance, coils for such purposes are made
with relatively large inductance for the fre-
quency under consideration.

On the other hand, when the circuit delivers
energy to a load, as in the case of the resonant
circuits used in transmitters, the energy con-
sumed in the circuit itself is usually negligible
compared with that consumed by the load. The
equivalent of such a circuit can be represented
as shown in Fig. 239-A, where the parallel
resistor represents the load to which power is
delivered. If the power dissipated in the load
is greater by 10 tiines or more than the power
lost in the coil and condenser, the parallel im-
pedance of the resonant circuit alone will be so
high compared to the resistance of the load
that the latter may be considered to determine
the impedance of the combined circuit. (The
parallel impedance of the tuned circuit alone
is resistive at resonance, so that the impedance
of the combined circuit may be calculated from
the formula for resistances in parallel. If one
of two resistances in parallel has 10 times the
resistance of the other, the resultant resist-
ance is practically equal to the smaller resist-
ance.) The error will be small, therefore, if the
losses in the tuned circuit alone are neglected.
Then, since Z = XQ, the @ of a circuit loaded
with a resistive impedance, Z, is

7
Q X
where Z is the load resistance connected across
the circuit and X is the reactance of either the
coil or condenser. Hence, for a given parallel
impedance, the effective Q@ of the circuit in-
cluding the load is 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.

From the above it is evident that connecting
a resistance in parallel with a resonant circuit
decreases the impedance of the circuit. How-
ever, the reactances in the circuit are un-
changed, hence the reduction in impedance is
equivalent to a reduction in the @ of the cir-
cuit. The same reduction in impedance also
could be brought about by increasing the series
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resistance of the circuit. The equivalent series
resistance introduced in g resonant circuit by
an actual resistance connected in parallel is
that value of resistance which, if added in

@™ E* II Rf:
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Fig. 239 — The equivalent eircuit of a resonant eir-
cuit delivering power to a load. The resistor R represents
the load resistance. At (BB) the load is tapped across
part of L, which by transformer aection is equivalent to
using a higher load resistance across the whole cireuit.

series with the coil and condenser, would de-
crease the circuit @ to the same value it has
when the parallel resistance is connected.
When the resistance of the resonant circuit
alone can be neglected, the equivalent re-
sistance is
x?

R Z
the symbols having the same meaning asin the
formula above. .

The effect of a load of given resistance on
the @ of the circuit 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. 239-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 ircn-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— The formula for resonant fre-
quency of a circuit shows that the same fre-
quency always will be obtained so long as the
product of L and C is constant. Within this
limitation, 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.

Piesoelectricity — Properly ground plates
or bars of quartz and certain other crystalline
materials show a mechanical strain when sub-
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jected to an electric charge and, conversely,
will show a difference in potential between two
faces when subjected to mechanical stress. This
characteristic is called the prezoelectric effect.
A piezoelectric crystal is a mechanical vibrator
eleetrically 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.

Q 2-11  Coupled Circuits

Energy transfer; loading — Two circuits
are said to be coupled when energy ecan be
transferred from one to the other. The circuit
delivering energy is called the primary circuit;
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 a medium through which the energy is
transferred to a load resistance where it does
work. In the latter case, the coupled circuits
may act as a radio-frequency impedance-
matching device (§ 2-9) where the matching
can 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 —
One method of coupling between two resonant
circuits is to have some type of circuit element
common to both circuits. The three variations
of this type of coupling (often called direct
coupling) shown at A, B and C of Fig. 240,
utilize a common inductance, capacity and
resistance, respectively. Current circulating
in one LC branch flows-through the common
element (L., C., or ;) and the voltage devel-
oped across this element causes current to flow
in the other LC branch. The degree of coupling
between the two circuits becomes greater as the
reactance (or resistance) of the common ele-
ment is increased in comparison to the remain-
ing reactances in the two branches.

If both circuits are resonant to the same
frequency, as is usually the case, the common
impedance — reactance or resistance — re-
quired for maximum energy transfer is gener-
ally quite small compared to the other react-
ances in the circuits.

Capacity coupling— The circuit at D
shows electrostatic coupling between two reso-
nant circuits. The coupling increases as the
capacity of C.is made greater (reactance of C.
is decreased). When two resonant circuits are
coupled by this means, the capacity required
for maximum energy transfer is quite small if
the Q of the secondary circuit is at all high.
For example, if the parallel impedance of the
secondary circuit is 100,000 ohins, the react-
ance of the coupling condenser need not be
lower than 10,000 ohms or so for ample cou-
pling. The corresponding capacity required is
only a few micromicrofarads at high frequencies.

Inductive coupling — Fig. 240-F illustrates
inductive coupling, or coupling by means of
the magnetic field. A circuit of this type re-
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Fig. 240 — Basic mcthaods of circuit coupling.
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sembles the iroti-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 simple relationships between
turns ratio, voltage ratio and impedance ratio
in the iron-core transformer do not hold. To
determine the operation of such circuits, it is
necessary to take account of the mutual induct-
ance (§ 2-5) between the coils,

Link coupling— A variation of inductive
coupling, called link coupling, is shown in Fig.
241. This gives the effect of inductive coupling
between two coils which may be so separated
that they have no mutual inductance; the link
may be considered simply as a means of pro-
viding the mutual inductance. Because mutual
inductance between coil and link is involved at
each end of the link, the total mutual induct-
ance between two link-coupled circuits cannot
be made as great as when normal inductive
coupling is used. In practice, however, this
ordinarily is not disadvantageous. Link cou-
pling frequently is convenient in the design of
equipment where inductive coupling would be
impracticable because of constructional con-
siderations.

The link coils generally have few turns com-
pared to the resonant-circuit coils, since the
coefficient of coupling is relatively independent
of the number of turns on either coil.
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Coefficient of coupling— The degree of
coupling between two coils is a function of
their mutual inductance and self-inductances:

M
bk =—
‘\/Lle

where & is called the coefficient of coupling. 1t is
often expressed as a percentage. The coefficient
of coupling cannot be greater than 1, and gen-
erally is much smaller in resonant circuits.

Inductirely coupled circuits — Three types
of circuits with inductive coupling are in
general use. As shown in Fig, 242, one type has
a tuned-secondary curcuit with an untuned-
primary coil, the second a tuned-primary cir-
cuit and untuned-secondary coil, and the third
uses tuned circuits in both the primary and
secondary. The circuit at A is frequently used
in receivers for coupling between amplifier
tubes when the tuning of the circuit must be
varied to respond to signals of different fre-
quencies. Circuit B is used principally in trans-
mitters, for coupling a radio-frequency ampli-
fier to a resistive load. Cirenit C is used for
fixed-frequency amplification in receivers. The
same circuit also is used in transmitters for
transferring power to a load which has both
reactance and resistance.

If the coupling between the primary and sec-
ondary is “tight” (coeflicient of coupling
large), the effect of inductive coupling in cir-
cuits A and B, Fig. 242, is much the same as
though the circuit having the untuned coil
were tapped on the tuned circuit (§ 2-10). Thus
any resistance in the circuit to which the un-
tuned coil is connected is coupled into the
tuned circuit in proportion to the mutual in-
ductance. This is equivalent to an increase in
the series resistunce of the tuned circuit, and its
Q and sclectivity are reduced (§ 2-10). The
higher the coeflicient of coupling, the lower the
Q for a given value of resistance in the coupled
circuit. These circuits may be used for imped-
ance matching by adjustment of the coupling
and of the number of turns in the untuned coil.

If the circuit to which the untuned coil is
connected has reactance, a certain amount of
reactance will be “coupled in’’ to the tuned
circuit depending upou the amount of re-
actance present and the degree of coupling.
The ehief effect of this coupled reactance is to
require readjustinent of the tuning when the
coupling is increased, if the tuned circuit has
first been adjusted to resonance under condi-
tions of very loose coupling.

S

Input T

-2

Fig, 241 ~ Link coupling, The mutual inductances at
both ends of the link are equivalent to mutualinductance
hetween the tuned circuits, and serve the same purpose.
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Fig. 242 — Types of inductively coupled circuits. In A
and B3, one circuit is tuncd, the other untuned. C shows
the method of coupling between two tuned circuits.

Coupled resonant circuits — The effect of
a tuned-secondary circuit on a tuned primary
is somewhat more complicated than in the
simpler circuits just described. When the sec-
ondary is tuned to resonance with the applied
frequency, its impedance is resistive only. If the
primary also is tuned to resonance, the current
flowing in the secondary circuit (caused by the
induced voltage) will, in turn, induce a volt-
age in the primary which is opposite in phase
to the voltage acting in series in the primary
circuit. This opposing voltage reduces the
effective primary voltage, and thus causes a re-
duction in-primary current. Since the actual
voltage applied in the primary circuit has not
changed, the reduction in current can be looked
upon as being caused by an increase in the re-
sistance of the primary circuit. That is, the
effect of coupling a resonant secondary to the
primary is to increase the primary resistauce.
The resistance under consideration is the serdes
resistance of the primary circuit, not the paral-
lel impedance or resistance. The parallel re-
sistance decreases, since the increase in series
resistance reduces the @ of the primary cir-
cuit.

If the secondary circuit is not tuned to res-
onance, the voltage induced back in the pri-
mary by the secondary current will not be ex-
actly out of phase with the voltage acting in
the primary; in effect, reactance is coupled
into the primary circuit. If the applied fre-
quency is fixed and the secondary circuit tun-
ing is being varied, this means that the primary
circuit will have to be retuned to resonance
each time the secondary tuning is changed.

If the two circuits are initially tuned to res-
onance at a given frequency and then the ap-
plied frequency is varied, both circuits become
reactive at all frequencies off resonance. Under
these conditions, the reactance coupled into the
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primary by the secondary retunes the primary
circuit to a new resonant frequency. Thus, at
some frequency off resonance, the primary cur-
rent will be maximum, while at the actual res-
onant frequency the current will be smaller
because of the resistance coupled in from the
secondary at resonance. There is a point of
maximum primary current both above and
below the true resonant frequency.

These effects are almost negligible with very
“loose’’ coupling (coefficient of coupling very
small), but increase rapidly as the coupling
increases. Because of them, the selectivity of a
pair of coupled resonant circuits can be varied
over a considerable range simply by changing
the coupling between them. Typical curves
showing the variation of selectivity are shown
in Fig. 243, lettered in order of increasing co-
efficient of coupling. At loose coupling, A, the
voltage across the secondary circuit (induced
voltage multiplied by the @ of the secondary
circuit) is less than the maximum possible
because the induced voltage is small with loose
coupling. As the coupling increases the sec-
ondary voltage also increases, until critical
coupling, B, is reached. At still closer coupling
the effect of the primary current “humps”
causes the secondary voltage to show some-
what similar humps, while when the coupling
is further increased the frequency separation of
the huinps becomes greater. Resonance curves
such as those at C and D are called ‘‘flat-
topped,” because the output voltage is sub-
stantially constant over an appreciable fre-
quency range. Such a characteristic is desirable
in many receiver applications.

Critical coupling — 1t will be observed that
maximum secondary voltage is obtained in the
curve at B in Fig. 243. With tighter coupling
the resonance curve tends to be double-peaked,
but in no case is such a peak higher than
that shown for curve B. The coupling at which
the secondary voltage is maximum is known as
critical coupling. With this coupling the re-
sistance coupled into the primary circuit is
equal to the resistance of the primary itself,
corresponding to the condition of matched
impedances. Hence, the energy transfer is max-
imum at critical coupling. The over-all selec-
tivity of the coupled circuits at critical coupling
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Fig. 243 — Showing the effect on the output voltage
from the secondary circuit of changing the coefficicnt of
coupling between two resonant circuits independently
tuned to the same frequency. The input voltage is held
constant in amplitude while the frequency is varied.
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is intermediate between that obtainable with
loose coupling and tight coupling. At very loose
coupling, the selectivity of the system is very
nearly equal to the product of the selectivities
of the two circuits taken separately; that is, the
effective Q of the circuit is equal to the product
of the Qs of the primary and secondary.

Effect of circuit  — Critical coupling is a
function of the Qs of the two circuits taken in-
dependently. A higher coefficient of coupling
is required to reach critical coupling when the
Qs are low; if the Qs are high, as in receiving
applications, a coupling coefficient of a few
per cent may give critical coupling.

With loaded circuits it is not impossible for
the @ to reach such low values that critical
coupling cannot be obtained even with the
highest practicable coeflicient of coupling (coils
as close physically 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 with link
coupling, beeause the maximum coefficient of
coupling between two coils seldom runs higher
than 50 or 60 per cent and the net coeflicient
is approximatcly equal to the products of the
coefficients at each end of the link. If the load
resistance is known beforchand, the circuits
may be designed for a @ in the vicinity of 10
or so with assurance that suflicient coupling
will be available;if unknown, the proper Qs can
be determined by experiment.

Shielding — Frequently it is necessary to
prevent coupling between two circuits which,

L
Input Output
T

L-Section

"THE RADIO

r—=Section
LOW PASS

c (5
Input L Output Input L L Output

L-Section Ti-Section
HIGH PASS

R R l
Input Output Input Output
C ’ I (o C Pe

T .

RESISTANCE — CAPACITY
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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). A metallic
plate called a baflle shield, inserted between
two components, may suffice to prevent elec-
trostatic coupling between them, since very lit-
tle of the field tends to bend around such a
shield if it is large enough to make the compo-
nents electrostatically invisible to each other.

Similar metallic shielding is used at radio
frequencies to prevent magnetic coupling. In
this case the magnetic field 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 with the condue-
tivity 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 baflle
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 field 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 @ of
the coil is reduced. The effect of shielding on
coil Q@ and inductance becomes less as
the distancebetween the coilandshield
is increased. The losses also decrease
with an increase in the conductivity
of the shield material. Copper and
aluminum are satisfactory materials.
The Q and inductance will not be
greatly reduced if the spacing be-
tween the sides of the coil and the
shield is at least half the coil diam-
eter, and is not less than the coil
diameter at the ends of the coil.

At audio frequencies the shielding
container is made of magnetic mate-
rial, preferably of high permeability
(§ 2-5), to short-circuit the external
flux about the coil to be shielded. A
nonmagnetic shield is quite ineffec-
tive at these low frequencies because
the induced current is small.

Filters — By suitable choice of
circuit elements a coupling system
may be designed to pass, without un-
due attenuation, all frequencies below
and reject all frequencies above a
certain value, called the cut-off fre-
quency. Such a coupling system is
called a filter, and in the above case
is known as a low-pass filter.
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1f frequencies 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 IFig. 244. The fundamental
circuit, from which more complex filters are
constructed, is the L-sectron. Fig. 244 alsoshows
x-section filters, constructed from the basic L-
section, which are frequently encountered both
in low-frequeney and r.f. circuits. The propor-
tions of L and C for proper operation of the fil-
ters depend upon the load resistance connected
across the output terminals, L being larger and
(' 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 atten-
uate all frequencies outside these limits. The
group of frequencies passed through the filter
is called the pass-band. Two resonant circuits
with greater than eritical coupling represent a
common form of band-pass filter.

The resistance-capacity filter, shown in Fig.
244, 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 employved
where the direet current has a low value so
that the d.c. voltage drop is not excessive, or
when a d.e. voltage drop actually is required.
The time constant (§ 2-6) must be large com-
pared to the time of one cycle of the lowest
frequency to be attenuated. In determining the
time constant, the resistance of the load must
be included as well as that in the filter it=elf.

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 is shown in Tig.
245-A. It consists of four resistances (called
arms) connected in series-parallel to a source
of voltage, E, with a sensitive galvanometer,
M, connected between the junctions of the
series-connected pairs. When the equation

Ry R3

s R,

is satisfied there is no potential difference be-
tween points 4 and B, since the drop across 2y
equals that across B4 and the drop across I2;
equals that across B3. Under these conditions
the bridge is said to be balanced, and no current
flows through M. If R3is an unknown resist-
ance and R4 is a variable known resictance,
R3 can be found from the following equation
after R4 has been adjusted to balance the
bridge (null indication on 3 ):

R
R

Ry 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,
ete.), so that a single variable resistor, Ry, can
serve as a standard for measuring widely dif-
ferent values of unknown resistance.

R3 =— Ry

®
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Fig. 245 — Bridge circuits utilizing resistance, induct-
ance and capacity arms, both alone and in combination.

Bridges similarly ean be formed with con-
densers, inductances and combinations of
resistance with either. Typical simple arrange-
ments are shown in Fig. 245. I'or 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. 245, and the Qs of the coils and con-
densers should be the same. When bridges are
used at audio frequencies, a telephone headset
is 2 good null indicator. The bridges at E and
It are commonly used in r.f. neutralizing circuits
(§ 4-7); the voltage from the source, E., is
balanced out at X.

 2-12 Linear Circuits

Standing 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
will travel back again. When a high-frequency
alternating voltage is applied to the wire a cur-
rent will flow toward the open end, and reflec-
tion will oceur 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 ampli-
tude from zero to a maximum value along
the wire. Such a variation is called a standing
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wave. The voltage along the wire also goes
through standing waves, but reaches its maxi-
mum values where the current is minimum
and vice versa.

2nd Harmonic

Fundamentol or 13¢
Harmonic

< d €,
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a-Current Maxima (anti-nodes)
bedef — Current Nodes

Fig. 246 — Standing-wave current distribution on a
wire operating as an oscillatory circuit, at the fundamen-
tal, second harmonic and third harmonic frequencics.

Frequency and warelength — 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. Since the velocity at which the current
travels is 300,000 kilometers (186,000 miles)
per second, the wavelength, or distance through
which the current will travel in the time of one
cycle, is
_ 300,000

f kes

where A 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. 1t 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-ke. antenna,” for instance).

Wavelength is also used interchangeably
with frequency in describing not only antennas
but also tuned circuits, complete transmitters,
receivers, etc. Thus, the terms ‘‘high-frequency
receiver’’ and “short-wave receiver,”’ or “75-
meter fundamental antenna’” and ‘4000-
kilocycle fundamental antenna,” are synony-
mous.

Harmonic resonance — Although a coil-
condenser combination having lumped con-
stants (capacitance and inductance) resonates
only at one frequency, circuits such as an-
tennas which contain distributed constants
resonate 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
twice the fundamental is called the second har-
monic, and 80 on,

Fig. 246 illustrates the distribution of cur-
rent on a wire for fundamental, second and
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third harmonic excitation. There is one point
of maximum current with fundamental opera-
tion, two when operation is at the second har-
monie, 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.

Radiation resistance — Since a line circuit
has distributed inductance and capacity, cur-
rent flow causes storage of energy in mag-
nctic 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 cycle (§2-8), but above 15,000
cycles or so (radio frequency) some escapes —
is radiated — in the form of electromagnetic
waves. Since energy radiated by a line or an-
tenna is energy dissipated, insofar as the line
is concerned, the energy loss can be considered
to take place in an equivalent resistance. 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. 247, the
fields about the adjacent scctions 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.
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Fig. 247 — Standing wave and instantaneous current
(arrows) conditions of a folded resonant.line circuit.

A circuit of this type will have a standing
wave on it, as shown by the dashed-line of Fig.
247, 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. This is because
the current is low and the voltage is high at
the open end of the line, but the current is high
and the voltage low at the closed end.
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A folded line may be made in the form of two
concentric conductors, as shown in Fig. 248.
The concentric line has even lower radiation
resistance than the folded-wire line, since the

im0 : i Y {
TN __(@: ------------------- %
Conductors
Short-circuited-

Fig. 248 — A concentric-line resonant circuit.

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

q 2-13 Circuits with Superimposed
Currents

Combined a.c. and d.c. — There are many
practical instances of simultaneous flow of
alternating and direct currents in a circuit.
When this occurs there is a pulsaling current,
and it is said that an alternating current is
superimposed on a direct current. As shown in
Fig. 249, 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
(3 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= VIacz +Idc2

where . is the effective value of the a.c.
component, I is the effective value of the com-
bination, and I is the average (d.c.) value of
the combination.

Beats — If two or more altermating currents
of different frequencies are present in a normal
circuit they have no particular effect upon
oune another, and for this reason can be sepa-
rated 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 output
but also currents having frequencies equal to
the sum, and difference, of the original fre-
quencies. These sum and difference frequencies
are called the beat frequencies. For example, if
frequencies of 2000 and 3000 ke. are present in
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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 be used to select the
desired beat frequency.

By-passing — In combined circuits, it is fre-
quently necessary to provide a low-impedance
path for a.c. around, for instance, a source of
d.c. voltage. This can be done by using a by-
pass condenser, which will not pass direct cur-
rent but will readily permit the flow of alter-
nating current. The capacity 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 imore effec-
tively will the a.c. be 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
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 r.f. and low-frequency (audio or
power) currents are present in a circuit, they
may be confined to desired paths by similar
nieans, since an inductance of high reactance
for radio frequencies will have negligible re-
actance at low frequencies, while a condenser
of low reactance at radio frequencies will have
high reactance at low frequencies.
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Fig. 2'-19—-Pulsatiug current, composed of an al-
ternating current superimposed on a direct current.

Grounds =~ The term *‘ground” is fre-
quently met with in discussions of circuits.
Normally it means the voltage reference point
in the circuit. There may or may not be an ac-
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 generally is grounded. The ground symbol
in circuit diagrams is used for convenience in
indicating common connections between vari-
ous parts of the circuit, as through a metal
chassis, and, with respect to actual ground,
usually has the meaning indicated above,



CHAPTER THREE

Vacuum Tubes

¢ 3-1 Diodes

Rectification — Practically all of the vac-
uum tubes used in radio work depend upon
thermionic conduction (§ 2-4) for their opera-
tion. The simplest type of vacuum tube is that
shown in Fig. 301. It has two elements, a cath-
ode and a plate, and is called a diode. When
heated by the “ A’ battery the cathode emits
electrons, which are attracted to the plate if the
plate is at a positive potential with respect to
the cathode.

Because of the nature of thermionic con-
duction, the tube is a conductor in one direc-
tion 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 with respect to the cathode.
Thus the tube can be used as a rectifier, to
change alternating current to pulsating direct
current. This alternating current can be any-
thing from the 60-cycle kind to the highest
radio frequencies.

Rectification finds its chief applications in
detecting radio signals and in power supplies.
These are treated in Chapters Seven and
Eight, respectively.

Characteristic curves — The performance
of the tube can be reduced to easily understood
terms by making use of tube characteristic
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 be-
tween cathode and plate is raised. For an ac-
tual tube the values of plate current and plate
voltage would be plotted along their respective
axes.

The power consumed in the tube is the prod-
uct of the plate voltage multiplied by the plate
current, just as in any d.c. circuit. In a vacuum
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Fig, 301 — The diode or two-elcment tube and a typical
characteristic curve showing platc enrrent vs. voltage.

56

tube this power is dissipated in heat developed
in the plate and radiated to the bulb.

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 themselves
negatively charged, tend to repel the similarly
charged electrons leaving the cathode 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. When
this occurs all the electrons emitted by the
cathode are attracted to the plate, and a fur-
ther increase in plate voltage can cause no
further increase in plate current. This condi-
tion is called saturation.

 3-2 Triodes

Grid control — If a third element, called the
centrol grid, or simply the grid, is inserted be-
tween the cathode and plate of the diode, the
space-charge effect can be controlled. The tube
then becomes a triode (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. If the grid is connected ex-
ternally to the eathode so that it is at the same
potential as the cathode, and a steady voltage
from a d.c. supply is then applied between the
cathode and plate (the positive of the “B” sup-
ply is always connected to the plate), there
will be a constant flow of electrons from cath-
ode to plate through the openings of the grid,
much as in the diode. However, if the grid is
given a positive potential with respect to the
cathode, the space charge will be partially
neutralized and there will be an increase in
plate current. If the grid is made negative with
respect to the cathode, the space charge will
be reinforced and the current will decrease.

This effect of grid voltage can be shown by
curves in which plate current is plotted against
grid voltage. At any given value of grid volt-
age the plate current will still depend upon the
plate voltage, so if complete information about
the tube is to be secured it is necessary to plot
a scries of curves taken with various values
of plate voltage. Such a sct of grid voltage vs.
plate current curves, typical of a small receiv-
ing triode, is shown in Fig. 303.
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Fig. 302 — Tlustrat-
ing the construction of
an elementary triode
vacuum tube, showing
the filament, grid (with
an end view of the grid
wires) and plate. The
relative density of the
space charge is indi-
cated roughly by the
dot density. Battery
symbols follow those
of the usual schematic
diagrams, while the
schematic tube symbol
is shown at the right.
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So long as the grid has a negative potential
with respect to the cathode, electrons cmitted
'by the cathode are repelled (§ 2-3) from the
grid, with the result that no current flows to the
grid. Hence, under these conditions, the grid
consumes no power. However, when the grid
becomes positive 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.

In addition to the set of curves showing the
relationship between grid voltage and plate
current at various fixed values of plate voltage,
two other sets of curves may be plotted to
show the characteristics of a triode. These are
the plate voltage vs. plate current characteris-
tic, which shows the relationship between plate
voltage and plate current for various fixed
values of grid voltage, and the constant-cur-
rent characteristic, which shows the relation-
ship between plate voltage and grid voltage for
various fixed values of plate current.

Amplification — The grid evidently 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 in bringing about a given change in
plate current as is a large change in plate
voltage.

The fact that a small voltage acting on the
grid is equivalent to a large voltage acting on
the plate indicates the possibility of amplifica-
tion with the triode tube; that is, the

S7

ferring it to another circuit, must be connected
in the plate circuit, since no particularly useful
purpose would be served in having the current
merely flow through the tube and the source
of e.m.f. Such a device is called the load, and
may be either a resistance or an impedance. The
term “impedance’ is frequently used even
though the load may be purely resistive.
Amplification factor — The relative effect
of the grid and plate voltages on the plate cur-
rent is measured by the amplification factor of
the tube, usually represented by the Greek
letter u. Amplification factor is defined as the
ratio of the change in plate voltage required
to produce a given change in plate current to
the change in grid voltage required to produce
the same plate-current change. Strictly speak-
ing, very small changes in both grid and plate
voltage must be used in determining the am-
plification factor, because the curves showing
the relationship between plate voltage and
plate current, and between grid voltage and
plate current, are not perfectly straight, espe-
cially if the plate current is nearly zero. Hence
the slope (§ 1-10) varies at different points
along the curves, and different values will be
obtained for the amplification factor as larger
or smaller voltage differences are taken for the
purpose of calculating it. The expression for
amplification factor can be written:

Yy
BT AE,

where A E, indicates a very small change in
plate voltage and A E, is the change in grid
voltage producing the same plate current
change. The symbol A (the Greek letter della)
indicates a small increment, or small change.

The amplification factor is simply a ratio,
and has no unit.

Plate resistance — Since only a limited
amount of plate current flows when a given
voltage is applied between plate and cathode,
it is evident that the plate-cathode circuit of
the tube has resistance. However, there is no
simple relationship between plate voltage and
plate current, so that in general the plate cir-
cuit of the tube does not follow Ohm’s Law.
Under a given set of conditions the application
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To utilize the controlled power, a
device for consuming it, or for trans-
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Fig. 303 — Grid voltage vs. plate current curves at various fixed val-
ues of plate voltage (Eb
curves of this type can be taken by means of the circuit at the right.

) for a typical small triode. Characteristic
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of a given plate voltage will cause a certain
plate current to flow, and if the plate voltage
is divided by the plate current a ‘‘ resistance”
value will be obtained which frequently is
called the ““d.c. resistance’ of the tube. This
“d.c. resistance” will be different for every
value of plate voltage and also for different
values of grid voltage, since the plate current
also depends upon the grid voltage when the
plate voltage is fixed.

In applications of the vacuum tube, it is more
important to know how the plate current
changes with a change in plate voltage than it
is to know the relationship between the actual
values of plate current and plate voltage. The
relationship between plate-current change and
plate-voltage change determines the a.c. plate
resistance of the tube. This resistance usually is
designated r,. It can be found from the plate
voltage vs. plate current characteristic curves
by finding the slope of the curve at the point
considered. Hence

AE,

Tal,

where A E, is a small change in plate voltage
and A ], the corresponding small change in
plate current, the grid voltage being fixed.

Plate resistance is expressed in ohms, xince
it is the ratio of voltage to current. The value
of plate resistance will, in general, change with
the particular voltages applied to the plate and
grid. It depends as well upon the structure of
the tube; low-x tubes have relatively low plate
resistance and high-u tubes have high plate
resistance.

Transconductance — The effect of grid
voltage upon plate current is expressed by the
grid-plate transconduclance of the tube. Trans-
conductance is a general term giving the rela-
tionship between the voltage applied to one
electrode and the current which flows, as a
result, in a second electrode. As in the previous
two cases, it is defined as the change in current
through the second electrode caused by a
" change in voltage on the first. Thus the grid-
plate transconductance, commonly called the
mutual conductance, is

Tp

_al,
Im = A'H,
16
n ‘é,?/ !
N / ?L
g 10 / / Y
S AT,
L./ 7AW
G N
oa Y. // 4 W
] 7
S 2 4 Fad A
Y AN AT
0 100 200 300 400 500

PLATE VOLTAGE

Fig. 304 — Plate voltage vs. plate current curves at various ﬁxer! values
of negative grid voltage for the same triode as in curves in Fig, 303.
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where ¢, is the mutual conductance, A I, the
change in plate current, and A E, the changein
grid voltage, the plate voltage being fixed. As
before, the sign A indicates that the changes
must be small. Transconductance is measured
in mhos, since it is the ratio of current to volt-
age. The unit usually employed in connection
with vacuum tubes is the micromho (one mil-
lionth of a mho), because the conductances are
small. By combining with the two preceding
formulax, it can be shown that g, = u/r,.

The mutual conductance of a tube is a rough
indication of its merit as an amplifier, since it
includes the effects of both amplification factor
and plate resistance. Its value varies with the
voltages applied to the plate and grid. With
the plate voltage fixed, the mutual conductance
decreases when the grid is made increasingly
negative with respect to the cathode. This
characteristic frequently can be used to ad-
vantage in the control of amplification, since
the amount of amplification can be varied over
wide limits simply by adjusting the value of a
steady voltage applied to the grid.

Static and dynamic curves — Curves of the
type shown in Figs. 301 and 303 are called
static curves. They show the current which
flows when various voltages are applied di-
rectly to the tube electrodes. Another useful
set of static curves is the “plate family,” or
plate voltage vs. plate current characteristic. A
typical set of curves of this type is shown in
Fig. 301,

A curve showing the relationship between
grid voltage and plate current when a load
resistance is connected in the plate circuit is
called a dynamic characteristic curve. Such
a curve includes the effect of the load resist-
ance, and hence is more indicative of the per-
formance of the tube as an amplifier. With
a fixed value of plate-supply voltage the actual
value of voltage between the plate and cathode
of the tube will depend upon the amount of
plate current flowing, since the plate current
also flows through the load resistance and
therefore results in a voltage drop which must
be subtracted from the plate-supply voltage.
The dynamic curve includes the effect of this
voltage drop. Consequently, the plate cur-
rent alwayx is lower, for a given value of grid
voltage and plate-supply voltage, with the
load resistance in the circuit
than it is without it.

Representative dynamic char-
acteristics are shown in Fig.
305. These were taken with the
same type of tube whose static
curves are shown in Fig. 303.
Different curves would be ob-
tained with different values of
plate-supply voltage, E,; this
set is for a plate-supply voltage
of 300 volts. Note that increas-
ing the value of the load resist-
ance reduces the plate current
at a given bias voltage, and also
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that the curves are straighter
with the higher values of load
resistance. Zero plate current
always occurs at the same value
of negative grid bias, since at
zero plate current there is
no voltage drop in the load
resistance and the full supply
voltage is applied to the plate.

Fig. 306 shows how the plate current re-
sponds to an alternating voltage (signal) ap-
plied to the grid. If the plate current is to have
the same waveshape as that of the signal, it is
necessary to confine the operation to the
straight section of the curve. To do this, it is
necessary to select an operating potnt near the
middle of the straight portion; this operating
point is determined by the fixed voltage (hias)
applied to the grid. The alternating signal
voltage then adds to or subtracts from the grid
bias, depending upon whether the instantane-
ous signal voltage is negative or positive with
respect to the cathode, and causes a corre-
sponding variation in plate current. The maxi-
mum departure of instantaneous grid voltage
or plate current from the operating point is
called the swing. The varying plate current
flows through the load resistance, causing a
varying voltage drop which constitutes the
useful output voltage of the tube.

The point at which the plate current is re-
duced to zero is called the cut-off point, The
value of negative grid voltage at which cut-off
occurs depends upon the amplification factor
of the tube and the plate voltage. It is approxi-
mately equal to the plate-supply voltage di-
vided by the amplification factor.

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 capacities 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 {ube
ratings. Ratings include proper values for fila-
ment or heater voltage and current, plate volt-
age and current, and similar operating specifi-
cations for other elements. Animportant rating
in power tubes is the mazimum safe plate dissi-
pation, or the maximum power that can be dis-
sipated continuously in heat on the plate(§3-1).
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Fig. 305 — Dynamic characteristics of a small triode
with various load resistances from 5,000 to 100,000 ohms.

€ 3-3 Amplification

Principles — The operation of a simple am-~
plifier, which was described briefly in the pre-
ceding section, is shown in more detail in Fig.
307. The load in the plate circuit is the resistor,
R,. For the sake of example, it is assumed that
the plate-supply voltage is 300 volts, the nega-
tive grid bias is 5 volts, and the plate current
at this bias when R, is 50,000 ohms is 2 milli-
amperes (0.002 ampere). If no signal is applied
to the grid circuit, the voltage drop in the load
resistor is 50,000 X 0.002, or 100 volts, leaving
200 volts between the plate and cathode.

If a sine-wave signal having a peak value of
2 volts is applied in series with the bias voltage
in the grid circuit, the instantaneous voltage
at the grid will swing to — 3 volts at the in-
stant the signal reaches its positive peak and
to — 7 volts at the instant the signal reaches
its negative peak. The maximum plate current
will occur at the instant the grid voltage is
— 3 volts and, as shown by the graph, will have
a value of 2.65 milliamperes. The minimum
plate current occurs at the instant the grid
voltage is — 7 volts, and has a value of 1.35
ma. At intermediate values of grid voltage, in-
termediate plate-current values will occur. The
instantaneous voltage between the plate and

>

PLATE CURRENT

/S GRID VOLTAGE
Cut-off
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Fig. 306 — Behavior of the platc current of a vacuum
tube in response to an alternating signal voltage
superimposed on a steady negative grid voltage or bias.
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Fig. 307 — Amplifier operation. When the plate eurrent
varies in response to the signal applied to the grid, a
varying voltage drop appears across the load, R,, as
shown by the dashed curve, Ep. I, is the plate current.

cathode of the tube also is shown on the graph.
When the plate current is maximum the in-
stantaneous voltage drop in R, is 50,000 X
0.00265 or 132.5 volts, and when the plate
current is minimum the instantaneous voltage
drop in R, is 50,000 X 0.00135 or 67.5 volts.
The actual voltage between plate and cathode
is therefore the difference between the plate-
supply voltage, 300 volts, and these voltage
drops in the load resistance. or 167.5 and 232.5
volts, respeetively.

The varying plate voltage is an a.c. voltage
superimposed (§ 2-13) on the steady plate-
cathode voltage of 200 volts, which was pre-
viously determined for no-signal conditions.
The peak value of this a.c. output voltage is
the difference between either the maximum or
minimum plate-eathode voltage and the no-
signal value of 200 volts. In the illustration
this difference is 232.5 — 200 or 200 — 167.5,
or 32.5 volts. Since the grid signal voltage has
a peak value of 2 volts, the voltage amplifiea-
tion ratio of the amplifier is 32.5/2 or 16.25.
That is, approximately 16 times as much volt-
age will be obtained from the plate circuit as
is applied to the grid circuit.

Amplifiersin which the voltage output, rather
than the power output, is the primary con-
sideration are called voltage am plifiers.

It will be observed that only the alternating
plate and grid voltages enter into the calcula-
tion of the amplification ratio. The d.c. plate
and grid voltages are of course essential to the
operation of the tube, since they set the oper-
ating point, but otherwise their presence may
be ignored. This being the case, it is possible to
show that the tube can be replaced by an
equivalent generator which has an internal re-
sistance equal to the a.c. plate resistance of the
tube (§ 3-2) at the operating point chosen and
which generates a voltage equal to the ampli-
fication factor of the tube multiplied by the
signal voltage applied to the grid. The equiva-
lent generator, together with the load resist-
ance, I?,, is shown in Iig. 308. This simplifica-
tion enables ready calculation of the amplifica-
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tion. If the generated voltage is
u#E;, then the same ecurrent
flows through r, and R,, and
hence the voltage drop across
12, which is the useful output
voltage, is

R,
o+ Ry
since R, and r, together con-
stitute a voltage divider (§ 2-6).
The voltage-amplification ratio is given by the
output voltage divided by the input voltage,
henee dividing the above expression by E,
gives the following formula for the amplifica-
tion of the tube:

E, = uF,

#Rﬁ
r, + Iy

This expression shows that, to obtain a large
voltage-amplification ratio, it is necessary to
mitke the plate load resistance, R,, large com-
pared to the plate resistance, r,, of the tube.
The maximum possible amplification, obtained
when R, is infinitely larger than r,, is equal to
the u of the tube. A tube with a large value of
will, in general, give more voltage amplification
than one with a medium or low value. How-
ever, the ndvantage of the high x is less than
might be expected, because a high-z tube
usually also has a correspondingly high value
of r,, so that a high value of load resistance
must be used to realize an appreciable part of
the possible amplification. Thisin turn not only
requires the use of high values of plate-supply
voltage, but has some further disadvantages to
be deseribed later.

Power in grid circuit — In the operation
depicted in Fig. 306, the grid is always negative
with respect to the cathode. If the peak signal
voltage is larger than the bias voltage, the grid
will be positive with respect to the cathode
during part of the signal cycle. Grid current will
flow during this time, and the signal source
will be called upon to furnish power during the
period while grid current is flowing. In many
cases the signal source is not capable of furnish-
ing appreciable power, so that care must be
taken to avoid ‘““driving the grid positive.”

Amplification =

Fig. 308 — Equivalent
circuit of the vacuum.
tube amplifier. The
tube is replaced by an
equivalent gencrator
having an internal re-
sistance equal to the
a.c. plate resistance
of the vacuum tube.
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When dealing with small signals the source
of signal voltage frequently has high internal
resistance, so that a considerable voltage drop
oceurs in the source itself whenever it is called
upon to furnish grid current. Since this voltage
drop occurs only during part of the cycle, the
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Fig. 309 — Distor.
tion of applied signal
because of grid-eurrent
flom. With the operat-
ing point at 3 volts

negative bias, grid cur- operqht'ny
rent will flow as shown Poin
by the curve whenever Il

the applied signal volt-  «10 =8 =6 -4 =2 o0 +2 +4
age is more than 3 volts
positive. If there is
appreciable internal re-
sistanee, as indicated
in the second drawing,
there will be a voltage
drop in the resistance
whenever current s
flowing but not during
the period when no cur-
rent flows. The signal
will reach the grid un-
ehanged so long as the
instantaneous voltage
is less than 3 volts posi- -5
tive, but the voltage at

the grid will he less
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voltage applied to the grid undergoes a change
in waveshape because of the current flow. This
is shown in Fig. 309, where a sine-wave signal
is generated but, beeause of the internal resist-
ance of the source, is distorted at the grid of the
tube during the time when grid current flows.

If the internal resistance of the signal source
is low, so that the internal voltage drop is
negligible when current flows, this distortion
does not occur. With such a source, it is pos-
sible to operate over a greater portion of the
amplifier characteristic.

Harmonic distortion — If the operation of
the tube is not confined to a straight or linear
portion of the dynamic characteristic, the
waveshape of the output voltage will not be
exactly the same as that of the signal voltage.
This is shown in Fig. 310, where the operating
point is sclected so that the signal voltage
swings into the curved part of the character-
istic. While the upper half-cycle of plate cur-
rent reproduces the sine-wave shape of the
positive half-cycle of signal voltage, the lower
half-cycle of plate current is considerably dis-
torted and bears little resemblance to the upper
half-cyecle of plate current.

As explained in § 2-7, a non-sinusoidal wave-
shape can be resolved into a number of sine-
wave components or harmonies which are
integral multiples of the lowest frequency
present. Consequently, this type of distortion
is known as harmonic distortion. Distortion re-
sulting from grid-current flow, described in the
preceding paragraph, also is harmonic distor-
tion. llarmonic distortion from either or both
causes may arise in the same amplifier.

Ilarmonic distortion may or may not be
tolerable in an amplifier. At audio frequencies
it is desirable to keep harmonic distortion
to a minimum, but radio-frequency amplifiers
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are frequently operated in such a way that the
r. f. wave is greatly distorted.

Frequency distortion — Another type of
distortion, known as frequency distortion, oc-
curs when the amplification varies with the
frequency of the a.c. voltage applied to the
grid circuit of the amplifier. It is not neces-
sarily accompanied by harmonic distortion. It
can be shown by a frequency-response curve or
graph in which the relative amplification is
plotted against frequency over the frequency
range of interest.

Resistance-coupled amplifiers — An am-
plifier with a resistance load is known as a
“‘resistance-coupled’ amplifier. This type of
amplifier is widely used for amplification at
audio frequencies. A simplified cireuit is shown
in Fig. 311, where the amplifier is coupled to a
following tube. Since all the power output of a
resistance-coupled amplifier is consumed in the
load resistor such amplifiers are used almost
wholly for voltage amplification, usually work-
ing into still another amplifier.

A single amplifier is called a stage of ampli-
fication, and a number of amplifier stages in
succession are said to be in cascade.

The purpose of the coupling condenser, C.,
is to transfer to the grid of the following tube
the a.c. voltage developed across R,, and to
prevent the d.c. plate voltage on tube A from
being applied to the grid of tube B. The grid
resistor, I, transfersthe bins voltage to the grid
of tube B and prevents short-circuiting the a.c.
voltage through the bias battery. Since no grid
current flows, there is no d.c. voltage drop in
R,; consequently the full bias voltage is ap-
plied to the grid. In order to obtain the maxi-
mum a.c. voltage at the grid of tube B the
reactance of the coupling condenser must be
small compared to the resistance of R, so
that most of the voltage will appear across R,
rather than across C. Also, the resistance of R,
must be large compared to R, because, so far
as the a.c. voltage developed in R, is con-
cerned, R, is in parallel with R, and therefore
is just as much a pwt of R, as though it were
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Fig. 310 — Harmonie distortion resulting from choice
of an operating point on the curved part of the tube
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Fig. 311 — V'ypical resistance-coupled amplifier circuits.

connected directly in parallel with it. (The
impedance of the plate-supply battery is as-
sumed to be negligible, so that there is no a.c.
voltage drop between the lower end of R, and
the common connection between the two
tubes.) In practice the maximum usable value
of 2, is limited to from 0.5 to about 2 megohms,
depending upon the characteristics of the tube
with which it is associated. If the value is made
too high, stray electrons collecting on the grid
may not “leak off”’ back to the cathode rapidly
enough to prevent the accumulation of a nega-
tive charge on the grid. This is equivalent to
an increase in the negative grid bias, and hence
to a shift in the operating point.

The equivalent circuit of the amplifier now
includes C., R;, and a shunt capacity, C,, which
represents the input capacity of tube B and
the plate-cathode capacity of tube A, to-
gether with such stray capacity as exists in the
circuit. The reactance of C, will depend upon
the frequency of the voltage being amplified,
and, since C, is in parallel with B, and R,, it also
becomes part of the load impedance for the
amplifier. At low frequencies — below 1000
cycles or so — the reactance of C, usually is so
high that it has practically no effect on the
amplification, but, since the reactance de-
creases at higher frequencies, it is found that
the amplification drops off rapidly when the
reactance of C, becomes comparable to the
resistance of R, and R, in parallel. To main-
tain the amplification at high frequencies, it
is necessary that R, be relatively small if C, is
large, or that C, be small if R, is large.

Under the best conditions, in practice C, will
be of the order of 15 uufd. or more, while it is
possible for it to reach values as high as a few
hundred pufd. The larger values are encoun-
tered when tube B is a high-u triode, as de-
scribed in a later paragraph. Even with a low
value of shunt capacity, the shunt reactance
will decrease to a comparatively low value at
the upper limit of the audio-frequency range;
a shunting capacity of 20 pufd., for example,

-
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represents a reactance of about 0.5 megohm
at 15,000 cycles, and hence is of the same order
as R, for the type of tubes with which such a
low value of capacity would be associated. In
order to secure the same amplification at high
as at low frequencies, therefore, it is necessary
to sacrifice low-frequency amplification by re-
ducing the value of R, to the point where the
reactance of C, at the highest frequency of
interest is considerably larger than R,.

At radio frequencies the recactance of €, be-
comes so low that the amount of amplification
it is possible to realize is negligible compared
to that which can be obtained in the audio-
frequency range. The resistance-coupled am-
plifier, therefore, is used principally for audio-
frequency work.

Impedance-coupled amplifiers — If either
the plate resistor or grid resistor (or both) in
the amplifier described in the preceding para-
graph is replaced by aninductance, the ampli-
fier is said to be impedance-coupled. The induct-
ance or impedance is commonly substituted for
the plate load resistor, so that the usual circuit
for such an amplifier is as given in Fig. 312.

Considering the operation of the tube from
the standpoint of the equivalent cirecuit of
Fig. 308, it is evident that a voltage drop would
exist across a reactance of suitable value sub-
stituted for the indicated load resistance, R,,
so long as the output of the generator is alter-
nating current. From the physical standpoint,
any change in the current flowing through the
inductance in Fig. 312 would cause a self-
induced e.m.f. having a value proportional to
the rate of change of current and to the in-
ductance of the coil. Consequently, if an a.c.
signal voltage is applied to the grid of the tube,
the resultant variations in plate current cause
a corresponding a.c. voltage to appear across
the coil terminals. This induced voltage is the
useful output voltage of the tube.

The amplitude of the output voltage can be
calculated, knowing the x and plate resistance
of the tube and the impedance of the load, in
much the same way as in the case of resistance
coupling, except that the equation must be
modified to take account of the fact that the
phase relationship between current and voltage
is not the same in an impedance as it is in a
resistance. In practice, the plate load induct-
ance is shunted by the tube and stray capaci-
ties of the circuit as well as by its own distributed
capacity. Since the greatest amplification will

Fig. 312 — Impedance-coupled amplifier, in which an
inductance, Ly, is used as the plate load impedance.
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be secured when the load impedance is as high
as possible, the coil usually is made to have
sufficient inductance so that, in combination
with these shunting eapacities, the circuit as a
whole will be parallel-resonant at some fre-
quency near the middle of the audio-frequency
range. Under these conditions the load im-
pedance has its highest possible value, and is
approximately resistive rather than reactive.
The equation for amplification with resist-
ance coupling shows that, when R, is several
times the plate resistance, 75, a further increase
in R, results in comparatively little increase in
amplification. The load circuit of an imped-
ance-coupled amplifier usually has an im-
pedance value quite high in comparison to the
plate resistance of the tube with which it is
used, so that the load impedance can vary over
a considerable range without much effect on
the amplification. This gives the impedance-
coupled amplifier anamplification vs. frequency
characteristic which is fairly ¢“flat”” — that is,
the amplification is practically constant with
changes in frequency — over a considerable
portion of the audio-frequency range. How-
ever, the performance of the impedance-coupled
amplifier is not as good in this respect as that
of a well-designed resistance-coupled amplifier.
If the impedance of the load circuit is high
compared to the plate resistance of the tube,
which will be the case if the tube is a low-u
triode and normal inductance values (a few
hundred henrys) are used in the plate circuit,
the amplification in the optimum frequency
range will be practically equal to the u of the
tube. At very low frequencies the impedance
decreases because of the decreasing reactance
of the coil, while at very high frequencies the
impedance again decreases because of the de-
creasing reactance of the shunt capacities.
Consequently, the amplification drops off at
both ends of the range, usually at a more rapid
rate than in the case of resistance coupling.
The frequency-response characteristic of the
impedance-coupled amplifier depends consid-
erably upon the plate resistance of the tube.
If impedance coupling is used with tubes of
very high plate resistance, the response will be
markedly greater at the resonant frequency
than at frequencies either higher or lower.
Impedance coupling can be used at radio
frequencies, since the inductance can be ad-
justed to resonate with the shunt capacities at
practically any desired frequency.
Transformer-coupled  amplifiers — The
coupling impedance in Fig. 312 may be re-
placed by a transformer, connected as shown in
TFig. 313. A.c. voltage is developed across the
primary of the transformer in the same way as
in the case of impedance coupling. The second-
ary of the transformer serves as a means for
transferring the voltage to the grid of the fol-
lowing tube, and if the secondary has more
turns than the primary the voltage across the
secondary terminals will, in general, be larger
than the voltage across the primary terminals.
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As in the case of impedanee coupling, the
effective capacity shunting the primary of an
audio-frequency transformer usually causes
the primary circuit to be parallel-resonant at
some frequency in the middle of the audio-
frequency range. At the medium audio fre-

Fig. 313 — Transformer-coupled amplifier eirenit.

quencies, therefore, the voltage across the
primary is practically equal to the applied grid
voltage multiplied by the u of the tube. The
voltage across the secondary will be the pri-
mary voltage multiplied by the secondary-to-
primary turns ratio of the transformer, so that
the total voltage amplification is u times the
turns ratio. The amplification at low frequen-
cies depends upon the ratio of the primary
reactance to the plate resistance of the tube,
asin the case of impedance-coupled amplifiers.

At some high frequency, usually in the range
5000-10,000 cycles with ordinary transformers,
the leakage inductance (§ 2-9) of the secondary
becomes series resonant with the effective ca-
pacity shunting the secondary. At and near
this resonant frequency the resonant rise in
voltage may increase the amplification con-
siderably, giving rise to a ‘“peak” in the
frequency-response curve of the amplifier. At
frequencies above this resonance point amplifi-
cation decreases rapidly, because as the re-
actance of the shunting capacity decreases it
tends to act more and more as a short circuit
across the secondary of the transformer. The
relative height of the high-frequency peak de-
pends principally upon the effective resistance
of the secondary circuit. This effective resist-
ance includes the actual resistance of the
secondary coil and the “reflected’’ (§ 2-9) plate
resistance of the tube, this resistance being in
parallel with the primary of the transformer.
Consequently, the height of the peak is affected
by the tube with which the transformer is used.
The peak can be reduced by connecting a re-
sistance of the order of 0.25 to 1 megohm across
the secondary of the transformer. While this
helps make the frequency response curve more
flat, it also reduces the amplification at me-
dium and low frequencies.

Transformer coupling is most suitable for
triodes of low or medium g and having medium
values of plate resistance. This is because the
primary inductance required for good am-
plification at low frequencies is proportional to
the plate resistance of the tube with which the
transformer is to be used, and in practice it is
difficult to obtain high primary inductance, a
large secondary-to-primary turns ratio (‘‘step-



64

up ratio”), and low distributed capacity in the
windings all at the same time. Increasing the
primary inductance usually means that the
turns ratio must be reduced, because the in-
crease in distributed capacity as the coils are
made larger tends to bring the resonant peak
down to a relatively low frequency unless the
secondary inductanee is decreased to compen-
sate for the increase in capacity. The step-up
ratio seldom is more than 3 to 1in transformers
designed for good frequency response.

Transformer coupling can be used at radio
frequencies if the transformers are properly de-
signed for the purpose. In such transformers
cither the primary or secondary (or both) is
made resonant at the frequency to be used, so
that maximum amplification will be secured.

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 resistance con-
nected in the plate circuit of a resistance-
coupled amplifier likewise has its greatest
value. The actual instantaneous voltage be-
tween plate and cathode is therefore miniinum
at the same instant, because it is equal to the
d.c. supply voltage (which is unvarying) minus
the voltage drop across the load resistance.
When the signal voltage is at its negative peak
the plate current has its least value, with the
result that the voltage drop in the load resist-
ance is less than at any other part of the cycle.
At this instant, therefore, the voltage between
plate and cathode is maximum.

These variations in plate-cathode voltage
constitute the a.c. output of the tube, superim-
posed on the mean or no-signal plate-cathode
voltage. Since the alternating plate-cathode
voltage is decreasing when the instantancous
grid voltage is increasing (becoming more
positive with respect to the cathode), the out-
put voltage is less than the mean value, or
negative, when the signal voltage is positive.
Likewise, when the signal voltage is negative
the output voltage is positive, or greater than
the mean value. 1n other words, the alternating
plate voltage is 180 degrees out of phase with
the alternating grid voltage. Thus there is
a phase reversal through the amplifier. The
relationships should become clear from the be-
havior of the signal voltage and £, in Fig. 307.

The same phase relationship between signal
and output voltages holds when the amplifier

Fig. 314 — The a.c. voltage appearing between the
grid and plate of the amplifier is the sum of the signal
voltage and the output voltage, as shown by this sim-
plified circuit. Instantaneous polarities are indicated.
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is impedance- or transformer-coupled, in the
frequency region where the load acts like a
parallel-resonant circuit. However, if the load
is reactive the phase relationship is not exactly
180 degrees but depends upon the kind of
reactance present and the relative amounts of
reactance and resistance. (This is true also of
the resistance-coupled amplifier at low fre-
quencies where the reactance of the coupling
condenser affects the amplification, or at high
frequencics where the reactance of the shunt-
ing capacities becomes important.) Since the
reactance varies with the applied signal fre-
quency, the phase relationship between signal
voltage and output voltage depends upon the
frequency in such cases.

Input capacity and resistance — When an
alternating voltage is applied between the grid
and cathode of an amplifier tube, an alternat-
ing current flows through the small condenser
formed by these elements (§3-2) just as it
would in any other condenser. Similarly, an
alternating current also flows in the condenser
formed by the grid and plate, since there is an
alternating difference of potential between
these elements. When the tube is amplifying,
the alternating plate voltage and signal voltage
are effectively applied in series across the grid-
plate condenser, as indieated in Fig. 314, As
described in the preceding paragraph, in the
resistance-coupled amplifier the two voltages
are out of phase with respect to the eathode,
but inspection of the circuit shows that they
are in phase so far as the grid-plate condenser
is concerned. Consequently. the voltage applied
to the grid-plate capacity is the sum of the
alternating grid and plate voltages, or £, + E,,.
Since E, is equal to AE,, where A is the voltage
amplification of the tube and circnit, the a.c.
voltage between the grid and plate is E,
(1 4+ A). The current, /, flowing in the grid-
plate capacity is therefore £/, (1 4+ A) divided
by the reactance of the grid-plate condenser,
and consequently is proportional to the grid-
plate capacity.

The signal voltage must help in causing this
relatively large current to flow, and, since the
reactance as viewed from the input circuit
is X, = E,/I, the input reactance becomes
smaller as the current becomes larger. That is,
the effective input capacity of the amplifier is
increased when the tube is amplifying. From
the above, the increase in input capacity is
approximately proportional to the voltage am-
plification of the circuit and to the grid-plate
capacity of the tube. The total input capacity
is the sum of the grid-cathode capacity and this
additional effective capacity. The total input
capacity of an amplifier may reach values
ranging from 50 to a few hundred micromicro-
farads, if the voltage amplification is high and
the grid-plate capacity relatively large. Both
usually are true in a high-u triode.

When the load is reactive the a.c. grid and
plate voltages still act in series across the grid-
plate condenser, but since they are not exactly
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180 degrees out of phase with respect to the
cathode they are not exactly in phase with
respect to the grid-plate capacity. The lack of
exact phase relationship indicates that resist-
ance as well as capacity is introduced into the
input circuit. Analysis shows that, when the
reactance of the load cireuit is capacitive, the
resistance component is positive — that is, it
represents a loss of power in the input circuit
— and that when the load circuit has inductive
reactance the resistance component is negative.
Negative resistance indicates that power is
being supplied to the grid circuit from the plate.

Feed-back — If some of the amplified en-
ergy in the plate circuit of an amplifier is
coupled back into the grid circuit, the ampli-
fier is said to have feed-back. If the voltage fed
from the plate circuit to the grid circuit is in
such phase that, when it is added to the signal
voltage already existing, the sum of the two
voltages is larger than the original signal volt-
age, the feed-back is said to be positive. Posi-
tive feed-back usually is called regeneration. 1f
regeneration exists in a circuit the total am-
plification is increased beecause the feed-back
increases the amplitude of the signal at the
grid and this larger signal is amplified in the
same ratio, giving a greater output voltage
than would exist if the signal voltage alone
were present in the grid circuit. Many types of
circuits can be used to sccure positive feed-
back. A simple one is shown in Fig. 315. The
feed-back coil, L, a third winding on the grid-
circuit transformer, is connected in series with
the primary of the transformer in the plate
circuit, so that some of the amplified voltage
appears across its terminals. This induces a
voltage in the secondary, 8, of the grid-circuit
transformer which, if the winding directions of
the two coils are correct, will increase the value
of signal voltage applied to the grid.

Positive feed-back is accompanied by a
tendency to give maximum amplification at
only one frequency, since the feed-back voltage
will tend to be highest at the frequency at
which the original amplification is greatest. It
therefore increases the selectivity of the ampli-
fier, and hence is used chicfly where high gain
and sharpness of resonance both are wauted.

If the phase of the voltage fed back to the
grid circuit is such that the sum of the feed-
back voltage and the original signal voltage is
less than the latter alone, the feed-back is said
to be negative. Negative feed-back frequently
is called degeneration. In this case the total
amplification is decreased, since the grid signal
has been made smaller, and hence the amplified
output voltage is smaller for a given original
signal than it would be without feed-back.

The amount of voltage fed back will depend
upon the actual amplification of the tube and
circuit, and if the amplification ratio tends to
change, as it may at the extreme high or low
frequencies in the audio-frequency range, the
feed-back voltage will be reduced when the
amplification decreases. For example, suppose
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Fig. 315— An elementary form of feed-back circuit. The
feed-back may be either positive or negative, depending
upon how the coil L is connected in the circuit. This type
of cirenit illustrates the principle of feed-back, but it is
not practical for use in an actual audio-frequency amplifier.

that an amplifier has a voltage gain of 20 and
that it is delivering an output voltage of 50
volts. Without feed-back, the grid signal volt-
age required to produce 50 volts output is
50/20 or 2.5 volts. But suppose that 10 per
cent of the output voltage (5 volts) is fed back
to the grid circuit in opposite phase to the
applied grid voltage. Then, since it is still nec-
essary to have a 2.5-volt signal to produce
50 volts output, the applied voltage must be
2.5 4+ 5 or 7.5 volts. Now suppose that at
some other frequency the voltage gain drops
to 10. Then for the same 50-volt output a 5-
volt signal is required, but since the feed-back
voltage is still 5 volts the total required signal
is now 10 volts. With feed-back the gain in the
first case was 50/7.5 volts or 6.66 and in the
second case 50/10 or 5, the gain in the second
case being 75 per cent as high as in the first.
Without feed-back the gain in the second case
was 50 per cent as high as in the first. The
effect of feed-back therefore is to make the
resultant gain more uniform, despite the tend-
ency of the amplifier itself to discriminate
against certain frequencies.

Negative feed-back also tends to decrease
harmonic distortion arising in the plate circuit
of the amplifier. This distortion is present in the
amplified output voltage, but not in the origi-
nal signal voltage applied to the grid. The
voltage fed back to the grid circuit contains the
distortion but in opposite phase to the distor-
tion components in the plate circuit, hence the
two tend to cancel each other. For similar
reasons, the over-all amplification is less de-
pendent upon the value of load impedance used
in the plate circuit; in fact, if a large amount of
negative feed-back is used in an amplifier it is
even possible to substitute tubes of rather
widely different characteristics without much
effect on the over-all performance.

Both positive and negative feed-back may be
applied over several stages of an amplifier,
rather than being applied directly from the
plate circuit to the grid circuit of a single stage.

Power amplification — In the types of am-
plifiers previously described, the chicf consid-
eration was that of securing as much voltage
gain as possible within the permissible limits
of harmoniec distortion and frequency response
characteristic. ‘Such amplifiers are principally
used to furnish an amplified signal voltage,
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which in turn can be supplied to a succeeding
amplifier. If the succeeding amplifier is oper-
ated in such a way that its grid is never driven
positive with respect to its cathode, grid cur-
rent does not flow, and hence the power re-

Output
Transformer

load

Fig. 316 — An elementary power-amplifier circunit in
which the power-consuming load is coupled to the plate
circuit through an impcdance-matching transformer.

quirements are negligibly small. However, if an .

amplifier is used to actuate some power-con-
suming, device, such as a loudspeaker or a
succeeding amplifier in which it is permissible
to drive the grid into the positive region, the
primary consideration is that of obtaining the
maximum power output consistent with the
permissible distortion. In such a case the volt-
age at which the power is secured is of little
consequence, since a transformer may be used
to change the voltage to any desired value,
within reasonable limits. Hénce, the voltage
gain of a power amplifier is of little importance.
In power-amplifier operation the grid may or
may not be driven into the positive region, de-
pending upon the particular application. The
present discussion will be coufined to the triode
amplifier operating without grid current; other
types are considered in § 3-4. The principles
upon which such a power amplifier operates are
practically identical with those already de-
scribed. The chief differences between a volt-
age amplifier and a power amplifier lie in the
selection of tubes and in the choice of the value
of load resistance. As previously described, if
voltage gain is the primary consideration the
load resistance should be as large as possible
in comparison to the plate resistance of the
tube. It can be shown that, in any electrical cir-
cuit, maximum power output is secured when
the resistance of the load is made equal to the
internal resistance of the source of power. This
is true whether the power source is a battery,
a generator or a vacuum tube. In the case of the
vacuum tube the internal resistance is the
plate resistance of the tube, so that for maxi-
mum power output the load resistance should
be made equal to the plate resistance. How-
ever, when the tube is operated with such a
low value of plate load resistance there is al-
ways considerable harmonic distortion, and it
has been found that optimum power output,
representing " an acceptable compromise be-
tween distortion and the amount of power ob-
tainable, is secured when the load resistance is
approximately twice the plate resistance.
Power-amplifier circuits — The plate or
output circuit of a power amplifier almost in-
variably is transformer-coupled to the power-
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consuming device or load with which it is asso-
ciated. This is because the impedance of the
desired load seldom is the proper value for ob-
taining optimum power output from the ampli-
fier. Consequently, the load impedance must be
changed to a value suitable for the plate circuit
of the amplifier tube. This can be done by
using transformers, as described in § 2-9.

A basic power-amplifier circuit is shown in
Fig. 316. So long as the amplifier is operated
entirely in the negative-grid region and no grid
current flows, any of the previously described
types of coupling may be used between the
grid of the power amplifier and the preceding
amplifier. If there is no preceding amplifier, the
method of coupling will depend principally on
the characteristics of the source of the signal.

In Fig. 316 the load is represented as a re-
sistance. An actual load may have a reactance
as well as a resistance component, but only
the resistance will consume power (§ 2-8).

Power amplification ratio — The ratio of
a.c. output power to the a.c. power consumed
in the grid circuit (driving power) is called the
power amplification ratio or simply power am-
plification of the amplifier. If the amplifier
operates without grid current the a.c. power
consumed in the grid circuit is negligibly small,
so that the power amplification ratio of such an
amplifier is extremely large. With other types
of operation the power amplification ratio may
be relatively small, as described in § 3-4.

Plate efficiency — The ratio of a.c. output
power to the d.c. power supplied to the plate
circuit of an amplifier is called the plate effi-
ctency of the amplifier. It is usually expressed
as a percentage:

% plate efficiency = 1*_; X 100
where P, is the a.c. output power, E is the plate
voltage and I is the plate current, the latter
two being d.c. values.

The plate efficiency of amplifiers designed
for minimum distortion and a high power am-
plification ratio (operation without grid cur-
rent) is relatively low — of the order of 15 to
30 per cent. For minimum distortion the opera-
tion must be confined to the region where the
waveshape of the alternating plate current is
substantially identical with that of the signal
on the grid, and, as previously explained, this
requirement can be met only by limiting the
plate-current variations (that is, the alternat-
ing component of plate current) to the straight
portion of the dynamic grid voltage vs. plate
current characteristic. Since with a given load
resistance the power output is proportional to
the square of the alternating component of
plate current, it follows that limiting the plate-
current variation also limits the power output
in comparison to the d.c. plate power input.

1ligher plate efficiency can be secured by
increasing the alternating component of plate
current, but this is accompanied by increased
distortion. Special types of amplifiers have
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been devised to compensate for this distortion,
as described in the next section. In some appli-
cations, as in r.f. power amplification, the fact
that the signal applied to the grid is greatly
distorted is of no consequence, so that such
amplifiers ean have high plate efficiency.

Power sensitivity — The ratio of a.c. power
output to alternating grid voltage is called the
power sensilivity of an amplifier. It provides a
convenient measure for comparing power tubes,
especially those designed for audio-frequency
amplification where the operation is to be with-
out grid current, since it expresses the relation-
ship between power output and the amount of
signal voltage required to produce the power.

The term power sensitivity also is used in
connection with radio-frequency power ampli-
fiers, in which case it has the same meaning as
power amplification ratio. A tube which de-
livers its rated output power with a relatively
small amount of power consumed in the grid
circuit is said to have high power sensitivity.

Parallel operation — When it is necessary
to obtain more power output than one tube is
capable of giving, two or more tubes may be
connected in parallel. In this case the similar
elements in all tubes are connected together.
This method is shown in Fig. 317 for a trans-
former-coupled amplifier. The power output of
a parallel stage will be in proportion to the
number of tubes used; the exciting voltage re-
quired, 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. 317. 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,
T, will be at opposite potentials with respect
to the cathode connection, so that 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 power output
the distortion will be less than with parallel
operation.

The exciting voltage measured between the
two grids must be twice that required for one
tube. 1f the grids consume power, the driving
power for the push-pull stage is twice that
taken by either tube alone.
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The decibel — The ratio of the power levels
at two points in a circuit such as an amplifier
can be expressed in terms of a unit called the
decthel, abbreviated db. The number of deci-
bels is 10 times the logarithm of the power
ratio, or

P
db. = 10 log 35
2

The decibel is a particularly useful unit be-
cause it is logarithmic, 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 dis-
tinguishable steps. Successive amplifications
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 an increase in
power by a plus sign (e.g., 4+ 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 for amplifying at audio and radio fre-
quencies (§ 2-7). The audio-frequency ampli-
fier generally is used to amplify without dis-
crimination at all frequencies in a wide range
(say from 100 to 3000 cycles for voice commu-
nication), and therefore is associated with non-
resonant or untuned circuits which offer a uni-
fornm load over the desired range. The radio-fre-
quency amplifier, on the other hand, generally
is used to amplify selectively at a single radio

A i

PARALLEL

PUSH-PULL

Fig. 317 — Parallel and push-pull amplifier circuits,
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frequency, or over a small band of frequencies
at most, and therefore is associated with res-
onant circuits tunable to the desired frequency.

An audio-frequency amplifier may be con-
sidered a broad-band amplifier; most radio-
frequency amplifiers are designed to have rela-
tively narrow bandwidths.

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 high-x tubes which greatly increase
the voltage amplitude of the signal. Voltage
amplifiers are used in the radio-frequency
stages of receivers as well asin audio amplifiers;
power amplifiers are used in the radio-fre-
quency stages of transmitters.

€ 3-4 Classes of Amplifiers

Reason for classification — It is convenient
to divide amplifiers into groups according to
the work they are intended to perform, as re-
lated to the operating conditions necessary to
accomplish the purpose. This makes identifica-
tion 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. 306 or 307, in which the output wave-
shape is a faithful reproduction of the input
waveshape, 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, relatively low power
output for a given size of tube, and a high
power-amplification ratio. The plate efficiency
is relatively low (§ 3-3).

PLATE CURRENT, [p
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Fig. 318 — Class-B amplifier operation.

Class-A power amplifiers find application as
output amplifiers in audio systems and as
drivers for Class-B power amplifiers. Class-A
voltage amplifiers are found in the stages pre-
ceding the power stage or stages in such ap-
plications, and as r.f. amplifiers in receivers.

THE RADIO AMATEUR'S HANDBOOK

Class B— The Class-B amplifier is prima-
rily one in which the output current, or alter-
nating component of the plate current, is
proportional to the amplitude of the exeiting
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
grid excitation; the exciting signal amplitude is
made such that the entire linear portion of the
tube’s characteristie is used. Fig. 318 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 e-
dium power output, medium plate efficiency
(50 to 60 per cent 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 radio-
telephone transmitters after modulation.

For Class-B audio-frequency amplification,
two tubes must be used. The second tube,
working alternately with the first, must be in-
cluded so that both halves of the cycle will be
present in the output. A typieal method of ar-
ranging the tubes and circuit to achieve this is
shown in Fig. 319. The signal is fed to a trans-
former, Ty, 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, 7', with a similarly
divided primary, is connected to the plates of
the tubes. When the signal voltage in the upper
half of 7'1 is positive with respect to the center
connection (center tap), the upper tube draws
plate current while the lower tube is idle; when
the lower half of 7'y becomes positive, the
lower tube draws plate current while the upper
tube is idle. The corresponding voltages in-
duced in the halves of the primary of 72 com-
bine in the secondary to produce an amplified
reproduction of the signal waveshape.

The Class-B amplifier is capable of deliver-
ing much more power for a given tube size
than a Class-A amplifier. While Class-B audio-
frequency operation produces somewhat more
distortion than Class-A, for most purposes the
distortion is small enough to be neglected.

Class AB — The similarity between Fig. 319
and the ordinary push-pull amplifier circuit
(Fig. 317) will be noted. Actually the circuits
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Fig. 319 — The Class-B audio amplifier, showing how
the outputs of the two tubes in push-pull are combined.

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
with no signal, 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 high plate efficiency at high
signal levels, making it possible to use relatively
small tubes in audio power amplifiers.

A further distinction can be made between
amplifiers which draw grid current and those
which do not. The Class-AB; 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 be supplied to its grid circuit.

Class C— The Class-C amplifier is one op-
erated so that the alternating component of
the plate current is directly proportional to the
plate voltage. The output power is therefore
proportional to the square of the plate voltage.
Other characteristics inherent to Class-C oper-
ation are high plate efficiency, high power out-
put, and relatively low power amplification.

The grid bias for a Class-C amplifier is
ordinariiy set at a value at least twice that re-
quired for plate-current cut-off without grid
excitation. As a result, plate current flows dur-
ing only a fraction of the positive excitation
cycle. The exciting signal should be of suffi-
cient amplitude to drive the plate current to
the saturation point, as shown in Fig. 320.
Since the grid must be driven far into the posi-
tive region to cause saturation, considerable
numbers of electrons are attracted to the grid
at the peak of the cycle, robbing the plate of
some that it would normally attract. This
causes the droop at the upper bend of the char-
acteristic, and also may cause the plate-current
pulse to be indented at the top. The output
wave-form is badly distorted, but at radio fre-
quencies the distortion is largely eliminated by
the fiywheel effect of the tuned output circuit.
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Although requiring considerable driving
power, because of the relatively large grid
swing and grid-current flow, the high plate
efficiency (ordinarily 70 to 80 per cent) of the
Class-C amplifier makes it an effective gen-
erator of radio-frequency power.

¢ 3-5 Multi-Element and Special-
Purpose Tubes

Radio-frequency amplification — As de-
scribed in the preceding section, the reactances
of the grid-to-cathode and plate-to-cathode
capacities (together with unavoidable stray
capacities) in an amplifier circuit become very
low at frequencies higher than the audio-
frequency range. As a resuit, ordinary resist-
ance, impedance or transformer coupling can-
not be used at radio frequencies, because these
capacities act as low-reactance by-passes across
the input and output circuits; hence the total
impedance in either the plate or grid circuit is
too low for appreciable voltage to be developed.

When an amplifier is to be operated at radio
frequencies it is necessary to use resonant cir-
cuits as loads, the circuits being tuned to the
frequency to be amplified. Since such circuits
consist of coils and condensers, the tube and
stray capacities become part of the total tun-
ing capacity and are thus made to serve a use-
ful purpose. As described in § 2-10, the parallel
impedance of a resonant circuit can reach quite
high values when the @ is high. Values of
parallel-resonant impedance suitable for effec-
tive amplification are readily obtainable with
reasonably well-designed tuned circuits.

Since maximum parallel impedance, and
consequently maximum amplification when
resonant eircuits are associated with an am-
plifier tube, is obtained when the circuit is
exactly resonant at the applied frequency, it is
necessary that the resonant circuit associated
with the grid and that counected to the plate
be tuned to the same frequency. In practice,
it is difficult to maintain exact tuning over a
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period of time. 1f the amplifier tube is a triode,
its input circuit will have a negative-resistance
characteristic (§ 3-3) when the plate-circuit
load has inductive reactance. If the resonant
circuit associated with the plate is tuned
slightly to the high-frequency side of exact
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resonance, the circuit will have inductive re-
actance, and energy willbe transferred from the
plate circuit to the grid circuit. Such a circuit
has positive feed-back, or is regenerative. If
enough energy is so transferred (very little is
required) the tube will generate a self-sustain-
ing radio-frequency current, in which case it is
said to be oscillating. When oscillation com-
mences the circuit ceases to operate as an am-
plifier of incoming signals, since it is generating
a signal of its own.

Oscillation can be prevented by using special
circuits with triode amplifiers, but in practice
these are unsatisfactory in receiving applica-
tions. Since the feed-back arises because of the
grid-plate capacity of the tube, it can be elimi-
nated by eliminating the grid-plate capacity.

Screen-grid tubes — The grid-plate capac-
ity can be eliminated, or at least reduced to a
negligible value, by inserting a second grid
between the control grid and the plate as indi-
cated in Fig. 321. The second grid, called the
screen grid or shield grid, acts as an electro-
static shield (§ 2-11) between the control grid
and plate. It is made in the form of a grid or
coarse screen rather than as a solid metal sheet,
so that electrons can pass through it to the
plate; a solid shield would entirely prevent the
flow of plate current. The screen grid is con-
nected to the cathode through a path, such as
a by-pass condenser, which has low impedance
at the radio frequency being amplified. The
electric lines of force from the plate practically
all terminate on the screen grid, very little of
the ficld getting through to the control grid;
similarly, the field set up by the control grid
does not penetrate past the screen grid. Thus
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Fig. 321 — Representative arrangement of clements
in a screen-grid tube, with front part of plate and screen-
grid cut away. The screen grid usually is nadc longer
than either the control grid or plate, so that the shielding
will be as effective as possihlc. In this drawing the con.
trol grid connection is made through a cap on the top of
the tube, thus eliminating the capacity which would ex-
ist between the plate and grid Icad wires if both passed
through the basc. Some modern tubes which have both
leads going through the hase use special shielding and
construction to eliminate capacity. Symbols for pentode
and tetrode tubes: 11, heater; C, cathode; G, control
grid; P, plate; S, screen grid; Sup., suppressor grid.
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there is no common field between the control
grid and plate, and hence no capacity between
these two tube elements.

Since the electric field from the plate does
not penetrate into the region occupied by the
control grid, which is the region in which most
of the space charge is concentrated, the plate is
unable to exert an attraction upon the elee-
trons in this region. Consequently, the plate
voltage cannot control the flow of plate current
as it does in a triode. In order to get electrons
to the plate, it is necessary to apply a positive
potential (with respect to the cathode) to the
screcn. The screen then attracts electrons
much in the same way as does the plate in a
triode tube. In traveling toward the screen the
electrons acquire velocity, and most of them
shoot between the screen wires into the region
where the field from the plate is effective.
Those that pass through and are attracted to
the plate constitute the plate current of the
tube. A certain proportion of the electrons do
strike the screen, however, with the result that
a current also flows to the screen grid. In a
properly designed sereen-grid tube, the screen
current will be low compared to the plate cur-
rent with normal operating potentials.

A tube with two grids, such as is shown in
TFig. 321, is a tetrode, or four-clement tube.

Secondary emission — When an electron
traveling at appreciable velocity through a
tube strikes the plate it dislodges other elec-
trons, which “splash’” from the plate into the
interelement space. This phenomenon is called
secondary emission. In the triode, ordinarily
operated with the grid negative with respect
to cathode, these secondary electrons are re-
pelled back into the plate and cause no dis-
turbance. In the screen-grid tube, however,
the positively charged screen grid attracts the
secondary electrons, causing a reverse current
to flow between screen and plate. The effect is
particularly marked when the plate and screen
potentials are nearly equal, which may be the
case during the part of the a.c. cycle when the
instantaneous plate current is large and the
plate voltage low (§ 3-3).

Pentode tubes — To overcome the effects of
secondary emission, a third grid, called the
suppressor grid, may be inserted between the
screen and plate. This grid is connected di-
rectly to the cathode, and repels the relatively
low-velocity secondary electrons back to the
plate without obstructing to any appreciable
extent the regular plate-current flow.

Although the screen grid in either the tetrode
or pentode greatly reduces the influence of the
plate upon plate-current flow, it is quite ob-
vious that the control grid still can control the
plate current in essentially the same way that
it does in a triode, since the control grid is still
in the space-charge region. Consequently, the
grid-plate transconductance (or mutual con-
ductance) of a tetrode or pentode will be of the
same order of value as in a triode of corre-
sponding structure. On the other hand, since
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Fig. 322 — Platc voltage vs. plate current curves of a
small recciving pentode. Plate voltage has relatively
little effect on plate current. In taking these curves, the
screen-grid voltage, Eeo, was 100 volts and suppressore
grid voltage, Fiup, zero with respect to the cathode.

the plate voltage has very little effect on the
plate-current flow, both the amplifieation factor
and plate resistance of a pentode or tetrode are
very high, as is apparent from the definitions of
these constants (§ 3-2). In small pentodes used
for receiving purposes the amplification factor
is usually of the order of 1000, while the plate
resistance may be from 0.5 to 1 or more
megohms. Because of the high plate resistance,
the actual voltage amplification possible with
a pentode is very much less than the large am-
plification factor might indicate. In resistance-
coupled audio-frequency amplifiers, a voltage
amplication or gain of 100 to 200 is typical.

A typical set of characteristic curves for a
small pentode is shown in Fig. 322. That the
plate voltage has little effect on the plate cur-
rent is indicated by the fact that the curves are
practically horizontal once the plate voltage is
high enough to prevent the electrons in the
space between the screen grid and the plate
from being attracted back to the screen. The
plate potential at which this occurs is con-
siderably less than the screen potential, because
the electrons entering the space have consid-
erable velocity and hence tend to move away
from the screen despite the fact that the screen
has a positive charge.

In addition to their applications as radio-
frequency amplifiers, pentode or tetrode sereen
grid tubes also can be constructed for audio-
frequency power amplification. In tubes de-
signed for this purpose the shielding effect of
the screen grid is not so important; the chief
function of the screen is to serve as an ac-
celerator of the electrons, so that large values
of plate current can be drawn at relatively low
plate voltages. Such tubes have quite high
power sensitivity (§ 3-4) compared to triodes
of the same power output, because the amplifi-
cation factor of an equivalent triode has to be
made quite low in order to secure -the same
plate current at the same plate voltage. Be-
cause of the low g, the triode requires a rela-
tively large signal voltage for full output, hence
has low power sensitivity. The harmonic dis-
tortion is somewhat greater with pentodes and
tetrodes than with triodes, however.
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Bearmn tubes — A ‘“beam’-type tube is a
tetrode with grids so constructed as to form the
electrons traveling to the plate into concen-
trated beaws, resulting in higher plate effi-
ciency 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 cui-off
and vartable-y 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 mutual conductance,
and hence the amplification. )

The way in which mutual conductance
varies with grid bias in two typical small re-
ceiving pentodes, similar except in that one is
a sharp cut-off type and the other a variable-u
type, is shown in Fig. 323. Gbviously, the vari-
able-u type can handle a much larger signal
voltage without swinging either beyond zero
grid bias or plate-current cut-off (zero mutual
conductance) if the bias is properly chosen.

Multi-purpose types — A number of com-
bination types of tubes have been constructed
to perform multiple functions, particularly in
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 nature of the tube structure
can be identified by the name.

2000

1600
W
- S Q
Starp catoff tupe 4y | 3
— —— 200 §
Variable -u tube ~ 3
[
[ .8
[ 1%
[T 1 §
// — 400 X

L1 [ ]
- [+]
~40 -30 -20 -lo o
GRID BIAS

Fig. 323 — Curves showing mutual conductance vs.
negative grid bias for two small reeeiving pentodes, one
a sharp cut-off type and the otber a variable-x type.
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Mercury-vapor rectifiers — For a given
value of plate current, the power lost in a diode
rectifier (§ 3-1) will be lessened if it is possible
to decrease the plate-cathode voltage at which
the current is obtairad. If a small amount of
mercury is put in the tube, the mercury will
vaporize when the cothode is heated, and,
further, will ionize (§ 2-4) when plate voltage is
applied. The positive ions neutralize the space
charge and reduce the plate-cathode voltage
drop to a practically constant value of about 15
volts, regardless of the value of plate current.
Since this voltage drop is much smaller than
can be attained with purely thermionie condue-
tion, there is less power loss in the rectifier. That
the voltage drop is constant when the current
varies also is an advantage. Mercury-vapor
tubes are widely used in power rectifiers.

Grid-control rectifiers — If a grid is in-
serted in a mercury-vapor rectifier it is found
that with sufficient negative grid bias it is

possible to preveut plate current from flowing,,

but only if the bias is present before plate volt-
age is applied. If the bias is lowered to the
point where plate current can flow, the mer-
cury vapor will ionize and the grid will lose
control of plate current, since the space charge
disappears when ionization occurs. It can as-
sume control again only after the plate voltage
is reduced below the ionizing potential. The
same phenomenon also oceurs in triodes filled
with other gases which ionize at low pressure.
Grid-control rectifiers find considerable appli-
cation in “electronic switching '’ circuits.

 3-6 Common Elements in Vacuum-
Tube Circuits

Types of cathodes — Cathodes are of two
general 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 certain 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 cyelic variation of
current causes electrostatic and magnetic ef-
feets which vary the plate current of the tube
at the supply-frequency rate and thus produce
hum in the output. Hum from this source is
climinated by the tndirectly heated cathode,
consisting of a thin metal sleeve or thimble,
coated with electron-emitting oxides, enclosing
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, in contrast to the directly heated
filament where a voltage drop occurs along the
wire because of the heating current which flows
through it.

When a tube has a directly heated cathode,
the source of filament power — battery or
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transformer — necessarily is direcetly connected
to the tube circuit. On the other hand, if the
tube has an indirectly heated cathode the
source of heating power can be entirely inde-
pendent of the tube circuit, since the eleetron-
emitting cathode need not be electrically con-
nected to the heating element. This is an
advantage in certain types of amplifiers.

While the oxide-coated cathode is the most
efficient type, in that it emits large numbers of
electrons per watt of heating power, it is suit-
able only for tubes operating at plate voltages
of 1000 volts or less. In the manufacture of the
tube there is some tendency for the electron-
emitting material to be deposited on the con-
trol grid. While this is of little consequence
in receiving tubes, it leads to difficulties in
power-tube operation. A reeciving tube is
usually operated with little or no grid current,
so that only very small amounts of power nust
be dissipated by the grid. On the other hand, -
a power tube operated as a Class-C amplifier or
oscillator will take considerable grid current, so
that the power the grid must dissipate is rela-
tively high and its temperature will rise cor-
respondingly. In addition, both cathode and
plate power dissipation are large in tubes
handling large amounts of power, further rais-
ing the internal tube temperature, so that the
control-grid temperature in a power tube read-
ily may be high enough to cause electron emis-
sion from the deposited oxide material. When
this occurs, the grid is in effect a second cath-
ode. The plate will attract the clectrons so
emitted, increasing the total plate current
without increasing the power output, with the
result that the plate efficiency is lowered and
the plate temperature rises. This in turn tends
to increase the grid temperature, causing more
electron emission, and in a short time the tube
will “run away” — that is, its plate current
will increase to unsafe values and the power
output will decrease.

A second factor which makes oxide-coated
cathodes unsuitable for power tubes is bom-
bardment of tie cathode by positive ions.

|
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Fig. 324 — Types of cathode construction, Directly
heated cathodes or filamcnts are shown at A, B, and C.
The inverted V filament is used in small receiving
tubes, the M in both receiving and transmitting tubes,
The spiral filament is a transmitting-tube type. The
indirectly heated cathodes at 1) and E show two types
of heater construction, one a twistcd loop and the other
bunched heater wires, Both types tend to cancel the
magnetic fields set up by the current through the heater,
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Although by far the greater part of the air is
pumped out of the tube, it is impossible to
obtain a complete vacuum; there is always
some residual gas. The gas molecules will be-
come ionized when the tube is operating

- (§ 2-4), separating into an electron and a posi-
tively charged ion, with the latter having prac-
tically all the weight of the molecule. The
heavy positive ion is repelled by the positive
charge on the plate and driven at high velocity
into the cathode. The force of the collision
breaks up the electron-emitting material, fre-
quently stripping whole sections of it from the
heating wire or sleeve.

Tubes intended for operation at voltages up
to about three or four thousand volts usually
are made with thoriated-tungsten cathodes. This
type of cathode always is directly heated, con-
sisting of a filament of tungsten containing
dissolved thoria. The presence of the thorium
makes the filament much more efficient as an
electron emitter than tungsten alone, but the
thoriated filament is in turn less efficient than
the oxide-coated type. llowever, it is free
from the grid-emission effects described above.
While it is less susceptible to positive ion bom-
bardment than the oxide-coated type, partly
because less gas is trapped or “occluded” in
the cathode itself, the beneficial effect of the
thorium can be destroyed (at least tempo-
rarily) by bombardinent.

Since the bombardment increases with
higher plate voltages, thoriated filaments be-
come unusable at very high voltages, and
tubes built to operate at several thousand volts
are provided with cathodes of pure tungsten.
This material must be operated at high tem-
perature (white heat) for reasonable electron-
emission efficiency, but even under this condi-
tion is very much less efficient than either the
thoriated or oxide-coated cathode. However, it
is the only type which is satisfactory in high-
voltage operation.

The operating temperature of a thoriated
tungsten filament is fairly critieal, particularly
with respect to good life characteristics, and
the filament voltage should be maintained
within a few per cent of the value speeified by
the manufacturer. These filaments, as well as
oxide-coated cathodes, eventually “lose emis-
sion’’; that is, the emission efficiency of the
eathode decreases to the point where it is im-
possible to obtain suflicient electron emission
for satisfactory tube operation without raising
the cathode temperature to an unsafe value.
Pure tungsten cathodes do not lose emission,
but the high operating temperature makes
thent more susceptible to “ burn-out.”

Methods of obtaining grid bias — Grid
bias may be obtained from a source of voltage
especially provided for that purpose, such as
a battery or other type of d.c. power supply.
This is indicated in Fig. 325-A. A second
method, utilizing a cathode resistor, is shown at
B; d.c. plate current flowing through the re-
sistor causes a voltage drop which, with the
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Fig. 325 — The three basic methods of ohtaining grid
bias. A, fixed bias; B, cathode bias; C, grid-leak bias.

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):
R = E X 1000
I,
where B, = cathode bias resistor in ochms
E = desired bias voltage
I, = total d.c. cathode current in milli-
amperes.

If the tube is a multi-element type, the screen-
and suppressor-grid currents should be added
to the plate current to obtain the total cathode
current. The control-grid current also should
be included if the control grid is driven positive.

The a.c. component of plate current flowing
through the eathode resistor will cause an a.c.
voltage drop which gives negative feed-back
(§ 3-3) into the grid circuit, and thus reduces
the .amplification. To prevent this, the re-
sistor usually is by-passed (§ 2-13), C. being
the cathode by-puss condenser. To be effective,
the reactance of the by-pass condenser must
be small compared to R. at the frequency being
amplified. This condition generally is satisfied
if the reactance is 10 per cent or less of the
cathode resistance. In audio-frequency ampli-
fiers, the lowest frequency at which full am-
plification must be secured should be used in
caleulating the required capacity.

A third biasing method is by use of a grid
leak, R, in I'ig. 325-C. This requires that the ex-
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citing voltage be positive with respect to the
cathode during part of the eycle, so that grid
current will flow. The flow of grid curvent
through the grid leak causes a voltage drop
across the resistor, which gives the grid a nega-
tive bias. The time constant (§ 2-6) of the grid
leak and grid condenser should be large in com-
parison to the time of one cycle of the exciting
voltage, so that the grid bias wiil be substan-
tially constant and will not follow the varia-
tions in a.c. grid voltage. For grid-leak bias,

R, = E X 1000
1,
where R, = grid-leak resistance in ohms
= desired bias voltage
1, = 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. In
push-pull Class-A circuits operating at audio
frequencies, it is unnecessary to by-pass the
cathode resistor to prevent negative feed-back.
In this case the a.c. component of cathode
current in one tube is out of phase with the
a.c. component in the other, so that the two
components cancel each other.

The choice of a biasing method depends
upon the type of operation. Fixed bias generally
is required where the d.c. plate current of
the amplifier varies in operation, as in Class-B
audio-frequency amplifiers. If cathode bias is
used in such a case the bias voltage will vary
with the plate current, which usually is unde-
sirable. Since the plate current of a Class-A
amplifier is constant with or without signal,
such amplifiers almost invariably have cathode
bias. Grid-leak bias cannot be used with am-
plifiers operated so that the grid is always nega-
tive with respect to the cathode, since in such

Fig. 326 — Filament center-tap connections.
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a case there is no grid current and hence no
voltage drop in the grid leak. Grid-leak bias is
chiefly used for r.f. power amplifiers and for
certain types of detectors. In some types of
power amplifiers, two or even all three types of
bias may be used on 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 centr-tapped for this purpose, as
shown in Iig. 326-A. The same result ean 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
Cs, 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 r.f,

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 heater, is grounded.

q 3-7 Oscillators

Self-oscillution — The possibility of mak-
ing an amplifier tube gencrate a sustained
radio-frequency current already his been men-
tioned (§ 3-3). Self-oscillation is possible only
because of the amplifying action of the tube,
hence a triode or multi-element tube must be
used. The ordinary diode does not amplify, and
consequently cannot be made to oscillate.

In an amplifier circuit having positive
feed-back, the total amplification is larger than
it would be without feed-back (§ 3-3). In gen-
eral the greater the feed-back the greater the
total amplification, but the process of increas-
ing feed-back for greater amplification cannot
be carried on indefinitely. Because of the am-
plifying properties of the tube, more energy is
developed in the plate circuit than is required
in the grid circuit. If enough energy is fed back
to the grid, the feed-back process becomes inde-
pendent of any applied signal voltage and con-
tinuous oscillations are generated. That is, the
tube supplies its own grid excitation. The ac-
tual energy required to overcome the grid losses
is, in the end, taken from the d.c. plate supply.

It is sometimes helpful to look at oscillation
from the standpoint of negative resistance. As
previously described (§ 3-3), positive feed-back
is equivalent to shunting a negative resistance
across the input circuit of the tube. When the
value of negative resistance becomes lower
than the positive resistance of the circuit (if the
circuit is parallel resonant the positive resist-
ance will be the resonant impedance of the
circuit) the net resistance is negative, indi-
cating that the circuit can be looked upon as a
source of energy. Such a source is capable of
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Fig. 327 — Two types of oscillator circuits with mag-
netic feed-back. A, tickler circuit; B, Hartley circuit.

maintaining a constant voltage which can be
amplified by the tube. The actual energy, of
course, comes from the plate circuit of the tube,
so that the two viewpoints are equivalent.

A circuit having the property of generating
continuous oscillations is called an oscillator.
It is not necessary to apply external excitation
to such a circuit, since any random variation in
current will be amplified to cause oscillation.
The frequency of oscillation will be that at
which the feed-back voltage has the proper
phase and amplitude. In the case of the reso-
nant circuits usually associated with oscillators,
it is very nearly the resonant frequency of the
tuned circuit.

Magnetic feed-back— One form of feed-
back is by electromagnetic coupling between
plate (output) and grid (input) circuits. Two
representative circuits of this type are shownin
Fig. 327. That at A is called the tickler circuit.
The amplified current flowing in the “tickler,”
Le, induces a voltage in L; in the proper phase
when the coils are wound in the same direction
and are connected as shown in the diagram.
The feed-back can be adjusted by adjusting the
coupling between Ly 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.

Capacity feed-back — The feed-back can
also be obtained through capacity coupling, as
shown in Fig. 328. In A, the Colpitts circuit,
the voltage across the resonant circuit is di-
vided, 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.

The tuned-grid tuned-plate circuit at B
utilizes the grid-plate capacity of the tube
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to provide feed-baek coupling. There should be
no magnetic coupling between the two tuned-
circuit coils. ‘Feed-back can be adjusted by
varying the tuning of either the grid or plate
circuit. The circuit with the higher Q (§ 2-10)
determines the frequency of oscillation. The
plate circuit must be tuned to a slightly higher
frequency than the grid circuit, so that it will
have inductive reactance and hence give posi-
tive feed-back (§ 3-3). The amount of detuning
required is small, s0 it is customary to assume
that the circuits are tuned to approximately
the same frequency.

The wltraudion 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 thisand in the Colpitts circuit, the feed-
back 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 con-
ventional tuned circuit in an oscillator to con-
trol the frequency of oscillation. A simple crys-
tal oscillator circuit is shown in Fig. 329. It will
be recognized as the tuned-plate tuned-grid
circuit with the crystal substituted for the res-
onant circuit in the grid. Many variations of
this fundamental circuit are used in practice.

Series and parallel feed— A circuit such as
the tickler circuit of Fig. 327-A is said to be
series fed because the source of plate voltage
and the r.f. plate circuit (the tickler coil) are
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Fig. 328 — Oscillator circuits with capacity feed-back,
A, Colpitts; B, tuned-plate tuned-grid; C, ultraudion.



Fig. 329 — Simple crystal oscillator circuit.

connected 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. 328-B and 329.

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
circuit of Fig. 327-B, where it would be im-
possible to feed the plate current through the
coil because there is a direct connection be-
tween the coil and cathode. IHence 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, Cs, provides a low-impedance path
for radio-frequency current flow but is an open
cireuit for direct current (§2-13). Other ex-
amples of parallel feed are shown in Figs.
328-A and 328-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, includ-
ing the power consumed in the load. In practi-
cally all oscillators the grid is driven positive
during part of the cycle, so that power is con-
sumed in the grid circuit (§ 3-2). This power
must be supplied by the plate circuit. With
insufficient excitation, the tube will not oscil-
late; with too-high excitation, the grid losses,
or power consumed in the grid circuit, will be
excessive.

Oscillators are almost always grid-leak biased
(§ 3-6). This not only takes advantage of the
grid-current flow but also gives better opern-
tion, since the bias adjusts itself to the excita-
tion voltage available.

Tank circuit — The resonant circuit asso-
ciated with the oscillator generally is 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
in an 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 as described in § 2-11.
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Plate efficiency — The plate ¢fliciency (§ 3-3)
of an oscillator depends upon the load resist-
ance, excitation and other operating condi-
tions, and usually is in the vicinity of 50 per
cent. [t is not as high as in the case of an am-
plifier since the oscillator must supply its own
grid losses, which usually are 10 per cent to
20 per cent 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 fac-
tors which may cause a change in frequency are
(1) plate voltage, (2) temperature, (3) loading,
(4) mechanical variations of circuit elements.
Plate-voltage variations will cause a corre-
sponding instantaneous shift in frequency; this
type of frequency shift is called dynamic in-
stability. Temperature changes will cause tube
elements to expand or contract slightly, thus
causing variations in the interelectrode ca-
pacities (§ 3-2), and since these are unavoid-
ably part of the tuned circuit the frequency will
change correspondingly. Temperature changes
in the coil or condenser will change the induct-
ance and capacity slightly, again causing a
shift in the resonant frequency. Both these
temperature effects are relatively slow in oper-
ation, and the frequency change caused by
them is called drift. 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. Me-
chanical variations, usually caused by vibra-
tion, cause changes in inductance and/or ca-
pacity 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 @, which means,
since the tube and load represent a relatively
low resistance in parallel with the circuit, 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 venti-
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Fig. 330 — Negative-resistance oscillator, This circuit,

known as the “transitron,” requires that the screen
be operated at a higher d.c. potential than the plate.
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ot8 lation to earry off
) Lc 1 heat rapidly. A low
E:R, I b Rﬁ: L/(C ratio in the tank

circuit also helps, be-
cause the interelce-
trode eapacity varia-
tions have propor-
tionately less effect on
the frequency when
shunted by a large
condenser. Speeial
temperature-compen-
sated components al-
so can be used. Me-
chanical instability
can be prevented by using well-designed com-
ponents and insulating the oscillator from
mechanical vibration.

Negative-resistance oscillators — If a reso-
nant circuit were completely free from losses,
a current once started would continue indefi-
nitely; that is, sustained oscillations would
occur. As previously explained, this condition
can be simulated in practice by canceling the
actual resistance in the circuit by inserting an
equal or greater amount of negative resistance.
Negative resistance is exhibited by any device
showing an increase of current when the ap-
plied voltage is decreased, or vice versa.

In addition to negative resistance by feed-
back, the vacuum tube can be made to show
negative resistance by a number of arrange-
ments of electrode potentials. One such circuit
is shown in Fig. 330. Negative resistance is pro-
duced by virtue of the fact that, as the sup-
pressor grid of a pentode is given more nega-
tive bias, electrons normally passing through
to the plate are turned back to the sereen, thus
increasing the sercen current and reversing

“normal tube action (§3-2). The negative re-
sistance so produced is sufficiently low so that
ordinary tuned circuits will oscillate read:ly at
frequencies up to 15 Me. or so.

The multivibrator — The type of oscillator
circuit shown in Fig. 331 is known as the multi-
vibrator, or relaration oscillator. Two tubes are
used with resistance coupling, the output of
one tube being fed to the input circuit of the
other. The frequency of oscillation is deter-
mined by the time constants (§2-6) of the
resistance-capacity combinations. The prin-
ciple of oscillation is the same as in the feed-

Fig. 331 — The multivibra-
tor, or relaxation oscillator.

back circuits already described, the second -

tube being necessary to obtain the proper
phase relationship (§ 3-3) for oscillation when
the energy is fed back.

77

sponding to one of its higher harmonics (the
tenth harmonic is frequently used), and thus
can be used as a frequency divider,

¢ 3-8 Cathode-Ray Tubes

Principles — The cathode-ray tube is a
vacuum tube in which the electrons emitted
from a hot eathode are first accelerated to give
them considerable velocity, then formed into
a beam, and finally allowed to strike a special
transhucent screen which fluoresces, or gives off
light at the point where the beam strikes. A
narrow beam of moving electrons is analogous
to a wire carrying current (§ 2-4) and, like the
wire, is accompanied by electrostatic and
clectromagnetic fields. Hence the beam can be
moved laterally or deflected by electric or
magnetic fields, since such fields will exert a
force on the beam in the same way as on
charged bodies or on wires carrying current
(§ 2-3, 24). Since the cathode-ray beam con-
sists only of moving electrons, its weight and
inertia are negligibly small. For this reason, it
can be made to follow instantly the variations
in fields which are changing periodically, even 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. 332, the gun consists of the cath-
ode, grid, and anodes Nos. 1 and 2. The inten-
sity of the clectron beam 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
accelerating the electrons which pass through
the grid, and is provided with small apertures
through which the electron stream passes. On
emerging from the apertures the electrons are
traveling in practically parallel straight-line
paths. The electrostatic fields set up by the po-
tentials on anode No. 1 and anode No. 2 form
an electron lens system, comparable to an opti-
cal lens, which makes the electron paths con-
verge to a point at the fluorescent screen in
much the same way that a glass lens takes
parallel rays of light and brings them to a point
focus. Focusing of the electron beam is accom-
plished by varying the potentials on the anodes,
the potential in turn determining the strength
of the field. In practice the potential on anode
No. 2 is usually fixed, while that on anode No.
1 is varied to bring the beam to focus. Anode
No. 1 is, therefore, frequently called the focus-
ing electrode.

The multivibrator is a very unstable oscil- Cathode  Anode Mot

lator, and for this reason its frequency
readily can be controlled by a small signal
of steady frequency introduced into the cir-
cuit. This phenomenon is called locking.
The output waveshape of the multivibrator
is highly distorted, hence has high harmonic
content (§ 2-7). A useful feature is that the
multivibrator can be locked at its funda-
mental frequency by a frequency corre-
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Fig. 332 — Arrangement of the elements in a cathode-ray
tube of the type employing electrostatic beam deflection.
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Sharpest focus is obtained when the elec-
trons of the beam have high velocity, so that
relatively high d.c. potentials are common with
cathode-ray tubes. The current flowing to the
anodes, however, is quite small (of the order of
a few milliamperes at most), so that the power
required is negligible. In some tubes a second
grid is inserted between the control grid and
anode No. 1, to provide additional acceleration
of the electrons.

Methods of deflection — When focused,
the beam from the gun simply produces a
small spot on the screen, as just described.
However, if after leaving the gun the beam is
deflected by either magnetic or electrostatic
fields, the spot will move across the screen in
proportion to the force exerted on the beam.
If the motion is sufficiently rapid, retentivity
of vision makes the path of the moving spot
(trace) appear as 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. 332.
The fields are ereated by applying suitable
voltages between the two plates of each pair.
Usually one plate of each pair is connected to
anode No. 2, to establish the polarities (§ 2-3)
of the fields with respect 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, as shown in Fig. 333. The
coils marked A; and A, are connected so that
their fields aid and have their axes on the same
line through the tube. The coils marked By and
B, likewise are connected with fields aiding and
also are aligned along the same axis through
the tube, but this axis is perpendicular to the
A 1-A2 axis.

The beam deflection caused by a given
change in the field intensity is called the de-
Nlection sensitivity. With electrostatic-deflection
tubes it is usually expressed in millimeters per
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Fig. 333 — A cathode-ray tubec with magnetic deflec-
tion. The gun represented herc is the same as in the
electrostatic-deflection tube shown in Fig. 332, but the
beam is deflected by magnctic instead of electric fields.
Actu:} deflection coils usually are formed to fit as
closely as possible to the neck of the tube, so that the
field will be as strong as possible for a given coil current.
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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 mmm/volt, depend-
ing upon the tube construction and gun elec-
trode voltages. The sensitivity is decreased by
an increase in anode No. 2 voltage because a
higher voltage gives the electrons in the beam
higher velocity, and hence they are less easily
deflected by a field of given strength.

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 green, white,
yellow or blue, depending upon the screen
material. The persistence of the screen is the
time duration of the after-glow which exists
when the excitation of the electron beam is
removed. Screens are classified as long-,
medium- and short-persistence. Small tubes
for oscilloscopic work usually are provided
with medium-persistence screens of greenish
fluorescence.

Tube circuits — A representative cathode-
ray tube circuit with electrostatic deflection is
shown in Fig. 334. One plate of each pair of de-
flecting plates is connected to anode No. 2.
Since the voltages required normally are rather
high, the positive terminal of the supply is
usually grounded (§ 2-13) so that the common
deflection plates will be at ground potential.
This places the cathode and other elements at
high potentials above ground, hence these ele-
ments must be well insulated. The various
electrode voltages are obtained from a voltage
divider (§2-6) across the high-voltage d.c.
supply. R3 is a variable divider or “potenti-
ometer’’ for adjusting the negative bias on the
control grid and thereby varying the beam cur-
rent; it is called the Zntensity or brightness con-
trol. The focus, or sharpness of the luminous
spot formed on the screen by the beam, is con-
trolled by R, which changes the ratio of the
anode No. 2 and anode No. 1 voltages. 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 Rg being high resistances (1 megohm or
more) to drain off any accumulation of charge
on the deflecting plates. Usually some provi-
sion 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 neutralizes 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 simply a
matter of how the tube is mounted. It is usually
necessary to provide a mounting which can be
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Fig. 334 — Cathode-ray tube circuit. Typical values
for a 3-inch (screen-diameter) tubc such as the 906:

Ri1, Rz — 1 to 10 megohms. R4 — 0.2 megohm.

Rs — 20,000 ohms. Rs — 0.5 megohn,
The high-voltage supply should be about 1300 volts d.c.
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 (1-inch diameter
screen) to several thousand for the larger
tubes. The current, however, is very small, so
that the power required is likewise small. Be-
cause of the small current requirements, a recti-
fied 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.

€ 3-9 The Oscilloscope

Description — An oscilloscope is essentially
a cathode-ray tube in the basic circuit of Fig.
334, 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. Oscillo-
scopes frequently are also equipped with
vacuum-tube amplifiers for incrensing the am-
plitude of small a.c. voltages to values suitable
for application to the deflecting plates. These
amplifiers ordinarily are limited to operation
in the audio-frequency range, and hence can-
not 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 pattern which is sta-
tionary so long as the amplitude and phase re-
lationships of the voltages remain unchanged.
Fig. 335 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 simply sweeps 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 similarly would 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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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 screen. The resulting trace
is casily followed from the other indicated posi-
tions, which are taken at equal time intervals.
vpes of sweeps — A horizontal sweep-volt-
age waveshape such as that shown in Fig. 335
is called a &near sweep, beeause the deflection
in the horizontal direction is directly propor-
tional to time. 1f the sweep were perfect the
“fly-back’ time, or time taken for the spot to
return from the end (I1) 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 zero in practicable sweep-voltage gener-
ators it can be made quite small in comparison
to the time of the desired trace A, at least at
most frequencies within the audio range. The
fly-back time is somewhat exaggerated in Fig.
335, to show its effect on the pattern. The line
H’I’ 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
enongh, 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). If the
time of one cycle of the a.c. voltage applied to
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Fig. 335 — A.c. volt-
age waveshape as
virwed on an oscil-
loscope scrcen,
showing the forma-
tion of the pattern
from the horizontal
and vertical sweep
L voltages.

i HORIZONTAL

g

the vertical plates is a fraction of the time
taken to sweep horizontally across the screen,
several cycles of the vertical or signal voltage
will appear in the pattern. The shape of only
the last cyele (or the last few cycles, depending
upon the number in the pattern and the
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characteristics of the sweep) to appear will be
affected by the fly-back in such a case.

Although the linear sweep generally is most
useful, other sweep waveshapes may be desira-
ble for certain purposes. The shape of the pat-
tern obtained, with a given signal waveshape
on the vertical plates, 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 than it does at the ends.
H twosinusoidal voltages 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 pat-
tern 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 sweep
frequency and the frequency under ohserva-
tion must be harmonically related or the pat-
tern 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, either directly or
through a suitable transformer, to the hori-
zontal plates. A variable voltage divider or
potentiometer can be used to regulate the
width of the horizontal trace.

A typical circuit for a linear sweep is shown
in Fig. 336. The tube is a gas triode or grid-
control rectifier (§ 3-5). The breakdown volt-
age, or plate voltage at which the tube ionizes
and starts conducting, is determined by the
grid bias. When plate voltage is applied the
voltage across Cy rises, as it acquires a charge
through R;, 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 C;

IC2 Outout

Fig. 336 — A lincar sweep-oscillator using a pas triode.

C1—0.001 to 0.25 nfd. Ca— 0.1 pfd.
C2— 0.5 pfd. Ca — 25 pfd., 25-volt
R1 —0.3 to 1.5 megohms. electrolytic.

Rz — 2000 ohms. R4 — 25,000 ohms,

R3—0.25 megohm. Rs — 0.1 ‘'megohm.

The “B” supply should deliver 300 volts. Ci and R are
proportioned to give a snitable sweep frequency; the
higher the time constant (§ 2-6), thelower the frequency.
R4 limits grid-current flow during the de-ionizing period,
when positive ions are attracted to the negative grid.
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once more charges through Ry. 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 low.

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-
nization will occur even though the signal fre-
quency is a multiple of the sweep frequency,
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. 336 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 iz 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
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 gain ob-
tainable with this type of tube. The amplifier
should be designed to have flat frequency re-
sponse over as wide a range of audio frequen-
cies as possible (§3-3, 5-9). Since a voltage
gain of 100 to 150 or more is readily obtainable,
full deflection of the beam can be secured with
an input of one volt or less by the use of such
an amplifier.

Constructional considerations — An oscil-
loscope should be housed in a metal cabinet,
both to shicld 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 automatieally disconnects
the high-voltage supply when the cabinet is
opened for servicing or other reasons.
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General Requirements — To minimize in-
terference when a large number of stations
must work in one frequency band, the power
output of a transmitter must be as stable in
frequency and as free from spurious radiations
as the state of the art permits. The steady r.f.
output, 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 radiation 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. orso), asimple crystal
oscillator circuit can meet the requirements
satisfactorily. However, the stable power out-
put which can be taken from an osciliator 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 usually is 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 exrciter. Transmitters usually are de-
signed to work in a number of frequenucy bands
so that means for changing frequency har-
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monic steps usually is provided, generally by
means of plug-in inductances.

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 seldom is higher than 7 Mec. 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 required grid driving power
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 a knowledge of the operating char-
acteristies of the various types of amplifiers
and oscillators. These are discussed in the
following sections.

At 112 Me. and higher frequencies these
methods of transmitter design tend to become
rather cumbersome, because of the necessity for
a large number of frequency multiplier stages.
However, in this frequency region less severe
stability requirements are imposed because the
transmission range is limited (§ 9-5) and the
possibility of interference to other communica-
tion is reduced. Simple oscillator transmitters,
without frequency multiplication or buffer ani-
plifiers, are widely used at 112 Mec. and above.

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 more
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 Me. and
above it is necessary to select tubes designed
particularly for operation at very-high fre-
quencies, since tubes built primarily for lower
frequencies may work poorly or not at all,
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 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 heifce 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-
cillator 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 Mec.

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
of adjustment than of the method by which
feed-back is obtained. However, some circuits
are more convenient to use than others, par-
ticularly from the standpoint of feed-back 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 circuit, 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 cause a
change in the frequency.

Fig. 401 — Electron-coupled oscillator circuits. For
maximum stability the grid leak, R, should be 100,000
ohms or more. The grid condenscr should be of the order
of 100 uufd. and the other fixed condensers from 0.002
uld. to 0.1 ufd. Proper values for Rz and Rz may be
determined from § 8-10. For maximum isolation between
oscillator and output circuits the tube should be well
shielded and have extremely low grid-plate eapacity.
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The electron-coupled oscillator — The
effects of loading and coupling to the next
stage can be greatly reduced by use of the
electron-coupled circuit, in which a screen-grid
tube (§ 3-5) is so connected that its screen
grid is used as a plate, in conjunction 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 therefore
must 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
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
reaction on the oscillator frequency for differ-
ent 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 feed-back.
In the plate circuit, a resonant circuit, L,C,,
can be connected as shown at A; it may be
tuned either to the oscillation frequency or to
one of its harmonics. 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 oscillator tube is a pentode having an
external suppressor connection the suppressor
grid should be grounded. This provides addi-
tional 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.
These apply to all oscillators. In addition,
in the electron-coupled oscillator the ratio of
plate to screen voltage has marked effect on
the stability with changes in supply voltage;
the optimum ratio is generally of the .order
of 3:1, but should be determined experimen-
tally for each case. Since the cathode is above
ground potential, means should be taken to
reduce the effects of heater-to-cathode capaci-
tance or leakage which, by allowing a small
a.c. voltage from the heater supply to de-
velop between cathode and ground, may cause
modulation (§ 5-1) at the supply frequency.
This effect, which is usually appreciable only
at 14 Mc. and higher, may be reduced by
by-passing the heater as in Fig. 401 or by op-
erating the heater at the same r.f. potential as
the cathode. The latter may be accomplished
by the wiring arrangement shown in Fig. 402.



Radio-Frequency Power Generation

Fil.
Fig. 402 — Method of operating the heater at cathode
r.f. potential in an eleetron-coupled oscillator. The feed-
baek coil, Lg, should have the same number of turns as
the part of L) between ground and the cathode tap, and
should be elosely coupled to L; {preferably interwound).
The by-pass condenser, €, should be 0.01 to 0.1 fd.

Tank-circuit Q — The most important
single factor in determining frequency stabil-
ity is the @ of the oscillator tank circuit. The
effective Q 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 Q 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 Me.

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

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 coil 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 under some conditions parasitic oscilla-
tions may 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 ad-
vantageous to use a voltage-stabilized power
supply (§ 8-8). Since the oscillator usually is
operated at low voltage and current, VR-type
gaseous regulator tubes are quite suitable.
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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 ordinarily is 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
usually are securely 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.
An auxiliary crystal oscillator may be used as
standard for checking dynamic stahility 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. If 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 feed-back. In the electron-coupled
circuit the Iatter may be adjusted by changing
the cathode tap on the tank coil; critical ad-
justment is required for optimum 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 heating.

In the electron-coupled oscillator having a
tuned plate circuit (Fig. 401-A), resonance at
the fundamental and harmonic frequencies of
the oscillator portion of the tube will be indi-
cated by a decrease 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.

€ 4-3 Piezoelectric Crystals

Characteristics — Piczoclectric  crystals
(§ 2-10) are universally used for controlling
the frequency of transmitting oscillators, be-
cause the extremely high Q of the crystal and
the necessarily loose coupling between it and
the oscillator tube make the frequency stabil-
ity of a crystal-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, ete.
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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 oseillator. This also is a disadvantage, in
that a different erystal is required for cach fre-
quency on which the transmitter is to operate.

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 erystal cut, the thickness
and frequency are related by a constant, k; that
is,

k

F=
where F is the frequency in megacycles and ¢
is the thickness of the crystal in thousandths
of an inch. FFor the X-cut, £ = 112.6; for the
Y-cut, £ = 77.0; for the AT-cut, ¥ = 66.2.

At frequencies above the 7-Mec. region the
crystal becomes very thin and correspondingly
fragile, so that crystals seldom are manufac-
tured for operation much 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-
cited at the third harmonie 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 the num-
ber of cycles frequency change per megaeycle
per degree ('entigrade temperature change, and
may be either positive (increasing frequency
with increasing temperature) or negative (de-
creasing frequency with inereasing tempera-
ture). X-cut erystals have a negative coeflicient
of 15 to 25 cycles/megacycle/degree C. The co-
efficient of Y-cut crystals may vary from — 20
cycles/megacycle/degree C. to + 100 eycles/
megacycle/degree C. The AT, V and LD cuts
have very low coeflicients. Y-cut crystals fre-
quently “jump’’ to another frequency when
the temperature is changed rather than gradu-
ally changing frequency as the nominal co-
efficient might indicate, and hence are rather
unreliable 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 in operation may be considerably
above that of the surrounding air. To minimize
heating and frequency drift (§ 3-7), the power
dissipated must be kept to a 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 feed-back, the amplitude of the
mechanical vibration will become great enough
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to cruck 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 safe for
the particular type of crystal used, the bulb
will serve as a fuse, burning out before a cur-
rent dangerous to the crystal is reached. The
60-ma. and 100-ma. bulbs frequently are used
for this purpose. High ecrystal current is ac-
companied by increased power dissipation and
heating, so that the frequency change also is
greatest when the erystal is overloaded.

Crystal mountings — To make use of the
crystal, 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-
sential that the surfaces of the metal plates in
contact with the crystal be perfeetly flat. In
the air-gap type of holder, the frequency of
oscillation depends to some extent upon the
size of the gap. By using a holder having a top
plate with closely adjustable spacing, a con-
trollable frequency variation can be obtained.
A 3.5-Me. crystal will oscillate without very
great variation in power output over a range of
about 5 ke. X- and Y-cut crystals are not
generally suitable for this type of operation, be-
cause they have a tendency to “jump’ in fre-
quency with different air gaps.

A holder having a heavy metal bottom plate
with a large surface exposed to the air is ad-

-vantageous in that it radiates quickly the

heat generated in the erystal, thereby reducing
temperature effects. Different plate sizes,
pressures, ete., will cause slight changes in
frequency, so that if a crystal is being ground
to an exact frequency it should be tested in the
same holder and in the same oscillator circuit
with which it will be used in the transmitter.

-B +B

Fig. 403 — Triode crystal oscillator. The tank con-
denser, C1, may be 2 100-uufd. variable, with Ly propor-
tioned so that the tank will tune to the crystal frequency.
Cz should be 0.001 pfd. or larger. The grid leak, R,
will vary with the type of tube; high-u tubes take values
of 2500 to 10,000 ohms, while medium and low-x types
take values of 10,000 to 25,000 ohms. A small flashlight
bulb or r.f, milliammeter (§ 4-3) may be inserted at X.
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Fig. 404 — Tetrode or pentode erystal oscillator. Typi-
cal values: C1, 100 pufd., with L wound to suit fre-
quency; Cz, Cs, 0.001 ufd. or larger; Cs, 0.01 ufd.; Ry,
10,000 to 50,000 ohms, best value bcing determined by
trial for the plate voltage and operating conditions
chosen; Rz, 250 10 400 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 metal plates YVg-inch square spaced Y inch. If the
tube has a suppressor grid, it should be grounded. X
indicates where a flashlight bulb may be inserted (§4-3).

( 4-4 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. crystal 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 eapacity 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
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 crystal-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
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 beam 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. Beam-type tubes such as the
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61.6 and 807 will give 15 watts or more at
maximum plate voltage.

The grid-plate capacity may be too low to
give sufficient feed-back, particularly at the
lower frequencies, in which case a feed-back
condenser, Cs, may be required. Its capacity
should be the lowest value which will give stable
oscillation; 1 or 2 uufd. is generally sufficient.

Circuit constants — Typical values for
grid-leak resistances and by-pass condensers
are given in Figs. 403 and 404. Since the
crystal is the frequency-determining element,
the Q of the plate tank circuit has a relatively
minor effect on the oscillator frequency. A @
of 12 (§ 4-8) is satisfactory for average condi-
tions, but some 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 r.f. indicator, such as a small ncon bulb
touched to the plate end of the tank coil, will
show 2 maximum indication at point A. How-
ever, when the oscillator is delivering power to
a load it is best to operate in the region B-C
gince 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 happen when operation is too
near the critical point, A. The crystal current
also 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).

Loaded ’
{ Fig. 405 — Curves show-
Untoaded, ’/‘ ing d.c. plate current vs.

““fc plate tuning capacity in a
| crystal oscillator, both
with and without load.
These curves apply equally
to the triode, tetrode or
pentode erystal oseillator.

PLATE CURRENT
——

nax ryminG capacity 7

The greater the loading, the smaller the volt-
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 it is unloaded.
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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 feed-back capacity.

Pierce oscillator — This circuit is shown in
Fig. 406, It is equivalent to the ultraudion cir-

+
200 — 300
VOLT S

Fig, 406 — Pierce oscillator circuit. Tubes such as the
6C5 and 6F6 are suitable, operating at plate voltages
not exceeding 300 to prevent erystal 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
Ra. Rais the screen voltage dropping resistance (75,000
ohms for the 6F6). Ci may have any value hetween
0.001 and 0.01 uxfd. Ca and Cs should be 0.01 pfd. Co,
the regeneration capacity, must be determined by ex-
periment; usual values are between 50 and 150 ppfd.
The capacity of Cs should be adjusted so that the oscil-
lator is not overloaded; usually 100 pufd is satisfactory.

cuit (§ 3-7), with the crystal replacing the tuned
circuit. Although the output of the Pierce
oscillator is relatively small, it has the ad-
vantage that no tuning controls are required.
The circuit requires capacitive coupling to a
following stage. The amount of feed-back is de-
termined by the condenser, C: 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
of the following stage and the tube and stray
capacities, forms a circuit tuned to a lower
frequency than that of the crystal.

€ 4-5 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 crystal oscillator, while the plate or out-
put circuit is tuned to the oscillator frequency
or, for harmonic output, to a multiple of it.

Besides giving harmonic output, the Tri-tet
circuit has the “buffering” feature of electron-
coupling 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
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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, Li1Cy, is not tuned
to the frequency of the crystal, but to a con-
siderably higher frequency. Recommended
values for L; are given under the diagram. C
should be set to as near minimum capacity as is
consistent with good output. This reduces the
crystal voltage.

With pentode-type tubes having separate
suppressor connections, the suppressor may be
either connected directly to ground or 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, or enough to drive directly an amplifier
of moderate power.

Lz
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Fig. 407 — Tri-tet oscillator circuit, using pentodes (A)
or beam tetrodes (B). C1 and Cz are 200-uufd. variable
condensers. Ca, C4, Cs, Co, may be 0.001 to 0.01 pfd.;
their values are not critical. Ri, 20,000 to 100,000 ohms.
Ra should be 400 ohms for 400- or 500-volt operation.
The following specifications for the cathode coils, L1, are
based on a diameter of 114 inches and a length of 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. The screen should be operated at 250 volts
or less. Audio beam tetrodes such as the 6L6 and 6L6G
should be used only for second-harmonic output. A flash-
light bulb may be inserted at the point marked X (§ 4-3).
The L /C ratioin tbhe plate tank, L2Cz, should be such that
the capacity in use is 75 to 100 ppfd. for fundamental
output and about 25 uufd. for second harmonic output.
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Fig. 408 — Grid-plate crystal oscillator circuit. In the
cathode cireuit, RFC is a 2.5-mh, r.f. choke. Other con-
stants are the same as in Fig. 407. A erystal-eurrent in-
dicator may be inserted at the point marked X (§4-3).

Grid-plate oscillator — In the grid-plate
oscillator, Fig. 408, the crystal is connected be-
tween grid and ground and the cathode tuned
circuit, CoRFC, is tuned to a frequency lower
than that of the erystal. This circuit gives high
output on the fundamental crystal frequency
with low crystal current. The output on even
harmonics (2nd, 4th, etc.) is not as great as
that obtainable with the Tri-tet, but on odd
harmonies (3rd, 5th, etc.) the output 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 at the crystal
fundamental may be obtained 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 behavior
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 consistent with good output; it may, in
fact, be desirable to sacrifice a little output if
so doing lowers the current tarough the crystal
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 occur at the harmonic. M the
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cathode condenser is adjusted for maximum .
output at the harmonic, this adjustment will
usually serve for the fundamental as well. The
crystal should be checked for excessive heating,
the most effective remedy being to lower plate
and/or screen voltage or to reduce the loading.
Maximum r.f. voltage across the crystal is de-
veloped at maximum load, so 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 harmoniec
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 erystal cur-
rent. The variable condenser is useful chiefly in
increasing the output on the third and higher
harmonics; for -fundamental operation, the
cathode capacity is not critical and the fixed
condenser may be used.

q 4-6 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) frequently is necessary so
that the proper exciting voltage and current
will be available at the grid of the driven tube.

Fig. 409 — Curves show-
ing d.c. plate current vs.
plate tuning ecapacity,
both with and without
load, for the Tri-tet oscil-
lator. " The setting for
minimnn plate current
may shift with loading.

PLATE CURRENT
/

—
TUNING CAPACITY

Capacity coupling — Fig. 410 shows several
types of capacitive coupling. In each case, C
is the coupling 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
across 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.
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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
capacity of the driver tube, this additional ca-
pacity may be sufficient, in many cases, to
prevent use of a desirable L/C ratio in circuits
for frequencies above ahout 7 Me.

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
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circuit. The link line usually consists of two
closely spaced parallel wires: oceasionally the
wires are twisted together, but this usually
causes undue losses at high frequencies.

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 coil,
split into two parts which can be pulled apart
or closed somewhat in the fashion of a pair of
calijzers. If the tank coils are wound on forms,
the link may be wound close to the main coil.

With fixed coils, some adjustment of cou-
pling usually can 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.

€ 4-7 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-
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Fig. 410 — Direct- or capacity-coupled driver and amplifier stages. The coupling capacity may be from 50 pufd.
to 0.002 ufd.; it is not eritical except where tapping the eoils for control of excitation is not possible. Parallel
plate feed to the driver and scries grid feed to the amplifier may be substituted in any of the circuits (§ 3-7).
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Fig. 411 — Link coupling between driver and amplifier,
lator, unless some means is provided to elimi-
nate the effects of feed-back through the plate-
to-grid eapacity of the tube (§3-3). 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 sereened for
use as r.f. amplifiers without employing suit-
able 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, makes them prone to self-oscillate with
very small values of feed-back voltage, how-
ever, so that particular care must be used
to prevent feed-back 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 feed-back through
the grid-plate capacity of a triode cannot be
eliminated, and therefore special cireuit means
called neutralization must be used to prevent
oscillation. A properly neutralized triode am-
plifier then behaves as though it were operating
at very low frequencies, where the grid-plate
capacity feed-back is negligible (§ 3-3).
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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, the two currents must be
opposite in phase (§ 2-7) and equal in ampli-
tude.

The out-of-phase current (or voltage) can be
obtained quite readily by using a balanced
tank circuit for 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 neufralizing 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-
neulralized 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
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Fig. 412 — Typical tetrode-pentode r.f. amplifier circuits.
C1 — 0.01 pfd. C2 — 0.001 ufd. C3-L — see § 4-8.
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and its associated by-pass condenser are omitted.
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Fig. 413 — Neutralized triode amplifier cirenits. Plate neutralization is shown in A,B and C,while D, E and I
show types of grid neutralization. Either capacitive or link coupling may be used with the circuits of A, Bor (.

C-L —See § 4-8. (y-1., — Grid tank eircuit.
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
of these factors cause unbalance, which in turn
causes the voltages across the two halves of the
coil to differ when the frequency is changed.

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. C, 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

Cr — Neatralizing condensers.

Ci —0.01 pfd. 2 — 0.001 pfd,
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
in I'ig. 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 feed-back voltage may be either 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 previously
described are present, so that grid neutralizing
is less satisfactory than the plate method.

Fig. 414 — Compensating for unbalance in the single-
tube neutralizing circuit. C:, the balancing condenser,
has a maximum capacity somewhat larger than the tube
output capacity. 1t is adjusted so the ncutralizing con-
denser need not be changed when frequency is shifted.
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Fig. 415 — Inductive neutralizing circuit. The link coils
are of one or two turns 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 con-
nections to one coil may be required for proper phasing.

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 it is less con-
venient. Inductive neutralization is complete
only at one frequency since the effective mutual
inductance changes to some extent with tuning,
but is useful in cases where the grid-plate ca-
pacity of thetube being neutralized is 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-
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 cireuit),
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 the very-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 satisfactorily neutralized.

Neutralizing condensers — In most cases
the neutralizing voltage will be equal to the
r.f. voltage between the plate and grid of the
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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 nceded is greater, because the tube
socket and its associated wiring adds some ca-
pacity to the actual interelement capacities.
When two or more tubes are 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.

Neutralising procedure — The procedure
in neutralizing is essentially the same for all
tubes and circuits. The filament of the tube
should be lighted and excitation from the pre-
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Fig. 416 — *Cross-neutralized” push-pull r.f. amplifier
circuits, Either capacitive or link coupling may be used.
C-L — See §4-8, C» — Neutralizing condensers.
C1—0.01 pfd. C2 — 0.001 nfd. or larger.
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ceding stage fed to the grid circuit. There
should be no plate voltage on the amplifier.

The grid-circuit milliammeter makes a good
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 throngh 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 neutralizing capacity in the same direction
will bring the grid-current dip back. The neu-
tralizing 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 circuits should be retuned
each time a change is made in neutralizing
capacity. In neutralizing a push-pull amplifier
the neutralizing condensers should be adjusted
together, step by step, keeping their capacities
as equal as possible.

With single-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
eircuit is properly neutralized.

When an amplifier is not neutralized a ncon
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 am-
plifier is neutralized. lHowever, touching the
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neon bulb to such an ungrounded point in the
circuit may introduce enough stray capacity
to unbalance the circuit slightly, thus upsetting
the neutralizing.

A flashlight bulb connected in series with a
single-turn loop of wire 214 or 3 inches in
diameter, with the loop coupled to the tank
coil, also will 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 must 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 while this is done, 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
stageis about the only way to obtain practically
perfect balance throughout the amplifier.

The neutralization of tubes with extremely
low grid-plate capacity, such as the 6L6, 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 successfully
with such tubes.

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-
plicd 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
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Fig. 418 — Instantaneous voltages and currents in a
Class-C amplifier operating under optimum conditions,

tube used must have low plate-cathode ca-
pacity (of the order of 1 uufd. or less) since
larger values will give sufficient feed-back 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
Mec. or so.

( 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 75 per cent are
readily obtainable at frequencies up to the
30-60-Mec. region. The overall efficiency of the
amplifier will be lower by the power lost in
the tank and coupling circuits, so that the ac-
tual 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. With other operating considerations,
this angle results in an optimum relationship be-
tween 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 usually is
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 cither the grid cir-
cuit of a following stage or the antenna circuit.
For highest efficiency the value of load re-
sistance should be relatively high, but if only
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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 decrecase in plate effi-
ciency. The optimum load resistance is that
which, for the maximum permissible peak
plate current, causes the minimum instan-
taneous plate voltage (I'ig. 418) to be equal to
the maximum instantancous 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 10 to 20 per cent 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 instantancous voltage reaches the cut-off
value (§ 3-2), the d.c. grid voltage must be con-
siderably higher than cut-off to confine the
operating angle to 150 degrees or less (with grid
bias at cut-off, the angle would be 180 degrees).
For an angle of 120 degrees, ther.f. grid voltage
must reach 50 per cent of its peak value (§ 2-7)
at the cut-off point. The corresponding figure
for an angle of 150 degrees is 25 per cent. Hence,
the operating bias required is the cut-off value
plus 25 to 50 per cent of the peak r.f. grid volt-
age. 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 be not less than 180 de-
grees when the plate voltage rises to twice the
steady d.c. value (§ 3-3). Because of their rela-
tively high amplification factors, with most
modern tubes Class-C operation requires con-
siderably more than twice cut-off bias to make
the operating angle fall in the region mentioned
above. Suitable operating conditions are usu-
ally 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 therefore is
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 10 to 20 per cent
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 the very-high fre-
quencies, however, dielectric losses in the glass
envelope and base materials become appre-
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ciable, together with losses caused by transit-
time effcets (§ 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
(sce § 8-1 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 is flowing, 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 ohms), depending
upon the type of tube. Both the minimum and
average values of grid impedance depend to a
considerable extent on the amplification factor
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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 is the grid driving power.
Under optimum operating conditions, values of
averagegrid impedance ranging from 2000 ohms
for high-u tubes to four or five times as much
for low-u types are representative. Values in
the vicinity of 4000 to 5000 ohms are typical
of modern triodes with amplification factors
of 20 to 30.

Beeause 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 Q
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 ( — 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 harmonies 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 also is helpful from the standpoint of
scceuring adequate coupling to the load or an-
tenna circuit (§ 2-11). The proper @ can be ob-
tained by suitauble 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 one-fourth this value, because the tube
is connected 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 section should have a capacity of
100 ppfd., the total eapacity of the two in series
being 50 uufd. 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 Qs
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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 I, G, 1L, 1, J and K, E will be twice the d.c, plate voltage
for c.w. or four times the plate voltage for *phone. The circuit is assumed to be fully loaded. Tubes in parallel in
any of the circuits will not affeet the peak voltage. Cireuits A, C, E, I, G and 1 require that the tank condenser
be insulated from chassis or ground and that it be provided with a snitably insulated shaft coupling for tuning,

ranging from 100 to several hundred, the tank
transfer efficiency generally is 90 per cent or
more. An unduly large C/L ratio is not advisa-
ble 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-
essary for a Q of 12 has been determined from
Fig. 419, the inductance required to resonate
at the given frequency can be found by means
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 134 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 alternate
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, the speci-
fied number of turns should be 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
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 in describix}g their
condensers.

Plate or screen by-pass condensers of 0.001
ufd. should be satisfactory for frequencies as
low as 1.7 Mec. Cathode-resistor and filament
by-passes in r.f, circuits should be not less than
0.01 pfd. Fixed condensers used for these pur-
poses should have voltage ratings 25 to 50 per
cent greater than the maximum d.c. or a.c.
voltage across them.

Interstage coupling condensers should have
voltage ratings 50 to 100 per cent greater than
the sum of the driver plate and amplifier grid-
biasing voltages.
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inch; Corve B — winding length, 113 inches; Curve
C — winding length, 2 inches. Curve C is also suitable
for coils wound on 13%j.inch diameter transmitting-
type ceramic forms with 3 inches of winding length.
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Curve C — ceramie form 274-inch effeetive diameter,
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form 5-inch effective diameter, 26 grooves. 7 per inch.
Coils may be wound with either No. 12 or No. 14 wire.

q 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
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 similar, 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
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by means of the links (§ 4-6) to give maximum
grid current with minimum driver plate cur-
rent. This usually will 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 Q 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 Qs 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. The @ 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 re-check
the coupling to take care of this shift.

With recommended bias, the grid current ob-
tained before plate voltage is applied to the am-
plifier should be 25 to 30 per cent 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
Ligh-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 avoid
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
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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
principally determined by the screen rather
than the plate voltage.

Under reasonably efficient operating condi-
tions the minimum plate current with the
amplifier unloaded will be a small fraction of
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 rela-
tively large. When
the amplifier is de-

Unloaded

PLATE CURRENT

—

TUNING CAPACITY
Fig. 123 — Typical behav-
ior of d.c. plate current
vs. tuning capacity in the
plate circuit of an amplificr.

livering power to a
load, the circulating
current drops consid-
erably and the tank
losses correspondingly
decrease. High mini-
mum unioaded plate

current is chiefly en-
countered 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 tankr.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 also will 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 usually is also tuned to reso-
nance. A reactive load (such as an antenna or
feeder system not tuned exactly to resonance)
may cause the tank condenser setting to
change 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
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 a 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. 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
I=\/§

Incandescent light bulbs can be used to re-
place the special resistor and thermoammeter.
The lamp should be equipped with a pair of
leads, preferably soldered to the terminals on
the lamp base. The coupling should be varied

Jank.
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Tank.
Circult

L

p—ryy : R

®

Tank
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Fig. 424 —“"Dummy antenna” circuits for checking
power output and making operating adjustments un-
der load without applying power to the actual antenna.
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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 the circuit of Fig.
424-B is used.

Harmonic suppression — The most im-
portant step in the elimination of harmonic
radiation (§ 4-8, 2-12) is to use gn 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 harmonic con-
tent in the output of the amplifier even though
the proper tank Q is used. If the antenna sys-
tem in use will accept harmonic frequencies
they will be radiated when distortion is present,
and consequently the antenna coupling system
preferably should be selected with harmonic
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 cir-
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 Q of the grid tank is high
enough to give good voltage regulation, which
minimizes harmonic transfer and thus pre-
vents 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. I'ig. 425 shows
the construction of such a shield, while Fig. 426
illustrates the manner in which it is installed.
The construction shown in Fig. 425 prevents
current flow in the shield, which would occur
if the wires formed closed circuits since the
shield is in the magnetic field of the tank coil.
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No Connections
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Fig. 425 — The Faraday elec.
trostatic shield for eliminating
capacitive transfer of har-
monic energy. 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.

Conductors

Joined here

Should this occur, there would be magnetic
shielding as well as electrostatic; in addition,
there would be a 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
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
as 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 @ is
too low (§ 2-10). A similar effect also occurs
at times with screen-grid amplifiers when the
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
thescreen voltage, and hence the 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 occur 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.
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¢ 4-10 Parasitic Oscillations

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

The parasitic oscillation usually starts the
instant plate voltage is applied, or, when the
amplifier is biased beyond cut-off, at the instant
excitation is applicd. 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 abnormal key clicks (§ 6-1) over a wide
frequency range, or by the presence of spurious
side-bands (§ 5-2) with ’phone modulation.

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. chokes
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 cireuit 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 if 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

99

coupling (§ 4-6). In this case the turns between
grid and ground and between plate and ground
form,-with the stray and other capacities pres-
ent, a t.p.t.g. circuit (§ 3-7) which oscillates at a
frequency somewhat higher than the nominal
operating’ frequency. Such an oscillation 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 con-
denser (Fig. 413-C) is recommended.

Very-high-frequency parasitics — Para-
sitics in the v.h.f. region are likely to occur
with any amplifier having a balanced tank cir-
cuit, particularly when associated with neutral-
izing connections. The parasitic circuit, formed
by leads connecting the various components,
may be either the t.p.t.g. or ultraudion type.

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 pufd.) may be used, in
conjunction with three or four self-supporting
turns of heavy wire wound into a coil an inch or
50 in diameter. With the amplifier oscillating at
the parasitic frequency, the condenser is slowly
tuned through its range until oscillations cease.
If this point is not found on the first trial, the
turns of the coil may be spread apart or a turn
removed and the process repeated. The use of
such a tuned circuit as a trap is an almost cer-
tain remedy if the frequency can be deter-
mined, 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 de-
tune 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

grid is tapped down on the JTank Coil Tank Coil

grid (or driver plate) tank circuit ) — )

for adjustment of driver-amplifier g Shield
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the coupled coils and placed hetween
them so each is isolated from the other.
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triodes, uscd 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. C1
should be 0.01 ufd. or larger; Cz, 0.001 ufd. or larger

will remain steady as the tank condensers are
varied; 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 so, 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 v.h.f. type. The type which
occurs near the operating frequency will not
exist 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 such an oscillation is present
its existence can be detected by moving the
grid tap to include the whole tank circuit,
whereupon the oscillation 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 v.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-
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sustaining oscillation is set up with excitation.
If the plate current does not return to the
previous value when the cxeitation is cut off,
the same tests should be applicd to determine
the parasitic frequency.

As a final test, the transmitter should be put
on the air and a nearby receiver 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 nor-
mal harmonies, which will have the same
stability as the fundamental signal as well as
the usual harmonic relationship. Harmonies
should be quite weak compared to the funda-
mental frequency, whereas parasitic oscilla-
tions may have considerable strength.

q 4-11 Frequency Multiplication

Circuits — A frequency multiplier is an
amplifier having its plate tank circuit tuned
to a multiple (harmonie) 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 screcn-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 receives
two pulses of plate current for each cycle of
excitation frequency. The circuit is similar to
the full-wave rectifier (§ 8-3) where the ripple
frequency is twice the applied frequency.

Push-pull ampliters are suitable for fre-
quency multiplication at odd harmonics, but
are unstited to even harmonic multiplication
because the even harmonics are largely bal-
anced out in the tank circuit (§ 3-3).

Operating conditions and circuit con-
stants — To obtain good efficicney the operat-
ing angle at the harmonic frequency must be
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 amplification. For comparable
plate cfficiency 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-
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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 amplificr, 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 usually is
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
current, but this is accompanied by a decrease
in efficiency. Since operation described in the
preceding paragraph is below the maximum
plate dissipation rating of the tube, decreased
efficiency usually can be tolerated in the inter-
ests of securing more power output. In practice,
an efficiency of 40 to 50 per cent is average.
The tank circuit should have reasonably
high Q (12 is satisfactory) to give good output
voltage regulation (§ 4-9), since a plate-current
pulse occurs only once every two cycles 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
harmonic. Such a tank circuit will have rela-
tively high impedance to the 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. Often it is 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. It may be necessary to step up the driver
output voltage to obtain sufficient r.f. grid volt-
age for the doubler; this may be done by tap-
ping 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 somewhat
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 will, as in normal amplifier operation,
require less driving power than triodes for
efficient doubling, although more power will
be needed than for straight amplification.
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€ 4-12 Very-High-Frequency Oscillators

Linear circuits — At very high frequencies
tube interelectrode capacities become of in-
creasing importance, so that eventually the in-
ductance of the shortest possible straight wire
connection between elements, in conjunction
with internal leads and capacities, 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 con-
struction, the upper limit of oscillation is in the
region of 150 Mec.; for higher frequencies, spe-
cial v.h.f. tubes having low interelectrode capa-
cities and low internal lead inductance are
used. Only a few types are capable of develop-
ing more than a few watts at 300 Me. and higher.

Although ordinary coil and condenser tank
circuits can be used at frequencies as high as
112 Me., the @ of such circuits is low at very-
high frequencies because of increased losses,
so that both stability and efliciency are poor.
For this reason speeial tank circuits of the lin-
ear type (§ 2-12) are preferable. These may be
any multiple of a quarter wave in length, the
stability increasing with the number of quarter
waves. The quarter-wave line is more generally
used, however, because of the considerable
space required for longer lines. At 112 Mec.
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.

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 induc-
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 can be used as the
tank circuit (§ 3-7) in an oscillator. It should
be used as a balanced circuit to avoid unequal
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Fig. 428 — Single-tube line oscillator. The grid con-
denser, C1, may he 50 uufd.; grid leak, R1, 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 Y4 inch, although dimen-
sions will change considerably with the frequency. By-
pass condensers should be small in physical size, to re-
duce lead inductance; 500 wufd. is a satisfactory value.
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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 reduce
resistance and provide a mechanically stable
circuit. The line should be approximately a
quarter-wavelength long. Frequency can be
changed by moving the shorting bar 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. These taps should be close to the
shorted end of the line, since the frequency sta-
bility will be better under these conditions.

The coils in the filament circuit (L) are fre-
quently required at 112 Mec. and higher to com-
pensate for the effects of the inductance of
connecting leads, which in many cases are long
enough to cause appreciable phase shift (§ 2-7).
The effective length of the filament circuit
should be approximately 14 wavelength, to
bring the filament to the same potential as the
shorted ends of the lines. The proper induct-
ance must be determined by experiment, the
coils being adjusted for optimum stability
and power output.

The oscillation frequency also may 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 @ 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 greater bandspread effect (§7-7).

Shorting Bar

—
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Push-pull oscillators — It is often advan-
tageous to use a push-pull oscillator circuit at-
very-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 possible 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 @ 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 circuit for frequency control, in conjunc-
tion with a conventional coil-condenser tank
in the plate circuit where the lower Q does not
have so great an effect on the stability.

Fig. 429-B shows a push-pull oscillator hav-
ing tuned plate and cathode circuits, using
linear tanks for each. The grids are connected
together and grounded through the grid leak,
R,; ordinarily no by-pass condenser is needed
across Ry. This circuit gives good power out-
put at very-high frequencies, but is not es-
pecially stable unless the plates are tapped
down on the plate tank circuit to avoid too
great a reduction in Q. Tapping on the cathode
line is not feasible for mechanical 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. potential.

Concentric-line circuits — At frequencies
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
appreciable fraction of the wavelength.
Consequently, at these frequencies the
concentric line must be used. In this
type the field is confined inside the
line, so that radiation is negligible.
There is a further advantage in that
the outside of the line is “cold”; that
is, no r.f. potentials develop between

—
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Fig. 429 — Push-pull line oscillators. See Fig. 428 for constants.
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points on the outer surface. While the
concentric line also is advantageous at
lower frequencies, because it is more
complicated to construct and adjust-
ments are more difficult the open lines
are generally favored.

The concentric line usually is con-
structed of copper pipes arranged con-
centrically and short-circuited at one
end. The optimum ratio of inner diam-
eter of the outer conductor to the
outer diameter of the inner conductor
is 3.6. Taps may be made on the in-
ner conductor and brought through
a hole in the outer conductor to the
tube element, as shown in Fig. 430.
The tube loads the line in the same
way as described in the preceding par-

+8
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Fig. 430 — Concentric-line oscillator circuits. The line,
usually made of tubular conductors, is shown in cross-
scction. See Fig. 428 and the text for circuit constants.

agraphs, hence the length is generally shorter
than an actual quarter wavelength. The length
can be adjusted by a sliding short-circuiting
disc at the closed end, a close fit and low-resist-
ance contact being necessary to avoid reduction
of the Q. It is also possible to make the inner
conductor a pair of close-fitting concentric
tubes, so that one may be slid in or 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, Cy, although this
condenser may be omitted and the tuning
accomplished by changing the line length.

For ease of construction, the concentric line
sometimes is 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 type of construction, although not
so much as with open lines.

103

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 of inherently high Q@ (§2-10). At
low frequencies the inherent @ of any well-
designed circuit 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 the very-
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
the feed-back 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 a
hairpin coupling coil. Such a tank circuit also
may 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 (10 per
cent or less of the wavelength). At greater
lengths it tends to act as a linear circuit,
eventually evolving into the concentric line.
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Fig. 431 — High-Q lumped.constant tank circuit in a
v.h.f. oscillator. This drawing shows a cross-section of
the tank, which is usually huilt of concentric cylinders.
Ci1 and R, are the grid condenser and leak, respectively.
See Fig. 428 and text for discussion of circuit constants,
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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. The
continuous wave from the transmitter itself
serves only as a ‘“carrier” for the message;
the intelligenece 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 pitch. 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
cycles per sceond to several thousand per sec-
ond. The problem of transmitting speech by
radio therefore is one of varying the r.f. carrier
in a way which corresponds to the air-particle
vibrations. The first step in doing this is to
change the sound vibrations into alternating
clectrical currents of the same frequency
and relative intensity; the electromechanical
device which achicves this translation is the
microphone. These currents then may 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 aceordance with the speech
current by using the current to change the
phase (§ 2-7), frequency or amplitude of the
carrier. Amplitude modwlation is by far the
most common system, and is used exclusively
on all frequencies below the very-high-fre-
quency region (§2-7). Frequency modulation,
which has special characteristies which make
its use desirable under certain conditions, is
used to a considerable extent on the very-high
frequencies. I’hase modulation, which is closely
related to frequeney modulation, has had little
or no direct application in practical com-
munication.

q 5-2 Amplitude Modulation

Cuarrier requirements — For proper ampli-
tude modulation, the carrier should be com-
pletely free from inherent amplitude variations
such as might be caused hy insufficient filtering
of a rectified-a.c. power supply (§8-4). It is
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 unnccessary interference to other
transmissions. In practice, this undesirable
frequency modulation is prevented by applying
the modulation to an r.f. amplificr stage which
is isolated from the frequeney-controlling
oscillator by a “buffer” amplificr. Amplitude
modulation of an oscillator almost always is
accompanicd by frequency modulation. It isx
permitted therefore only on frequencies above
112 Me., because the problem of interference
is less acute in this region than on lower fre-
quencies.

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 carrier alone. It is desirable
therefore to obtain the largest permissible
variations in the carrier wave. This condition
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Fig. 501 — Graphical representation of (A) unmodu-
ated carrier, (B) modulated 50%, (C) modulated 1009,
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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 100 per cent modulated. Any desired
degree of modulation can be expressed as a per-
centage, using the unmodulated carrier as a
base. Fig. 501 shows, at A, an unmodulated
carricr wave; at B, the same wave modulated
50 per cent, and at C, the wave with 100 per
cent modulation, using a sine-wave (§2-7)
modulating signal. The outline of the modu-
lated r.f. wave is called the modulation envelope.

The percentage modulation can be found by
dividing cither ¥ 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
instantancous values of either. Since power
varies as the square of eithcr the current or
voltage (so long as the resistance in the circuit
is unchanged), at the peak of the modulation
up-swing the instantaneous power in the wave
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 100 per cent modulated wave is
one and one-half times the unmodulated car-
rier power; that is, the power output of the
transmitter increases 50 per cent with 100 per
cent modulation.

Linearity — Up to the limit of 100 per cent
modulation, 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 to be non-linear. The amplifier
may not, for instance, be capable of quadru-
pling its power output at the peak of 100 per
cent modulation. A non-linear modulated am-
plifier 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 in the amplifier.

Modulation capability — The modulation
capability of the transmitter is the maximum
percentage of modulation that is possible
without objectionable distortion from non-
linearity. The maximum capability is, of
course, 100 per cent. The modulation eapabil-
ity should be as high as possible, so that the
most effective signal can be transmitted for a
given carrier power.

Overmodulation — If the oarrier is modu-
lated more than 100 per cent, a condition such

105

as is shown in Fig. 502 occurs. Not only does
the peak amplitude cxcced twice the carrier
amplitude, but actually thcre may be a con-
siderable period during which the output is
entirely cut off. The modulated wave is there-
fore distorted (§ 3-3), with the result that har-
monics of the audio modulating frequency
appear. The carrier should never be modulated
more than 100 per cent.
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Fig. 502 — An overmodulated carrier wave.

Sidebands — The combining of the audio
frequency with the r.f. carrier is essentially a
heterodyne process, and thercfore givesrise to
beat frequencies equal to the sum and differ-
ence of the a.f. and r.f. frequencies involved
(§ 2-13). Thercfore, for cach audio frequency
appearing in the modulating signal, two new
radio frequencies appcar, onc equal to the
carrier frequency plus the audio frequency,
the other equal to the carrier minus the audio
frequency. These new frcquencics 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 stdebands.
Hence 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 width is twice the
highest modulation frequency. To accommo-
date the largest number of transmitters in a
given part of the r.f. spectrum it is apparent
that the channel width should be as small as
possible, but on the other hand it is necessary,
for speech of reasonably good quality, to use
modulating frequencies up to about 3000 or
4000 cycles. This calls for a channel width of
6 to 8 kilocycles.

Spurious sidebands — Besides the normal
sidebands required by speech frequencies,
unwanted sidebands 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 sidebands cause unnecessary
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interference to other transmitters. The quality
of transmission also is adversely affected when
spurious sidebands are generated.

The chief causes of spurious sidebands are
harmonic 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 circuit (grid-bias modulation).
A third system involves variation of both plate
voltage and grid bias, and is called cathode
modulation.

RF !
Excitation
RFC

Fig, 503 — Plate modulation of a Class-C r.f. amplifier.
The r.f. plate by-pass condenser, C, in the amplifier
stage should have high reactance at audio frequencies.
A capacity of 0.002 .fd. or less usually is satisfactory.

( 5-3 Plate Modulation

Transformer coupling—In 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, 7. For 100 per cent
modulation 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
30 per cent for 100 per cent modulation (§ 5-2),
so that the modulator must supply to the mod-
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ulated r.f. stage audio power equal to 50 per
cent of the d.c. plate input. 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 impedance, or load resistance pre-
sented to the modulator by the modulated
r.f. amplifier, is equal to
E 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
(rf. 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 and proper bias, and
the 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 50 per cent with
100 per cent modulation, while true for tone
modulation, is not true for speech. On the aver-
age, speech waveforms will contain only about
half as much power as a sine wave, both having
the same peak amplitude. The average power
output of the transmitter therefore increases
only about 25 per cent with 100 per cent speech
modulation. However, the instantaneous power
output must quadruple on the peak of 100 per
cent modulation (§ 5-2) regardless of the mod-
ulating waveform. Therefore, the peak ca-
pacity of the transmitter must be the same
for any type of modulating signal.

CLASS-C
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Fig. 504 — Plate and screen modulation of a Class-C
r.f. amplifier using a pentode tube. The plate and screcn
r.f. by-pass condenscrs, C1 and Cz, should have high
reactance at all audio frequencies (0.002 ufd. or less).
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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 usually are 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 source 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 per cent 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 turns 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-
rent is balanced by an equivalent decrease in
voltage and current. Consequently, the d.c.
plate current to a properly modulated am-
plifier is always constant, with or without
modulation.

Screen-grid amplifiers — Screen-grid tubes
of the pentode or beam tetrode type can be
used as Class-C plate-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 steady carrier conditions. Its value
can be calculated by taking the difference be-
tween plate and screen voltages and dividing
it by the rated screen current.

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 twocurrents is 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
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modulation. The plate power for the modulator
tube and modulated amplifier is furnished from
a 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.
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Fig. 505 — Choke-coupled plate modulation.

amplifier as its load, the audio output of the
modulator being superimposed on the d.c.
power supplied to the amplifier. For 100 per
cent modulation, the audio voltage applied to
the r.f. amplifier plate circuit across the choke,
L, must have a peak value equal to the d.c.
voltage 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 by-
pass condenser, C1.

This type of modulation seldom is 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-
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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 100 per
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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
bigh reactance at audio frequencies (0.002 ufd. or less).

cent modulation, both plate current and effi-
ciency must, at the peak of the modulation up-
swing, be twice their carrier 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 70 to 80 per cent, the carrier
efficiency ordinarily cannot excced about 35
to 40 per cent. For a given size of r.f. tube, the
carrier output is about one-fourth the power
obtainable from the same tube plate-modu-
lated. The grid bias, r.f. excitation, plate load-
ing and audio voltage in series with the grid
must be adjusted to give a linear modulation
characteristic.

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 supply only 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 bheing fixed. If the bias source
has appreciable resistance, the change in
grid current also will cause a change in bias
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in a direction opposite to that caused by the
modulation. It is necessary, therefore, 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 chosen. 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 beobtained
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 transmitter
wwill be convenient. The fixed grid bias should
be two or three times the cut-off value (§ 3-2).
The d.c. input to the amplifier, assuming 33
per cent carrier efficiency, will be 114 times
the plate dissipation rating of the tube or tubes
used in the modulated stage. The plate current
for this input (in milliamperes, 1000 P/E,
where P is the power and E the d.c. plate volt-
age) must be determined. Apply r.f. excitation
and, without modulation, adjust the plate
loading to give the required plate current
(keeping the plate tank circuit tuned to reso-
nance). Next, apply modulation and increase
the modulating signal until the modulation
characteristic shows curvature (§5-10). This
probably will occur well below 100 per cent
modulation, indicating that the plate efficiency
is too high, Increase the plate loading and re-
duce the excitation to maintain the same plate
current; then apply modulation and check the
characteristic again. Continue this process un-
til the characteristic is linear from the axis to
twice the carrier 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)
than with relatively low plate voltage and high

-plate current.

The amplifier ean be adjusted without an
oscilloscope by determining the plate current
as described above, then setting the bias to the
eut-off value (or slightly beyond) for the d.c.
plate voltage used and applying maximum
excitation. Adjust the plate loading, keeping
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the tank circuit at resonance, until the ampli-
fier draws twice the carrier plate current, and
note the antenna current. Decrease the exci-
tation 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 both with and without modula-
tion (§ 5-3).

Suppressor modulation — The circuit ar-
rangement for suppressor-grid modulation of a
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 sinec best adjustment for proper
excitation requirementsand proper modulating
circuit requirements are more or less independ-
ent. The ecarrier plate cfficiency is approxi-
mately the same as for grid-bias modulation,
and the modulator power requirements are
similarly small. With tubes having suitable
suppressor-grid characteristics, linear modula-
tion up to practically 100 per cent 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 recommendcd
for c.w. telegraph operation with the particular
tube uscd, adjust the plate loading to obtain
twice the carrier plate current (on the basis of
33 per cent carrier efliciency). Then apply suf-
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Fig. 507 — Suppressor-grid modulation of an r.f, am-

plifier using a pentode tube. The suppressor-grid
r.f. by-pass condenser, €, should be 0.002 ufd, or less.
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ficient negative bias to the suppressor to bring
the plate current to the carrier value, leaving
the loading unchanged. Simultaneously, the
antenna current also should drop to half its
maximum 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 efficiecncy midway be-
tween the two. The audio power is introduced
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Fig. 508 — Cathode modulation of a Class-C r.f am-
plifier. The grid and plate r.f. by-pass condensers, C,
should be 0.002 xfd. or less (for high a.f. reactance).

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 thcy must be supplied from a
separate filament transformer. The filament
by-pass condensers should not be larger than
about 0.002 pfd., to avoid by-passing the audio-
frequency modulation.

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 ecarrier
efficiency thercfore 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.
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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 over-all percentage of modulation reach
100 per cent. The limiting condition, 100 per
cent plate modulation and no grid-bias modu-
lation, is at the right (A); pure grid-bias
modulation is represented by the left-hand
ordinate (B and C).
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Fig. 509 — Cathode-modulation performance curves,
in terms of percentage of plate modulation plotted
against percentage of Class-C telephony tube ratings.

Win — D.c. plate input watts in terms of percentage of
plate-modulation rating.

Wo — Carrier output watts in per cent of plate-modula-
tion rating (based on plate efficiency of 77.5%).

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

Ny, — Plate efficiency of the amplifier in percentage.

As an example, assume that 40 per cent plate
modulation is to be used. Then the modulated
r.f. amplifier must be adjusted for a carrier
plate efficiency of 56 per cent, the permissible
plate input will be 65 per cent of the ratings
of the same tube with pure plate modulation,
the power output will be 48 per cent of the
rated output of the tube with plate modulation,
and the audio power required from the modu-
lator will be 20 per cent of the d.c. input to the
modulated amplifier.

Modulating impedance — The
modulating impedance of a cath-
ode-modulated amplifier is ap-
proximately equal to

By
T Audro
Input
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 modu-
lating impedance is used in the
same way as the corresponding

DRIVER
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figure for pure plate modulation, in determin-
ing 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, cspecially 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-
ages of plate modulation a combination 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 percentage of grid modulation
may be regulated by choice of a suitable tap
on the modulation transformer secondary.

Adjustment of cathode-modulated amn-
plifiers — In most respects, the adjustment
procedure is similar to that for grid-bias mod-
ulation (§ 5-4). The critical adjustments are
those of antenna loading, grid bias, and excita-
tion. The proportion of grid-bias to plate mod-
ulation 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 100 per cent
modulation. As in the case of grid-bias modu-
lation, too-light antenna loading will cause
flattening of the up-peaks of modulation
(downward modulation), as also will too-high
excitation (§ 5-10). The cathode current will be
practically constant with or without modula-
tion when the proper operating conditions are
reached (§ 5-3).

( 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 circuit is given in
Fig. 510. A pair of tubes must be chosen which
is capable of delivering sine-wave audio power

CLASS-B MODULATOR
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Fig. 510 — A typical Class-B audio modulator and driver circuit.
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equal to half the d.c. input to the modulated
Class-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 suffice for both
stages. Available components do not always
permit this, however, and better over-all
performance and economy may result from
the use of separate power supplies.

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 match must be brought about by
adjusting the turns ratio of the coupling trans-
former. The required turns ratio, primary to
secondary, is

Zy

Zm

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 turns ratio can be found by substi-
tuting the given impedances in the formula
above. Many transformers are provided with
primary and secondary taps, so that various
turns ratios can be obtained to meet the re-
quireménts 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 of
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 cycle, 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 can be
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 turns
ratio giving the largest step-down in the volt~
age between the driver plate or plates and the
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

m

be triodes having low plate resistance, since
these will have the best regulation. Having
choseri a tube or tubes capable of ample
power output 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 one-fourth the
plate-to-plate load resistance. A 4-pfd. output
condenser 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 per cent
of the d.c. input to the modulated amplifier) te

.
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take care of losses in the output transformer.
These usually run from 10 per cent to 20 per
cent of the tube output. In addition, the
Class-C amplifier should be adjusted to give
the proper modulating impedance and the cor-
rect autput transformer turns ratio should be
used. Such high-frequency harmonics as may
be generated in these circumstances can be re-
duced by connecting condensers across the
primary and secondary of the output trans-
former (about 0.002 ufd. in the average case),
to form, with the transformer leakage induct-
ance (§2-9) a low-pass filter (§2-11) which
cuts off just above the maximum audio fre-
quency required for speech transmission (about
4000 cycles). The condenser 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 value of plate current re-
quired to present the rated load to the modu-
lator. With no load to absorb the power, the
primary impedance of the transformer rises to
a high value and excessive audio voltages are
developed 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.

Q 5-7 Llow-Level Modulators

Selection of tubes — Modulators for grid-
bias and suppressor modulation can be small
audio power tubes, since the audio power re-
quired usually is small. A triode such as the
2A3 is preferable because of its low plate re-
sistance, 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, to stabilize
the voltage output and thus improve the reg-
ulation. This is indicated in Figs. 506 and 507.

€ 5-8 Microphones

Sensitivity — The level of a microphone is
its electrical output for a given speech inten-
sity input. Level varies greatly with micro-
phones of different basic types, and also varies
between different models of the same type.
The output is also greatly dependent on the
character of the individual voice (that is, the
audio frequencies present in the voice) and the
distance of the speaker’s lips from the micro-
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phone, decreasing approximately as the square
of the distance. Hence, only approximate
values based on averages of “normal” speak-
ing voices can be attempted. The values given
in the following paragraphs are based on close
talking; that is, with the microphone less than
an inch from the speaker’s lips.

Frequeney response — The frequency re-
sponse or fidelity of a microphone is its relative
ability to convert sounds of different frequen-
cies into alternating current. With fixed sound
intensity at the microphone, the electrical out-
put may vary considerably as the sound fre-
quency is varied. For understandable speech
transmission ouly a limited frequency range is
necessary, and natural-sounding speech can be
obtained if the output of the microphone does
not vary more than a few decibels (§3-3)
at any frequency within a range of about 200
cycles to 4000 cycles. When the variation
expressed in terms of decibels is small between
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 rheostat included in each
circuit for adjusting the button current to the
correct value as specified with each micro-
phone. The single-button microphone consists
of a metal diaphragm placed against an in-
sulating cup containing loosely packed carbon
granules (microphone button). Current from a
battery flows through the granules, the dia-
phragm being one connection and the metal
back-plate the other. The primary of a trans-
former is connected in series with the battery
and microphone. As the diaphragm vibrates
its pressure on the granules alternately in-
creases and decreases, causing a corresponding
increase and decrease of current flow through
the circuit, since the pressure changes the
resistance of the mass of granules. The result-
ing change in the current flowing through the
transformer primary causes an alternating
voltage, of corresponding frequency and in-
tensity, to be set up in the transformer sec-
ondary (§2-9). The double-button type is
similar, but with two buttons in push-pull.

Good quality single-button carbon micro-
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 can be assumed available
at the grid of the first tube. The usual button
current is 50 to 100 ma.

The level of good-quality double-button mi-
crophones is considerably less, ranging from
0.02 volt to 0.07 volt across 200 ohms. With
this type of microphone and the usual push-
pullinput transformer, a peak voltage of 0.4 to
0.5 across 100,000 ohms or so can be assumed
available at the first speech-amplifier grid. The
button current with this type of microphone
ranges from 5 to 50 ma. per button.
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Crystal microphones — The input circuit
for a piezoelectric or crystal type of micro-
phone is shown in Fig. 511-E. The element in
this type consists of a pair of Rochelle salts
erystals cemented together, with plated elee-
trodes. In the more sensitive types, the erystal
is mechanically coupled to a diaphragm. Sound
waves actuating the diaphragm cause the
erystal to vibrate mechanieally and, by piezo-
electric action (§2-10), to generate a corre-
sponding alternating voltage between the elec-
trodes, which are connected to the grid circuit
of a vacuum-tube amplifier, as shown. The
erystal type requires no separate source of
current or voltage.

Although the level of erystal microphones
varies with different models, an output of
0.01 to 0.03 volt is representative for com-
munication types. The levcl is affected by the
length of the cable connecting the microphone
to the first amplifier stage; the above figure is
for lengths of 6 or 7 feet. The frequency char-
acteristic is unaffected by the cable, but the
load resistance (amplifier grid resistor) does
affect it, the lower frequencies being atten-
uated as the shunt resistance becomes less. A
grid-resistor value of 1 megohm or more should
be uscd for reasonably flat response, 5§ meg-
ohms being a customary figure.

Condenser microphones — The condenser
microphone of Fig. 511-C consists of a two-
plate capacity, with one plate stationary. The
other, which is separated from the first by
about a thousandth of an inch, is a thin metal
membrane serving as a diaphragm. This con-
denser is connected in series with a resistor
and a d.c. voltage source. When the diaphragm
vibrates, the change in capacity causes a small
charging current to flow through the circuit.
The resulting audio voltage, which appears
across the resistor is fed to the grid of the tube
through the coupling condenser.
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The output of condenser microphones varies
with different models, the high-quality type
being about one-hundredth to one-fifticth as
sensitive as the double-button carbon miero-
phone. The first speecch-amplifier stage must be
built into the microphone, since the capacity
of a conneeting eable 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 metallie ribbon suspended between
the poles of a magnet. When vibrating, the
ribbon cuts the lines of force betwcen the
poles, first in one direction and then the other,
thus generating an alternating voltage. The
movement of the ribbon is proportional to the
velocity of the sound-energized air particles.
Velocity microphones are built in two types,
high impedance and low impedance, the former
being used in most applications. A high-im-
pedance microphone can be directly connected
to the grid of an amplifier tube, shunted by a
resistance of 0.5 to 5 megohms. Low-imped-
ance microphones are used when a long con-
necting cable (75 feet or more) must be em-
ployed. In such case the output of the micro-
phone is coupled to the first amplifier stage
through a suitable step-up transformer.

The level of the veloeity microphone is
about 0.03 to 0.05 volt. This figure applies di-
rectly to the high-impedance type, and to the
low-impedance type when the voltage is meas-
ured across the coupling transformer secondary.

The dynamic microphone somewhat re-
sembles a dynamic loud speaker in principle.
A light-weight voice coil is rigidly attached to
a diaphragm, the coil being placed between the
poles of a permanent magnet. Sound causes
the diaphragm to vibrate, thus moving the
coil back and forth between the magnet poles
and generating an alternating voltage the
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Fig. 511 — Specch input circuits of five commonly used types of microphones. A, single-butgon carbou; B,
doirble-button carbon; C, condenser; D, low-impedauce velocity; E, high-impcdance velocity; F, crystal.
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frequency of which is proportional to the
frequency of the impinging sound and the am-
plitude proportional to the sound pressure.
The dynamic microphone usually is built with
high-impedance output, suitable for working
directly into the grid of an amplifier tube. If
the connecting cable must be unusually long
a low-impedance type should be used, with a
step-up transformer at the end of the cable. A
small permanent-magnet speaker can be uscd
as a dynamic microphone, although the fidelity
is not as good as is obtainable with a properly
designed microphone.

€ 5-9 The Speech Amplifier

Deseription — 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, especially 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.

The speech amplifier frequently is built as a
unit separate 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 betwcen
the same impedance and the modulator grids
(line-to-grid transformer) is provided in the
modulator circuit. The line which conneects the
two transformers may be made of any con-
venient 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 generally being preferable because of
the higher power output and lower harmonic
distortion. Push-pull amplifiers may be either
Class A, Class AB; or Class AB: (§ 3-4), as the
power requirements dictate. If a Class-A or
AB, amplifier is used, the preceding stages
all may be voltage amplifiers, but when a Class-
Al3; 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 speech am-
plifier stages invariably are worked purely as
voltage amplifiers.

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
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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 AB», 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 usually are recom-
mended by manufacturers of tubes and inter-
stage transformers. 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 spcech am-
plifier frequently has four stages, including
the power output stage. The first generally is
a pentode, because of the high gain attainable
with this type of tube. The second and third
stages usually are triodes, the third frequently
having two tubes in push-pull when it drives a
Class-AB; output stage. Two pentode stages
seldom are used consecutively, because of the
difficulty of getting stable operation when the
gain per stage is very high. With carbon micro-
phones less amplification is needed and 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 very seldom are
worked near their full capacity, hence harmonie
distortion is negligible and the voltage gain
of the stage is the primary consideration.
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Fig. 512 — Resistance-coupled voltage amplifiecr eir-
cuits. A, pentode; B, triode. Designations are as follows:

C1 — Cathode by-pass condenser.

C3z — Plate by-pass condenser.

Ca — Output coupling condenser (blocking condenser).
C4 — Screen by -pass condenser.

R1 — Cathode resistor.

Rz — Grid resistor.

Ra — Plate resistor.

R4 — Next-stage grid resistor.

Rs — Plate decoupling resistor.

Re¢ — Screen resistor.

Values for commonly used tubes are given in Table I.

Resistance coupling — Resistance coupling
generally is used in voltage amplifier stages.
It is relatively inexpensive, 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-frequency transformers a suffi-
ciently high load impedance (§ 3-3) cannot be
obtained without considerable frequency dis-
tortion. Typical circuits are given in Fig. 512.

The frequency response of the amplifier will
be determined by the circuit constants, par-
ticularly C3R4, the coupling condenser and
resistor to the following stage, and C1Rj, the
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 lai ge. Depending upon
the type of tube used in the next stage, R,
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, Cs.
A capacity of 0.1 ufd. at Cs will provide ample
coupling at low frequencies with any ordina-
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rily used tube, if the values shown in Table I
for load resistance (£3) and next-stage grid
resistance (R4) are used.

The reactance (§ 2-8) of C; must be small
compared to the resistance of Ry, for good low-
frequency response. While with values of Ry
in the vicinity of 10,000 ohms, 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 capacity of 10 ufd. usually is suffi-
cient with values of B1 as low as 500 ohms.

For maximum voltage gain, the resistance
at R3 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 ohms
to 0.5 megohm, the smaller figure being used
with triodes having comparatively low plate
resistance. The value of R; depends upon Rj,
which principally determines the plate cur-
rent; in pgeneral, the grid bias is somewhat
smaller than in circuits having low-resistance
output devices (such as a transformer) be-
cau-. ot the lower voltage effective at the plate
of the tube. This is true also of the screen
voltage, for similar reasons, and values for the
screen resistor, R, may vary from 0.25 to
2 megohms, A screen 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, Ry, does not affect any
of these quantities, but it should not exceed
the maximum value recommended by the
manufacturer for the particular tube used.

The resistance-capacity filter (§ 2-11) formed
by CiR; is a decoupling circuit which isolates
the stage from the power supply, so that un-
wanted coupling between it and other stages
through the output impedance of the power
supply is eliminated. Such coupling is a cause
of low-frequency oscillation (motorboating) in
multi-stage resistance-coupled amplifiers.

TABLE | — TYPICAL VOLTAGE AMPLI-

FIER DATA
[ Peak

Tuhe R3 Rs 23} Output | Voltage
Type (megohma)|(megohms)| (ohms) 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
68J7 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; Cs, Cs, 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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Transformer coupling — Transformer cou-
pling between stages ordinarily is 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 coupling single-
ended to push-pull stages are shown in Fig. 513.
That at A uses a combination of resistance and
transformer coupling, and may be used for
exciting the grids of a Class-A or AB; follow-
ing stage. The resistance coupling is used to
keep the d.c. plate current from flowing through
the transformer primary, thereby preventing a
reduction in primary inductance below its no-
current value (§ 8-4). This improves the low-
frequency response. With the triodes ordinarily
used (6C5, 6J5, etc.), the gain is equal to that
with resistance coupling (typical values in
Table I) multiplied by the secondary-to-
primary turns ratio of the transformer. This
ratio generally is 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 also is 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.

Fig. 513 — Transformer-coupled amplifier circuits for
driving a push-pull amplifier. A is for resistance-trans-
former coupling; B, for transformer coupling. Designa-
tions correspond to those in Fig. 512. In A, 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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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 control,” as shown in
Fig. 514. The actual voltage applied between

Fig. 514 — Audio gain control circuit,

grid and cathode will be very nearly equal to
the ratio of the resistanee between AB to the
total resistance, AC, multiplied by the a.c. in-
put voltage appearing 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 of overloading the
stages ahead of the gain control. With carbon
microphones the gain control may be placed
directly across the microphone transformer
secondary, but with other types the gain con-
trol usually will affect the frequency response
of the microphone when connected directly
across it. The control therefore usually is
placed in the grid circuit of the second stage.

Phase inversion — Push-pull output may
be scecured 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
togive push-pullexcitation 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,
Ve 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 Vi and Vj, with identical
plate resistors and output-coupling condensers.
The tap on Ry is adjusted to make Viand V,
give equal voltage outputs, so that balanced
excitation is applied to the grids of the follow-
ing stage.

The cathode resistor, R, commonly is left
unby-passed, since this tends to help balance
the circuit. For convenience, double-triode
tubes frequently are used as phase inverters.
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Fig. 515 — Phasc-inverter circuit for resistance-cou-
pled push-pull output. With a double-triode tube
(such as the 6N7) the following values are typical:

Ri, R4, Rs — 0.5 mcgohm. Rz, Ra — 0.1 megohm.
Re — 1500 ohms. Ci, C2 — 0.1 pfd.

R4 should be tapped as described in the text. The
voltage gain of a stage using these constants is 22.

Output limiting — It 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 intcnsity,
it is possible to use automatic gain control
which follows the average (not instantaneous)
variations in specch amplitude. This is accom-
plished by reetifying and filtering (§ 8-2, 8-3)
some of the audio output and applying the
rectificd and filtered d.c. to a control electrode
in an carly 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
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Fig. 516 — Specech amplifier output-limiting circuit.

Ci, Cz, C3, Cs — 0.1.4fd. Ri, Rz, Rz — 0.25 megohm.
R4 —25,000-0hm pot. Rs — 0.1 megohm. T — See text.

delivering some power output (a small part of
the output of the power stage may be uscd) or
clse a separate amplifier for the rectifier cir-
cuit alone may have its grid connected in
parallel with that of the last voltage amplifier.
Resistor Ry 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. Ry, Rj, Cs, C3, and Cy 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 with a turns ratio
such as to give about 50 volts when its primary
is connected to the output circuit of the power
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stage should be used. A half-wave rectifier may
be used instead of the full-wave circuit shown,
although satisfactory filtering will be more
difficult to achieve.

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 caused chiefly by hum, which may
be the result of insufficient power-supply filter-
ing or may be introduced into the grid circuit
of a tube by magnetic or electrostatic means
from heater wiring. The plate voltage for the
amplificr should be free from ripple (§8-4),
particularly the voltage applied to the low-
level stages. A two-section condenser-input
filter (§ 8-5) usually is satisfactory. The de-
coupling circuits mentioned in the preceding
paragraphs 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 shiclding of the microphone jack is
advisable, and when tubes with grid caps in-
stcad of the single-ended types are used the
caps and the exposed wiring to them should
be shiclded. Heater wiring preferably should
run in the corners of a metal chassis, to reduce
the magnctic 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 connce-
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 eold water pipe) also
is advisable. The speech amplifier alwayvs
should be constructed on a metal chassis, with
all ground connections made directly to the
mctal chassis.

When the power supply is mounted on the
same chassis with the speech amplificr, the
power transformer and filter chokes should be
well separated from audio transformers in the
amplificr proper to reduce magnetic coupling,
which would cause hum and raise the residual
noise level.

€ 5-10 Checking 'Phone Transmitter
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
picture of the modulated output of the trans-
mitter, and by its use 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-
al 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
eoil by means of a pick-up coil of a few turns
conneeted to the oscilloscope through a
twisted-pair line. The position of the pick-up
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. It is frequently
helpful in eliminating r.f. harmonics from the
pattern to connect a resonant circuit, tuned
to the operating frequency, between the ver-
tical deflection plates, using link coupling
between this circuit and the transmitter tank
cireuit.

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 100 per
cent (§ 5-2). This is illustrated by Fig. 518-D,
where the point X represents the sweep line
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Fig. 517 — Methods of connecting an oscilloscope to
the modulated r.f. amplifier for checking modulation,
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(reference line) alone, YZ is the carrier height,
and PQ is the maximum height of the modu-
lated wave. If the height is greater than the
distance P(Q, as illustrated in FE, the wave is
overmodulated in the upward direction. Over-
modnlation in the downward direction is
indicated by a gap in the pattern at the refer-
ence axis, where a single bright line appears
on the screen. Overmodulation in either direc-
tion may take place even when the modulation
in the other direction is less than 100 per cent.
Assuming that the modulation is symmetrical,
however, any modulation percentage can be
measured directly from the screen by measur-
ing the maximum height with modulation and
the height of the carrier alone; calling these
two heights A1 and hg respectively, the modula-
tion pereentage is

h] i 112
—= X 100
ha X

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
outpnt of the modulator through a voltage
divider (§ 2-6), R.R., the resistance of R.
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 /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 0.7F 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 turns ratio.
The total resistance of R; 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) timmes 0.25 megohm,
or 1 megohm. Then, with 0.25 megohm at Rq,
R, should be 0.75 megohm. The blocking
condenser, C, should be 0.1 ufd 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; the length of the line
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Fig. 518 — Wave-envelope and trapezoidal patterns
encountered under different conditions of modulation.

OVER MODULATION

should be adjusted, by means of the pick-up
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 be-
comes. At 100 per cent 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. Overmodulation
in the upward direction is indicated by in-
creased height over PQ, and in the downward
direction by an extension along the axis X
at the pointed end. The modulation percentage
may be found by measuring 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 frequently is
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. With a given
voice and microphone, this difference in modu-
lation percentage is usually always in the same
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direction. Since overmodulation in the dowr-
ward direction causes more out-of-channel in-
terference than overmodulation upward be-
cause of the steeper wavefront (§6-1), it is
advisable to “phase’ the modulation so that
the side of the voice waveform having the
larger excursions causes the instantaneous car-
rier power to increase and the smaller excur-
sions 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 oscilloscope pattern. The
phase can be reversed by reversing the connec-
tions 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, 100 per
cent modulation should not be exceeded, par-
ticularly in the downward direction, because
harmonic 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 100 per cent modulation on voice peaks,
and simultaneously observe the maximum
Class-B plate-milliammeter reading on the
peaks. When this maximum reading is ob-
tained, it will suffice in regular operation to
adjust the gain so that it is not exceeded.

A sensitive rectifier-type voltmeter (copper-
oxide type) also can be used for modulation
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
the reading which represents 100 per cent
modulation.

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 that an
indicator of this type is not wholly reliable
unless it has been checked previously against
an oscilloscope.

Linearity — The linearity (§ 5-2) of a modu-
lated amplifier may readily be checked with
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the oscilloscope. The trapezoidal pattern is
more easily interpreted than the wave enve-
lope pattern, and less-auxiliary equipment is
required. 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 100 per
cent 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 by 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, leav-
ing only the beam spot remaining on the screen
(Fig. 518-F). If a small vertical line remuains,
the amplifier should be re-neutralized to elimi-
nate it; if this does not suffice, it is an indica-
tion that r.f. is being picked up from lower-
power stages, either by coupling through the
final tank circuit or through the oscilloscope
pick-up cireuit.

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
hecause the amplifier has been adjusted to
have too-high carrier efficiency without modu-
lation (§ 5-4, 5-5).
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(C) CAUSED BY EX-
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Fig. 519 — Oscilloscope patterns representing proper
and improper adjustments for grid-bias or cathode
modulation. The pattern obtained with a correctly
adjusted amplifier is shown at A. The other drawings
indicate non-lincar modulation from typical causes,
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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 voltage (such as an audio oscilla-
tor or signal generator) which can be synchro-
nized with the sweep circuit. The linearity can
be judged by comparing the wave envelope
with a true sine wave. Distortion in theaudio
circuits 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 r.f. is present also 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
upfd.) 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 smualler)
may also be connected in series with the un-
grounded horizontal plate.

“Folded” trapezoidal patterns occur when
the audio 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. Such patterns are caused by a
phase difference between the sweep voltage
and the modulating voltage. The connections
should always be as shown in Ifig. 517-1.

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
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
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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 the Class-C' r.f.
amplifier.

4) Insufficient output capacity in the filter
of the modulated-amplifier plate supply.

5) Heavy overloading of the Class-C r.f.
amplifier tube or tubes.

Any of the following may cause an upward
shift in plate current:

1) Overmodulation (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 a Class-B (or Class AB) modulator and a
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
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 also may be detected by observ-
ing if there is any 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
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low compared to the voice at 100 per cent mod-
ulation. 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 ofi; 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 also may pick up
hum, a condition which can be checked by
removing the microphone from the ecircuit
but leaving the first speech-amplifier grid cir-
cuit otherwise unchanged. A good ground on
the microphone and speech system usually is
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.
While the percentage usually is rather small,
if the carrier shows modulation with no speech
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 kilocycles
each side of the carrier) while another person
talks into the microphone. Spurious sidebands
will be observed as intermittent beat notes
coinciding with voice peaks, or, in bad cases
of distortion or overmodulation, as “clicks”
or crackles well away from the carrier fre-
quency. Sidebands more than 4 kilocycles from
the carrier should be of negligible strength in
a properly modulated ’phone transmitter. The
causes are overmodulation or non-linear oper-
ation (§ 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 cause 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,
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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. potential above
ground. Inductive coupling to a two-wire
transmission line is advisable. This antenna
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. feed-back disappears. If it does
not, the speech amplifier and microphone
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 carrier 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 kilocycles, 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-
modulated 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. This ratio is also called the modula-~
tion index. Uuless otherwise specified, it is
taken as the ratio of the maximum frequency
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Fig. 520 — Triangular spectrum showing the noise
response in an f.m. recetver compared with amplitude
modulation. Deviation ratios of 1 and 5 are shown.
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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 speetrum, includ-
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 of the transmitter.

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
channel 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.
The response under these conditions is shown
by the line DC.

In the f.m. receiver the output amplitude is
proportional to the frequency deviation, and
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 all the ampli-
tude values (§2-7), so that the noise power
with frequency modulation having a deviation
ratio of 1is only one-third that with amplitude
modulation, or an improvement of 4.75 db.

If the deviation ratio is increased to 5, the
noise response is represented by the line OF.
Since only frequencies up to 4000 cycles are
reproduced in the output, however, the audible
noise is confined to the triangle OAB. These
relations hold only when the carrier is strong
compared to the noise. For reception of sta-
tions with weak signal strength, the signal-to-
noise ratio is better with a deviation ratio of 1.
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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 essential also 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 frequencies
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 frequency, 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
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 very-high frequencies in the
region above 28 Me.

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.

€ 5-12 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 ke. The perimissible 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 a lower deviation ratio
simply by reducing the gain in the speech
amplifier. Thereby it can be made to conform
to the requirements of the particular receiver
in use.

The several possible methods of frequency
modulation include mechanical modulation (for
instance, varying condenser plate spacing in
accordance with voice vibrations), initial phase
modulation which later is transformed into
frequency modulation, and direct frequency
modulation of an oscillator by electrical means.
The latter, in the form of the reactance modu-
lator, is the simplest system.

The reactance modulator — The reactance
modulator is a vacuum-tube amplifier con-
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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

Osc¢
Tank

+8
Fig. 521 — Reactance modulator circuit using a 6L7 tube.
C — Tank capacity. C1 — 3-10 ppfd. Co — 250 ppfd.
C3 — 8-pfd. electrolytic (a.f. by-pass) in parallel with
0.01-pfd. paper (r.f. by-pass).

Cq4 —0.01 pfd.
R1 — 50,000 obms.
Rz — 30,000 obms.

L — Oscillator tank inductance.
Rz, Rs — 0.5 megobm.
R4 — 300 ohms.

grid circuit of the 6L7 tube is connected across
the small capacity, Ci, 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 Ci, so the r.f. current through R;C;
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
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. volt-
age applied to the No. 3 grid of the 6L7; hence
the oscillator frequency varies with the audio
signal voltage.

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 provided suitable
precautions are taken to prevent r.f. from flow-
ing in the external audio circuit, and vice versa
(§ 2-13).

The modulated oscillator usually is 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
frequency deviation increases with the number
of times the initial frequency is multiplied;
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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 Ci
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-Mec.
oscillator, a linear deviation of 2000 cycles
above and below the carrier frequency can
be secured when the oscillator tank capacity
is approximatcly 200 pufd. A peak a.f. input
of two volts is required for full deviation. At
56 Mc. 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 usually is 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 crystal 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 requircments are imposed,
since the amplitude of the output is constant.
Snough frequency multiplication must be
usced 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 (§ 4-7) of any straight ampli-
ficr stages is necessary to prevent r.f. phase
shifts which might cause distortion.

Checking operation — The two quantities
to be checked in the f.m. 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

THE RADIO AMATEUR'S HANDBOOK

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
plate current as the a.f. modulating voltage
is increased. The distortion will be within ac-
ceptable limits, with the tube and constants
given for the circuit in Fig. 521, when the plate
current does not change more than 5 per ¢ent
with signal.

Non-linearity is accompanied by a shift in
the carrier frequency, so it also can 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 the level at which carrier shift is ob-
served, 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 lincar 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 first will
decrease in intensity, then disappear entirely
at a definite frequency, and finally 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 notc disappears
with an 800-cycle tone, the deviation is 2.4 X
800, or 1920 cycles. The deviation at the out-
put frequency is the oscillator deviation multi~
plied by the number of times the frequency is
multiplied; in this example, if the oscillator is
on 7 Mc. and the output on 56 Mec., the final
deviation is 1920 X 8, or 15.36 ke.

The output of the transmitter 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. Where there is no
antenna ammeter in the transmitter, a flash-
light lamp and loop can be coupled to the final
tank coil to serve as a current indicator. 1f the
amplitude is constant, the lamp brilliance will
not change with modulation.




CHAPTER SIX

Keymg

@ 6-1 Keying Principles and
Characteristics

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, the
keying system should accomplish this without
producing keying transients or ““clicks,” which
cause interference with other amateur stations
and with local broadecast reception, and the
keying process should not affect. the frequency
of the emitted wave.

Back-wave — Fron various causes, sonie en-
ergy may get through to the antenna during
keying spaces. The effect then is as though the
dots and dashes were only 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 amplificr stage
feeding tlie 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 heeause 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 occur 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
enough and in power-supply primary keying
systems (§6-3) if only the final-stage power-
supply primary is keyed.

Keying waveform and sidebands — A
keyed c.w. signal can be considered equivalent
to a modulated signal (§ 5-1), except that, in-
stead of being modulated by sinusoidal waves
and their harmonies, it is modulated by a rec-
tangular wave, asin Fig. 601-A. If 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
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 harmonics of the
keying frequency, so a carrier modulated by
truly rectangular dots would have sidebands
covering the entire spectrum. Actually, the
high-order harmonics are eliminated because
of the selectivity of the tuned circuits (§ 2-10)
in the transmitter, but there still is 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. lf the pulse can be
slowed down, or caused to lag, through a suit-
able filter cireuit, the highest-order harmonics
are filtered out.’

Key clicks — Because the high-order- har-
monies exist only during the brief interval
when the keying character is started or ended
(when the amplitude of the keying wave is
building up or dying down), their effects outside
the normal communieation 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
opecned. A signal with heavy clicks on both
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

< o<

Fig. 601 — Extremes of possible keying waveshapes.
A, rectangular characters; B, sine-wave characters.
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Fig. 602 — A, plate keying; B, screen-grid keying.
Oscillator circuits are shown in both cases, but the same
keying methods can be used with amplifier circuits.

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 between dots
and dashes and between words, when no power
is being radiated by the transmitter it is possi-
ble, with suitable keying methods, to allow
the receiver to operate continuously.
and thus be capable of receiving in-
coming signals during the keying in- Hy
tervals. This practice facilitates com-  72"7omer
munication, because the receiving g
operator can signal the transmitting
operator, by holding 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 (A)

loss of time. This is called break-in operation.
Frequency stability — Keying should have
no effect upon the output frequency of a prop-
erly designed and adjusted transmitter. How-
ever, in many instances keying 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 usually are 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
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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 the tubes are not being excited (§ 8-9).
Complete cut-off reduces the possibility of a
back-wave if a stage other than the oscillator
is keyed, but the keying waveform is not as well
preserved and some clicks can be introduced
even though the keyed stage itself produces
no clicks. It is a good general rule to bias the
tubes so that they draw a key-up plate current
equal to about 5 per cent of the normal key-
down value.

Keyed power — The power broken by the
key is an important consideration, both from
the standpoint of safety for the operator and
that of arcing at the key contacts. Keying the
oscillator or a low-power stage is favorable in
both respects. The use of a keying relay is
highly recommended when a high-power cir-
cuit is keyed.

€ 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 A the key is in series
with the negative lead from the plate power
supply to the keyed stage. It could also be
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Fig. 603 — Power-supply keying. Grid-control rectifiers
are used in A. Transformer T is a small multiple-second-
ary unit of the type used in recciver power supplies,
and is used in conjunction with the full-wave recti-
fier tube to develop bias voltagc for the grids of the high-
voltage rectifiers. R limits the load on the bias supply
when the keying relay is closed; 50,000 ohms is a suitable
value. C1 maybe 0.1 ufd. or larger. L and C constitute the
smoothing filter for the high-voltage supply in both cir-
cuits. B shows direct keying of the transformer primary.
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Fig. 604 — Blocked-grid keying. Ry, the current-limit-
ing resistor, should have a value of about 50,000 ohms.
Ci may have a eapacity of 0.1 to 1 ufd., depending
upon the keying characteristic desired. Ra also depends
on the performance characteristic desired, values being
of the order of 5000 to 10,000 ohms in most cases.

placed in the positive lead, although this is
to be avoided whenever possible because the
key is necessarily at the plate voltage above
ground, and there is danger of shock unless a
keying relay is used.

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.

Both the plate and screen-grid keying cireuits,
A and B of Fig. 602, respond well to the use of
key-click filters, and are particularly suitable
for use with erystal and self-controlled oscilla-
tors which are operated at low plate voltage
and power input.

Power-supply keying — A variation of
plate keying, in which the keying is introduced
in the power-supply systemitself, rather than in
the connections between the power supply and
transmitter, is illustrated by the diagrams in
Fig. 603.

Fig. 603-A shows the use of grid-controlled
rectifier tubes (§ 3-5) 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 by removing the bias
when the key is closed. Since in practice this
circuit is used only with high-powered 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 Fig. 603-B. This and the method at
A inherently have a keying lag because of the
time constant (§ 2-6) of the smoothing filter.
1If 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 keying is very effective in eliminat-
ing key clicks. A single-section plate-supply
filter (§ 8-6) is about the most elaborate type
that can be used if a reasonably good keying
characteristic is to be achieved.
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Blocked-grid keying — Keying 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 closed. The blocking bias voltage must
be sufficient to overcome the r.f. grid volt-
age, in the case where the bias is applied
to the control grid, and hence must be con-
siderably higher than the nominal cut-off
value for the tube at the operating d.c. plate
voltage. The fundamental cireuits are shown
in Fig. 604.

In both circuits the key is connected in
series with a resistor, Ri, which limits the cur-
rent drain on the blocking-bias source when the
key is closed. RyC is a resistance-capacity filter
(§ 2-11) for controlling the lag on make and
break of the key circuit. The lag increases as
the time constant (§ 2-6) of this circuit is made
larger. Since grid current flows through R»
when the key is closed in Fig. 604-A, additional
operating bias is developed, hence somewhat
less bias is needed from the regular bias supply.
The operating and blocking biases can be ob-
tained from the same supply, if desired, by
utilizing suitable taps on a voltage divider
(§ 8-10). For circuits in which no fixed bias is
used Rs, 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 any sparking at the key is re-
duced. The keying characteristic (lag) readily
can be controlled by a suitable choice of values
for C1 and Rs.

Cathode keying — Opening the d.c. circuits
of both plate and grid simultaneously is called
cathode keying. It is usually called center-tap
keying with a directly heated filament-type
tube, since in this case the key is placed in the
filament-transformer center-tap lead. Typical
circuits for this type of keying are shown in
Fig. 605.

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.

Grid CIT!-' /’/ateoB_

A’etum' [;( Return

Fig. 605 — Center-tap and cathode keying. The conden-
sers, C, are r.f. by-pass condensers. Their capacity is not
critical, values 0f£(.001 to 0.01 ufd. ordinarily being used.
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 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 in the

Keying

e Fig. 606 — R.f. filter used for

eliminating the effects of sparking
at key contacts. Suitahle values
for best results with individual
C transmitters must be determined
by experiment. Values for RFC
range from 2.5 to 80 millihenries
and for C from 0.001 to 0.1 nfd.

Hey

keying circuit. Interference from the latter
source is usually confined to the immediate
vicinity of the transmitter, and is similar in
nature and effects to the click which is fre-
quently 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 close
as possible to the key, and by-passed on the key-
ing-line side by a condenser, as shown in Fig.
606. Suitable values must be determined by
experiment. Choke values may range from
2.5 to 80 millihenrys, and condenser capacities
from 0.001 to 0.1 pfd.

This type of r.f. filter is required in nearly
every keying installation, in addition to the
lag circuits which are 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,
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

To Keyed Circuit

Fig. 607 — Lag circuit used for
shaping the keying character to
eliminate unpecessary sidcbands.
Actual values for any given circuit
must be determined by experiment,
and may range from 1 to 30 henries
for L and from 0.05 to 0.5 ufd. for
C, depending on the plate current.

&

Cc

From Key
and rffilter
small. For example, a 300-volt 6-ma. circuit
will require about 30 henrys and 0.05 pfd.,
while a 300-volt 50-ma. circuit needs about
1 henry and 0.5 pfd. For any given circuit
and fixed values of current and voltage, in-
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creasing the inductance will reduce the 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 Ci, and
the click on break is reduced by increasing C,
and/or R2. The values required for individual
installations 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 consequent 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. The use of a
tube keyer makes the key itself entirely safe to
handle, since the high resistance in series with
the key and blocking voltage prevents possible
danger of shock through contact with high-
voltage circuits.

@ 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 receiver does not overload,
and, if necessary, the r.f. gain may 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 none can be heard when the key
is releascd. 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-
teur transmissious, and possibly to nearby
broadcast receivers.

Chirps — Keying chirps (instability) may
be checked by tuning in the signal or one of
its harmonics on the highest frequency range
of the receiver and listening with the b.f.o.
on and the a.v.c. off. The gain should be suffi-
cicnt 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.
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Listening to a harmonic
will magnify the effcct of
anyinstability by the order T 80
of the harmonie, and thus
make more perceptible. :§

Oscillator keying — )
The keying of an ampli-
fier is relatively straight-
forward and requires no
special treatment, but a
few additional precautions will be found neces-
sary with oscillator keying. Any oscillator,
either self-excited or crystal, 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 change is neg-
ligible. A crystal oscillator 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 oscillators of this type generally are
free fromi chirp unless there is a relatively large
air-gap between the crystal and top plate of the
crystal 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
(/L ratio in the tank circuit, low plate and
screen currents, and judicious feed-back ad-
justment (§3-7). A self-controlled oscillator
intended to be keyed should be designed for
good keying rather than maximum output.

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 introduc-
tion of additional effects. The following stages
should then be added, one at a time, checking
the keying after each addition. An inerease
in click intensity (for the same carrier strength)
indicates that the clicks are being added in
the stages following the one being keyed.
The fixed bias on such stages should be suffi-
cient to reduce the idling plate current (no
excitation) to a low value, but not to zero.
Under these conditions, any instability or
T 6F8G

B+

Fig. 609 — Circuit diagram of a keying monitor of the
audio-oscillator type, with self-contained power supply.
Cy — 25-ufd. 25-volt electrolytic.

C2 — 250-uufd. mica.

(l3 — Approximately 0.01 ufd. (sce text).

Ry — 0.15 megohm, Y4-watt.

Rz — Approximately 0.1 megohm, 1.watt (see text).

Ty — 6.3-volt l.ampere filament transformer.

Tz — Small audio transformer, interstage type.

Fig. 608 — Vacuum-tube keyer cireuit. The voltage

drop across the tubes will be approximately 90 volts with

the two T'ype 45 tuhes shown, when the keyed current

is 100 iilliamperes. More tubes can be connected in par-

allel to reduce the drop. Suggested values are as follows:

Cy1 — 2ufd. 600-volt paper.

Cz2 — 0.003-ufd. mica.

Cs — 0.005-ufd. mieca.

Ri1 —0.25 megohm, 2-watt.

Ro — 50,000 ohms, 10.walt.

Ra, R4 — 5 megohms, M-watt,

Rs — 0.5 megolun, ¥-watt.

Swi, Sw2 — l-circuit 3-position rotary switch,

Th — Power transformer, 3235 volts each side of center-
tap, with 5-volt and 2.5-volt filament windings,

A wider range of lag adjustruent can be obtained by
using additional resistors and condensers. Suggested
values of eapacity, in addition to Cz and Cs, are 0.001
and 0.002 ufd. Resistors in addition to Rz conld be 2,2, 3
and 5 megohms. More switch positions will be required.

tendency toward parasitic oscillations, either
of which ean adversely affect the keying char-
acteristic, usually will evidence itself.

Monitoring of keying -— Maost operators
find a keying monitor helpful in developing
and maintaining a good ‘“fist,”’ especially if a
“bug” or semi-automatic key is used. While
several types have been devised, the most
popular consists of an audio oscillator the out-
put of which is coupled to the receiver loud
speaker or headphones, and which is keyed
simultaneously with the transmitter. Fig. 609
shows the circuit diagram of a simple keying-
monitor oscillator. The plate voltage, as well
as the heater voltage, is supplied by a 6.3-volt
filament transformeér. One section of the
61'8G dual triode is used as the rectifier to sup-
ply d.c. for the plate of the second section,
which is used as the osciilator. A change in the
value of R; will alter the output tone. The out-
put terminal labeled Gnd should be connected
directly to the receiver chassis, while P; should
be connected to the ‘““hot’’ side of the head-
phones. Shunting of the 'phones by the oscil-
lator may cause some loss of volume on re-
ceived signals, unless the coupling eapacity, Cs,
is made sufficiently small. At the same time,
however, the capacity should be made large
enough to provide good transfer of the oscillator
signal.

If the transmitter oscillator is keyed for
break-in, the keying terminals of the oscillator
may be connected in parallel with those of the
transmitter. With cathode keying, terminais 1
and 2 will be connected across the key, with
terminal 2 going to the ground side of the key.
With blocked-grid keying, terminals 2 and 3
go to the key and a resistance of 0.1 megohm
or so is inserted in series with terminal 3,



CHAPTER SEVEN

Receiver Primcip}les and Design

q7-1

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 intelligenee con-
tained in the transmitted signal. The receiver
also must be able to select a desired signal and
eliminate those not wanted. The fundamental
processes involved are those of amplification
and detection.

Detection — The high frequencies used for
radio signaling are well beyond the audio-
frequency range (§ 2-7), and therefore cannot
be used to actuate a loudspeaker directly. Nei-
ther 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-frequency varia-
tions are readily amplified, and can be applied
to the headphones, loudspeaker or other form
of electromechanical device.

Code signals — The dots and dashes of code
(c.w.) transmissions are reetified as described,
but in themselves can produce no audible tone
in the headphones 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
nole, 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. 1f the source of the second radio
frequency is a separate oscillator, the system
is known as heterodyne reception; if the de-
tector itself is made to oscillate and produce
the second frequency, it is known as an aulo-
dyne detector.

Amplification — To build up weak signals
to usable output level, modern reccivers em-
ploy considerable amplification — often of the
order of hundreds of thousands of times. Am-
plifiers are used at the frequency of the incom=
ing signal (r.f. amplifiers), after detection (a.f.
amplifiers), and, in superheterodyne receivers,
at one or more intermediate radio frequencies
(©.f. amplifiers). R.f. and i.f. amplifiers practi-
cally always employ tuned circuits.

Elements of Receiving Systems

Tvpes 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 (§ 7-4) with or without
audio-frequency amplification (§ 7-5) is known
as a regeneralive recewver; if the detector is pre-
ceded by one or more tuned r.f. amplifier
stages (§ 7-6), the combination ig known as
a trf. (tuned radio frequency) receiver. The
superheterodyne receiver (§ 7-8) ecmploys r.f. am-
plification at a fixed intermediate frequency
as well as at the frequency of the signal itself,
the latter being converted by the heterodyne
process to the intermediate frequency.

At very-high frequencies the superregenera-
tive detector (§ 7-4), usually with audio ampli-
fication, is used in the superregeneralive re-
cetver or superregeneralor, providing large am-
plification 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 headphones (§ 7-5). It is a measure
of the amplification or gain of the receiver.
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Fig. 701 — Selectivity curve of a modern superhet-
eradyne receiver, Relative response is plotted against
deviations above and below the resonance frequency,
The scale at the left is in terms of voltage ratios;
the corresponding decibel steps are shown at the right.
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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 term stgnal-to-
notse ratio. It can be defined in various ways,
one simple way being to give it as the ratio of
signal power output to noise output from the
receiver at a specified value of modulated car-
rier voltage applied to the input terminals.

The hiss-like noise mentioned above is in-
herent in the circuits and tubes of the recetver,
and its amplitude depends upon the selectivity

. of the receiver. The greater the seleetivity the
smaller the noise, other things being equal
(§ 7-6). In addition to inherent receiver noise,
atmospheric electrietty (natural ‘““statie’”) and
electrical devices in the vicinity of the receiver
also cause noise which adversely affects the
signal-to-noise ratio.

Selectivity — Selectivity is the ability of a
receiver to discriminate against signals of fre-
quencies differing from that of the desired sig-
nal. The over-all selectivity will depend upen
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 resonance
curve of this type (taken on a typical com-
munications-type superheterodyne receiver) is
shown in Fig. 701. The band-width is the width
of the resonance curve (in cycles or kilocy-
cles) of a receiver at a specified ratio; in Fig,
701, the band-widths are indicated for ratios
of response of 2 and 10 (*‘2 times down’ and
“10 times down").

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 — The 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. However, a
receiver which at some settings of its centrols
has a tendency to break into oscillation, or
‘““howl,” also is said to be unstable.

The stability of a receiver is affected prin-
cipally by temperature variations, supply-volt-
age changes, and constructional features of a
mechanical nature.

Fidelity — Fidelity is the relative ability of
the receiver to reproduce in its output the
modulation (keying, ’phone, ete.) carried by
the incoming signal. For exact reproduction
the band-width must be great enough to ac-
commodate the highest modulation frequency
transmitted, and the relative amplitudes of the
various frequeney components within the band
must not be changed in the output.
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Fig. 702 — Simplified and practical diode detector
circuits. A, the elementary half-wave diode detcctor;
B, a practical circuit, with r.f. filtering and audio output
coupling; C, full-wave diode detector, with output cou-
pling indicated. Fhe circuit, L2Ci, is tuned to the signal
frequency; typical values for C2 and R; in A and B are
250 ppfd. and 250,000 ohms, respectively; in B, C2 and
C3 are 100 pufd. each; Rj, 50,000 ohms; and Rz, 250,000
ohms, Cs is 0.1 xfd. and R3; may be 0.5 to 1 megohm,

€ 7-3 Detectors

Characteristics — The important charac-
teristics of a detector are its sensitivity, fidelity
or linearity, resistance or impedance, and sig-
nal-handling capability.

Detector sensitivity is the ratio of audio-
frequency output to radio-frequency input.
Linecarity 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 tmpedance of
the detector is important in circuit design,
since o relatively low resistance means that
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, L2C1, a coupling
coil, Ly, from which the r.f. energy is fed to
LyCq, and the diode, D, with its load resist-
ance, R,, and by-pass condenser, C2. 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
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Fig., 703 — Diagrams= showing the detection process,

signal. The — and + signs show the polarity
of the voltage. The variation in amplitude of
the r.f. signal with modulation causes corre-
sponding variations in the value of the d.c.
voltage across Ry, The load resistor, Ry, usually
Lias a rather hizh value of resistance, so that a
fairly large voltage will develop from a small
rectified-current flow.

The progress of the signal through the de-
tector or rectifier is shown in Fig. 703. A typi-
cal modulated signal as it exists in the tuned
cireuit is shown at A. When applied to the
reetifier tube, current flows from plate to eath-
ode only during the part of the r.f. cycle when
the plate is positive with respect to the cath-
ode, so that the output of the rectifier consists
of half-cycles of r.f. still modulated as in the
original signal. These current “pulses” flow
in the load circuit comprised of Ry and Cq, the
resistance of R and the capacity of Ca being so
proportioned that Ca charges to the peak value
of the rectified voltage on each pulse and re-
taius enough charge between pulses so that the
voltage across Ry is smoothed out, as shown in
C. (3 thus acts as a filter for the radio-fre-
quency component of the output of the recti-
fier, leaving a d.c. component which varies in
the same way as the modulation on the original
signal. When this varying d.c. voltage is ap-
plied to a following amplifier through a eou-
pling condenser (Cy in Fig. 702-B), only the
variations in veltage are transferred, so that
the final output signal is a.c., as shown in D.

In the circuit at 702-B, 21 and Ce have been
divided for the purpose of providing a more
effeetive filter for r.f. It is important to prevent
the appearance of any r.f. voltage in the output
of the detector, because it may cause overload-
ing of a suceeeding amplifier tube. The audio-
frequeney variations can be transferred to
another circuit through a coupling condenser,
Cs in Fig. 702, to a load resistor, R3, which
usually is a “potentiometer” (§ 8-10) so that
the volume can be adjusted to a desired level.
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The full-wave diode cireuit at 702-C is prae-
tically identical in operation to the half-wave
cireuit, except that both halves of the r.f. eycle
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 Cs must be small compared
to the resistance of I2; at the radio frequency
being rectified, but at audio frequencies must
be relatively large compared to £y (§ 2-8, 2-13).
This eondition is satisfied by the values shown.
1f the capacity of Ca is too large, response at the
higher audio frequencies will be lowered.

Compared with other detectors, the sensitiv-
ity of the diode is low. Since the diode con-
sumes power, the @ of the tuned ecireunit is
reduced, bringing about a reduction in selectiv-
ity (§2-10). The linearity is good, however,
and the signal-handling eapability is high.

Grid-leals detectors — The grid-leak de-
tector is a combination diode rectifier and
audio-frequency amplifier. In the circuit of
Fig. 704-A, the grid corresponds to the diode
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Fig. 704 — Grid-leak detector eircuits, A, triode; B, pen-
tode. A tetrode may be used in the circuit of B by
neglecting the suppressor-grid conneetion. Transformer
coupling may be substituted for resistance coupling in
A, or a high-inductanee choke may replace the plate
resistor in B. L1C1 is a eircuit tuned to the signal fre-
quency. The grid leak, Ri, may be connected directly
from grid to eathode instead of across the grid condenser
as shown. The operation with cither connection will be
the same. Representative values for eomponents are:

gl""!)lﬂl""l Circuit 4 Circuit B -
C2 100 to 250 pufd. 100 to 250 pufd.
Cs 0.001 10 0.002 pfd. 250 to 500 ppfd.
Cs 0.1 ufd. 0.1 pfd.
Cs 0.5 pfd. or larger.
R 1 to 2 megolims. 1 to 5 megohms.
Rz 50,000 ohms. 100,000 to 250,000 ohims.
Rsa 50,000 ol
R4 20,000 ohms,
T Audio transformer.
L 500-henry choke.

The plate voltage in A should be about 50 volis for
best sensitivity. In B, the screen voltage should be
about 30 volts aud the plate voltage from 100 to 250.
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plate and the rectifying action is exactly the
same as just described. The d.c. voltage from
rectified-current flow through the grid leak, R;,
biases the grid negatively with respect to cath-
ode, and the audio-frequency variations in
voltage across R; are amplified through the
tube just as in a normal a.f. amplifier. In the
plate circuit, Ry is the plate load resistance
(§ 3-3) and C3 is a by-pass condenser to elim-
inate r.f. in the output circuit. Cy is the output
coupling condenser. With a triode, the load
resistor, Ry, may be replaced by an audio
transformer, T, in which case Cj 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
704-B. The operation is equivalent to that
of the triode circuit. The screen by-pass con-
denser, C's, should have low reactance (§ 2-8,
2-13) for both radio and audio frequencies. R
and Ry constitute a voltage divider (§8-10)
from the plate supply to furnish the proper
d.c. voltage to the screen. In both circuits, C,
must have low r.f. reactance and high a.f.
reactance compared to the resistance of Ry;
the same applies to C3 with respect to Rs.

Because of the high plate resistance of the
screen-grid tube (§ 3-5), transformer coupling
from the plate circuit of a screen-grid detector
is not satisfactory. An impedance (L in Fig.
704-B) can be used in place of a resistor, with a
gain in sensitivity because a high value of load
impedance can be developed with little loss of
plate voltage as compared to the voltage drop
through a resistor. The coupling coil, L, for a
screen-grid detector should have an inductance
of the order of 300 to 500 henrys.

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 the tube,
as contrasted to the grid rectification just de-
scribed. Sufficient negative bias is applied to
the grid to bring the plate 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 fol-
lows the changes in signal amplitude in a
fashion similar to the rectified current in a
diode detector.

Circuits for triodes and pentodes are given
in Fig. 705. 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 I2;
(§ 2-13). Rs is the plate load resistance (§ 3-3),
across which a voltage appears as a result of
the rectifying action described above. Cy is the
output coupling condenser. In the pentode
circuit at B, R3 and £24 form a voltage divider

Co yr
Output

w I
‘ (XN}
tel
L)
s
]
LLP)
&

L
<,
RF
Input g T C;I- PR'
) Ra R3

(B) -8 +8

Fig. 705 — Circuits for plate detection. A, triode; B,
pentode. The input cirenit, Li(y, is tuned to the signal
freueney. Typical values for the other constants are:

Circuit B

Component Circuit A

Cz2 0.5 ufd. or larger. 0.5 ufd. or larger.

Ca 0,001 to 0.002 ufid. 250 to 500 uufd.

(o7} 0.1 pfd. 0.1 ufd.

Cs 0.5 ufd. or larger.

Ry 25,000 to 150,000 ohms, 10,000 to 20,000 ohms.
Rz 50,000 to 100,000 ohms. 100,000 to 250,000 ohuns.
Rz 50,000 ohms.

Ry 20,000 ohms,

Plate voltages from 100 to 250 volts may be used.
Effective screen voltage in B should be about 30 volts.

to supply the proper potential (about 30 volts)
to the screen, and C5 is a by-pass condenser
between screen and cathode. C's must have low
reactance for both radio and audio frequencies.

In general, transformer coupling from the
plate circuit of a plate detector is not satisfac-
tory, because the plate impedance even of a
triode is very high when the bias is set near the
plate-current cut-off point (§3-2, 3-3). Im-
pedance coupling may be used in place of the
resistance coupling shown in Fig. 705. The
same order of inductance is required as with the
screen-grid detector described previously.

The plate detcctor is more sensitive than
the diode since there is some amplifying action
in the tube, but less so than the grid-leak de-
tector. 1t will handle considerably larger sig-
nals than the grid-leak detector, but is not
quite so 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
s0 does not affect its Q and selectivity (§ 2-10).

Infinite-impedance detector— The circuit
of Fig. 706 combines the high signal-handling
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
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resistance, Ri, i8 connected between cathode
and ground and thus is common to both grid
and plate circuits, giving negative feed-back
for the audio frequencies. The cathode resistor
is by-passed for r.f. (('1) but not for audio
(§ 2-13), while the plate circuit is by-passed

L

RFEinput g

= AF +8
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Fig. 706 — The infinite-impedance or linear detector.
The input circuit, L2C1, is tuned to the signal fre-
quency. Typical values for the other constants are:

Cg — 250 pufd. Ri1 — 0.15 megohm.
C3— 0.5 ufd. Rz — 25,000 ohms.
Cs— 0.1 pfd. Ra — 0.25-megohm volume control.

A tube having a medium amplification factor (about
20) should be used. Plate voltage should be 250 volts.

to ground for both audio and radio frequencies.
R, forms, with Cs, an RC filter (§ 2-11) to iso-~
late the plate from the “B”’ supply at af.

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.
feed-back 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
only at the frequency to which the circuit is
tuned. The grid-leak type of detector is most
suitable for the purpose. Except 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. The amount of regeneration must
be controllable, because maximum regenerative
amplification is secured at the critical point
where the circuit is just about to oscillate
(§ 3-7) and the critical point in turn depends
upon circuit conditions, which may vary with
the frequency to which the detector is tuned.

Fig. 707 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 cirenit to control
regeneration. When the capacity is small the

THE RADIO AMATEUR’S HANDBOOK

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 samne
direction, the plate connection is to the out-
gide of the plate or ““tickler” coil, L3, when the
grid connection is to the outside of La.

The circuit of B is for a screen-grid tube, re-
generation being controlled by adjustment of
the sereen-grid voltage. The tickler, Ls, 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 pfd. or more) to filter out scratching noise
when the arm is rotated (§ 2-11). The feed-
back is adjusted by varying the number of
turns on Ls or the coupling (§ 2-11) between Le
and L, until the tube just goes into oscillation
at a screen voltage of approximately 30 volts.

Circuit C 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,
only a small amount of *tickler” — that is,
relatively few turns between the 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
oceurs 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 at the plate (and screen, if a
pentode) voltage which gives maximum sen-
sitivity. Should the tube break into oscillation
suddenly as the regeneration control is ad-
vanced, making a click, the operation often can
be made smoother 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 fecd-back 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
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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 coupling.

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 capactty) can be
caused by poor design of the receiver, or by
the antenna if the detector is coupled directly
to it. If body capacity is present when the
antenna is disconnected, it can be eliminated
by better shielding, and sometimes by r.f.
filtering of the 'phone leads. Body capacity
which is 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.

Hum — Hum at the power-supply frequency
may be present in a regenerative detector, es-
pecially when it is used in an oscillating condi-
tion for c.w. reception, even though the plate
supply itself is free from ripple (§ 8-4). The
hum may result from the use of a.c. on the tube
heater, but effects of this type normally are
troublesome only when the cireuit of Fig. 707-C
is used, and then only at 14 Mec. and higher fre-
quencies. Connecting one side of the heater
supply to ground, or grounding the center-tap
of the heater transformer 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, and grid condenser and leak are not
electrostatically shiclded. 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).

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
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(§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.
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Fig. 707 — Triode and pentode regenerative detector
cirenits. The input circuit, L2Cy, is tuned to the signal
frequency. The grid condenser, Cz, should have a value
of about 100 uufd. in all circuits; the grid leak, Ry,
may range in value from 1 to 5 megohms, The tickler coil,
Ls, ordinarily will have from 10 to 25 per cent of the
number of turns on Ls; in C, the cathode tap is about 10
per cent of the number of turns on Lz above ground.
Regeneration control condenser Cs in A should have a
maximum capacity of 100 uufd. or more; by-pass con-
densers Cz in B and C are likewise 100 pufd. Cs is ordi-
narily 1 ufd. or more; R, a 50,000-0hm potentiometer;
Ra, 50,000 to 100,000 ohms. Ls in B (L3 in C) is a 500-
henry inductance, Cq is 0.1 ufd. in both circuits. Tiin A
is a conventional 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 abont 50 volts for
best sensitivity. Pentode eircuits require about 30 volts
on the screen; plate voltage may be 100 to 250 volts.
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DIAL SETTING
Fig. 708 — As the tuning dial of a receiver is turned

past a e.w. signal, the beat note varics 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
(.. "The curve is a graphical representation of the action.
"T'he beat exists past 8000 or 10,000 eycles but nsually is
not heard because of the limitations of the audio system.

Elimination of antenna resonance effects as
described and by-passing the rectifier plates to
cathode (using by-pass condensers of the order
of 0.001 pfd.) usually 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 the
regeneration control after the detector starts
oscillating will result in a slight decrease in
the strength of the hiss, indicating that the
sensitivity is decrcasing.

The proper adjustment of the regeneration
control for best reception of c.w. signals is
where the detector just starts to oscillate, when
it will be found that c.w. signals can be tuned
in and wiil give a tone with each signal depend-
ing on the setting of the tuning control. As the
receiver is tuned through a signal the tone first
will be heard as a very high pitch, then will go
down through ¢ zero heat” (the region where the
frequencies of the incoming signal and the os-
cillating detector are so nearly alike that the
difference or beat is less than the lowest audible
tone) and rise again on the other side, finally
disappearing at a very high pitch. This behavior
is shown in Fig. 708, It will be found that a
low-pitched beat-note cannot be obtained from
a strong signal beeause the detector “ pulls in”
or “blocks’ ;that is, the signal tends to control
the detector in such a way that the latter os-
cillates at the signal frequency, despite the
fact that the circuit may not be tuned exactly
to resonance. This phenomenon, cominouly
observed when an oscillator is coupled to a
source of a.c. voltage of approximately the
frequency at which the oscillator is operating,
is called “locking-in’’; the more stable of the
two frequencies assumes control over the other.
“Blocking” usually can be corrected by ad-
vancing the regeneration control until the
beat-note occurs again. If the regenerative
detector is preceded by an r.f. amplifier stage,
the blocking ean be climinated by reducing the
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gain of the 1.f. stage. If the detector is coupled
to an antenna, the blocking condition can be
eliminated by advancing the regeneration
control or loosening the antenna coupling.

The point just after the receiver starts oscil-
lating is the most sensitive. condition for c.w.
reception. Further advancing the regenera-
tion control makes the receiver less prone to
blocking by strong signals, but also less capable
of receiving weak signals.

If the receiver is in the oscillating condition
and a 'phone signal is tuned in, a steady audible
beat-note will result. While it is possible to
listen to "phone if the receiver ean 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 also
the most sensitive operating point.

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 kiloeycles), insuch 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
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Fig. 709 — Supcrregencrative detector eircuit using a

separate quench oscillator. L2C is tuned to the signal

frequeney. Typical values for other components are:

(1'_) 100 y,uf(l.

C:{ -— 500 uuf(l.

Ca— 0.1 pfd.

R1— 5 megohms.

Rz — 50,000 ohms.

R3 — 50,000-0hm poten-
tiometer.

R4 — 50,000 ohms,

T1 — Audio transformer,
plate-to-grid type.

RFC — R.f. choke, value de-
pending upon the fre-
quency in use. Special
low-capaeity chokes
are required for the
very-high frequencies,
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suitable only for the re-
ception of modulated sig-
nals, and operates best on
the very-high frequencies R,
where it has found con- c,
siderable application in R2
simple receivers.

A typical superregen-
erative circuit for very-
high frequencies is shown
in Fig. 709. The regenera-
tive detector circuit is an
ultraudion oscillator (§ 3-
7). The quench frequency,
obtained from a separate
quench oscillator, is intro-
duced in the plate circuit.
Many other circuit ar-
rangements are possible.

If regeneration in an =
ordinary regenerative cir- -8
cuit is carried sufficiently (C)
far, the circuit will break
into a low-frequency os-
cillation simultaneously
with that at the oper-
ating radio frequency. This low-frequency osecil-
lation has much the same quenching effect as
that from a separate oscillator, hence a circuit so
operated is called a self-quenching superregen-
erative detector. This type of circuit is more suc-
cessful at very-high than at ordinary communi-
cation frequencies. The frequency of the quench
oscillation depends upon the feed-back and
upon the time constant of the grid leak and con-
denser, theoscillation being a formof ““blocking
or ““squegging’’ in which the grid accumulates
a strong negative charge which does leak off rap-
idly enough through the grid leak to prevent a
relatively slow variation of the operating point.

The superregenerative detector has rela-
tively little selectivity as compared to a regular
regenerative detector, but diseriminates against
noise such as that from automobile ignition
systems. It also has marked automatic volume
control action, since strong signals are am-
plified much less than weak signals.

Adjustment of superregenerative detec-
tors — Because of the greater amplification,
the hiss when the superregenerative detector
goes into oscillation is much stronger than
with the ordinary regenerative detector. The
most sensitive condition is at the point where
the hiss first becomes marked. When a signal is
tuned in, the hiss will disappear to a degree
which depends upon the signal strength.

Lack of hiss indicates insuflicient feed-back
at the signal frequency, or inadequate quench
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.
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Fig. 710 — Audio amplifier cireuits used for voltage amplification and to provide
power for headphone output. 'T'he tubes are operated as Class-A amplifiers (§ 3-4).

Q 7-5 Avudio-Frequency Amplifiers

General — The ordinary detector does not
produce " very much audio-frequency power
output — usually not enough to give satisfac-
tory sound volume, even in headphone recep-
tion. Consequently, audio-frequency amplifiers
are used after the detector to increase the
power level. One amplifier usually is sufficient
for headphones, but two stages generally are
used where the receiver is to operate a loud-
speaker. A few milliwatts of a.f. power is suf-
ficient for headphones, but a loudspeaker re-
quires a watt or more for good room volume.

In all except battery-operated receivers, the
negative grid bias of audio amplifiers usually is
secured from the voltage drop in a cathode re-
sistor (§ 3-6). The cathode resistor must be by-
passed by a condenser having low reactance at
the lowest audio frequency to be amplified,
compared to the resistance of the cathode re-
sistor (10 per cent or less) (§2-8, 2-13). In
battery-operated receivers, a separate grid-
bias battery generally is used.

Headset and voltage amplifiers-— The
circuits shown in Tig. 710 are typical of those
used for voltage amplification 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,
the input impedances of which are of the order
of 20,000 ohms.

In these circuits, Ry is the cathode bias re-
sistor and C; the cathode by-pass condenser.
The grid resistor, R, gives volume control
action (§ 5-9). Its value ordinarily is from 0.25
to 1 megohm. Cy is the input coupling con-
denser, already discussed under detectors; it
is, in fact, identical to Cy in IMigs, 704 and 705,
if the amplifier is coupled to a detector.
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Power amplifiers— A popular type of
power amplifier is the single pentode, operated
Class A or AB; the circuit diagram is given in
Fig. 711-A. The grid resistor, Ry, .may be a
potentiometer for volume control, as shown at
R; in Fig. 710. The output transformer, T,
should have a turns ratio (§ 2-9) suitable for
the loudspeaker used; many of the small loud-
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. 711-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,
7Ty, 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 (§ 3-3).

Tone control —A tone control is a
device for changing the frequency response
(§ 3-3) of an audio amplifier; usually it is
simply a method for reducing high-frequency
response. This is helpful in reducing hissing and
crackling noises without disturbing the intel-
ligibility of the signal. R4 and Cs, in Fig.
710-D, together form an effective tone control
of this type. The maximum effect is secured
when the resistance of Ry is entirely out of the
circuit, leaving C4 connected directly between
grid and ground. R4 should be large compared
to the reactance of (s (§ 2-8) so that when its
resistance is all in ¢ircuit the effect of C4 on the
frequency response is negligible.
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Fig. 711 — Power-output audio amplifier circuits. Ei-
ther Class A or AB amplification (§3-4) may be used.
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Headphones and loudspeakers—T'wo types
of headphones are in general use, the magnetic
and crystal types. They are shown in cross-
section in Fig. 712. In the magnetic type the
signal is applied to a coil or pair of coils having
a great many turns of fine wire wound on a
permanent magnet. (Ileadphones having oune
coil are known as the “single-pole” type,
while those having two coils, as shown in
Tig. 712, are called ““double-pole.”) A thin
circular diaphragm of iron is placed close to
the open ends of the magnet. It is tightly
clamped by the earpicce assembly around its
circumference, and the center is drawn toward
the permanent magnet under some tension.
When an alternating current flows through the
windings the ficld set up by the current alter-
nately aids and opposes the steady field of the
permanent magnet, so that the diaphragm
alternately is drawn nearer to and allowed to
spring farther away from the magnet. Its
motion sets the air into corresponding vibra-
tion. Although the d.c. resistance of the coils
thay be of the order of 2000 ohms, the a.c.
impedance of a magnetic type headset will be
of the order of 20,000 ohms at 1000 ecycles.

In the crystal headphone, two piczoelectric

‘erystals (§ 2-10) of Rochelle salts are cemented

together in such a way that the pair tends to
be bent in one direction when a voltage of a
certain polarity is applied and to bend in the
other direction when the polarity is reversed.
The crystal unit is rigidly mounted to the ear-
piece, with the free end coupled to a diaphragm.
When an alternating voltage is applied, the
alternate bending as the polarity of the applied
voltage reverses makes the dinphragm vibrate
back and forth. The impedance is several times
that of the magnetic type.

Mugnetic-type headsets tend to give maxi-
mum response at frequencies of the order of
500 to 1000 cyeles, with a considerable reduc-
tion of response (for constant applied voltage)
at frequencies both above and below this
region. The crystal type has a “flatter” fre-
quency-response curve, and is particularly
good at reproducing the higher audio fre-
quencies. The peaked response curve of the
magnetic type is advantageous in code recep-
tion, since it tends to reduce interference from
signals having beat tones lying outside the
region of maximum response, while the crystal
type is better for the reception of voice and
music. Magnetic headsets can be used in cir-
cuits in which d.c. is flowing, such as the plate
circuit of a vacuum tube, providing the current
is not too large to be carried safely by the wire
in the coils; the limit is a few milliamperes.
Crystal headsets must be used only on a.c.
(since a steady d.c. voltage will dumage the
crystal unit), and consequently must be coupled
to the tube through a device, such as a con-
denser, which isolates the d.c. voltage but
permits the passage of an alternating current.

The most common type of loudspenker is the
dynamic type, shown in cross-section in Fig.
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CRYSTAL HEADPHONE

_Field Cotl
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Vi “Voice Coil
7/ bYNAMIC SPEAKER

Fig. 712 — Headphone and loudspeaker construction.

712. The signal is applied to a small coil (the
voice cotl) which is free to move in the gap
between the ends of a magnet. The magnet
is made in the form of a ecylindrical coil
slightly smaller than the form on which the
voice coil is wound, with the magnetic circuit
completed through a pole piece which fits
around the outside of the voice coil leaving
just enough clearance for free movement of the
coil. The path of the flux through the magnet is
as shown by the dotted lines in the figure.
The voice coil is supported so that it is free to
move along its axis but not in other directions,
and is fastened to a fiber or paper conical
diaphragm. When current is sent through the
coil it moves in a direction determined by the
polarity of the current (§ 2-5), and thus moves
back and forth when an alternating voltage is
applied. The motion is transmitted by the
diaphragm to the air, sctting up sound waves.

The type of speaker shown in Fig. 712 ob-
tains its fixed magnetic field by electromagnetic
means, direct current being sent through the
Jield coil for this purpose. Other types use
permanent magnets to replace the electro-
magnet, and hence do not require a source of
d.c. power. The voice coils of dynamic spcakers
have few turns and therefore low impedance,
values of 3 to 15 ohms being representative.

 7-6 Radio-Frequency Amplifiers

Circuits— Although there may be var-
iations in detail, practically all r.f. am-
plifiers conform to the basie circuit shown
in Fig. 713. A screen-grid tube, usually a
pentode, is 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, L1Ch, is
coupled through Lg to the antenna (or, in some
cases, to a preceding stage). R and Cq are the
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eathode bias resistor and by-pass condenser,
C3is the screen by-pass condenser, and Rais the
screen dropping resistor. Lg is the primary of
the output transformer (§ 2-11), tightly cou-
pled to L4, which, with Cj, constitutes the tuned
circuit feeding the detector or following ampli-
fier. The input and output circunits, L;C; and
L4C3, are both tuned to the signal frequency.

Shielding — The screen-grid construction of
the amplifier tube prevents feed-back (§ 3-3)
from plate to grid inside the tube, but in addi-
tion it is necessary to prevent transfer of en-
ergy from the plate circuit to the grid circuit
external to the tube. This is accomplished by
enclosing the coils in grounded shielding con-
tainers 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 physical separation between
plate and grid leads is necessary to prevent
capacity coupling.

The shield around a coil will reduge the in-
ductance and @ of the coil (§ 2-11) to an extent
which depends upon the shielding material
and its distance from the coil (see page 420).
Adjustments 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
and capacity of by-pass condenser. Short
separate leads from C3 and C; to cathode or
ground are a prime necessity. At the higher
radio frequencies even an inch of wire will
have enough inductance to provide feed-back
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 works best with variable-u type tubes
(§ 3-5), hence this type usually is found in r.f.
amplifiers. In Fig. 713, R3 and R4 comprise the
gain-control circuit. Rj 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 on E3
all the way to theleft (grounded), and minimum
at the right. R3 could simply be placed in
series with R, omitting R4 entirely, but the
range of control with this connection is limited
because it depends on the cathode current alone.

LR

+8

Fig. 713 — Basic circuit of a tuned radio-frequency
amplifier. Component values are discussed in the text.
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In a multi-tube receiver the gain of several
stages may be varied simultaneously, a single
control sufficing for all, The lower ends of the
several cathode resistors (R;) are then con-
neeted together and to the movable contact
on R3in Fig, 713.

Circuit vralues — The value of the cathode
resistor, R, should be calculated for the
mintmum recommended bias for the tube used.
The eapacities of Ca, C3 and Cy 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 very-high fre-
quencies up to 112 Me. [y 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 eurrents
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 £
and the bleeder current previously found for /.

The constants of the tuned circuits will de-
pend upon the frequency range, or band, to be
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. To an allowance of 10 to 20 gufd. for tube
and stray capacities should be added the
minimum capacity of the tuning condenser.

If the input circuit of the amplifier is con-
nected to an antenna, the coupling coil, Ly,
should be adjusted to provide critical coupling
(§ 2-11) between the antenna and grid cirenit.
This will give maximum energy transfer. The
turns ratio of 1/ Le will depend upon the fre-
quency, the type of tube used, the Q of the
tuned circuit and the constants of the antenna
system, and in general is best determined ex-
perimentally. The selectivity will increase as
the coupling is reduced below this “optimum”’
value, a consideration which it is well to keep
in mind if selectivity is of more importance
than maximum gain.

The output-circuit eoupling depends upon
the plate resistance (§ 3-2) of the tube, the
input resistance of the succeeding stage, and
the @ of the tuned circuit, L4yCs. L3 usually is
coupled as closely as possible to L, (avoiding
the necessity for an additional tuning con-
denser across L) and the energy transfer is
maximum when L3 has 25 to 44 as many turns
as [y, with ordinary recciving 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
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temperature. This is known as the thermal-
agitation 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
impedanee (§ 2-10) of the tuned circuit, even
though the actual cireuit 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; in general, the higher the ea-
thode current and the lower the mutual eon-
ductance of the tube, the more internal noise
it will generate.

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 disconnecting
the antenna so that no outside noise is being
introduced into the receiver, then grounding
the grid through a 0.01-ufd. condenser and ob-
serving 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-
tant one from the standpoint of signal-to-noise
ratio. 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 radio fre-
quencies the tube may consume power from the
tuned grid circuit, even though the grid is not
driven positive by the signal. Above 7 Me. all
tubes ‘“load’ the tuned circuit to some extent,
the amount of loading varying with the type of
tube. This effect comes about because the time
necessary for eleetrons to travel from the
cathode to the grid becomes comparable to the
time of one r.f. eycle, and because of the de-
generative effect (§ 3-3) of the cathode lead
inductanee. 1t becomes more pronounced as
the frequeney is increased. Certain types of
tubes may have an input resistance of only a
few tliousand ohms at 28 Mec. and as little as



Receiver Principles and Design

a few hundred ohms at very-high frequencies.
The input resistance of the same tubes at 7 Mc.
and lower frequencies may be so high as to be
considered infinite, from a practical standpoint.
This tnput-loading effect is in addition to
the normal decrease in the Q of the tuned cir-
cuit alone, because of increased losses in the coil
and condenser at the higher frequencies. Thus
the selectivity and gain of the circuit both are
affected adversely by increasing frequency.

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 Mc. and higher, however, this is
no longer true, and the choice of a tube must
be based on several conflicting considerations.

CGain 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. N

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.

“Acorn’ and equivalent miniature pentodes
are excellent from the input-loading standpoint;
gain is about the same as with standard types,
and the inherent noise is somewhat lower.

Where selectivity is paramount the acorns
are best, the standard pentodes second, and the
1851-52 types worst. On signal-to-noise ratio
the 1851-52 tubes are first, acorns second and
standard pentodes third. The same order of
precedence holds for over-all gain.

At 56 Mec. the standard types are usable,
but acorns are capable of better performance
because of lesser loading. The 954 an.d 956 and
the corresponding types, 9001 and 9003, are
practically the only usable types for r.f. am-
plification at 112 Mec. and higher.

 7-7 Tuning and Band-Changing
: Methods

Band-changing — The resonant circuits
whicli are tuned to the frequency of the
incoming signal constitute a special problem
in the design of amateur receivers, since the
amatenr frequency assignments consist of
groups or bands of frequencies at widely
spaced intervals. The same LC combination
cannot be used for, say, 14 Mec. to 3.5 Mec.,
because of the impracticable maximum-mini-
mum capacity ratio requived, and also because
the tuning would be excessively critical with
such a large frequency range. 1t 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 Laving an
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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 plugged in and removed from a socket.

Bandspreading — The tuning range of a
given coil and variable condenser will depend
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 bandspreading.
Because of the varying widths of the bands,
special tuning methods must be devised to give
the correct maximum-minimum capacity ratio
on each band. Several of these methods are
shown in Fig. 714.

In A, a small bandspread condenser, Cy (15
to 25 ppfd. maximum capacity), is used in
parallel with a condenser, Cs, which is usually
large enough (140 to 175 pefd.) to cover a 2-
to-1 frequency range. The setting of Cy will de-
termine the minimum capacity of the circuit,
and the maximum capacity for bandspread
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 Cs,
which is variously called the band-setting or
matn-tuning condenser. Cs must be reset each
time the baud is changed.

The method shown at B muakes use of con-
densers in series. The tuning condenser, C,
may have a maximum capacity of 100 uufid. or
more. The mini-
mum capacity is
determined princi-
pally by the set-
ting of C3, which
usually has low
capacity, and the
maximum capacity
by the setting of
C2, which is of the
order of 25 to 50
pufd. This method
is capable of cluse
adjustment to prac-
tically any desired
degree of band-
spread. Either C»
and C3 must be
adjusted for each
band or separate
pre-adjusted con-
densers must be
switched in.

The circuit at
C also gives com-
plete spread on
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Fig. 714 — Essentials of three
bandspread tuning systems.
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each band. C;, the bandspread condenser,
may have any convenient value of capacity;
50 pufd. is satisfactory. Cs may be ysed for con-
tinuous frequency coverage (‘‘general cover-
age'”) and as a band-setting condenser. The
effective maximum-minimum ecapacity ratio
depends upon the capacity of Cg and the point
at which C; is tapped on the coil. The nearer
the tap to the bottcm of the coil, the greater
the bandspread, and vice versa. For a given
coil and tap, the bandspread will be greater
if Cq is set at larger capacity. C» 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
resetting Cs each time the band is changed.

Ganged tuning — The tuning condensers
of the several r.f. circuits may be coupled to-
gether mechanically and operated by a single
control. However, this operating convenience
involves more complicated eonstruction, both
electrically and mechanically. It becomes nec-
essary 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, and -circuit
minimum and maximum capacities are iden-
tical in all “ganged” stages. A small trimmer
or padding condenser may be connected across
the coil, so that variations in minimum ca-
pacity can be compensated. The fundamental
circuit is shown in Fig. 715, where C; is the
trimmer and Cz the tuning condenser. The use
of the trimmer increases the minimum circuit
capacity, but is a necessity for satisfactory
tracking. Condensers having maximum capac-
ities of 15 to 30 uufd. are commonly used.

The same methods are applied to band-
spread circuits which must be tracked. The
circuits are identical with those of Fig. 714.
1f both general-coverage and bandspread tun-
ing are to be available, an additional trimmer
condenser must be connected across the coil in
each circuit shown. If only amateur-band tun-
ing is desired, however, then C3 in Fig. 714-B,
and C; in Fig. 714-C serve as trimmers.

Fig. 715—Showing the
use of a trimmer condenscr,
C1, across the tuned circuit
to set the minimum circuit
capacity in order to obtain
true tracking for gang-tuning.

The coil inductance can be adjusted by
starting with a larger number of turns than
necessary and removing a turn or fraction of
a turn at a time until the circuits track satis-
factorily. An alternative method, provided the
inductance 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. 716.

THE RADIO AMATEUR'S HANDB0.0K‘

Fig. 716 — Methods of adjusting the 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.

V.h.f. circuits — Interelectrode capacities
are practically constant for a given tube regard-
less of the operating frequency, and the same
is approximately true of stray circuit capaci-
ties. Hence, at very-high frequencies these ca-
pacities become an increasingly larger part of
the ysable tuning capacity, and reasonably high
L/C ratios (§ 2-10) are more difficult to secure
as the frequency is raised. Because of this irre-
ducible minimum capacity, standard types of
tubes cannot be tuned to frequencies higher
than about 200 Mc., even when the inductance
in 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 very-high
frequencies, so that ordinary tuned circuits
have very low effective (Js 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.
with standard tubes. At higher frequencies
there will be a loss, instead of amplification.
This condition can be mitigated somewhat by
taking steps to improve the effective @ of the
circuit, either by tapping the grid down on the
coil, as shown in TFig. 717-A, or by using a
lower L/C ratio (§ 2-10). The Q of the tuned
circuit alone can be greatly improved by using
a linear circuit (§ 2-12), which when properly
constructed will give @s much higher than
those attainable at lower frequencies with
conventional coils and condensers. The con-
centric type of line, Fig. 717-B, is best both
from the standpoint of @ and of adaptability
to non-symmetrical circuits such as are used
in receivers. Since the capacity and resistance
loading effects of the tube are still present, the
Q of such a circuit will be destroyed if the grid-
cathode circuit of the tube is connected di-
rectly across it. Hence, tapping down on the
line, as shown, is necessary.

Very-high-frequency amplifiers should em-
ploy tubes of the acorn type, which have the
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least loading effect as well as
low interelectrode capacities.
This is because the smaller

%
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loading effect means higher Re |t lrrequency| | 1 SECOND AUDIO _{ﬂ'
input resistance, and, for a AMPLIFIER CONVERTER AMPLIFIER DETECTOR AMPLIFIER
given loaded @ of the tuned - -
circuit, a higher voltage de-

veloped between the grid and

cathode. Thus the amplifica- HF BEAT

tion of the stage is higher. OSCILLATOR ——

A concentrie circuit may be
tuned by varyving the length of
the inner conductor (usually
by using close-fitting tubes, one sliding inside
the other) or by connecting an ordinary tuning
condenser across the line. Tapping the con-
denser down, as shown in Fig. 717-B, gives
a bandspread effect, which is advantageous.
It also helps to keep the @ of the cireuit higher
than it would be with the condenser con-
nected directly across the open end of the line,
since at very-high frequencies most condensers
have losses which cannot be neglected.

V.h.f. oscillators such as those used in the
superregenerative detector usually will work
well at frequencies where r.f. amplification is
impossible with standard tubes (as in the
112-Mec. band), since tube losses are compen-
sated for by energy taken from the power
supply. Ordinary coil and condenser cirguits
are practicable with such tubes at 112 Me.

€ 7-8 The Superheterodyne

Principles — In the superheterodyne, or
superhet, receiver the frequency of the incom-
ing signal is changed to a new radio frequency,
the intermediate frequency (i.f.), then ampli-
fied, and finally detected. The frequency is

Concentric

Short-circuited

Fig. 717 — Circuits of improved Q for very-high fre-
quencies. A, reducing tube loading by tapping down on
the resonant cireuit; B, use of a concentric-line cireuit,
with the tube similarly tapped down. The line should be
a quarter-wave long, electrically; because of the addi-
tional shunt capacity represented by the tube, the
physical length will be somewhat less than given by the
formula (§ 10-5). In general, this reduction in length will
be greater the higher the grid tap on the inner conductor.
The coupling turn should he parallel to the axis of the
live and must he insulated from the outer conductor.

Fig. 718 — Block diagram of the basic clements of the superheterodyne

changed by means of the heterodyne process
(§ 7-1), the output of an adjustable local oscil-
lator (the h.f. oscillator) being combined with
the incoming signal in a mizer or converter stage
(first detector) to produce a beat frequency
equal to the i.f. Fig. 718 gives the essentials of
the superheterodyne in block form. C.w. sig-
nals are made audible by heterodyning the
signal at the second detector by the beat-fre-
quency oscillator (b.f.0.) or beat oscillator, set to
differ from thei.f. by a suitable audio frequency.

As a numerical example, assume that an in-
termediate frequency of 455 ke. is chosen and
that the incoming signal is on 7000 ke. Then
the h.f. oscillator frequency may be set to 7455
ke., in order that the beat frequency (7455
minus 7000) will be 455 ke. The h.f. oscillator
also could be set to 6545 ke., which will give the
same frequency difference. To produce an
audible c.w. signal of, say, 1000 cycles at the
second detector, the beat oscillator would be
set to either 454 ke. or 4530 ke.

Characteristics — The frequency-conver-
sion process permits r.f. amplification at a
relatively low frequency. Thus high selectivity
can be obtained, and this selectivity is con-
stant regardless of the signal frequency. Higher
gain also is possible at the lower frequency.
The separate oscillutors can be designed for
stability, and, since the h.f. oscillator is work-
ing at a frequency considerably removed from
the signal frequency, its stability is practically
unaffected by the incoming signal.

Images — Each h.f. oscillator frequency will
cause i.f. response at two signal frequencies,
one higher and one lower than the oscillator
frequency. If the oscillator is set to 7455 ke, to
respond to a 7000-ke. signal, for example, it
will respond also to a signal on 7910 ke., which
likewise gives a 455-ke. beat. The undesired
signal of the two is called the image.

The radio-frequency circuits of the receiver
(those used before the frequency is converted
to the i.f.) normally are tuned to the desired
signal, so that the selectivity of the circuits re-
duces the response to the image signal. If the
desired signal and image have equal strengths
at the input terminals of the receiver, the ratio
of the receiver voltage output from the desired
signal to that from the image is called the
signal-to-image ratio, or image ratio.

Theimage ratio depends upon the selectivity
of the r.f. tuned circuits preceding the mixer
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I"ig. 719 — Mixer or converter circuits. A, grid injec-
t.on with a pentode plate detector: B and G, separate
injection circuits for converter tubes. Circuit values are:
Component Circnzie A Circuit B Circuit

Cr, G2, Ca —0.01-0.) pfd.  0.01-0.1 pfd.  0.01-0.1 afd.

C1— Approx. bopafd. 50100 pufd, S50-100 upfd.
Ry — 10,060 ohms, 3040 olns, 500 ohms.

Ra — 0.1 mezohm. 50,000 ohms, 15,060 ohms.
Itz — 50,00 ohms. 50,000 ohms. 50,600 obms.

Plate voltage should be 230 in all circuits, 1{ an 1851
or 1852 tube is used in Circuit A, R should be 500 ohms,

tube. Also, the higher the intermediate fre-
quency, the higher theimage ratio, since raising
the i.f. increases the frequency separation be-
tween signal and image and places the latter
fartiier away from the peak of the resonance
curve (§ 2-10) of the signal-frequency circuits.

Other spurious responses — In addition to
images, other signals to which the receiver is
not ostensibly tuned may be heard. Harmonics
of the high-frequency oscillator may beat with
signals far removed from the desired frequency
to produce output at the intermediate fre-
quency; such spurious responses can be re-
duced by adequate selectivity before the mixer
stage, and by using sufficient shielding to pre-
vent signal pick-up by any means other than
the antenna. When a strong signal is received,
the harmonics (§ 2-7) generated by rectification
in the second detector may, by stray coupling,
be introduced into the r.f. or mixer circuit and
converted to the intermediate frequency, to
go through the receiver in the same way as an
ordinary signal. These “ birdies” appear as a
heterodyne beat on the desived signal, and are
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principally bothersome when the frequency of
the incoming signal is not greatly different
from the intermediate frequency. The cure is
proper circuit isolation and shielding.

Harmonics of the beat oscillator also may be
converted in similar fashion and amplified
through the receiver; these responses can be
reduced by shielding the beat oscillator and
operating it at low output level.

The double superhet — At high and very-
high frequencies it is difficult to secure an
adequate image ratio when the intermediate
frequency is of the order of 455 ke. To reduce
image response the signal frequently is con-
verted first to a rather high (1500, 5000, or
even 10,000 ke.), and then — sometimes after
further amplification — reconverted to a lower
i.f. where higher adjacent-channel selectivity
can be obtained. Such a receiver is called a
double superheterodyne.

Q 7-9 Frequency Converters

Characteristics — The first detector or
mixer resembles an ordinary detector. A cir-
cuit tuned to the intermediate frequency is
placed in the plate circuit of the mixer, so that
the highest possible i.f. voltage will be devel-
oped. The signal- and oscillator-frequency
voltages appearing in the plate circuit are by-
passed to ground, since they are not wanted in
the output. The i.f. tuned circuit should have
low impedance for these frequencies, a condi-
tion easily met if they do not approach the
intermediate frequency.

The conversion cfficiency of the mixer is
the ratio of i.f. output voltage from the plate
circuit to r.f. signal voltage applied to the grid.
High conversion efficiency is desirable. The
mixer tube noise also should be low if a good
signal-to-noise ratio is wanted, particularly
if the mixer is the first tube in the receiver.

The mixer should not require too much r.f.
power from the h.f. oscillator, since it may be
difficult to supply the power and mazintain
good oscillator stability (§ 3-7). Also, the con-
version efliciency should not depend too criti-
cally on the oscillator voltage (that is, a small
change in oscillator output should not change
the gain), since it is difficult to maintain con-
stant output over a wide frequency range.

A change in oscillator frequency caused by
tuning of the mixer grid circuit is called pull-
ing. 1f the mixer and oscillator could be com-
pletely isolated, mixer tuning would have no
effect on the oscillator frequency; but in prac-
tice this is a difticult condition to attain. Pull-
ing causes oscillator instability and should be
minimized, because the stability of the whole
receiver depends critically upon the stability of
the h.f. oscillator. Pulling effect decrcases with
separation of the signal and h.f. oscillator fre-
quencies, hence is less with high intermediate
frequencies and greater with low i.f.s,

Circuits — Typieal {requeney-conversion cir-
cuits are given in Fig. 719. The variations are
chiefly in the way in which the uscillutor volt-
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age is introduced. In Fig. 719-A, the screen-
grid pentode functions as a plate detector; the
oscillator is capacity-coupled to the grid of the
tube, in parallel with the tuned input circuit.
Inductive coupling may be used instead. The
conversion gain and input selectivity generally
are good, so long as the sum of the two volt-
ages (signal and oscillator) impressed on the
mixer grid does not exceed the grid bias. It is
desirable to make the oscillator voltage as high
as possible without exceeding this limitation.
The oscillator power required is negligible.

A pentagrid-converter tube is used in the
circuit at B. Although intended for combina-
tion oscillator-mixer use, this type of tube
usually will give more satisfactory performance
when used in conjunction with a separate os-
cillator, the output of which is coupled in as
shown. The circuit gives good conversion effi-
ciency, and, because of the electron coupling,
affords desirable isolation between the mixer
and oscillator circuits. A small amount of
power is required from the oscillator.

Circuit C is for the 6L7 mixer tube. The
oscillator voltage can vary over a considerable
range without affecting the conversion gain.
There are no critical adjustments, and the
oscillator-mixer isolation is good. The oscillator
must supply somewhat more power than in B.

A more stable receiver generally results, par-
ticularly at the higher frequencies, when sepa-
rate tubes are used for the mixer and oscillator.
Practically the same number of circuit com-
ponents is required whether or not a combi-
nation tube is used, so that there is little
difference from the cost standpoint.

Tubes for frequency conversion — Any
sharp cut-ofl pentode may be used in the cir-
cuit of Fig. 719-A. The 1851 and 1852 give
high conversion gain and excellent signal-
to-noise ratio — comparable, in fact, to the
gain and signal-to-noise ratio obtainable with
r.f. amplifiers — and in these respects are far
superior to any other tubes used as mixers.
However, this type of tube loads the circuit
more (§ 7-6) and thus decreases the selectivity.

The 618 is a good tube for the circuit at B;
its oscillator plate connection may be ignored.
The 6SA7 also is excellent in this circuit, al-
though it has no anode grid (No. 2 grid, in the
diagram). In addition to these two types, any
pentagrid converter tube may be used.

( 7-10 The High-Frequency Oscillator

Design considerations — Stability of the
receiver (§ 7-2) is dependent chiefly upon the
stability of the h.f. oscillator, and particular
care should be given this part of the receiver.
The frequency of oscillation should be insensi-
tive to changes in voltage, loading, and me-
chanical shock. Thermal effects (slow change
in frequency because of tube or circuit heating)
should be minimized. These ends can be at-
tained by the use of goed insulating materials
and cirenit components, suitable electrical de-
sign, and careful mechanical construction.
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In addition, the oscillator must be capable
of furnishing sufficient r.f. voltage and power
for the particular mixer circuit chosen, at all
frequencies within the range of the receiver,
and its harmonic output should be as low as
possible tc reduce spurious response (§7-8).

It is desirable to make the L/C ratio in the
oscillator tuned circuit low (high-('), since this
results in increased stability (§ 3-7). Particular
care should be taken to insure that no part
of the oscillator circuit can vibrate mechan-
ically. This calls for short leads and ‘‘solid”
mechanical construction. The chassis and
panel material should be heavy, and rigid
enough so that pressure on the tuning dial will
not cause torsion and a shift in the frequency.
Care in mechanical construction is well repaid
by inereased frequency stability,

®)
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Fig. 720 — High-frequency oscillator circuits. A, screen-
grid grounded-platc oscillator; B, triode grounded-
plate oscillator; C, triode oscillator with tickler circuit.
Couplingtothemixermay betaken from points Aand Y.In
A and B, coupling from Y will reduce pulling effects, but
gives less voltage than from X this typeis hest adapted
to mixer cirenits with small oscillator-voltage require-
ments. 1'ypical values for components are as follows:

+8

Circuit A Cirenit B Circuit C
C— 100 pufd. 100 pufd. 100 ppfd.
C2— 0.1 ufd. 0.1 ufd. 0.1 ufd.
Ca— 0.1 pufd.
Ri — 50,000 ohims. 50,000 ohms. 50,000 ohms.
R — 50,000 ohims. 10,000 to 10.000 10

25,000 ohme. 25.000 olms.

The plate-supply voltage should be 250 volts. In cir-
cuits B and C, Ro is used to drop the supply voltage to
100-150 volts; it may be omitted if voltage is obtained
from a voltage divider in the power supply (§8-10).
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Circuits — Several oscillator circuits are
shown in Fig. 720. The point at which output
voltage is taken for the mixer is indicated in
cach case by X or V. Circuits A and B will give
about the same results, and require only one
coil. lHlowever, in these two circuits the cath-
ode is above ground potential for r.f., which
often is a cause of hum modulation of the
oscillator output at 14 Me. and higher fre-
quencics when 6.3-volt heater tubes are used.
Hum usually is not hothersome with 2.5-volt
tubes, nor, of course, with tubes which are
heated by direct current. The circuit of Fig.
720-C overcomes hum, since the cathode is

grounded. The two-coil arrangement is advan-
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Fig. 721 — Converter-circuit tracking methods. Fol-
fowing are approximate circuit values for 450- to 465-ke.
i.f.s, with tuning ranges of approximately 2.15-to-1 and
(2 having 140 pufd. maximum, and the total minimum
eapacitanee, including C3 or Cy, being 30 to 35 uufd.

Tuning Range L) L2 Cs
174 Me. | 50 uh. 40 ph. 0.00143 wfd.
3.7-7.5 Me. 14 uh. 12.2 ub, 0.0022 pfd.
7-15 Me. 3.5 uh, 3 uh, 0.0045 nfd.
14-30 Me. 0.8 uh. 0.78 ub. None used

\ppruxmlulc values for 450- to 465-ke. i.f.s with a
2.5-t0-1 tunm;_ ranye, Cy and Cz2 being 350-uufd. maxi-
mum, minimum including C3 and Cy being 40 to 50 upfd.

Tuning Range L L3 Cs
0.5-1.5 Me. 240 ph. 130 ub. 425 uufd.
1.5-4 Me. 32 uh, 25 wb. 0.00115 pfd,
4-10 Mc. | 4.54b, | 4 4h, 0.0028 ufd.
10-25 Me. , 0.8 sh. 0.75 uh. | None used
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tageous in construction, since the feed-back
adjustment (altering the number of turns on
Ly or the coupling between L; and Lg) is simple
mechanically,

Besides the use of a fairly high C'/L ratio in
the tuned circuit, it is necessary to adjust the
feced-back to obtain optimum results. Too
much feed-back will cause the oscillator to
‘““squeg,” or operate at several frequencies
simultaneously (§ 7-1); too little feed-back will
cause the output to be low. In the tapped-coil
circuits (A, B), the feed-back is increased by
moving the tap toward the grid end of the
coil; in C, by increasing the number of turns
on Lg or by moving Ls closer to L.

The oscillator plate voltage should be as low
as is consistent with adequate output. Low
plate voltage will cause reduced tube heating
and thereby reduce frequency drift. The
oscillator and mixer circuits should be well
isolated, prefecrably by shielding, since coupling
other than by the means intended may result
in pulling.

To avoid plate-voltage changes which may
cause the oscillator frequency to change, it is
good practice to use a regulated plate supply
employing a gaseous voltage-regulator tube
(§ 8-8).

Tracking — For ganged tuning, there must
be a constant difference in frequency bhetween
the oscillator and mixer circuits. This difference
must be exactly equal to the intermediate
frequency (§ 7-8).

Tracking methods for covering a wide fre-
quency range, suitable for gencral-coverage
receivers, are shown in Fig. 721. The track-
ing capacity, Cs, commonly consists of two
condensers in parallel, a fixed one of somewhat
less capacity than the value needed and a
smaller variable in parallel to allow for adjust-
ment to the exact proper value. In practice, the
trimmer, Cy, i8 first set for the high-frequency
end of the tuning range, and then the tracking
condenser is set for the low-frequency end.
The tracking capacity becomes larger as the
percentage difference hetween the oscillator
and signal frequencies becomes smaller (that
is, as the signal frequency bhecomes higher).
Typical circuit values are given in the tables
under Fig. 721.

In amateur-band receivers, tracking is sim-
plified by choosing a bandspread circuit which
gives practically straight-line-frequency tuning
(equal frequency change for each dial division),
and then adjusting the oscillator and mixer
tuned ecircuits so that both cover the same
total number of kilocycles. For example, if the
i.f. is 455 ke. and the mixer circuit tunes from
7000 to 7300 kc. between two given points on
the dial, then the oscillator must tune from
7455 to 7755 ke. between the same two dial
readings. With the bandspread arrangement
of Fig. 714-C, the tuning will be practically
strajght-line-frequency if the capacity actually
in use at Cs is not too small; the same is true
of 714-A if Cy is small compared to Cs.
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@ 7-11 The Intermediate-Frequency

Amplifier

Choice of frequency — The selection of an
intermediate frequency is a compromise be-
tween various conflicting factors. The lower
the i.f. the higher the selectivity and gain, but
a low i.f. brings the image nearer the desired
signal and hence decreases the image ratio
(§ 7-8). A low i.f. also increases pulling of the
oscillator frequency (§ 7-9). On the other hand,
a high i.f. is beneficial to both image ratio and
pulling, but the selectivity and gain are low-
ered. The difference in gain is least inportant.

An if. of the order of 455 kc. gives good se-
lectivity and is satisfactory from the stand-
point of image ratio and oscillator pulling at
frequencies up to 7 Mc. The image ratio is
poor at 14 Mc. when the mixer is connected to
the antenna, but adequate when there is a
tuned r.f. amplifier between antenna and
mixer. At 28 Mec. and on the very-high frequen-
cies, the image ratio is very poor unless several
r.f. stages are used. Above 14 Mc,, pulling is
likely to be bad unless very loose coupling can
be used between mixer and oscillator.

With an i.f. of about 1600 ke., satisfactory
image ratios can be secured on 14, 28 and 56
Me., and pulling can be reduced to negligible
proportions. However, the i.f. selectivity is
considerably lower, so that more tuned cir-
cuits must be used to increase the selectivity.
For very-high frequencies, including 28 Me.,
the best solution is to use a double superhet-
erodyne (§7-8), choosing one high i.f. for
image reduction (5 and 10 Mec. are frequently
used) and a lower one for gain and selectivity.

In choosing an i.f. it is wise to avoid fre-
quencies on which there is considerable activ-
ity by the various radio services, since such
signals may be picked up directly on the i.f.
wiring. The frequencies nientioned are fairly
free of such interference.

Fidelity, sideband cutting — As described
in § 5-2, modulation of a carrier causes the
generation of sideband frequencies numerically
equal to the carrier frequency plus and minus
the highest modulation frequency present. If
the receiver is to give a faithful reproduction of
modulation which contains, for instance, andio
frequencies up to 5000 cycles, it must be capa-
ble of amplifying equally all frequencies con-
tained in a band extending from 35000 cycles
above to 5000 cycles below the carrier fre-
quency. In a superheterodyne, where all carrier

P

Fig. 722 — Typical intermediate-fre- pre/getzigé
quency amplifier circuit for a super- stage
heterodyne recciver. Representative
valucs for components are as follows:
Cy — 0.1 ufd. at 455 ke.; 0.01 ufd.

at 1600 kc. and higher.
Ca2 — 0.01 ufd.
Ca, C4, C5—0.1 pfd. at 455 ke

0.01 ufd. above 1600 ke.
Ri — 300 ohms. Rz — 2C00 ohms.
Rz—0.1 megohm. R4— 0.25 megohm.
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frequencies are changed to the fixed interme-
diate frequency, this means that the i.f. ampli-
fier should amplify equally well all frequencies
within that band. In other words, the amplifi-
cation must be uniform over a band 10 ke.
wide, with the i.f. at its center. The signal-
frequency circuits usually do not have enough
over-all selectivity to affect materially the “ad-
jacent channel” selectivity (§ 7-2), so that only
thei.f. amplifier selectivity need be considered.
A 10-ke. band is considered sufficient for
reasonably faithful reproduction of music,
but much narrower band-widths can be used
for communication work where intelligibility
rather than fidelity is the primary objective.
If the selectivity is too great to permit uniform
amplification over the band of frequencies
occupied by the modulated signal, the higher
modulating frequencies are attenuated as com-
pared to the lower frequencies; that is, the
upper-frequency sidebands are “cut.”” While
sideband cutting reduces fidelity, it is fre-
quently preferable to sacrifice naturalness of
reproduction in favor of greater selectivity.
The selectivity of an i.f. amplifier, and hence
the tendency to cut sidebands, increases with
the number of amplifier stages and also is
greater the lower the intermediate frequency.
From the standpoint of communication, side-
band cutting is not serious with two-stage
amplifiers at frequencies as low as 455 ke.
Circuits — L. amplifiers usually consist of
one or two stages. Two stages at 455 ke.
give all the gain usable, in view of the mini-
mum receiver noise level, and also give suitable
selectivity for good-quality ’phone reception.
A typical circuit arrangement is shown in
Fig. 722. A second stage would simply dupli-
cate the circuit of the first. In principle, the
i.f. amplifier is the same as the tuned r.f. am-
plifier (§ 7-6). However, since a fixed frequency
is used, the primary as well as the secondary
of the coupling transformer is tuned, giving
higher selectivity than is obtainable with a
closely coupled untuned primary. The cathode
resistor, Ry, is connected to a gain control
circuit of the type previously described (§ 7-6);
usually both stages, if two are used, are con-
trolled by a single variable resistor. The de-
coupling resistor, Rz (§2-11), helps isolate the
amplifier, and thus prevents stray feed-back.
Cs and Ry are part of the automatic volume-
control circuit (§ 7-13); if no a.v.c. is used, the
lower end of the i.f. transformer secondary is
simply connected to ground.
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Fig. 723 — Representative i.f. transformer construc-
tion. Coils are supported on insulating tubing or (in the
air-tuned type) on wax-impregnated wooden dowels.
The shield in the air-tuned transformer prevents ca-
pacity coupling between the tuning condensers. In the
permeability-tuned transformer the cores consist of
finely divided iron particles supported in an insulat-
ing binder, formed into ecylindrical “plugs.” The
tuning eapacity is fixed, and the inductances of the
coils are varied by moving the iron plugs in and out.

In a two-stage amplifier the sereen grids of
both stages may be fed from a common supply,
either through a resistor (f22) as shown, the
screens being connected in parallel, or from a
voltage divider (§8-10) across the plate sup-
ply. Separate sereen voltage-dropping resistors
are preferable for preventing undesired cou-
pling between stages.

When two stages are used the high gain will
tend to cause instability and oscillation, so that
good shielding, by-passing, and careful circuit
arrangement to prevent stray coupling, with
exposed r.f. leads well separated, is necessary.

Lf. transformers — The tuned circuits of
i.f. amplifiers are built up as transformer units
consisting of a metal-shield container in which
the coils and tuning condensers are mounted.
Both air-core and powdered-iron-core uni-
versal-wound eoils are used, the latter having
somewhat higher Qs and, henee, greater selec-
tivity and gain per unit. In universal windings
the coil is wound in layers but with each turn
traversing the length of the coil, back and
forth, rather than being wound in a plane per-
pendicular to the axis as it is in ordinary single-
layer coils. With straight layer winding, the
turns on adjacent layers at the edges of the
coil have a rather large potential difference
between them as compared to the difference
between any two adjacent turns in the same
layer; hence a fairly large capacity current can
flow between layers, Universal winding, with
its ““criss-crossed’’ turns, tends to avoid build-
ing up such potential differences, and hence
reduces distributed-capacity effects (§ 2-8).

Variable tuning condensers are of the midget
type, air-dieleetric condensers being preferable
because their eapacity is practically unaffected
by changes in temperature and humidity. Iron-
core transformers may be tuned by varying the
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inductance (permeability tuning), in which case
stability comparable to that of variable air-
condenser tuning can be obtained by use of
high-stability fixed mica condensers. Such sta-
bility is of great importance, since a circuit
whose frequency ‘“‘drifts” with time eventually
will be tuned to a different frequency than the
other circuits, thereby reducing the gain and
selectivity of the amplifier. Tvpical i.f. trans-
former construction is shown in Fig. 723.

Besides the type of i.f. transformer shown in
Fig. 723, special units to give desired selectivity
characteristics are available. For higher than
ordinary adjacent-channel selectivity (§7-2)
triple-tuned transformers, with a third tuned
circuit inserted between the input and output
windings, are used. The energy is transferred
from the input to the output windings via this
tertiary winding, thus adding its selectivity to
the over-all selectivity of the transformer.
Variable-sclectivity transformers also can be
obtained. These usually are provided with a
third (untuned) winding which can be“con-
nected to a resistor, thereby loading the tuned
circuits and decreasing the  and selectivity
(§ 2-10) to broaden the selectivity curve. The
variation in selectivity is brought about by
switching the resistor in and out of the circuit.
Another method is to vary the coupling be-
tween primary and secondary, overcoupling
being used to broaden the sclectivity curve and
undercoupling to sharpen it (§ 2-11).

Selectivity — The over-all sclectivity of the
i.f. amplifier will depend on the frequency and
the number of stages. The following figures are
indicative of the band-widths (§7-2) to be
expected with good-quality transformers in
amplifiers so constructed as to keep regeneration
to a minimum:

Band-width in kilocycles

2times 10 times 100 times
Intermediate frequency down down down
Onestage, 155 ke. (air core). .. 8.7 17.8 32.3
Onestage, 433 ke, (iron core) .. 4.3 10.3 20.4
Twostages, 455 ke, (iron core). 2.9 6.4 10.8
Two stages, 1600 ke.. ........ 11,0 16.6 27.4
Two stages, 5000 ke.. ........ 25.8 46.0 100.0

Tubes for i.f. amplifiers — Variable-u pen-
todes (§ 3-5) are almost invariably used in i.f.
amplifier stages, since grid-bias gain control
(§ 7-6) is practically always applied to the if.
amplifier. Tubes with high plate resistance will
have least effect on the seleetivity of the ampli-
fier, and those with high mutual conductance
will give greatest gain. The choice of i.f. tubes
has practically no cffect on the signal-to-noise
ratio, since this is determined by the preceding
mixer and r.f. amplifier (if the latter is used).

When single-ended tubes (§ 3-5) are used,
care should be taken to keep the plate and grid
leads well separated. With these tubes it is
advisable to mount the screen by-pass con-
denser directly on the bottom of the socket,
cross-wise between the plate and grid pins, to
provide additional shielding. The -outside foil
of the condenser should be connected to ground.
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Single-signal effect — In heterodyne c.w.
reception with a superheterodyne receiver, the
beat oscillator is set to give a suitable audio-
frequency beat note when the incoming signal
is converted to the intermediate frequency.
For example, the beat oscillator may be set to
456 ke. (the i.f. being 455 ke.) to give a 1000-
cycle beat note. Now, if an interfering signal
appears at 457 ke., it will also be heterodyned
by the beat oscillator to produce a 1000-cycle
beat. This audio-frequency image corresponds
to the high-frequency images already discussed
(§ 7-8). 1t can be reduced by providing enough
i.f. selectivity, since the image signal is off the
peak of the i.f. resonance curve.

When this is done, tuning through a given
signal will show a strong response at the de-
sired beat note on one side of zero beat only,
instead of the two beat notes on either side of
zero beat characteristic of less-selective recep-
tion; hence the name, “single-signal” reception.

The necessary selectivity is difficult to ob-
tain with non-regenerative amplifiers using
ordinary tuned circuits unless a very low inter-
mediate frequency or a large number of circuits
is used. In practice it is secured either by re-
generative amplification or by a crystal filter.

Regeneration — Regeneration can be used
to give a pronounced single-signal effect, par-
ticularly when the i.f. is 455 ke. or lower. The
resonance curve of an i.f. stage at critical re-
generation (just below the oscillating point)
is extremely sharp, a band-width of 1 ke. at 10
times down and 5 ke. at 100 times down being
obtainable in one stage. The audio-frequency
image of a given signal thus can be reduced by
a factor of nearly 100 for a 1000-cycle beat
note (image 2000 cyeles from resonance).

Regeneration is easily introduced into an i.f.
amplifier by providing a small amount of
capucity coupling between grid and plate.
Bringing a short length of wire, connected to
the grid, into the vicinity of the plate lead
usually will suffice. The feed-back may be con-
trolled- by the regular cathode-resistor guin
control. When the i.f. is regenerative, it is
usually preferable to operate the tube at re-
duced gain (high bias) and depend upon the
regeneration to bring the signal strength back
to normal. This prevents overloading on strong
signals and increases the effective selectivity.

The higher selectivity with regeneration re-
duces the over-all response to noise generated
in the earlier stages of the receiver, just as does
high selectivity produced by other means, and
therefore improves the signal-to-noise ratio.
The disadvantage is that the regenerative gain
varies with signal strength, being less on strong
signals, and the selectivity varies accordingly.

Crystal filters — The most satisfactory
method of obtaining high selectivity is by the
use of a piezoelectric quartz crystal as a selec-
tive filter in the i.f. amplifier (§2-10). Com-
pared to a good tuned circuit, the @ of such a
crystal is extremely high. The dimensions of
the crystal are made such that it is resonant at
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the desired intermediate frequency. It is then
used as a selective coupler between i.f. stages.

Fig. 724 gives a typical crystal-filter reso-
nance curve. For single-signal reception, the
audio-frequeney image can be reduced by a
factor of 1000 or more. Besides practically .
eliminating the a.f. image, the high selectivity
of the crystal filter provides great discrimina-
tion against signals very close to the desired
signal in frequency, and, by reducing the band-
width, reduces the response of the receiver to
noise both from sources external to the receiver
and in the r.f. stages of the receiver itself.

Crystal filter circuits; phasing — Several
crystal filter circuits are shown in Fig. 725.
Those at A and B are practically identical in
performance, although differing in details. The
crystal is connected in a bridge circuit (§ 2-11),
with the secondary side of T4, the input trans-.
former, balanced to ground either through a
pair of condensers, C-C, (A) or by a center-tap
ou the secondary, Ls (B). The bridge is com-
pleted by the crystal, X, and the phasing con-
denser, Cp, which has a maximum capacity
somewhat higher than the capacity of the erys-
tal in its holder. When Cj is set to balance the
crystal-holder capacity, the resonance curve
of the crystal circuit is practically symmetrical;
the crystal acts as a series-resonant circuit of
very high @ and thus allows signals of the de-
sired frequency to be fed through Cs to LsLy,
the output transformer. Without €y, the holder
capacity (with the erystalacting as a dielectric)
would by-pass signals of undesired frequencies
to the output circuit.

The phasing control has an additional func-
tion besides neutralization of the crystal-holder
capacity. The holder capacity becomes a part
of the crystal circuit and causes it to act as a
parallel-tuned resonant circuit at a frequency
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Fig. 724 — Graphical representation of single-signal
selectivity, The shaded areca indicates the overall
band-width, or region in which response is obtainable.
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slightly higher than its series-resonant fre-
quency. Signals at the parallel-resonant fre-

quency thus are prevented from reaching the .

output circuit. The phasing control, by varying
the effect of the holder capacity, permits shift-
ing the parallel-resonant frequency over a con-~
siderable range, providing adjustable rejection
of interfering signals. The effect of rejection
isillustrated in Fig. 724, where the audio image
is reduced, by proper setting of the phasing
control, far below the value that would be ex-
pected if the resonance curve were symmetrical.

Variable selectivity — In circuits such as A
and B, Fig. 725, variable sclectivity is obtained
by adjustment of the variable input imped-
ance, which is effectively in series with the
crystal resonator. This is accomplished by
varying Cp (the selectivity control), which tunes
the balanced secondary circuit of 7';. When
the secondary is tuned to i.f. resonance the
parallel impedance of the LyCy combination is
maximum and is purely resistive (§2-10).

Fig. 725 — Crystal filter circnits of three types. All
give variable band-width, with C having the grcatest
range of selectivity. Their operation is discussed in the
text. Suitable circuit values are as follows: Circuit A, 11,
special i.f. input transformer with high-inductancc pri-
mary, L1, closely coupled to tuned secondary, Lg2; Ci,
50-upfd. variable; C, each 100-uufd. fixed (mica); Co,
10- to 15-uufd. (max.) variable; Cs, 50-upfd. trimmer;
L3C4,1 {. tuned circuit, with La tapped to match cryslal-
circuit impedance. In circuit B, T is the samc as in
circuit A except that the secondary is cenler-lnpped
C1i8 100-uufd. variable; Cs, Cs and Cs, same as for circuit
Aj L3L4is a transformer with primary, Ls, corresponding
to tap on Lz in A. In cirenit C, Ti is a special i.{f. in-
put transformer with tuned primary and low-impe-
dance secondary; C, cach 100-uufd. fixed (mica); Co,
opposed stator phasing condcnser, approximately 8
pufd. maximum capacity each side; LsCs, high-Q i.f.
tuned circuit; R, 0 to 3000 obhms (gelectivity control).
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Since the secondary circuit is center-tapped,
approximately one-fourth of this resistive im-
pedance is in series with the crystal through
C3 and Ls. This lowers the () of the crystal

- circuit and makes its selectivity minimum. At

the same time, the voltage applied to the
crystal circuit is maximum.

When the input cireuit is detuned from the
crystal resonant frequency the resistance com-
ponent of the input impedance decreases, and
50 does the total parallel impedance. Accord-
ingly, the selectivity of the crystal circuit be-
comes higher and the applied voltage falls off.
At first the resistance decreases faster than the
applied voltage, with the result that the c.w.
output from the filter increases as the selectiv-
ity is increased. The output falls off gradually
as the input circuit is detuned further from res-
onance, and the selectivity becomes still higher.

In the circuits of A and B in Fig. 725, the
minimum selectivity is still much greater than
that of a normal two-stage 455-ke. amplifier
and it is desirable to provide a wider range of
selectivity, particularly for 'phone reception.
A circuit which does this is shown at Fig.

725-C. The principle of operation is similar,
but a much higher value of resistance can bhe
introduced in the erystal circuit to reduce the
selectivity. The output tuned circuit, L3Cj,
must have high Q. A compensated condenser is
used at C2 (phasing) to maintain circuit bal-
ance, so that the phasing control does not af-
fect the resonant frequency. The output circuit
functions as a voltage divider in such a way
that the amplitude of the carrier delivered to
the next grid does not vary appreciably with
the selectivity setting. The variable resistor,
R, may consist of a series of separate fixed
resistors sclected by a tap switch.

€ 7-12 The Second Detector and
Beat Oscillator

Detector circuits — The second detector of
a superheterodyne receiver performs the same
function as the detecter in the simple receiver,
but usually operates at a higher input level
because of the relatively great r.f. amplifica-
tion. Therefore, the ability to handle large
signals without distortion is preferable to high
sensitivity. Plate detection. is used to some
extent, but the diode detector is most popular.
It is especially adapted to furnishing automatic
gain or volume control (§7-13). The basic
circuits are as described in § 7-3, although in
many cases the diode elements are incorporated
in & multi-purpose tube which also has an
amplifier section in addition to the diode unit.

The beat oscillator — Any standard oscilla-
tor circuit (§ 3-7) may be used for the beat
oscillator. Special beat-oscillator transformers
are available, usually consisting of a tapped
coil with adjustable tuning; these are most
conveniently used with circuits such as those
shown at Fig. 720-A and -B, with the output
taken from Y. A variable condenser of about
25-uufd. capacity may be connected between
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Fig. 726 — Automatic volume control eircuit using a
duo-diode-triode tube as a combined a.v.c. rectifier,
second detector and first audio-frequency amplificr stage.

R; — 0.25 megohm.

Rz — 50,000 to 250,000 ohms.
R3 — 2000 ohms.

R4 —2 to 5 megohms.

Rs —0.5 to 1 megohm.,

Rs, R7, Rs — 0.25 mcgohm.
Ry — 0.25 megohm.

Rio — 0.5-megohm variable.
Ci, Cz, C3 — 100 ppufd.
Cqs—0.1 pfd.

R, L

Cs, Ce, C7 — 0.01 pfd.

Cg, Co —0.01 to 0.1 pfd.

C19 — 5- to 10-p{d. clecetrolytic.
C11 — 250 ppfd.

cathode and ground to provide fine adjustment.
The beat oscillator usually is coupled to the
second-detector tuned cireuit through a fixed
condenser of a few pufd. capacity.

The beat oscillator should be well shielded,
to prevent coupling to any part of the circuit
except the second detector and to prevent its
harmonics from getting into the front end of
the recciver and being amplified like regular
signals. To this end, the plate voltage should
be as low as is consistent with sufficient audio-
frequency output. If the beat oscillator output
is too low, strong signals will not give a propor-
tionately strong audio response.

An oscillating second detector may be used
to give the audio beat note, but, since the de-
tector must be detuned from the i.f., the selec-
tivity and signal strength will be reduced, while
blocking (§ 7-4) will be pronounced because of
the high signal level at the second detector.

€ 7-13 Avutomatic Volume Control

Principles — Automatic regulation of the
gain of the receiver in inverse proportion to
the signal strength is a great advantage, espe-
cially in ’phone reception, since it tends to
keep the output level of the receiver constant
regardless of input signal strength. It is readi-
ly accomplished in superheterodyne receivers
by using the average rectified d.c. voltage,
developed by the received signal across a
resistance in a detector eircuit (§ 7-3), to vary
the bias on the r.f. and i.f. amplifier tubes.
Since this voltage is proportional to the
average amplitude of the signal, the gain is
reduced as the signal strength becomes greater.
The control will be more complete as the
number of stages to which the a.v.c. bias is
applied is increased. Control of at least two
stages is advisable.

Circuits — A typical circuit using a diode-
triode type tube as a combined a.v.c. rectifier,
detector and first audio amplifier is shown in
Tig. 726. One plate of the diode section of the
tube is used for signal detection and the other
for a.v.c. rectification. The a.v.c. diode plate
is fed from the detector diode through the
small coupling condenser, Cs. Negative bias
resulting from the flow of rectified carrier cur-
rent is developed across E,, the diode load re-

S‘{ C4I

= -CZ:I: ;Cl

[ AV.C.Line 1

sistor. This negative bias is applied to the grids
of the controlled stages through the filtering
resistors (§ 2-11), Rs, Ks, R7 and Ks. When 8,
is closed the a.v.c. line is grounded, thereby
removing a.v.c. bias from the amplifier.

It does not matter which of the two diode
plates is selected for audio and which for a.v.c.
Frequently the two plates are connected to-
gether and used as a combined detector and
a.v.c. rectifier. This could be done in Fig. 726.
The a.v.c. filter and line would connect to the
junction of Rz and Cj, while Cs and R4 would
be omitted from the circuit.

Delaved a.v.c.— In Fig. 726 the audio diode
return is made directly to the ecathode and
the a.v.c. diode return to ground. This places
negative bias on the a.v.c. diode equal to the
d.c. drop through the cathode resistor (a volt
or two) and thus delays the applicatéion of
a.v.c. voltage to the amplifier grids, since no
rectification takes place in the a.v.c. diode cir-
cuit until the carrier amplitude is large enough
to overcome the bias. Without this delay the
a.v.c. would start working even with a very
small signal. This is undesirable, bacause the
full amplification of the receiver then could
not be realized on weak signals. In the audio
diode circuit this fixed bias would cause dis-
tortion, and must be avoided; hence, the return
is made directly to the cathode.

Time constant — The time constant (§ 2-6)
of the resistor-coudenser combinations in the
a.v.c. circuit is an important part of the sys-
tem. It must be high enough so*that the modu-
lation on the signal is completely filtered from
the d.c. output, leaving only an average d.c.
component which follows the relatively slow
carrier variations with fading. Audio-frequency
variations in the a.v.c. voltage applied to the
amplifier grids would reduce the percentage of
modulation on the incoming signal, and in
practice would cause frequency distortion. On
the other hand, the time constant must not
be too great or the a.v.c. would be unable to
follow rapid fading. The capacity and resist-
ance values indicated in Fig, 726 give a time con-
stant satisfactory for high-frequency reception.

Signal-strength and tuning indicators —
A useful accessory to the receiver is8 an indi-
cator which will show relative signal strength.
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Not only is it an aid in giving reports to trans-
mitting stations, but it is helpful alsoin aligning
the receiver cirenits, in conjunction with a test
oscillator or other steady signal.

Three types of indicators are shown in Fig.
727. That at A uses an electron-ray tube (§ 3-5),
several types of which are available. The grid
of the triode section usually is connected to
the a.v.c. line. The particular type of tube
used depends upon the voltage available for its
grid; where the a.v.c. voltage is large, a remote
cut-off type (6G5 or 6N5) should be used in
preference to the sharp cut-off type (6155).

In B, a milliammeter is connceted in series
with the d.c. plate lead to one or more r.f. and
i.f. tubes, the grids of which are controlled by
a.v.c. voltage. Since the plate current of such
tubes varies with the strength of the incoming
signal, the meter will indicate relative signal
intensity and may be calibrated in ‘3"’ points,
The scale range of the meter should be chosen
to fit the number of tubes in use; the maxi-
mum plate current of the average remote cut-
off rf. pentode is from 7 to 10 milliamperes.
The shunt resistor, R, enables setting the
plate current to the full-scale value (‘“‘zero
adjustment’’). With this system the ordinary
meter reads downwards from full scale with
increasing signal strength, which is the reverse
of normal pointer movement (clockwise with
increasing reading). Special instruments with
the zero-current position of the pointer on the
right-hand side of the scale are used in com-
mercial receivers,

The system at C uses a 0-1 ma. milliam-
meter in a bridge circuit, arranged so that the
ineter reading and the signal strength increase
together. The current through the branch con-
taining R) should be approximately equal to the
current through that containing K. In some
manufactured receivers thisis brought about by
draining the screen voltage-divider current and
the current to the screens of three r.f. pentodes
(r.f. and i.f. stages) through Ra, the sum of
these currents being about equal to the maxi-
mum plate current of one a.v.c.-controlled tube.
Typical values for this type of circuit are given.
The sensitivity can be increased by increasing
the resistance of Iy, Rz and K3. The initial set-
ting ix made with the manual gain control set
near maximum, when 23 shounld be adjusted
to make the meter read zero with no signal.

Q 7-14 Preselection

Purpose — Preselection is added signal-fre-
quency selectivity incorporated before the
nixer stage is reached. An r.f. amplifier pre-
ceding the mixer generally is called o preselector,
its purpose, in part at least, being to diserimi-
nate in favor of the signal agaiust the image.
The preselector may consist of one or more r.f.
amplifier stages. When its tuning control is
ganged with those of the mixer and oscillator,
its circuits must track with the mixer circuit.

The ecircuit is the same as discussed earlier
(§ 7-6). An external preselector stage may be
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Fig. 727 — Tuning indicator or “S"-meter circuits for
superhet receivers. A, eleetron-ray indicator; B, plate-
current meter for tubes on a.v.c.; C, bridge circuit for
a.v.c.-controlled tube, In B, resistor R should have a
maximum resistance several times that of the milliam-
meter. In (., representative values for the components
are: Ry, 250 ohms; Rz, 350 ohms; Ra, 1000-ohm variable.

used with receivers having inadequate image
ratios. In this case it is built as a separate
unit, often with a tuned output circuit which
gives a further improvement in selectivity.
The output circuit usually is link-coupled
(§ 2-11) to the receiver.

Signal noise ratio— An r.f. amplifier will
have a better signal-to-noise ratio (§ 7-2) than
a mixer beeause the gain is higher and because
the mixer-tube eclectrode arrangement results
in higher internal tube noise than does the
ordinary pentode structure. Hence, a pre-
selector is advantageous in increasing the
signal-to-noise ratio over that obtainable when
the mixer is fed directly from the antenna.

Image suppression — The image ratios
(§ 7-8) obtainable at frequencies up to and
including 7 Me. with a single preselector stage
are high enough, when the intermediate fre-
queney is 455 ke., so that for all practieal pur-
poses there is no appreciable image response.
Average image ratios on 14 Me. and 28 Me. are
H0-75 and 10-15, respeetively. This is the over-
all sclectivity of the r.f. and mixer tuned cir-
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cuits. A second preselector stage, adding an-
other tuned circuit, will increase the ratios to
several hundred at 14 Mc. and to 30-40at 28 Mec.
On very-high frequencies, it is impracticable
to attempt to secure a good image ratio with a
455-ke. i.f. Good performance can be secured
only by using a high i.f. or a double superhet-
erodyne (§ 7-8) with a high-frequency first i.f.
Regeneration — Regeneration may be used
in a preselector stage to increase both gain and
selectivity. Since its use makes tuning more
critical and increases ganging problems, regener-
ation is seldom employed except at 14 Mec. and
above, where adequate image suppression is dif-
ficult to obtain with non-regenerative circuits.
The same disadvantages exist as in the case of
a regenerative i.f. amplifier (§ 7-11). The effect
of regeneration is roughly equivalent to adding
another non-regenerative preselector stage.
Regeneration may be introduced by the
same method as used in regenerative i.f. am-
plifiers (§ 7-11). The manual gain control of
the stage will serve as a volume control.
Regeneration in a preselector does not im-
prove the signal-to-noise ratio, since the tube
noise is fed back to the grid cireuit along with
the signal to add to the thermal-agitation noise
originally present. This noise also is amplified.

€ 7-15 Noise Reduction

Types of noise — In addition to tube and
circuit noise (§ 7-6), much of the noise inter-
ference experienced in reception of high-fre-
quency siguals is caused by domestic electrical
equipment and by automobile ignition sys-
tems. The interference is of two types in its
effects. The first is the ““hiss” type, consisting
of overlapping pulses similar in nature to
the receiver noise. It is largely reduced by
high selectivity in the receiver, especially for
code reception. The second is the “ pistol-shot”
or ‘““machine-gun’ type, consisting of sepa-
rated impulses of high amplitude. The “hiss’’
type of interference usually is caused by com-
mutator sparking in d.c. and series-wound a.c.
motors, while the ““shot” type results from sepa-
rated spark discharges (a.c. power leaks, switch
and key clicks, ignition sparks, and the like).

Impulse noise — Impulse noise, hbecause of
the extremely short duration of the pulses as
compared to the time between them, must have
high pulse amplitude to contain much average
energy. Hence, noise of this type strong enough
to cause much interference generally has an
instantaneous amplitude much higher than
that of the signal being received. The general

Fig. 728 — Audio output-lim-

iting noise-reducing circuits,

C1 —0.25 ufd.

Cz2 — 0.01 ufd.

Cz — 5 ufd.

Rj; — 0.5 megohm.,

Rz — 2000 ohms.

R3 — 50,000-ohm potentiom-
eter,

T — Output transformer.

Ia 15-henry choke,

+220V.
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prineiple of devices intended to reduce such
noise is that of allowing the signal amplitude
to pass through the receiver unaffected, but
making the receiver inoperative for amplitudes
greater than that of the signal. The greater the
amplitude of the pulse compared to its time of
duration, the more successful the noise reduc-
tion, since more of the energy can be suppressed.

In passing through selective receiver circuits,
the time duration of the iinpulses is increased,
because of the @ or flywheel effect (§ 2-10) of
the circuits. Hence, the more sclectivity ahead
of the noise-reducing device, the more difficult
it becomes to secure good noise suppression.

Audio limiting — A considerable degree of
noise reduction in code reception can be accom-
plished by amplitude-limiting arrangements
applied to the audio output circuit of a re-
ceiver. Such limiters also maintain the signal
output nearly constant with fading. Diagrams

Jof typical output-limiter circuits are shown in
Fig. 728. Circuit A employs a triode tube oper-
ated at reduced plate voltage (approximately
10 volts), so that it saturates at a low signal
level. The arrangement of B has better limit-
ing characteristics. A pentode audio tube is
operated at reduced screen voltage (35 volts or
so0), so that the output power remains prac-
tically constant over a grid excitation-voltage
range of more than 100 to 1. These output-
limiter systems are simple, and adaptable to
most receivers. However, they cannot prevent
noise peaks from overloading previous circuits.

Second-detector cireuits — The cireuit of
Fig. 729 “‘chops’’ noise peaks at the second
detector of a superhet receiver by means of a
biased diode, which becomes non-conducting
above a predetermined signal level. The audio
output of the detector must pass through the
diode to the grid of the amplifier tube. The
diode normally would be non-conducting with
the connections shown were it not for the fact
that it is given positive bhias from a 30-volt
source through the adjustable potentiometer,
R3. Resistors Ry and Re must be fairly large in
value to prevent loss of audio signal.

The audio signal from the detector can be
considered to modulate (§3-1) the steady
diode current, and conduction will take place
so long as the diode plate is positive with re-
spect to the cathode. When the signal is suffi-
ciently large to swing the cathode positive with
respect to the plate, however, conduction
ceases, and that portion of the signal is cut off
from the audio amplifier. The point at which
cut-off occurs can be selected by adjustment of

4

Phones

el

+220V.
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Fig, 729~Series-valve noise-limiter circuits. A, as used
with an infinite-impedance detector; B, with a diode
detector. Typical values for components are as follows:

R1 —0.25 megohm. R4 — 20,000 to 50,000 ohms.
Rz — 50,000 ohms, C1 — 250 ppufd.
k3 — 10,000-0hms, Cz, Ca— 0.1 ufd.

All other diode-circuit constants in B are conventional.

R3. By setting R3 so that the signal just passes
through the “valve,”” noise pulses higher in
amplitude than the signal will be eut off. The
cireuit of Fig 720-A, using an infinite-imped-
ance detector (§ 7-3), gives a positive voltage
on rectification. When the rectified voltage is
negative, as it is from the usual diode detector
(§ 7-3), the circuit arrangement shown in Fig.
729-B must be used,

An audio signal of about ten volts is required
for good limiting action. When a beat oscillator
is used for c.w. reception the b.f.o. voltage
should be small, so that incoming noise will not
have a strong carrier to beat against and so
produce large audio output.

A second-detector noise-limiting circuit which
automatically adjusts itsclf to the received
carrier level is shown in Fig. 730. The diode
load circuit (§7-3) consists of R, R;, Rs
(shunted by the high-resistance audio volume
control, Ry) and Rj in series. The cathode of
the 6N7 noise limiter is tapped on the load
resistor at a point such that the average recti-
fied carricr voltage (negative) at its grid is
approximately twice the negative voltage at
the cathode, both measured with reference to
ground. A filter nuctwork, R;C}, is inserted in
the grid cirvuit, so that the audio modulation
on the carrier does not reach the grid; hence,
the grid potentinl is maintained at substun-
tially the rectified earrier voltage alone. The
cathode, however, is free to follow the modula-
tion, and when the modulation is 100 per cent
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the peak cathode voltage will just equal the
steady grid voltage.

At all modulation percentages below 100 per
cent the grid is negative with respect to cath-
ode, and current cannot flow in the 6N7 plate-
cathode circuit. A noise pulse exceeding the
peak voltage which represents 100 per cent
modulation will, however, make the grid posi-
tive with respect to cathode. The relatively
low plate-cathode resistance of the 6N7 then
shunts the high-resistance audio output circuit,
effectively short-circuiting it, so that there is
practically no response for the duration of the
noise penkoverthe 100per cent modulationlimit.

Rs is used to make the noise-limiting tube
more sensitive by applying to the plate an
audio voltage out of phase with the cathode
voltage, so that, at the instant the grid goes
positive with respect to cathode, the highest
positive potential also is applied to the plate,
thus further lowering the effective plate-cath-
ode resistance.

Lf. noise silencer — In the circuit shown in
Fig. 731, noisc pulses are made to decrcase the
gain of an if. stage momentarily and thus
silence the receiver for the duration of the
pulse. Any noise voltage in excess of the desired
signal’s maximum i.f. voltage is taken off at
the grid of the i.f. amplifier, amplified by the
noise amplifier stage, and rectified by the full-
wave diode noise rectifier. The noise circuits
are tuncd to the i.f. The rectified noise voltage
is applied as a pulse of negative bias to the
No. 3 grid of the 6L7 i.f. amplifier, wholly or
partially disabling this stage for the duration
of the individual noise pulse, depending on the
amplitude of the noise voltage. The noise
amplifier-rectifier circuit is biased by means
of the “threshold control,” R, so that rectifi-
cation will not start until the noise voltage
exceeds the desired-signal amplitude. For re-
ception with automatic volume control, the
a.v.c. voltage can be applied to the grid of the
noise amplifier, to augment this threshold bias.
This system of noise silencing gives a signal-to-
noise ratio improvement of the order of 30 db.
(power ratio of 1000) with heavy ignition inter-
ference, raising the signal-to-noise ratio from
— 10 db. without the silencer to =+ 20 db.
with the silencer in a typical instance.

Circuit values are normal for i.f. amplifiers
(§ 7-11), except as indicated. The noise-recti-
fier transformer, T, has an untuned secondary
closely coupled to the primary and center-
tapped for full-wave rectification. The center-
tap rectifier (§ 8-3) is used to reduce the pos-
sibility of r.f. feed-back into the i.f. amplifier
(noise-silencer) stage. The time constant (§ 2-6)
of the noise-rectifier load circuit, R’ C1Co, must
be small, to prevent disabling the noise-silencer
stage for a longer period than the duration of
the noise pulse. The r.f. choke, R¥'C, must be
effective at the intermediate frequency.

Adequate shielding and isolation of the noise-
amplifier and rectifier circuits fromn the noise-
silencer stage must be provided to prevent
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possible self-oscillation and insta-
bility. This circuit should be applied
to the first i.f. stage of the receiver,
before the high-selectivity circuits
are reached, and is most effective
when the signal and noise levels are
faicly high (one or two r.f. stages be-
fore the mixer) since several volts
must be obtained from the noise
rectifier for good silencing.

1LF
lnput

@ 7-16 Operating Superheterodyne
Receivers

C.tw. reception — For making code signals
audible, the beat oscillator should be set to a
frequency slightly different from the inter-
medinte frequency (§ 7-3). To adjust the beat-
oscillator frequency, first tune in a moderately
weak but steady carrier with the beat oscillator
turned off. Adjust the receiver tuning for
maximumsignal strength, as indicated by maxi-
mum hiss. Then turn on the beat oscillator
and adjust its frequency (leaving the receiver
tuning unchanged) to give a suitable beat note.
The beat oscillator need not subsequently be
touched, except for occasional checking to make
certain the frequency has not drifted from the
initial setting. The b.f.o. may be set on either
the high- or low-frequency side of zero beat.

The use of a.v.c. (§7-13) is not generally
satisfactory in c.w. reception because the ve-
ceiver gain rises in the spaces between the
dots and dashes, giving an increase in noise in
the same intervals, and because the rectified
beat-oscillator voltage in the second detector
circuit also operates the a.v.c. circuit. This gives
a constant reduction in gain and prevents util-
ization of the full sensitivity of the receiver.

T

6HO

R % LR .
7Re 54_4_.Audw

Fig. 730 — Automatic noise-limiter for superheterodynes.

T — I.f. transformer with a balanced secondary for
working into a diode rectifier.

Ri1, Rz, R3 — 1 megohm. C1 — 0.1-4fd. paper.

R4 — l-megohin variable.  Cz, Cz — 0.05-uld. paper.

Rs — 250,000 ohms. Cs, Cs — 50-gufd. mica.

Re, Ra — 100,000 ohms. Ce — 0.001-ufd. mica (for

Ry — 25,000 ohms. r.f. filtering, if

Sw — S.p.6.t. toggle (on-off switch), needed).

"Fhe switch should be mounted close to the circuit ele-
wents and controlled by an estension shaft if necessary.

LF Trons.
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Fig. 731 — L{. noise-silencing circuit. The plate supply
should he 250 volts. Typical values for components are:

C1 — 50-250 uufd. (use smallest value possible without
r.f. feedback).

Cz — 50 ppufd. Ra — 5000-ohm variable.

Cs — 0.1 pfd. Rz — 20,000 ohms,
R; — 0.1 megohm. Ry, Rs—0.1 megohm.
Ty — Special i.f. transformer for noise rectifier.

Hence, the gain preferably should be manually
adjusted to give suitable audio-frequency output.

To avoid overloading in the i.f. circuits, it is
usually better to control the i.f. and r.f. gain
and keep the audio gain at a fixed value than to
use the a.f. gain control as a volume control
and leave the r.f. gain fixed at its highest level.

Tuning with the crystal filter — If the re-
ceiver is equipped with a crystal filter the tun-
ing instructions in the preceding paragraph
still apply, but more care must be used both in
the initial adjustment of the beat oscillator and
in tuning. The beat oscillator is set as described
above, but with the crystal filter in operation
and adjusted to its sharpest position, if vari-
able selectivity is available. The initial adjust-
ment should be made with the phasing control
(§ 7-11) in the intermediate position. After it is
completed, the beat oscillator should be left set
and the receiver tuned to the other side of zero
beat (audio-frequency image) on the same
carricr to give a beat note of the same tone.
This beat will be considerably weaker than the
first, and may be ‘‘phased out” almost com-
pletely by careful adjustment of the phasing
control. This is the adjustment for normal
operation; it will be found that one side of zero
beat has practically disappeared, leaving maxi-
muin response on the desired side.

An interfering signal having a beat note
differing from that of the a.f. image can be
similarly phased out, provided its carrier fre-
quency is not too near the desired carrier.

Depending upon the filter design, maximum
selectivity may cause the dots and dashes to
lengthen out so that they seem to ‘“‘run to-
gether.” This, plus the fact that tuning is
quite critical with extremely high selectivity,
may make it desirable to use somewhat less
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selectivity in ordinary operation. However, it
must be emphasized that, to realize the benefits
of the crystal filter in reducing interference, it
is necessary to do all tuning with it in the
circuit, Its selectivity is so high that it is
almost impossible to find the desired station
quickly, should the filter be switched in only
when interference is present.

*Phone reception — In reception of *phone
signals, the normal procedure is to set the r.f.
and i.f. gain at maximum, switeh on the a.v.c.,
and use the audio gain control for sctting the
volume. This insures maximum effectiveness of
the a.v.c. system in compensating for fading
and maintaining constant audio output on
cither strong or weak signals. On occasion a
strong signal close to the frequency of a weaker
desired station may take control of the a.v.c.,
in which case the weaker station will prac-
tically disappear because of the reduced gain.
In this case better reception may result if the
a.v.c. is switched off, using the manual r.f.
gain control to set the gain at a point which
prevents ““blocking’ by the stronger signal.

A erystal filter will do much toward reducing
interference in ’phone reception. Although the
high selectivity cuts sidebands (§7-11) and
thereby reduces the audio output, especially at
the higher audio frequencies, it is possible to
use quite high selectivity without destroying
intelligibility even though the ‘“quality "’ of the
transmission may suffer. As in the case of c.w.
reception, it is advisable to do all tuning with
the filter in the circuit. Variable-selectivity
filters permit a choice of selectivity to suit
interference conditions.

An undesired carrier close in frequency to a
desired carrier will heterodyne with it to pro-
duce a beat note equal to the frequency dif-
ference. Such a heterodyne can be reduced by
adjustment of the phasing controlin the crystal
filter. It cannot be prevented in a “‘straight”
superheterodyne having no crystal filter.

A tone control often will be of help in reduc-
ing the effects of high-pitched heterodynes,
sideband splatter (§ 5-2) and noise, by cutting
off the higher audio frequencies. This, like side-
band cutting with high selectivity, causes some
reduction in naturalness,

Spurious responses— Spurious responses
can be recognized without a great deal of
difficulty. Often it is possible to identify an
image by the nature of the transmitting sta-
tion, if the frequency assigninents applying to
the frequency to which the receiver is tuned
are known. However, an image also can be
recognized by its behavior with tuning. If the
signal causes a heterodyne beat note with the
desired signal and is actually on the same
frequency, the beat note will not change as the
receiver is tuned through the signal; but if the
interfering signal is an image, the beat will vary
in pitch as the receiver is tuned. The beat
oscillator in the receiver must be turned off for
this test. Using a crystal filter with the beat
oscillator on, an image will peak on the side of
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zero beat opposite that on which the desired
signal peaks,

Harmonic response can be recognized by the
“‘tuning rate,” or movement of the tuning dial
required to give a specified change in beat note.
Signals getting into the i.f. via high-frequency
oscillator harmonics tune more rapidly (less dial
movement) through a given change in beat note
than do signals received by normal means.

Harmonics of the beat oscillator can be ree-
ognized by the tuning rate of the beat-oscillator
pitch control. A smaller movement of the con-
trol will suffice for a given change in beat note
than is necessary with legitimate signals.

€ 7-17 Servicing Superheterodyne
Receivers

Lf. alignment— A calibrated signal gen-
erator or test oscillator is a practical necessity
for initial alignment of an i.f. amplifier. Some
means for measuring the output of the receiver
also is needed. If the receiver has a tuning
meter, its indications will serve for this pur-
pose. Alternatively, if the signal generator is
of the modulated type, an a.c. output meter
(high-resistance voltmeter with copper-oxide
rectifier) can be connected across the primary
of the output transformer, or from the plate of
the last audio amplifier through a 0.1-gfd.
blocking condenser (§2-13) to the receiver
chassis. The intensity of sound from the
loudspeaker can be judged by ear, if no output
nieter is available, but this method is not as
accurate as those using instruments.

The procedure is as follows: The test oscil-
lator is adjusted to the desired intermediate
frequency, and the ‘““hot” or ungrounded out-
put lead is clipped on the grid terminal of the
last i.f. amplifier tube. The grounded lead is
connected to the receiver chassis. The trim-
mer condensers of the transformer feeding the
second detector are then adjusted for maxi-
mum signal output. The hot lead from the
generator is next clipped on the grid of the
next-to-last i.f. tube, and the second from last
i.f. transformer is brought into alignment by
adjusting its trimmers for maximum output.
This process is continued, working back from
the second detectar, until all of the i.f. trans-
formers have been aligned. It will be necessary
to reduce the output of the signal generator as
more of the i.f. amplifier is brought into use,
because the increased gain otherwise may cause
overloading and consequent inaccurate results.
Itis desirable always to use the minimum signal
strength which gives useful output readings.

The i.f. transformer in the plate circuit of
the mixer is aligned with the signal-generator
output lead connected to the mixer grid. Since
the tuned circuit feeding the mixer grid is
tuned to a considerably higher frequency, it
can cffectively short-cireuit the signal-genera-
tor output, and therefore it may be necessary
to disconnect this cireuit. With tubes having a
top grid-cap connection, this can be done by
siuply removing the grid clip from the tube cap.
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If the tuning indicator is used as an output
meter the a.v.c. should be on; if the audio-
output method is used, the a.v.c. should be off.
The beat oscillator should be off in either case.

If the i.f. amplifier has a crystal filter, the
filter should be switched out. Alignment is then
carried out as described above, setting the
signal generator as closely as possible to the
frequency of the crystal. After alignment. the
crystal should be switched in and the oscillator
frequency varied back and forth over a small
range ecither side of the crystal frequency
to find its exact frequency, which will be
indicated by a sharp rise in output. Leaving the
signal generator set on the crystal peak, the
i.f. trimmers may be realigned for maximum
output. The necessary readjustment should be
small. The signal generator frequeney should
be checked frequently, to make sure it has not
drifted from the crystal peak.

A modulated signal is not of much value for
aligning a crystal-filter i.f. amplifier, since the
high selectivity cuts sidebands and the results
may be inaccurate if the audio output of the
receiver is used as a criterion of alignment.
Lacking an a.v.e. tuning meter the trans-
formers may be aligned by ear, using a weak
unmodulated signal adjusted to the crystal
peak. Switch on the heat oscillator, adjust to a
suitable tone, and align the transformers for
maximum audio output.

An amplifier which is only slightly out of
alignment, as a result of normal drift from
temperature, humidity or aging effects, can be
realigned by using any steady signal, such as
a local broadeasting station, in lieu of a test
oscillator. Allow the receiver to warm up thor-
oughly (an hour or so), tune in the signal as
usual, and “touch up” the i.f. trimmers for
nlaximum output.

R.f. alignment — The objective in align-
ing the r.f. circuits in a gang-tuned receiver
is to sccure adequate tracking over each tun-
ing range. The adjustment may be carried out
with a test oscillator of suitable frequency
range, or even on noise or such signals as may
be heard. First set the tuning dial at the high-
frequency end of the range in use. Then set the
test oscillator to the frequency indicated by
the receiver dial. The test-oscillator output
may be connected to the antenna terminals of
the receiver for this test. Adjust the oscillator
trimmer condenser in the receiver to give
maximum response on the test-oscillator signal,
then reset the receiver dial to the low-frequency
end of the range. Set the test-oscillator fre-
quency near the frequency indicated by the
receiver dial and carefully tune the test oscil-
lator until its signal is heard in the receiver. If
the frequency of the signal as indicated by the
test-oscillator calibration is higher than that
indicated by the receiver dial, more inductance
(or more capacity in the tracking condenser) is
needed in the receiver oscillator circuit; if the
frequency is lower, less inductance (less track-
ing capacity) is required in the receiver oscil-
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lator. Most commercial receivers provide some
means for varving the inductances of the coils
or the capacity of the tracking condenser, to
permit aligning the receiver tuning with the
dial calibration. Set the test oscillator to the
frequency indicated by the receiver dial, and
then adjust the tracking capacity or inductance
of the receiver oscillator coil to obtain maxi-
mum response. After making this adjustment,
recheck the high-frequency end of the scale as
previously described. 1t may be necessary to go
back and forth between the ends of the range
several times before the proper combination of
inductance and capacity is secured. In many
cases, better over-all tracking will result if fre-
quencies near but not actually at the ends of
the tuning range are selected, instead of taking
the extreme dial settings.

After the oscillator range is properly ad-
justed, set the receiver and test oscillator to the
high-frequency end of the range. Adjust the
mixer trimmer condenser for maximum hiss or
signal, then the r.f. trimmers. Reset the tuning
dial and test oscillator to the low-frequency
end of the range, and repeat; if the circuits are
properly designed, no change in trimmer set-
tings should be necessary. If it is necessary to
increase the trimmer capacity in any circuit,
more inductance is needed; if less capacity res-
onates the circuit, less inductance is required.

Tracking seldom is perfect throughout a
tuning range, so that a check of alignment at
intermediate points in the range may show it
to be slightly off. Normally the gain variation
from this cause will be small, however, and it
will suffice to bring the circuits into line at both
ends of the range. If most reception is in a
particular part of the range, such as an ama-
teur band, the circuits may be aligned for
maximum performance in that region, even
though the ends of the frequency range as a
whole may be slightly out of alignment.

Oscillation in r.f. or i.f. amplifiers — Os-
cillation in high-frequency amplifier and mixer
circuits may be evidenced by squeals or
“birdies” as the tuning is varied, or by com-
plete lack of audible output if the oscillation is
strong enough to cause the a.v.c. system to
reduce the receiver gain drastically. Oscillation
can be caused by poor connections in the com-
mon ground circuits, especially to the tuning-
condenser rotors. Inadequate or defective by-
pass condensers in cathode, plate and screen-
grid circuits also can cause such oscillation. In
some cases it may be advisable to provide a
shield between the stators of pre-r.f. amplifier
and first-detector ganged tuning condensers, in
addition to the usual tube and interstage shield-
ing. A metal tube with an ungrounded shell
will cause trouble. Improper screen-grid volt-
age, resulting from a shorted or too-low screen-
grid series resistor, also may be responsible.

Oscillation in the i.f. circuits is independent
of high-frequeney tuning, and is indicated by
a continuous squeal which appears when the
gain is advanced with the ¢.w. beat oscillator
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beat-note to *chirp”’
on strong c.w. signals,
because the oscillator
load changes slightly
under these conditions.

In ’phone reception
with a.v.c., a peculiar
type of instability
(““motorboating’) may
appear if the h.f. oscil-
lator frequency is sen-
sitive to changes in
plate voltage. As the
a.v.c. voltage rises the
electrode currents of
the controlled tubes
decrease, decreasing
the load on the power
supply and causing its
output voltage to rise.

Output

LF Trans.

Output

Fig. 732 — F.m. Yimiter circuits. A, single-tube plate-
saturation limiter; B, cascade limiter. Typical values are:

Circuit A Circuit B

Cp— 100 4 ..fd. 100 pufd.
Ca, Cg ~— 0.1 pfd. 0.1 afd.

‘4 — 250 uufd.
Ry — 0.1 megohm, 50,000 ohms.
Ra — 2000 ohms. 2000 ohms.
Ry — 50,000 ohms. 50,000 ohms,
Rs— 0 to 50,000 ohms, 0 to 50,000 ohms.
Rs — 4000 ohms.
Re — 0.2 megohm.

Plate-supply voltage should be 250 volts in both circuits.

on. 1t can result from similar defects in i.f.
amplifier cireunits. Inadequate cathode by-pass
capacitance is a common cause of such oseilla-
tion. An additional by-pass condenser of 0.1
to 0.25 pfd. usually will remedy it. Similar
treatment can be applied to the screen-grid and
plate by-passes of i.f. tubes.

Instability — ‘“Birdies"” or a mushy hiss
occurring with tuning of the high-frequency
oscillator may indicate that the oscillator is
“squegging” or oscillating simultaneously at
high and low frequencies (§ 7-4). This may be
caused by a defective tube, too-high oscillator
plate or screen-grid voltage, excessive feed-
back, or too-high grid-leak resistance.

A varying beat note in c.w. reception indi-
cates instability in either the h.f. oscillator or
beat oscillator, usually the former. The stabil-
ity of the beat oscillator can be checked by in-
troducing a signal of intermediate frequency
(from a test oscillator) into the i.f. amplifier;
if the beat note is unstable, the trouble is in
the beat oscillator. Poor connections or defec~
tive parts are the likely cause. Instability in
the high-frequency oscillator may be the result
of poor circuit design (§ 7-10), loose connec-
tions, defective tubes or circuit components, or
poor voltage regulation in the oscillator plate
and/or screen supply circuits. Mixer pulling of
the oscillator circuit (§ 7-9) also will cause the

Since this increases the
I voltage applied to the

oscillator, itsfrequency

changes correspond-
ingly, throwing the signal off the peak of the
i.f. resonance curve and reducing the a.v.c.
voltage, thus tending to restore the original
conditions. The process then repeats itself, at a
rate determined by the signal strength and the
time constant of the power-supply circuits.
This effect is most pronounced with high i.f.
selectivity, as when a crystal filter is used, and
can be cured by designing the oscillator circuit
to be relatively insensitive to plate voltage
changes and by regulating the voltage applied
to the oscillator (§ 7-10).

€ 7-18 Reception of Frequency-
Modulated Signals

F.m. receivers— A frequency-modulation
receiver differs in circuit design from one
designed for amplitude modulation chiefly in
the arrangement used for detecting the signal.
Detectors for amplitude-modulated signals do
not respond to frequency modulation. It is also
necessary, for full realization of the noise-re-
ducing benefits of the f.m. system, that the
signal applied to the detector be completely
free from amplitude modulation. In practice,
this is attained by preventing the signal from
rising above a given amplitude by means of a
limiter (§ 7-15). Since the weakest signal must
be amplitude-limited, high gain must be pro-
vided ahead of the limiter; the superheterodyne
type of circuit almost invariably is used to
provide the necessary gain.

The r.f. and i.f. stages in a superheterodyne
for f.m. reception are practically identical in
circuit arrangement with those in an a.m.
receiver. Since the use of f.m. is confined to the
very-high frequencies (above 28 Mec.) a high
intermediate frequency is employed, usually
between 4 and 5 Mc. This not only reduces
image response but also provides the greater
band-width necessary to accommodate wide-
band frequency-modulated signals.
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Receiver requirements — The primary re-
quirements are sufficient r.f. and i.f. gain to
“gaturate” the limiter even with a weak
signal, sufficient band-width (§7-2) to ac-
commodate the full frequency deviation either
side of the carrier frequency without undue
attenuation at the edges of the band, a limiter
circuit which functions properly on both rapid
and slow variations in amplitude, and a detec-
tor which gives a linear relationship between
frequency deviation and amplitude output. The
audio circuits are the same as in other receivers
(§ 7-5), except that it is desirable to cut off the
upper audio range by a low-pass filter (§ 2-11)
because higher-frequency noise components
have the greatest amplitude in an f.m. recciver.

The limiter — Limiter circuits generally are
of the plate-saturation type (§ 7-15), where low
plate and screen voltage are used to limit the
plate-current flow at high signal amplitudes.
Fig. 732-A is a typical circuit. The tube is self-
biased (§ 3-6) by a grid leak, Ry, and condenser,
Ci. Ry, Rz and R4 form a voltage divider
(§ 8-10) which puts the desired voltages on the
screen and plate. The lower the voltages the
Jower the signal level at which limiting occurs,
but the r.f. output voltage of the limiter also
is lower. Q2 and C3 aie the plate and screen
by-pass condensers, of conventional value for
the intermediate frequency used. The time
constant (§ 2-6) of R;C; determines the be-
havior of the limiter with respect to rapid and
slow amplitude variations. For best operation
on impulse noigse (§ 7-15) the time constant
should be small, but a small time constant
limits the range of signal strengths the limiter
can handle without departing from the con-
stant-output condition. A larger time constant
is better in the latter respect but is not so
effective for rapid variations, hence com-
promise coustants must be used.

The cascade limiter, Fig. 732-B,
overcomes this by making the time
constant in the first grid circuit suit-
able for effective operation on impulse
noise, and that in the second grid
(C4Rg) optimum for a wide range of
input signal strengths. This results, in
addition, in more constant output
over a very wide range of input sig-
nal amplitudes because the voltage at
the grid of the second stage already
is partially amplitude-limited, thus
giving the second stage less work to
do. Resistance coupling (RsCslRg) is
used in preference to transformer cou-
pling for simplicity and to prevent
unwanted regeneration, additional
gain at this point being unnccessary.

The rectified voltage developed
across Ry in either circuit may be used
for a.v.c. (§ 7-13).

Discriminator circuits and op-
eration — The f.m. detector com-
monly is called a discriminator, be-
cause of its ability to diseriminate

Limiter
Plate

+8

Ugiter

+8
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between frequency deviations above and those
helow the carrier frequency. The circuit gen-
erally used is shown in Fig. 733-A. A special
i.f. coupling transformer is used between the
limiter and detector. Its secondary, L, is
eenter-tapped and is connected back to the
plate side of the primary ecircuit, which other-
wise is conventional. (4 is the tuning con-
denser. The load cireuits of the two diode recti-
fiers (R1C1, RoCs) are connected in series; the
constaunts are the same as in ordinary diode
detector circuits (§ 7-3). The audio output is
taken from across the two load resistances.
The primary and secondary circuits are both
adjusted to resonance in the center of the if.
pass-band. The voltage applied to the rectifiers
consists of two components, that iuduced in the
secondary by the inductive coupling and that
fed to the center of the secondary through Ca.
The phase relations between the two are such
that at resonance the rectified load currents
are equal in amplitude but flow in opposite
directions through R; and Rj, hence the net
voltage across the terminals marked “audio
output” is zero. When the carrier deviates
from resonance the induced secondary current
either lags or leads, depending upon whether
the deviation is to the high- or low-frequency
side, and this phase shift causes the induced
current to combine with that fed through Cq
in such a way that one diode gets more voltage
than the other when the frequency is below
resonance, while the second diode gets the
larger voltage when the frequency is higher
than resonance. The voltage appearing across
the output terminals is the difference between
the two diode voltages. Thus a characteristic
like that of Tig. 731 results, where the net
rectified output voltage has opposite polarvity

|C_3_|

Audi
Outplzt (A)
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_L Output (B)
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Fig. 733 — F.m, discriminator circuits. In both circuits typical
values for G and (2 are 100 ppfd. each; R and Rz, 0.1 megohm
each. Czin A is approximately 50 uufd., depending upon the inter-
mediate frequency; RFC should be of a type designed for the i.f.
in use (2.5 mh, is satisfactory for i.f.s of 4 to 5 megacycles). The
special three-winding transformer in B is described in the text.
In either circuit the ground may be moved from the lower end
of Cz to the junction of C1 and Cz, for push-pull audio output.
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for frequencies on either side of resonance, and
up to a certain point becomes greater in ampli-
tude as the frequency deviation is greater. The
straight-line portion of the curve is the useful
detector characteristic. The separation be-
tween the peaks which mark the ends of the
linear portion of the curve depends upon the
(s of the primary and secondary circuits and
the degree of coupling. The separation becomes
greater with low Qs and close coupling. The
cireuit ordinarily is designed so that the peaks
fall just outside the liniits of the pass-band,
thus utilizing most of the straight portion of
the curve. Since the audio output is propor-
tional to the change in d.c. voltage with devia-
tion, it is advantageous from this standpoint
to have the peak separation the minimum
necessary for a linear characteristic.

A second type of discriminator cireuit is
shown in Fig. 733-B. Two secondary circuits,
Stand Sy, are used, one tuned above the center
frequency of the i.f. pass-band and the other
below. They are coupled equally to the pri-
mary, which is tuned to the center frequency.
As the carricr frequency deviates the voltages
induced in the secondaries will change in ampli-
tude, the larger voltage appearing across the
secondary being nearer resonance with the
instantaneou: frequency. The detection char-
acteristic is similar to that of the first type of
discriminator. The peak separation is deter-
mined by the Qs of the circuits, the coefficient
of coupling, and the tuning of the two second-
aries. High Qs and leose coupling are necessary
for close peak separation.

F.m. receiver alignment— Alignment of
f.m. receivers up to the limiter is carried out as
described in § 7-17. For output measurement,
a 0-1 milliammeter or 0-500 microammeter
should be connected in series with the limiter
grid resistor (R in Fig. 732) at the grounded
end; or, if the voltage drop across R; is used
for a.v.c. and the receiver is provided with a
tuning meter (§ 7-13), the tuning meter may be
used as an output meter. An accurately cali-
brated signal generator or test oscillator is
desirable, since the i.f. should be aligned to be
as symmetrical as possible; that is, the output
reading should be the same for any two test
oscillator settings the same number of kilo-
cvceles above or below resonance. It is not nec-
essary to have uniform response over the whole
band to be received, although the output at the
edges of the band (limit of deviation (§ 5-11)

¥ VOLTS Iig. 734 — Character-

- istic of a typical f.m,
\ detector, The vertical
axis represents the
voltage developed
across the load resistor
as the frequency va-
ries from the exact
resonance frequency.
v This detector would
handle f.m. signals up
to a band-width of
150 ke. over the linear
portion of the curve,
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of the transmitted signals) should not be less
than 25 per cent of the voltage at resonance. In
communications work, a band-width of 30 ke. or
less (15 ke. or less deviation) is commonly used.

Output readings should be taken with the
test oscillator set at intervals of a few kilocycles
either side of resonance until the band limits
are reached.

After the i.f. (and front-end) alignment, the
limiter operation should be checked. This can
be done by temporarily disconnecting Cj, if
the discriminator circuit of Fig. 733-A is used,
disconnecting R; and C7 on the cathode side,
and inserting the milliammeter or micro-
ammeter in series with Ry at the grounded end.
This converts the discriminator to an ordinary
diode rectifier. Varying the signal-generator
frequency over the channel, with the dis-
criminator transformer adjusted to resonance,
should show no change in output (at the band-
widths used for communications purposes) as
indicated by the rectified current read by the
meter. At this point various plate and sereen
voltages can be tried on the limiter tube or
tubes, to determine the set of conditions which
gives maximum output with adequate limiting
(no change in rectified current).

When the limiter has been checked the
discriminator connections can be restored,
leaving the meter connected in series with R;.
Provision should be made for reversing the
connections to the meter terminals, to take
care of the reversal in polarity of the net recti-
fied current. Set the signal generator to the
center frequency of the band and adjust the
diseriminator transformer trimmer condensers
to resonance, which will be indicated by zero
rectified current. Then set the test oscillator at
the deviation limit (§ 5-11) on one side of the
center frequency, and note the meter reading.
Reverse the meter terminals and set the test
oscillator at the deviation limit on the other
side. The two readings should be the same. If
they are not, they can be made so by a slight
adjustment of the primary trimmer. This will
necessitate rechecking the response at reso-
nance to make sure it is still zero. Cienerally,
the secondary trimmer will chicfly affeet the
zero-response frequency, while the primary
trimmer will have most effect on the symmmetry
of the discriminator peaks. A detector curve
having satisfactory linearity can be obtained
by cut-and-try adjustment of both trimmers.

Tuning and operation — An f.m. receiver
gives greatest noise reduction when the carrier
is tuned exactly to the center of the receiver
pass-band and to the point of zero response in
the discriminator. Because of the decrease in
noise, this point is readily recognized.

When an amplitude-modulated signal is
tuned in its modulation practically disappears
at exact resonance, only those nonsymmetrical
modulation components which may be present
being detected. If the signal is to one side or
the other of resonance, however, it is capable of
causing interference to an f.m. signal,



CHAPTER EIGHT

Power Supp][y

q 8-1

Filament supply — Except for tubes de-
signed for battery operation, the filaments or
heaters of vacuum tubes used in both trans-
mitters and receivers are universally operated
on alternating current obtained from the power
line through a step-down transformer (§ 2-9)
delivering a secondary voltage equal to the
rated voltage of the tubes used. The trans-
former should be designed to carry the current
taken by the number of tubes which may be
connected in parallel (§ 2-6) across it. The
filament or heater transformer generally is
center-tapped, to provide a balanced circuit
for eliminating hum (§ 3-6).

For medium- and high-power r.f. stages of
transmitters, and for high-power audio stages,
it is desirable to use a separate filament trans-
former for each section of the transmitter,
installed near the tube sockets. This avoids the
necessity for abnormally large wires to carry
the total filament current for all stages without
appreciable voltage drop. Maintenance of
rated filament voltage is highly important,
especially with thoriated-filament tubes, since
under- or over-voltage may reduce filament life.

Plate supply — Direct current must be used
for the plates of tubes, since any variation in
plate current arising from power-supply causes
will be superimposed on the signal being re-
ceived or transmitted, giving an undesirable
type of modulation (§5-1) if the variations
occur at an audio-frequency (§ 2-7) rate. Un-
varying dircct current is called pure d.c., to
distinguish it from current which may be uni-
directional but of pulsating character. The use
of pure d.c. on the plates of transmitting tubes
is required by FCC regulations on all frequen-
cies below 60 Mec.

Sources of plate power — D.c. plate power
is usually obtained from rectified and filtered
alternating current, but in low-power and
portable installations may be secured from
batteries. Dry batteries may be used for very
low-power portable equipment, but in many
cases a storage battery is used as the primary
power source, in conjunction with an inter-
rupter giving pulsating d.c. which is applied to
the primary of a step-up transformer (§8-10).

Rectified-a.c. supplies—Since the power-
line voltage ordinarily is 115 or 230 volts, a
step-up transformer (§ 2-9) is used to obtain
the desired voltage for the plates of the tubes
in the equipment. The alternating secondary
current is changed to unidirectional current
by means of diode rectifier tubes (§ 3-1), and
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then passed through an inductance-capacity
filter (§ 2-11) to the load circuit. The load re-
sistance in ohms is equal to the d.c. output
voltage of the power supply divided by the
current in amperes (Ohm’s Law, § 2-6).
Voltage regulation — Since there is always
some resistance in power-supply circuits, and
since the filter normally depends to a consider-
able extent upon the energy storage of induc-
tance and capacity (§2-3, 2-5), the output
voltage will depend upon the current drain on
the supply. The change in output voltage with
change in load current is called the vollage
regulation. It is expressed as a percentage:

100 (5, — By
E,

where Ej is the no-load voltage (no current in
the load circuit) and E: the full-load voltage
(rated current in load circuit).

( 8-2 Rectifiers

Purpose and ratings — A rectifier is a
device which will conduct current only in one
direction. The diode tube (§3-1) is used al-
most exclusively for rectification in d.c. power
supplies used with radio equipment. The im-
portant characteristics of tubes used as power-
supply rectifiers are the voltage drop between
plate and cathode at rated current, the maxi-
mum permissible inverse peak voltage, and
the permissible peak plate current.

Voltage drop — Tube voltage drop depends
upon the type of tube. In vacuum-type recti-
fiers it increases with the current flowing be-
cause of space-charge effect (§ 3-1), but can be
minimized by using very small spacing between
plate and cathode as is done in some rectifiers
for receiver power supplies. Mercury-vapor
rectifiers (§ 3-5) have a constant drop of about
15 volts, regardless of current. This is much
smaller than the voltage drops encountered in
vacuum-type rectifiers.

Inverse peak voltage — This is the maxi-
mum voltage developed between the plate and
cathode of the rectifier when the tube is not
conducting; i.e., when the plate is negative
with respect to the cathode.

Peak plate current — This is the maximum
tnstanlaneous current through the rectifier. If
can never be smaller than the load current in or-
dinary circuits, and may be several times higher.

Operation of mercury-vapor rectifiers —
Because of its constant voltage drop, the mer-
cury-vapor rectifier is more susceptible to
damage than the vacuum type. With the
latter, the increase in voltage drop tends to

% Regulation =
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limit current flow on heavy overloads, but the
mercury-vapor rectifier does not have this

. limiting action and the cathode may be dam-
aged under similar conditions.

In mercury-vapor rectifiers a phenomenon
known as ‘‘arc-back,” or breakdown of the
mercury vapor and conduction in the opposite
direction to normal, occurs at high inverse
peak voltages, hence such tubes always should
be operated within their inverse-peak voltage
ratings. Are-back also may occur if the cathode
temperature is below normal; therefore the
heater or filament voltage should be checked
to make sure that the rated voltage is applied.
This check should be made at the tube socket,
to avoid errors caused by voltage drop in the
leads. For the same reason, the cathode should
be allowed to come up to its final temperature
before plate voltage is applied; the time re-
quired for this is of the order of 15 to 30 sec-
onds. When a tube is first installed, or is put
into service after a long period of idleness, the
cathode should be heated for a period of 10
minutes or so before application of plate
voltage.

( 8-3 Rectifier Circuits

Half-wave rectifiers — The simple diode
rectifier (§ 3-1) is called a half-wave rectifier, be-
cause it can pass only half of each cycle of al-
ternating current. Its circuit is shown in Fig.
801-A. At the top of the figure is a representa-
tion of the applied a.c. voltage, with positive
and negative alternations (§2-7) marked.
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Fig. 801 — Fundamental vacuum-tube rectificr circuits.
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When the plate is positive with respect to
cathode, plate current flows through the load
as indicated in the drawing at the right, but
when the plate is negative with respect to cath-
ode no current flows. This is indicated by the
gaps in the output drawing. The output cur-
rent is unidirectional but pulsating,

In this circuit the inverse peak voltage is
equal to the maximum transformer voltage,
which in the case of a sine wave is 1.41 times
the r.m.s. voltage (§2-7).

Full-wave center-tap rectifier — Fig. 801-
B shows the ‘“‘full-wave center-tap” rectifier
circuit, so called because both halves of the a.c.
cycle are rectified and because the transformer
secondary winding must consist of two equal
parts with a connection brought out from the
center. When the upper end of the winding is
positive, current can flow through rectifier No.
1 to the load; this current cannot pass through
rectifier No. 2 because its cathode is positive
with respect to its plate. The circuit is com-
pleted through the transformer center-tap.
When the polarity reverses the upper end of the
winding is negative and no current can flow
through No. 1, but the lower end is positive and
therefore No. 2 passes current to the load, the
return connection again being the center-tap.
The resulting waveshape is shown at the right.

Since the two rectifiers are working alter-
nately in this circuit, each half of the trans-
former secondary must be wound to deliver the
full-load voltage; hence the total voltage across
the transformer terminals is twice that required
with the half-wave rectifier. Assuming negligi-
ble voltage drop in the particular rectifier
which may be conducting at any instant, the
inverse peak voltage on the other rectifier is
equal to the maximum voltage between the
outside terminals of the transformer. In the
case of a sine wave, this is 1.41 times the total
secondary r.m.s. voltage (§ 2-7).

Because energy is delivered to the load at
twice the average rate as in the case of a half-
wave rectifier, each tube carries only half the
load current.

The bridge rectifier — The ““bridge” type
of full-wave rectifier is shown in Fig. 801-C.
Its operation is as follows: When the upper
end of the winding is positive, current can flow
through No. 2 to the load but not through
No. 1. On the return circuit, current flows
through No. 3 by way of the lower end of the
transformer winding. When the polarity re-
verses and the lower end of the winding be-
comes positive, current flows through No. 4
and the load and through No. 1 by way of the
upper side of the transformer. The output
waveshape is shown at the right.

The inverse peak voltage is equal to the
maximum transformer voltage, or 1.41 tiines
the r.m.s. secondary voltage in the case of a
sine wave (§ 2-7). Energy is delivered to the
load at the same average rate as in the case of
the full-wave center-tap rectifier, each pair of
tubes in series carrying half the load current.
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¢ 8-4 Filters

Purpose of filter — Asshown in Fig. 801, the
output of a rectifier is pulsating d.c., which
would be unsuitable for most vacuum-tube
applications (§ 8-1). A filter is used to smooth
out the pulsations so that practically unvary-
ing direct current flows through the load cir-
cuit. The filter utilizes the energy-storage
properties of inductance and capacity (§2-3,
2-5), by virtue of which energy stored in elec-
tromagnetic and electrostatic fields when the
voltage and current are rising is restored to
the circuit when the voltu.ge and current fall,
thus filling in the ‘“gaps’ or *“‘valleys’ in the
rectified output.

Ripple voltage and frequency — The pul-
sations in the output of the rectifier can be
considered to be caused by an alternating
current superimposed on a steady direct cur-
rent (§2-13). Viewed from this standpoint,
the filter may be considered to consist of by-
pass condensers which short-circuit the a.c.
while not interfering with the flow of d.c., and
chokes or inductances which permit d.c. to
flow through them but which have high re-
actance for the a.c. (§2-13). The alternating
component is called the ripple. The effective-
ness of the filter may be measured by the per-
cent ripple, which is the r.m.s. value of the
a.c. ripple voltage expressed as a percentage
of the d.c. output voltage. With an effective
filter, the ripple percentage will be low. Five
per centripple is considered satisfactory for c.w.
transmitters, but lower values (of the order of
0.25 per cent) are necessary for hum-free speech
transmission and receiver plate supplies.

The ripple frequency depends upon the line
frequency and the type of rectifier. In general,
it consists of a fundamental plus a series of
harmonics (§ 2-7), the latter being relatively
unimportant since the fundamental is hardest
to smooth out. With a half-wave rectifier, the
fundamental is equal to the line frequency;
with a full-wave rectifier, the fundamental is
equal to twice the line frequency, or 120 cycles
in the case of a 60-cycle supply.

Types of filters — Inductance-capacity fil-
ters are of the low-pass type (§2-11), using
series inductances and shunt capacitances.
Practical filters are identified as condenser-
input and choke-input, depending upon whether
a capacity or inductance is used as the first
element in the filter. Resistance-capacity
filters (§ 2-11) are used in applications where
the current, is very low and the voltage drop in
the registor can be tolerated.

Bleeder resistance — Since the condensers
in a filter will retain their charge for a consid-
erable time after power is removed (provided
the load circuit is open at the time), it is good
practice to connect a resistor across the output
of the filter to discharge the condensers when
the power supply i8 not in use. The resistance
usually is high enough so that only a relatively
small percentage of the total output current
is consumed in it during normal operation.
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Components — Filter condensers are made
in several different types. Electrolytic con-
densers, which are available for voltages up to
about 800, combine high capacity with small
size, since the dielectric is an extremely thin
filln of oxide on aluminum foil. Condensers
for higher voltages usually are made with a
dielectric of thin paper impregnated with oil.
The working vollage of a condenser is the volt-
age which it will withstand continuously.

Filter chokes or inductances are wound on
iron cores, with a small gap in the core to pre-
vent magnetic saturation of the iron at high
currents. When the iron becomes saturated its
permeability (§ 2-5) decreases, consequently
the inductance also decreases. Despite the air-
gap, the inductance of a choke usually varies
to some extent with the direct current flowing
in the winding; hence it is necessary to specify
the inductance at the current which the choke
is intended to carry. Its inductance with little
or no direct current flowing in the winding may
be considerably higher than the load value.

¢ 8-5 Condenser-Input Filters

Ripple voltage— The conventional con-
denser-input filter is shown in Fig. 802-A. No
simple formulas are available for computing
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Fig. 802 — Condenser-input filter circuits.
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the ripple voltage, but it will be smaller as both
capacity and inductance are made larger. Ade-
quate smoothing for transmitting purposes can
be secured by using 4 to 8 pfd. at Cy and Cz and
20 to 30 henrys at Ly, for full-wave rectifiers
with 120-cycle ripple (§ 8-4). A higher ratio of
inductance to capacity may be used at higher
load resistances (§ 8-1).

For receivers, as shown in Fig. 802-B, an ad-
ditional choke, L2, and condenser, C3, of the
same approximate values, are used to give ad-
ditional smoothing. In such supplies the three
condensers generally are 8 ufd. each, although
the input condenser, Ci, sometimes is reduced
to 4 ufd. Inductances of 10 to 20 henrys each
will give satisfactory filtering with these
capacity values.

For ripple frequencies other than 120 cycles,
the inductance and capacity values should be
multiplied by the ratio 120/F, where F is the
actual ripple frequency.

The bleeder resistance, R, should be chosen
to draw 10 per cent or less of the rated output
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current of the supply. Its value is equal to
1000E/I, where E is the output voltage and I
the load current in milliamperes.

Rectifier peak current — The ratio of
rectifier peak current to average load current
is high with a condenser-input filter. Small
rectifier tubes designed for low-voltage sup-
plies (type 80, etc.) generally carry load-cur-
rent ratings based on the use of condenser-
input filters. With rectifiers for higher power,
such as the 866/866-A, the load current should
not exceed 25 per cent of the rated peak plate
current for one tube when a full-wave rec-
tifier is used, or one-eighth the half-wave rating.

Output voltage — The d.c. output voltage
from a condenser-input supply will, with light
loads or no load, approach the peak trans-
former voltage. This is 1.41 times the r.in.s.
voltage (§ 2-7) of the transformer secondary,
in the case of Figs. 801-A and C, or 1.41 times
the voltage from the center-tap to one end of
the secondary in Fig. 801-B. At heavy loads, it
may decrease to the average value of secondary
voltage or about 90 per cent of the r.m.s. volt-
age, or even less. Because of this wide range of
output voltage with load current, the voltage
regulation (§ 8-1) is inherently poor.

The output voltage obtainable from a given
supply cannot readily be calculated, since it
depends critically upon the load current and
filter constants. Under average conditions it
will be approximately equal to or somewhat
less than the r.m.s. voltage between the center-
tap and one end of the secondary in the full-
wave center-tap rectifier circuit (§ 8-3).

Ratings of components — Because the out-
put voltage may rise to the peak transformer
voltage at light loads, the condensers should
have a working-voltage rating (§ 8-4) at least
as high and preferably somewhat higher, as a
safety factor. Thus, in the case of a center-tap
rectifier having a transformer delivering 550
volts each side of the center-tap, the minimum
safe condenser voltage rating will he 550 X
1.41 or 775 volts. An 800-volt, or preferably a
1000-volt, condenser should be used. Filter
chokes should have the inductance specified
at full-load current, and must have insulation
between the winding and the core adequate to
withstand the maximum output voltage.

( 8-6 Choke-Input Filters
Ripple voltage — The circuit of a single-
section choke-input filter is shown in Fig.
803-A. For 120-cycle ripple, a close approxi-
mation of the ripple to be expected at the out-
put of the filter is given by the formula:
Single 100
Section } % Ripple = 573
Filter

where L is in henrys and C in ufd. The product,
LC, must be equal to or greater than 20 to re-
duce the ripple to 5 per cent or less. This figure
represents, in most cases, the economical limit
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for the single-section filter. Smaller percent-
ages of ripple usually are more economically
obtained with the two-section filter of Fig.
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Fig. 803 — Choke-input filter circuits.

803-B. The ripple percentage (120-cycle ripple)
with this arrangement is given by the formula:

Two -

650
Secti % Ripple = —— S
F?lcté?nf % Ripple LiLy (Cy + C2)?

For a ripple of 0.25 per cent or less, the de-
nominator should be 2600 or greater.

These formulas can be used for other ripple
frequencies by multiplying each inductance
and capacity value in the filter by the ratio
120/F, where F' is the actual ripple frequency.

The distribution of inductance and capacity
in the filter will be determined by the value of
input-choke inductance required (next para-
graph), and the permissible a.c. output im-
pedance. If the supply is intended for use with
an audio-frequency amplifier, the reactance
(§ 2-8) of the last filter condenser should be
small (20 per cent or less) compared to the
other a.f. resistance or impedance in the cir-
cuit, usually the tube plate resistance and load
resistance (§3-2, 3-3). On the basis of a lower
a.f. limit of 100 cycles for speech amplification
(§ 5-9), this condition is usually satisfied when
the output capacity (last filter capacity) of the
filter is 4 to 8 ufd., the higher value being used
for the lower tube and load resistances.

The input choke — The rectifier peak cur-
rent and the power-supply voltage regulation
depend almost entirely upon the inductance of
the input choke in relation to the load resist-
ance (§ 8-1). The funection of the choke is to
raise the ratio of average to peak current (by
its energy storage), and to prevent the d.c.
output voltage from rising above the average
value (§ 2-7) of the a.c. voltage applied to the
rectifier. For both purposes, its impedance
(§2-8) to the flow of the a.c. component
(§ 8-4) must be high.

The value of input-choke inductance which
prevents the d.c. output voltage from rising
above the average of the rectified a.c. wave is
the critical inductance. For 120-cycle ripple, it
is given by the approximate formula:

L _ Load resistance (ohms)
crit. = - —
1000
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For other ripple frequencies, the inductance
required will be the above value multiplied by
the ratio of 120 to the actual ripple frequency.

With inductance values less than critical,
the d.c. output voltage will rise because the
filter tends to act as a condenser-input filter
(§ 8-5). With ecritical inductance, the peak
plate current of one tube in a center-tap recti-
fier will be approximately 10 per cent higher than
the d.c. load current taken from the supply.

An inductance of twice the critical value is
called the optimum value. This value gives a
further reduction in the ratio of peak to aver-
age plate current, and represents the point at
which further increase in inductance does not
give correspondingly improved operating char-
acteristics.

Swinging chokes — The formula for criti-
cal inductance indicates that the inductance
required varies widely with the load resistance.
In the case where there is no load except the
bleeder (§ 8-4) on the power supply, the criti-
cal inductance required is highest; much lower
values are satisfactory when the full-load cur-
rent is being delivered. Since the inductance of
a choke tends to rise as the direct current
flowing through it is decreased (§ 8-4), it is
possible to effect an economy in materials by
designing the choke to have a ““swinging "’ char-
acteristic such that it has the required critical
inductance value with the bleeder load only,
and about the optimum inductance value at
full load. Thus, in the case where the bleeder
resistance is 20,000 ohms and the full-load
resistance (including the bleeder) is 2500 ohms,
a choke which swings from 20 henrys to 5
henrys over the full output-current range will
fulfill the requirements.

Resonance — Resonance effects in the series
circuit across the output of the rectifier which
is formed by the first choke (L1) and first filter
condenser (C;) must be avoided, since the
ripple voltage would build up to large values
(§ 2-10). This not only is the opposite action
to that for which the filter is intended, but
also may cause excessive rectifier peak cur-
rents and abnormally high inverse peak volt-
ages. For full-wave rectification the ripple fre-
quency will be 120 cycles for a 60-cycle supply
(§ 8-4), and resonance will occur when the
product of choke inductance in henrys tinies
condenser capacity in microfarads is equal to
1.77. The corresponding figure for 50-cycle
supply (100-cycle ripple frequency) is 2.53, and
for 25-cycle supply (50-cycle ripple frequency),
13.5. At least twice these products should be
used to ensure against resonance effects.

Output voltage — Provided the input-
choke inductance is at least the critical value,
the output voltage may be calculated quite
closely by the equation:

(Ih+ 1) (R1 + Ry)
, = 0. - — E,
N 2 1000

where E, is the output voltage; E,is the r.m.s.
voltage applied to the rectifier (r.m.s. voltage
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between center-tap and one end of the second-
ary in the case of the center-tap rectifier);
I, and Iy are the bleeder and load currents,
respectively, in milliamperes; R and Rz are
the résistances of the first and second filter
chokes; and E, is the drop betwecen rectifier
plate and cathode (§ 8-2). These voltage drops
are shown in Fig. 804.

'wsr—-|-—£, —-]-— Ez—-l

VWWWWV

—

\\cr
AMAAAA
fe— m — ]
5
AAAAAAA

Fig. 804 — Voltage drops in the power-supply circuit.

At no load I is zero, hence the no-load
voltage may -be calculated on the basis of
bleeder current only. The voltage regulation
may be determined from the no-load and full-
load voltages (§ 8-1).

Ratings of components — Because of bet-
ter voltage regulation, filter condensers are
subjected to smaller variations in d.c. voltage
than in the condenser-input filter (§ 8-5). How-
ever, it is advisable to use condensers rated for
the peak transformer voltage in case the bleeder
resistor should burn out when there is no ex-
ternal load on the power supply, since the
voltage then will rise to the same maximum
value as with a condenser-input filter.

The input choke may be of the swinging
type, the required no-load and full-load in-
ductance values being calculated as described
above. The second choke (smoothing choke)
should have constant inductance with varying
d.c. load currents. Values of 10 to 20 henrys
ordinarily are used. Since chokes usually are
placed in the positive leads, the negative being
grounded, the windings should be insulated
from the core to withstand the full d.c. output
voltage of the supply.

( 8-7 The Plate Transformer

Output voltage — The output voltage of
the plate transformer depends upon the re-
quired d.c. load voltage and the type of recti-
fier circuit. With condenser-input filters, the
r.m.s. secondary voltage usually is made equal
to or slightly more than the d.c. output volt-
age, allowing for voltage drops in the rectifier
tubes and filter chokes as well as in the trans-
former itself. The full-wave center-tap rectifier
requires a transformer giving this voltage
each side of the secondary center-tap (§ 8-3).

With a choke-input filter, the required r.m.s.
secondary voltage (each side of center-tap
for a center-tap rectifier) can be calculated
by the equation:

I(R R
Et=1-1[Ea+—(110-(I)_—02)+E',]
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where F, is the required d.c. output voltage,
1 is the load current (including bleeder current)
in milliamperes, R, and R are the resistances
of the filter chokes, and E, is the voltage drop
in the rectifier. £, is the full-load r.m.s. (§ 2-7)
secondary voltage; the open-circuit voltage
usually will be 5 to 10 per cent higher.
Volt-ampere rating — The volt-ampere ra-
ting (§ 2-8) of the transformer depends upon
the type of filter (condenser or choke input).
With a condenser-input filter the heating effect
in the secondary is higher because of the high
ratio of peak to average current, consequently
the volt-amperes consumed by the transformer
may be several times the watts delivered to
the load. With a choke-input filter, provided
the input choke has at least the critical in-
ductance (§ 8-6), the secondary volt-amperes
can be calculated quite closely by the equation:
Sec. V.A. = 0.00075 EI

where E is the folal r.m.s. voltage of the sec-
ondary (between the outside ends in the case
of a center-tapped winding) and 7 is the d.c.
output current in milliamperes (load current
plus bleeder current). The primary volt-
amperes will be 10 to 20 per cent higher because
of transformer losses.

( 8-8 Voltage Stabilization

Gaseous regulator tubes — There is fre-
quent need for maintaining the voltage applied
to a low-voltage low-current circuit (such as
the oscillator in a superhet receiver or the fre-
quency-controlling oscillator in a transmitter)
at a practically constant value, regardless of
the voltage regulation of the power supply or
variations in load current. In such applica-
tions, gascous regulator tubes (VR105-30,
VR150-30, ete.) can be used to good advan-
tage. The voltage drop across such tubes is
constant over a moderately wide current
range. The first number in the tube designa-
tion indicates the terminal voltage, the second
the maximum permissible tube current.

The fundamental circuit for a gaseous regu-
Iator is shown in Fig. 805-A. The tube is con-
nected in series with a limiting resistor, Ry,
across a source of voltage which must be
higher than the starting voltage, or voltage
required for ionization of the gas in the tube.
The starting voltage is about 30 per cent higher
than the operating voltage. The load is con-
nected in parallel with the tube. For stable
operation, a minimum tube current of 5 to 10
ma. is required. The maximum permissible
current with most typesis 30 ma.; consequently,

+ Unreg + + Unreg.  +
R )
From R, From i
power 3 power [ Reg+ (igh)
Supply ov. R Sy; outpu N
Py olpu [ 79 PPl aulp VR Reg +(Low)

CPVR VR
—_— = - =
A = B =
Fig. 805 — Voltage-stabilizing circuits using VR tubes.
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the load current cannot exceed 20 to 25 ma.
if the voltage is to be stabilized over a range
from zero to maximum load current.

The value of the limiting resistor must lie
between that which just permits minimum
tube current to flow and that which just passes
the maximum permissible tube current when
there is no load current. The latter value is
generally used. It is given by the equation:

1000 (E, ~ E,)
1

Where R is the limiting resistance in ohms,
E, is the voltage of the source across which the
tube and resistor are connected, E: is the rated
voltage drop across the regulator tube, and
I is the maximum tube current in milliam-
peres (usually 30 ma.).

Fig. 805-B shows how two tubes may be
used in series to give a higher regulated volt-
age than is obtainable with one, and also to
give two values of regulated voltage. The lim~
iting resistor may be calculated as above, using
the sum of the voltage drops across the two
tubes for E,. Since the upper tube must carry
more current than the lower, the load con-
nected to the low-voltage tap inust take small
current. The total current taken by the loads
on both the high and low taps should not ex-
ceed 20 to 25 milliamperes.

Voltage regulation of the order of 1 per cent
can be obtained with circuits of this type.

Electronic voltage regulation — A voltage
regulator circuit suitable for higher voltages
and currents than the gaseous tubes, and also
having the feature that the output voltage can
be varied over a rather wide range, is shown
in Fig. 806. A high-gain voltage amplifier tube
(§ 3-3), usually a sharp cut-off pentode (§ 3-5)
is connected in such a way that a small change
in the output voltage of the power supply
causes a change in grid bias, and therebhy a cor-
responding change in plate current. Its plate
current flows through a resistor (#5), the volt-
age drop across which is used to bias a second
tube — the “‘regulator” tube — whose plate-
cathode circuit is connected in series with the
load circuit. The regulator tube therefore func-
tions as an automatically variable series re-
sistor. Should the output voltage increase
slightly the bias on the control tube will become
more positive, causing the plate current of the
control tube to increase and the drop across
Rs to increase correspondingly. The bias on
the regulator tube therefore becomes more
negative and the effective resistance of the
regulator tube increases, causing the terminal
voltage to drop. A decrease in output voltage
causes the reverse action. The time lag in the
action of the system is negligible, and with
proper circuit constants the output voltage
can be held within a fraction of a per cent
throughout the useful range of load currents
and over a wide range of supply voltages.

An essential in this system is the use of a
constant-voltage bias source for the control

R =
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Fig. 806 — Elcetronic voltage regulator, 'The regulator
tube is ordinarily a 2A3 or a number of them in parallel,
the control tube a 65]7 or similar type. The filament
transformer for the regulator tube must be insulated for
the plate voltage, and cannot supply current to other
tubes when a filament type regulator tube is used. 'T'ypi-
cal values: Ri, 10,000 ohms; Rg, 25,000 ohms; Rs, 10,000-
ohm potentiometer; Rs, 5000 ohms; Rs, 0.5 megohm.

tube. The voltage change which appears at the
grid of the tube is the difference between a
fixed negative bias and a positive voltage
which is taken from the voltage divider across
the output. To get the most effective control,
the negative bias must not vary with plate
current. The most satisfactory type of bias is
a dry battery of 45 to 90 volts, but a gaseous
regulator tube (VR75-30) or a neon bulb of the
type without a resistor in the base may be
used instead. This is indicated in the diagram.
If the gas tube or neon bulb is used, a negative-
resistance type of oscillation (§ 3-7) may take
place at audio frequencies or higher, in which
case a condenser of 0.1 ufd. or more should be
connected across the tube. A similar condenser
between the control-tube grid and cathode also
is frequently helpful in this respect.

The variable resistor, B3, is used to adjust the
bias on the control tube to the proper operat-
ing value. It also serves as an output voltage
control, setting the value of regulated voltage
within the existing operating limits.

The maximum output voltage obtainable is
equal to the power-supply voltage minus the
minimum drop through the regulator tube.
This drop is of the order of 50 volts with the
tubes ordinarily used (power triodes having low
plate resistance, such as the 2A3). The maxi-
mum current also is limited by the regulator
tube; 100 milliamperes is a safe value for the
2A3. Two or more regulator tubes may be
connected in parallel to increase the current-
carrying capacity, with no change in the circuit.

q 8-9 Bias Supplies

Requirements — A bias supply is not called
upon to deliver current to a load cireuit, but
simply to furnish a fixed grid voltage to set the
operating point of a tube (§ 3-3). However, in
most applications it is nevertheless true that
current flows through the bias supply, because
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such supplies are used chiefly in connection
with power amplifiers of the Class-B and
Class-C type, where grid-current flow is a
feature of operation (§3-4). In circuit design
a bias supply resembles the rectified-a.c. plate
supply (§ 8-1), having a transformer-rectifier-
filter system employing similar circuits. Bias
supplies may be classified in two types, those
furnishing only protective bias, intended to pre-
vent excessive plate current flow in a power
tube in case of loss of grid leak bias (§ 3-6)
from excitation failure, and those which fur-
nish the actual operating bias for the tubes.
In the former type, voltage regulation (§8-1)
is relatively unimportant; in the latter it may
be of considerable importance.

In general, a bias supply should have well-
filtered d.c. output, especially if it furnishes
the operating bias for the stage, since ripple
voltage may modulate the signal on the grid
of the amplifier tube (§5-1). Condenser-input
filters are generally used, since the regulation
of the supply is not a function of the filter.
The constants given in § 8-5 are applicable.

Voltage regulation — A bias supply must
always have a bleeder resistance (§8-4) con-
nected across its output terminals, to provide
a d.c. path from grid to cathode of the tube
being biased. Although the grid circuit takes
no current from the supply, grid current flows
through the bleeder resistor and the voltage
across the resistor therefore varies with grid
current. This variation in voltage is practically
independent of the bias-supply design unless
special voltage-regulating means are used.

Protective bias — This type of bias supply
is designed to give an output voltage sufficient
to bias the tube to which it is applied at or
near the plate-current cut-off point (§3-2). A
typical circuit is given in Fig. 807. The re-
sistance, Ry, is the grid-leak resistor (§ 3-6) for
the amplifier tube with which the supply is
used, and the normal operating bias is devel-
oped by the flow of grid current through this
resistor. Ry is connected in series with B across
the output of the supply, to reduce the voltage
across Ry, when there is no grid-current flow,
to the cut-off value for the tube being biased.
The value of R, is given by the formula:

E, — E.
Ry i X Ry
where E: is the output voltage of the supply
with R2 and R in series as a load, E. is the
cut-off bias, and Ry is as described above.

T =
3Ry
usv. 22 ¢
AcC. "—-FO
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=

Fig. 807 — Supply for furnishing protective bias to a
power amplifier. The transformer, T, should furnish peak
voltage at least equal to the protective bias required,
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When such a supply is used with a Class-C
amplifier, the voltage across R; from grid-
current flow will normally be higher than that
from the bias supply itself, since the latter is
adjusted to cut-off while the operating bias
will be twice cut-off or higher (§ 3-4). In some
cases the grid-leak voltage may even exceed
the peak output voltage of the transformer
(1.41 times half the total secondary voltage, in
the circuit shown). The filter condensers in
such a bias supply must, therefore, be rated to
stand the maximum operating bias voltage on
the Class-C amplifier, if this voltage exceeds
the nominal output voltage of the supply.

Voltage stabilization — When the bias
supply furnishes operating rather than simply
protective bias, the value of bias voltage
should be as constant as possible even when
the grid current of the biased tube varies. A
simple method of improving bias voltage
regulation is to make the bleeder resistance
low enough so that the current through it from
the supply is several times the maximum grid
current to be expected. By this means, the per-
centage variation in current is reduced. This
method requires, however, that a considerable
amount of power be dissipated in the bleeder,
which in turn calls for a relatively large power
transformer and filter choke.

Bias-voltage variation may also be reduced
by means of a regulator tube, as shown in Fig.
808. The regulator tube usually is a triode

-0

Fig. 808 — Auto-
matic voltage reg-
ulator fo}:' hiasbsup- From
plies. For best 855 Suppl,
operation the tube as Supply
used should be one Ry
having high mutual
conductance (§ 3-2),
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having a plate-current rating adequate to carry
the expected grid current. 1t is cathode-biased
(§ 3-6) by the resistor, R}, which is of the order
of several hundred thousand ohms or a few
megohms, so that with no grid current the tube
is biased practically to cut-off. Because of this
high resistance, the grid current will flow
through the plate resistance of the regulator
tube, which is comparatively low, rather than
through R; and R;; hence the voltage from
the supply, across R, and the cathode-plate
circuit of the regulator tube in series, can be
considered constant. The bias voltage is equal
to the voltage across the tube alone. When grid
current flows, the voltage across the tube will
tend to increase; hence the drop across R; de-
creases, lowering the bias on the regulator
and reducing its plate resistance. This, in turn,
reduces the tube voltage drop, and the bias
voltage tends to remain constant over a fairly
wide range of grid current values.

At low bias voltages it may be necessary to
use a number of tubes in parallel to get suffi-
cient variation of plate resistance for good
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regulating action. The bias supply must fur-
nish the required bias voltage plus the voltage
required to bias the regulator tube to cut-off,
considering the output bias voltage as the plate
voltage applied to the regulator. The current
taken from the bias supply is negligible. Ry
may be tapped to provide a range of bias volt-
ages to meet different tube requirements.
Multi-stage bias supplies — Where several
power amplifier tubes are to be biased from a
single supply, the various bias circuits must be
isolated by some means. If the grid currents
of all stages should flow through a single
bleeder resistor, a variation in grid current in
one stage would change the bias on all, a
condition which would interfere with effective
adjustment and operation of the transmitter,
When protective bias is to be furnished
several stages, the circuit arrangement of Iig.
809, using rectifier tubes to isolate the individ-
ual grid-leaks of the various stages, may be
employed. In the diagram, two type 80 recti-
fiers are used to furnish bias to four stages.
Each pair of resistors (RiRs) constitutes a
separate bleeder across the bias supply. R is
the grid-leak for the biased stage; Rs is a drop-
ping resistor to adjust the voltage across R,
to the cut-off value (without grid-current
flow) for the biased tube. The values of R; and
R2 may be calculated as described in the para-
graph on protective bias. In this case, the bias
supply should be designed to have inherently
good voltage regulation; i.e., a choke-input
filter with appropriate filter and bleeder con-
stants (§ 8-6) should be used, the bleeder being
separate from those associated with the rec-
tifier tubes. When the voltage across RiR;
rises because of grid-current flow through R,
the load on the supply will vary (hence the
necessity for good voltage regulation in the
supply), but there is no interaction of grid cur-
rents in the separate bleeders because the
rectifiers can pass current only in one direction.
When a single supply is to furnish operating
bias for several stages, a separate regulator-
tube circuit (Fig. 808) may be used for each
one. Individual voltages for the various stages
can be obtained by appropriate taps on R,.
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Fig. 809 — Isolating circuit for multiple bias supply.
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Fig. 810 — Use of VR tubes to stabilize bias voltage.

Well-regulated bias for several stages may
be obtained by the use of gaseous regulator
tubes, when the voltage and current ratings of
the tubes permit their use. This is shown in
Fig. 810. A single tube or two or more in series
can be used to give the desired bias-voltage
drop; the bias supply voltage must be high
enough to provide starting voltage for the
tubes in series. Ry is the protective resistance
(§ 8-8); its value should be calculated for mini-
mum stable tube current. The maximum grid
current that can be handled is 20 to 25 milli-
amperes with available regulator tubes.

( 8-10 Miscellaneous Power-Supply
Circuits

Voltage dividers — A voltage divider is a
resistance connected across a source of voltage
and tapped at appropriate points, from which
voltages lower than the terminal voltage may
be taken (§ 2-6). Since the voltage at any tap
depends upon the current drawn from the tap,
the voltage regulation (§ 8-1) of such a divider
-is inherently poor. Hence, a voltage divider is
best suited to applications where the currents
drawn are constant, or where separate voltage-
regulating circuits (§ 8-8) are used to compen-
sate for voltage variations at the taps.

A typical voltage-divider arrangement is
shown in Fig. 811. The terminal voltage is K,
and two taps are provided to give lower volt-
ages, Ity and Ey, at currents I) and I, respec-
tively. The smaller the resistance between
taps in proportion to the total resistance, the
smaller the voltage between the taps. In ad-
dition to the load currents, I, and Is, there
is also the bleeder current, I,. The voltage
divider may be the bleeder for the power sup-
ply. For convenience, the voltage divider in
the figure is considered to be made up of
separate resistances, Ry, Ry, R3, between taps.
Ry carries only the bleeder current, I,. Rg
carries I in addition to I,; R3 carries Ig, I
and I,. For the purpose of calculating the
resistances required, a bleeder current, I,, must

+O0——1——o0+E
| &

s . From Power $
Fig. 811 — Typical 2R
voltage-divider cireuit. Supply $TIOtHE
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be assumed; generally it is low compared to
the total load current (10 per cent or so). Then

E
R, =X
1 A
E — E
R, = 22— &
LT
E—FE

: =1b 4—7/l+72-

the currents being expressed in amperes.

The method may be extended to any de-
sired number of taps, each resistance section
being calculated by Ohm’s Law (§ 2-6) using
the voltage drop across it and the total current
through it. The power dissipated by cach sec-
tion may be calculated by multiplying the
same quantities together.

In case it is desired to have the bleeder re-
sistance total to a predetermined value, the
same method of calculation may be followed,
but different values of bleeder current should
be tried until the correct result is found.

Transformerless plate supplies — 1t is pos-
sible to rectify the line voltage directly, with-
out using a step-up power transformer, for
certain applications (such as some types of re-
ceivers) where the low voltage so obtained is
satisfactory. A simple power-supply system
of this type, using a half-wave rectifier, is
shown in Fig. 812. Tubes for this purpose are
provided with heaters operating at relatively
high voltages (25, 35, 70, or 115 volts), which
can be connected across the line in series with
other tube filaments and/or a resistor, R, of
suitable value to limit the current to the rated
value for the tube heater. The rectifier often is

X L D.C.
Z’.’;CV' TC CT Output
5 —OQ -

Fig. 812 — Transformerless plate supply with half-wave
rectifier, Other filaments are connceted in series with K.

incorporated in the same tube envelope with
an audio power-amplifier tube.
The half-wave circuit shown has a funda-

.mental ripple frequency equal to the line fre-

quency (§8-4) and hence requires more in-
ductance and capacity in the filter for a given
ripple percentage (§8-5) than the full-wave
rectifier. A condenser-input filter generally is
used, frequently with a second choke and
third condenser (§8-5) to provide the neces-
sary smoothing.

A disadvantage of the transformerless. cir-
cuit is that no ground connection can be used
on the power supply, unless care is taken to in-
sure that the grounded side of the power line
is connected to the grounded side of the supply.
Receivers using this type of supply generally
are grounded through a low capacity (0.05
ufd.) condenser, to avoid short-circuiting the
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Fig. 813 — Voltage-doubling transformerless plate supply.
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line should the line plug be inserted in the
socket the wrong way, and the chassis is iso-
lated from the power supply. The input con-
denser should be at least 16 ufd. and preferably
32 ufd., to keep the output voltage high and to
improve voltage regulation.
Voltage-doubling circuits — The circuit
arrangement of Fig. 813, frequently used in
transformerless plate supplies, gives full-wave
rectification combined with doubling of the
output voltage. This is accomplished by using

Hsv,AC.
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Duplex plate supplies— In some cases it
may be advantageous economically to obtain
two plate-supply voltages from a single power
supply, making one or more of the components
serve a double purpose. Two circuits of this
type are shown in Figs. 814 and 815.

In Fig. 814, a bridge rectifier is used to ob-
tain the full transformer voltage, while a con-
nection is also brought out from the center-tap
to obtain a second voltage corresponding to
half the total transformer secondary voltage.
The sum of the currents drawn from the two
taps should not exceed the d.c. ratings of the
rectifier tubes and transformer. Filter values
for each tap are computed separately (§ $-6).

Fig. 815 shows how a transformer with
multiple secondary taps may be used to obtain
both high and low voltages simultaneously. A
separate full-wave rectifier is used at each tap.
The filter chokes are placed in the common
negative lead, but separate filter condensers
are required. The sum of the currents drawn
from each tap must not exceed the transformer
rating, and the chokes must be rated to carry
the total load current. Kach bleeder resistance
should have a value in ohms of 1000 times the
maximum rated inductance in henrys of the
swinging choke, Ly, for best regulation (§ 8-6).

tHV
O

Fig. 814 — Duplex plate sup-
ply, in which a combination
bridge and center-tap recti-
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a double-dinde rectifier, one section of which
charges C1 when the line polarity between its
plate and cathode is positive while the other
section charges Ca when the line polarity
reverses. Thus each condenser is charged sepa-
rately to the same d.c. voltage, and they dis-
charge in series into the load circuit. For ef-
fective operation of this circuit, the capacities
of C; and C; must be at least 16 ufd. each and
preferably higher.

The ripple frequency with this circuit is
twice the line frequency, since it is a full-wave
circuit (§ 8-4). The voltage regulation is in-

herently poor and depends critically upon the

capacities of Cy and Cs, being better as these
capacities are made larger. A typical supply
with 16 ufd. each at Cy and C3 will have
an output voltage of approximately 300 at
light loads, dropping to about 210 volts at
the rated current of 75 milliamperes.

No direct ground can be used on this
supply or on the equipment with which it
is used. If an r.f. ground is made through
a condenser the capacity should be small
(about 0.05 ufd.), since it is in shunt from
plate to cathode of one rectifier. A large ca-
pacity (low reactance) would by-pass the rec-
tifier, thereby nullifying its operation.

fier circuit is used to deliver
two output voltages with
good regulation. Only one
plate transformer is required.
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Rectifiers in parallel — Vacuum-type recti-
fiers may be connected in parallel (plate to
plate and cathode to cathode) for higher cur-
rent-carrying capacity with no circuit changes.

When mercury-vapor rectifiers are connected
in parallel, slight differences in tube character-
istics may make one ionize at a slightly lower
voltage than the other. Since the ignition volt-
age is higher than the operating voltage the
first tube to ionize carries the whole load, since
the voltage drop is then too low to ignite the
second tube. This can be prevented by connect-
ing resistors in series with each plate, as shown
in Fig. 816, thereby insuring that a high-
enough voltage for ignition will be available.
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Fig. 815 — Power supply in which a single transformer
and set of chokes serve for two diffcrent output voltages.
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Vibrator power supplies— For portable
or mobile work, the most common source of
power for both filaments and plates is the 6-
volt automobile-type storage battery. Fila-
ments may be heated directly from the battery,
while plate power is obtained by passing cur-
rent from the battery through the primary of
a suitable transformer, interrupting it at regu-
larintervals to give the changing magnetic field
required for inducing a voltage in the second-
ary (§2-5), and rectifying the secondary out-
put. The rectified output is pulsating d.c., which
may be filtered by ordinary means (§ 8-5).

Fig. 817 shows two types of circuits used,
both with vibrating-reed interrupters (vibra-
tors). At A is shown the non-synchronous type
of vibrator. When the battery circuit is open
the reed is midway between the two contacts,
touching neither. On closing the battery circuit
the magnet coil pulls the reed into contact
with the lower point, causing current to flow
through thelower half of the trans-
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Its value usually is between 0.005 and 0.03
ufd. and for 250~300 volt supplies it should be
rated at 1500 to 2000 volts d.c. The proper
capacity is rather critical, and should be deter-
mined experimentally. The optimum value is
that which results in least battery current for
a given rectified d.c. output from the supply.
Sparking at the vibrator contacts causes r.f.
interference (“‘hash’) when such a supply is
used with a receiver. This can be minimized by
installing hash filters, consisting of RFC; and
Cjy, in the battery circuit, and RFC3: with Cs
in the d.c. output circuit. Cy is usually from
0.5 to 1 ufd., a 50-volt rating being adequate.
RFC; consists of about 50 turns wound to
about half-inch diameter, No. 12 or No. 14
wire being required to carry the rather heavy
battery current without undue loss of voltage.
C3 may be of the order of 0.01 to 0.1 ufd.,
and RFC; a 2.5-millihenry choke of ordinary
design. Equally as important as the hash filter
is thorough shielding of the power supply and
its connecting leads, since even a small piece
of wire or metal will radiate enough hash to
cause interference in a sensitive receiver.
Line-voltage adjustment— In some local-
ities the line voltage may vary considerably
from the nominal 115 volts as the load on the
power system changes. Since it is desirable to
operate tube equipment, particularly filaments
and heaters, at constant voltage for maximum
life, a means of adjusting the line voltage to the
rated value is desirable. This can be accom-
plished by the circuit shown in Fig. 818, utiliz-
ing a step-down transformer with a tapped
secondary connected as an autotransformer
(§2-9). The secondary preferably should be

former primary winding. Simulta-

neously, the magnet coil is short- /Wbmt/'nq reed pec,

()] -%—l_—w
\Maqnet corl ;

circuited and the reed swings back.
Inertia carries it into contact with
the upper point, causing current to

flow through the upper half of the
transformer primary. The magnet
coil again is energized, and the

T
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cycle repeats itself.
The synchronous circuit of Fig.

817-B is provided with an extra
pair of contacts which rectify the

secondary output of the trans-
former, thus eliminating the need
for a separate rectifier tube. The
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secondary center-tap furnishes the
positive output terminal when the

To
I(;3 Smoothing Filter

relative polarities of primary and
secondary windings are ecorrect.
The proper connections may be determined by
experiment, reversing the secondary econnec-
tions if the first trial is wrong.

The buffer condenser, C3, across the trans-
former secondary is used to absorb surges
which would occur on breaking the current,
when the magnetic field collapses practically
instantaneously and hence causes a very high
voltage to be induced in the secondary (§ 2-5).

Fig. 817 — Basic types of vibrator power-supply circuits.

tapped in steps of two or three volts, and
should have sufficient total voltage to com-
pensate for the widest variations encountered.
Depending upon the end of the secondary
to which the line is connected, the voltage to
the load can be made either higher or lower
than the line voltage. A secondary winding
capable of carrying five amperes will serve for
loads up to 500 volt-amperes on a 115-volt line.



CHAPTER NINE

Wave Pr@pagati@n

¢ 9-1 Radio Waves

Nature of radio waves — Radio waves are
electromagnetic waves, consisting of traveling
electrostatic and electromagnetic ficlds so re-
lated to each other that the encrgy is.evenly
divided between the two, and with the lines of
force in the two ficlds at right angles to each
other in a plane perpendicular to the direction
of propagation, as shown in Fig. 901. Except
for the difference in order of wavelength, they
have the same nature as light waves, travel
with the same speed (300,000,000 meters per
second in space), and, similarly to light, can be
reflected, refracted and diffracted.

Polarization — The polarization of a radio
wave is taken as the direction of the lines of
force in the electrostatic field. If the direction
of the electrostatic component is perpendicular
to the earth the wave is said to be vertically
polarized, while if the eclectrostatic component
is paraliel to the earth the wave is horizontally
polarized. The elcctromagnetic component,
being at right angles to the electrostatic, there-
fore has its lines of force vertical when the
wave is horizontally polarized and horizontal
when the wave is vertically polarized.

Reflection — Radio waves may be reflected
from any sharply defined discontinuity, of
suitable characteristics and dimensions, in the
medium in which they are propagated. Any
good conductor meets this requirement, pro-
vided its dimensions are at least comparable
with the wavelength. The surface of the earth
also forms such a discontinuity, and waves are
readily reflected from the earth.

Refraction — Refraction of radio waves is
similar to the refraction of light; that is, the
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Fig. 901 — Represcntation of electrostatic and elec-
tromagnetic lines of force in a radio wave. Arrows indi-
cate instantaneous dircetions of the ficlds for a wave
traveling toward the reader. Reversing the dircction of
one set of lines would reverse the direction of travel.

wave is bent when moving obliquely into a re-
gion having a different refractive index from
that of the region it leaves. This bending results
because the velocity of propagation differs in
the two regions, so that the part of the wave-
front which enters first travels faster or slower
than the part which enters the new region last,
causing the wavefront to turn.

Diffraction — When a wave grazes the edge
of an object in passing, it is bent around the
object. This bending is called diffraction.

Ground and sky waves — Two types of
waves occur, one traveling along the surface
of the ground, the other traveling through the
atmosphere and having no contact with the
ground along most of its path. The former is
called the ground wave, the latter the sky wave.
The ground wave dies out rather rapidly but
the sky wave can travel great distances, espe-
cially on high frequencies (short wavelengths).

Field strength — The intensity of the elec-
trostatic field of the wave is called the field
strength at the point of measurement. It is
usually expressed in microvolts per meter, and
is equivalent to the voltage induced in a wire
one meter long placed with its axis parallel to
the direction of polarization.

q 9-2 The Ground Wave

Description — The ground wave is continu-
ously in contact with the surface of the earth
and, in cases where the distance of transmis-
sion makes the curvature of the earth impor-
tant, is propagated by means of diffraction,
with refraction in the lower atmospherc also
having some effect. The ground wave is prac-
tically independent of seasonal and day and
night effects at the higher frequencies (above
1500 ke.).

Polarization — A ground wave must be
vertically polarized because the electrostatic
field of a horizontally polarized wave would be
short-circuited by the ground, which acts as a
conductor at the frequencies for which the
ground wave is of most interest.

Ground characteristics and losses — The
wave induces a current in the ground in travel-
ing along its surface. If the ground were a per-
fect conductor there would be no loss of energy,
but actual ground has appreciable resistance,
so that the current flow causes some energy
dissipation. This loss must be supplied by
the wave, which is correspondingly weakened.
Hence, the transmitting range depends upon
the ground characteristies. Because sea water
is a good conductor, the range will be greater
over the ocean than over land. The losses in-
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crease with fequency, so that the ground wave
is rapidly attenuated at high frequencies and
above about 2 Mec. is of little importance ex-
cept in purely local communication.

Range of ground ware — At frequencies in
the vicinity of 2 Mec. the ground-wave range
is of the order of 200 miles over average land
and perhaps two or three times as far over
sea water, for a medium-power transmitter (500
watts or so) using a good antenna. At higher
frequencies the range drops off rapidly, and
above 4 Mec. the ground wave is useful only for
work over quite short distances.

q 9-3 The lonosphere

Description — Since a sky wave leaving the
transmitting antenna has to travel upward
with respect to the earth’s surface, it would
simply continue out into space if its path were
not bent sufficiently to bring it back to the
earth. The medium which causes such bending
is the tonosphere, a region in the upper atmos-
phere where free ions and electrons exist in
sufficient quantity to cause a change in the re-
fractive index. Ultraviolet radiation from the
sun is considered to be responsible for the ioni-
zation. The ionosphere is not a single region
but consists of a scries of “layers’’ which occur
at different heights, each layer consisting of a
central region of ionization which tapers off
in intensity both above and below.

Refraction, absorption, reflection — For a

given intensity of ionization, the amount of
refraction becomes less as the frequency of
the wave becomes higher (shorter wavelength).
The bending therefore is smaller at high than at
low frequencies, and if the frequency is raised
to a high-enough value the bending eventually
will become too slight to bring the wave back
to earth, even when it enters the ionosphere at
a very small angle to the “edge” of the ionized
zone. At this and higher frequencies long-dis-
tance communication becomes impossible.
- The greater the intensity of ionization, the
greater the bending on a given frequency. Thus
an increase in ionization increases the maxi-
mum frequency which can be bent sufficiently
for long-distance communication. The wave
loses some energy in the ionosphere, and this
energy loss increases with ionization density
and the wavelength. Unusually high ionization
may cause complete absorption of the wave
energy, especially when the ionization is high
in the lower regions of the ionosphere and be-
low the lowest normally useful layer. When the
wave is absorbed in the ionosphere it is no
more useful for communication than if it had
passed through without sufficient bending to
bring it back to earth.

In addition to refraction, reflection may take
place at the lower boundary of a layer if that
boundary is well-defined; i.e., if there is an
appreciable change in ionization within a rela-
tively short interval of distance. For waves
approaching the layer at or near the perpendic-
ular, the change in ionization must take place
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within a difference in height comparable to the
wavelength, hence reflection is more apt to
occur at longer wavelengths (lower frequencies).

Critical frequency — When the frequency is
low enough, a wave sent vertically upward to
the ionosphere will be bent sufficiently to re-
turn to the transmitting point. The highest
frequency at which this occurs, for a given
state of the ionosphere, is called the ecritical
Sfrequency. 1t serves as an index for transmis-
sion conditions, although it is not the highest
useful frequency since waves which enter the
ionosphere at smaller angles than 90 degrees
(vertical) will be bent sufficiently to return to
earth. The maximum usable frequency, for
waves leaving the earth at very small angles
to the horizontal, is in the vicinity of three
times the critical frequency.

Besides being directly observable, thecritical
frequency is of more practical interest than
the ionization density because it includes the
effects of absorption as well as refraction.

Virtual height — Although a layer is a re-
gion of considerable depth it is convenient to
assign to it a definite height, called the virtual
hetght. The virtual height is the height from

Fig. 902 — Showing bending in the ionosphere and the
echo or reflection method of determining virtual height.

which a pure reflection would give the same
effect as the refraction which actually takes
place. This is illustrated in Fig. 902. The wave
traveling upward is bent back over a path hav-
ing appreciable radius of turning, and a meas-
urable interval of time is consumed in the turn-
ing process. The virtual height is the height of a
triangle formed as shown, having equal sides of
a total length equivalent to the time taken for
the wave to travel from 7' to R.

The E layer — The lowest normally useful
layer is called the E layer. Its average height
(maximum ionization) is about 70 miles. The
ionization density is greatest around local
noon, and the layer is only weakly ionized at
night when the radration from the sun is not
present. This is because the air at this height
is sufficiently dense so that free ions and elec-
trons very quickly meet and recombine.

The F, F, and F, layers — The second prin-
cipallayeris the F, which is at a height of about
175 miles at night. In this region the air 1s so
thin that recombination of ions and electrons
takes place very slowly, since the particles can
travel relatively great distances before meeting.
The ionization decreases after sundown, reach-
ing & minimum just before sunrise. In the day-
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time the F layer splits into two layers, the Fy
and F2, at average virtual heights of about 140
miles for the F; and 200 miles for the Fg. These
are most highly ionized at about local noon,
and merge again at sunset into the F layer.

Seasonal effects — In addition to day and
night variations, there are also seasonal changes
in the ionosphere as the quantity of radiation
received from the sun changes. Thus the E
layer has higher critical frequencies in the sum-
mer (about 4 Mec., average, in daytime) than
in the winter, when the critical frequency is
near 3 Me. The F layer shows little variation,
the critical frequency being of the order of 4 to
5 Mc. in the evening. The Fylayer, which has a
critical frequency in the neighborhood of 5
Me. in summer, usually disappears in winter.
The critical frequencies are highest in the /s
layer in winter (11 to 12 Mec.) and lowest in
summer (around 7 Me.). The virtual height of
the F layer is also less in winter (about 185
miles) than in summer (average 250 miles).

In the spring and fall a transition period
occurs, and conditions in the ionosphere are
more variable at these times of the year.

Sunspot cycles — The critical frequencies
mentioned in the preceding paragraph are
mean values, since the ionization also varies
with the 1l-year sunspot cycle, being higher
during times of greatest sunspot activity. Criti-
cal frequencies are highest during sunspot
maxima and lowest during sunspot minima.
The E critical frequency does not change
greatly, but the ¥ and F. critical frequencies
change in a ratio of about 2 to 1.

Magnetic storms and other disturbances
— Unusual disturbances in the earth’s mag-
netic field (magnetic storms) usually are ac-
companied by disturbances in the ionosphere,
when the layers apparently break up and ex-
pand. Usually there is also an increase in ab-
sorption during such a period. Radio transmis-
sion is poor and there is a drop in critical fre-
quencies, so that lower frequencies must be
used. Such a storm may last for several days.

Unusually high ionization in the region of
the atmosphere below the normal ionosphere
may increase absorption to such an extent that
sky-wave transmission becomes impossible on
high frequencies. The length of such a disturb-
ance may be several hours, with a gradual fall-
ing off of transmission conditions at the begin-
ning and an equally gradual building up at the
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end of the period. Fadeouts, similar to the above
in effect, are caused by sudden disturbances on
the sun. Characterized by very rapid ioniza-
tion, with sky-wave transmission disappearing
almost instantly, they occur only during day-
light and do not last as long as the first type.

€ 9-4 The Sky Wave

Wave angle (angle of radiation) — The
smaller the angle at which the wave leaves
the earth, the smaller the bending required
in the ionosphere to bring it back and, in gen-
eral, the greater the distance between the point
where it leaves the earth and that at which it
returns (§ 9-3). This is shown in Fig. 903. The
vertical angle which the wave makes with a
tangent to the earth is called the wave angle or
angle of radiation, the latter term being used
more in connection with transmitting than
with receiving.

Skip distance — Since more bending is re-
quired to return the wave to earth when the
wave angle is high, it is found that at high fre-
quencies the refraction frequently is not great
enough to give the required bending unless
the wave angle is smaller than a certain angle,
called the critical angle. This is shown in Fig.
903, where wave angles A and lower give useful
signals but waves sent at higher angles travel
through the layer and do not return. The dis-
tance between T’ and R, is, therefore, the short-
est possible distance over which sky-wave com-
munication can be carried on. The arca be-
tween the end of the useful ground wave and
the beginning of sky-wave reception is called
the skip zone. The skip distance depends upon
the frequency and the state of the ionosphere,
and is greater the higher the transmitting fre-
quency and the lower the critical frequency
(§ 9-3). It depends also upon the height of the
layer in which the refraction takes place, the
higher layers giving longer distances.for the
same wave angle. The wave angles at the trans-
mitting and receiving points are usually,
although not necessarily, approximately the
same for a given wave path.

It is readily possible for the sky wave to
pass through the E layer and be refracted back
to earth from the F, F; or Fy layers. This is
because the critical frequencies are higher
in the latter layers, so that a signal too high in
frequency to be returned by the E layer can
still come back from the F3, Fs or F, depending

Fig. 903 — Refraction of sky waves,show-
ing the critical wave angle and the skip
zone. Waves leaving the transmitter at
angles above the critical (greater than A4)
are not hent enough to he returned to earth.
As the angle is increased, the waves return
to earth at increasingly greater distances.
Below a certain minimum anglc (less than
A) the waves do not ever return to earth.
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upon the time of day and the conditions exist-
ing. Depending upon the wave angle and the
frequency, it is also possible to carry on com-
munication via either the E or Fi-Fs layers on
the same frequency.

Multi-hop transmission — On returning to
carth the wave can be reflected (§9-1) up-
ward and travel again to the ionosphere, where
refraction once more takes place, again with
bending back to the earth. This process, which
can be repeated several times, is necessary for
transmission over great distances because of
the limited heights of the layers and the curva-
ture of the earth, since at the lowest useful
wave angles (of the order of a few degrees,
waves at smaller angles generally being ab-~
sorbed rapidly at high frequencies by being in
contact with the earth) the maximum one-hop
distance is about 1250 miles with refraction
from the E layer and around 2500 miles from
the /9 layer. Ground losses absorb some of the
energy from the wave on reflection, the amount
of loss varying with the type of ground and
being least for reflection from sca water. When
the distance permits it is better to have one
hop rather than several, since the multiple re-
flections introduce losses which are higher than
those caused by the ionosphere.

Fading — Two or more parts of the wave
may follow slightly different paths in traveling
to the receiving point, in which case the dif-
ference in path lengths will cause a phase
difference to exist between the wave compo-
nents at the receiving antenna. The field
strength therefore may have any value be-
tween the numerical sum of the components
(when they are all in phase) and zero (when
there are only two components and they are
exactly out of phase). Since the paths change
from time to time, this causes a variation in
signal strength called fading. Fading also can
result from the combination of single-hop

and multi-hop waves, or the combination of a .

ground wave and sky wave. The latter condi-
tion gives rise to an area of severe fading near
the limiting distance of the ground wave, better
reception being obtained at both shorter and
longer distances where one component or
the other is considerably stronger. Fading may
be rapid or slow, the former type usually re-
sulting from rapidly changing conditions in the
ionosphere, the latter occurring when trans-
mission conditions are relatively stable.

Fig. 904 — Multi-hop transmission,

showing two- and three-hop paths. A
high-angle wave may be reflected up-

ward from the ground and then re- <0
fracted again to appear at the receiving o‘\\'l‘?}
point, R (two-hop transmission). If the V \fl
angle of the wave is high enough, the

process may be repeated several times,
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€ 9-5 Very-High-Frequency
Propagation

Direct ray —In the very-high-frequency
portion of the spectrum (above 30 Mec.), the
bending of the waves in the normal ionosphere
layers is so slight that the sky wave (§ 9-4) docs
not ordinarily play any part in communica-
tion, The ground-wave (§ 9-2) range also is cx-
tremely limited, because of high absorption in
the ground at these frequencies. Normal v.h.f.
transmission is by means of a direct ray, or
wave traveling directly from the transmitter
to the receiver through the atmosphere. Since
the energy lost in ground absorption by a wave

T Direct wave R

Detlectes wave
EARTH

Fig. 905 — Showing how hoth direct and reflected waves
may be received simultaneously in v.h.f. transmission.

traveling close to the ground decreases very
rapidly with its height in wavelengths above
ground, a very-high-frequency wave can be
relatively close (in physical height) to the
ground without suffering the absorption effects
which would occur at the same physical heights
with longer wavelengths.

Since the wave travels practically in a
straight line, the maximum signal strength can
be obtained only when there is an unobstructed
atmospheric path between the transmitter and
receiver. This means that the transmitting and
receiving points should be sufficiently high to
provide such a path, and on long paths the
curvature of the earth as well as the interven-
ing terrain must be taken into account.

Reflected ray—In addition to the direct ray,
part of the wave strikes the ground between
the transmitter and receiver and is reflected
upward at a slight angle, producing a reflected-
ray component at the receiver. This is shown in
Fig. 905. The reflected ray is more or less out
of phase with the direct ray, hence the net
field strength at the receiving point is less
than that of the direct ray alone. The cancel-
ing effect of the reflected ray depends upon
the heights of the transmitter and receiver
above the point of reflection, the ground losscs
when reflection takes place, and the frequency,
decreasing with an increase in any of these.
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.

Atmospheric refraction — There is nor-
mally some change in the refractive index of
the air with height above ground, its nature
being such as to cause the waves to bend
slightly towards the ground. Where curvature
of the earth must be considered, this has the
effect of lengthening the distance over which
it is possible to transmit a direct ray. It is
convenient to consider the effect of this ‘“nor-
mal”’ refraction as equivalent to an increase in
the earth’s radius, in determining the trans-
mitting and receiving heights necessary to pro-
vide a clear path for the wave. The equivalent
radius, taking refraetion into aceount, is 4/3
the actual radius.

Range vs. height — The height required to
provide a clear path (“line of sight”’) over level
ground from an elevated transmitting point
to a receiving point on the surface, not includ-
ing the effect of refraction, is

d2
~1.51

where % is the height in feet and d the distance
in miles. Conversely, the line of sight distance
in miles for a given height in feet is equal to
1.23v/h. Taking refraction into account, this
equation becomes 1.41y/h. Fig. 906 gives the
answer directly when one quantity is knowp.

When transmitter and receiver both are ele-
vated, the maximum direct-ray distance to
ground level as given by the formulas ean be
determined separately for each. Adding to-
gether the two distances so obtained will give
the maximmum distance by whieh they can be
separated for direct-ray communication. This
is shown in Fig. 907.-
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Fig. 906 — Chart for determiuing line-of-sight distance
for v.h.f. transmission. The solid line includes effect of
refraction, while the dotted line is the optical distance.
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Fig. 907 — Method of determining total line-of-sight
distanece when hoth transmitter and receiver are ele-
vated, based on Fig. 906. Since only earth curvature is
taken into account in Fig. 906, irrcgularities in the
ground hetween the transmitting and receiving points
must be considered when computing each actunal path.

Diffraction — At distanees beyond the
direct-ray path the wave is diffracted around
the curvature of the ecarth. The diffracted
wave is attenuated very rapidly, so that be-
yond the maximum direct-ray distance the
signal strength decrcases considerably faster
with distanece than it does within the direct-
ray or line-of-sight path.

 9-6 Troposphere Refraction

Temperature inversions — The refractive
index of the lower atmosphere depends prin-
cipally upon the temperature, moisture con-
tent, and pressure. Of the three, only tempera-
ture differences cause a large enough change
in refractive index to refract very-high fre-
quency waves in such a way as to extend the
distance range beyond the normal direet-ray
and diffracted-wave ranges discussed in the
preeeding section. This occurs when there is a
“‘temperature inversion,’’ or a layer of warm
air over cooler air near the ground. Tempera-
ture inversions are relatively frequent in the
summer, and usually oceur at heights from s
few thousand feet to two miles or so above the
ground.,

Lower atmosphere bending — When there
is a sufficiently marked temperature inver-
sion, i.c., a rapid rise of temperature with
height, a wave is refracted back to carth in
much the same way as in the ionosphere, al-
though the cause of the change in refractive
index is diffcrent. The amount of bending is
small compared to the bending in the iono-
sphere. Consequently, the wave angle (§ 9-4)
must be quite low (zero or nearly so), but sinee
the bending takes plaee at a low altitude it is
possible to extend the range of v.h.f. signals
to several hundred miles when both transmitter
and receiver are well below the line of sight.

Fig. 908 illustrates the conditions existing
when the air is “normal” and when a tempera-
ture inversion is present. Sinee the bending
is relatively small it is advantageous to have
as much height as possible at both the receiv-
ing and transmitting points, even though these
heights may be considerably less than those
necessary for ‘‘line-of-sight’’ transmission.

Frequency effects — The amount of bend-
ing is greater at longer wavelengths (lower
frequeneies) but is not usually observed at fre-
quencies much below 28 Me., partly beeause it
is masked by other effects. The upper limit of
frequency at which useful bending ceases is
not known, but transmission by this means is
frequent on 56 and 112 Mec.
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¢ 9-7 Sporadic-E lonization

Description — Under certain  conditions
small regions or “patches’ of unusually dense
ionization may appear in the E layer of the
ionosphere, for reasons not yet clearly under-
stood. This is known as sporadic-E ionization,
and the change in refractive index in such a
patch or cloud frequently is great enough to
cause waves having frequencics as high as
60 Mc. to be bent back to earth. The dimen-
sions of a sporadic-E cloud are relatively small,
hence communication by means of it is re-
stricted to transmitting and receiving local-
ities so situated with respect to the cloud
and to each other that a refracted wave path
is possible.

The abnormal ionization usually disappears
in the course of a few hours. Sporadic-E ioniza-
tion is more frequent in the summer than in the
winter, and may occur at any time of the day
or night.

Transmission characteristics — Sporadic-E
refraction may take place at all frequencies
up to the region of 60 Mec. At the present time
there are no known cases of such refraction
on 112 Mec. When sporadic-E ionization is
present skip distance is greatly reduced (when
a wavepath via the cloud is possible to a given
receiving location) on the frequencies where
transmission normally is by means of the F, I,
and I layers; that is, from about 3.5 to 30 Mc.
at night. The skip zone may in fact disappear
entirely over most of the high-frequency
spectrum, since the critical frequencies may
rise to as high as 12 Me. for sporadic-E refrac-
tion.

At very-high frequencies the bending is rela-
tively small compared to lower frequencies, and
only wave angles of the order of 5 degrees
and less are useful in most cases. The trans-
mitting and receiving points thus must be
sufficiently distant from the cloud to enable
a wave leaving the transmitter at such angles
to strike it, and the cloud should be approxi-
mately on, and near the center of, the line
joining the transmitter and receiver. Unless the
ionization is extremely intense, the minimum

- Direct Ray
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Fig. 908 — lllustrating the eflfect of a temperature
inversion in extending the range of v.h.. signals,
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distance of transmission on 56 Mec. is of the
order of 800 miles and the maximum distance
about 1250 miles.

Multi-hop transmission by means of two
sporadic-E clouds properly situated with re-
spect to a transmitter and receiver is possible,
but rather rare. Distances up to 2500 miles or
so have been attained on 56 Mec. by this means.

 9-8 Optimum Wave Angles

One of the requirements in high-frequency
radio transmission is to send a wave to the
ionosphere in such a way that it will have the
best chance of being returned to earth. This is
chiefly a matter of the angle at which the wave
enters the layer, although in some cases polari-
zation may be of importance. Furthermore, the
desirable conditions may change considerably
with frequency.

The desirable conditions for waves of differ-
ent frequencies can be summarized as follows,
in terms of the various amateur bands:

1.75 Mc.— Low-angle radiation is indicated
for the longer distances. High-angle radiation
may cause fading toward the limit of the
ground-wave signal, because the downcoming
waves add in random phase to the ground
wave. Vertical polarization is to be preferred.

3.5 Mc.— As at 1.75 Mc., waves at all angles
of radiation usually will be reflected, so that no
energy is lost by high-angle radiation. However,
the lower-angle waves will, in general, give the
greatest distances. Polarization on this band is
not of great importance.

7 Mc. — Under most conditions, angles of ra-
diation up to about 45 degrees will be returned
to earth; during the sunspot maximum still
higher angles are useful. It is best to concen-
trate the radiation below 45 degrees. Polariza-
tion is not important, except that losses prob-
ably will be higher with vertical polarization.

14 Mec.~—For long-distance transniission,
most of the energy should be concentrated at
angles below about 20 degrees. Higher angles
are useful for comparatively short distances
(300-400 miles), although 30 degrees is about
the maximum useful angle. Aside from the
probable higher losses with vertical polariza-
tion, the polarization may be of any type.

28 Mc.— Anglesof 10 degrees orless are most
useful. As in the case of 14 Me., polarization is
not important.

56 Mc.— The lowest possible angle of radia-
tion is most useful for all types of transmission.
Vertical polarization has been chiefly used for
line-of-sight and lower atmosphere transmis-
sion, although horizontal polarization may be
slightly better for long distances. In any event,
the same polarization should be used at both
transmitter and receiver.

Higher frequencies — The relatively small
amount of data indicates that, as in the case of
56 Mc. optical and lower-atmosphere transmis-
sion, either horizontal or vertical polarization
may be used, so long as the same type is em-
ployed at both ends of the circuit.
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Antenna Systems

4 10-1 Antenna Properties

Wave propagation and antenna design —
For most effective transmission, the propaga-
tion characteristics of the frequeney under
consideration must be given due consideration
in selecting the type of antenna to use. These
have been discussed in Chapter Nine. On some
frequencies the angle of radiation and polariza-
tion may be of relatively little importance; on
others they may be all-important. On a given
frequeney, the particular type of antenna best
suited for long-distance transmission may not
be as good for shorter-range work as would a
different type.

The important properties of an antenna or
antenna system are its polarization, angle of
radiation, impedance, and directivity.

Polarization — The polarization of a
straight-wire antenna is its position with re-
spect to the carth. That is, a vertical wire
transmits vertically polarized waves and a
liorizontal antenna generates horizontally
polarized waves (§9-1). The wave from an
antenna in a slanting position contains both
vertical and horizontal components.

Angle of radiation — The wave angle
(§9-4) at which an antenna radiates best is
determined by its polarization, height above
ground, and the nature of the ground. Radia-
tion is not all at one well-defined angle, but
rather is dispersed over a more or less large
angular region, depending upon the type of
antenna. The angle is measured in a vertical
plane with respect to a tangent to the earth
at the transmitting point.

Iimpedance — The impedance (§ 2-8) of the
antenna at any point is the ratio of voltage to
current at that point. It is important in con-
nection with feeding power to the antenna,
since it constitutes the load resistance repre-
sented by the antenna. At high frequencies
the antenna impedance consists chiefly of ra-
diation resistance (§2-12). It is understood
to be measured at a eurrent loop (§ 2-12), un-
less otherwise specified.

Directivity — All antennas radiate more
power in certain directions than in others.
This characteristic, called directivity, must be
considered in three dimensions, since direc-
tivity exists in the vertical plane as well as in
the horizontal plane. Thus, the directivity of
the antenna will affect the wave angle as well
as the actual compass directions in which
maximum transmission takes place.

Current — The field strength produced by
an antenna is proportional to the current flow-

ing in it. Since standing waves generally are
present on an anteuna, the parts of the wire
carrying the higher current therefore have the
greatest radiating effect.

Power guin — The ratio of power required
to produce a given field strength, with a *“com-
parison” antenna, to the power required to
produce the same field strength with a specified
type of antenna is called the power gain of the
latter antenna. The term is used in connec-
tion with antennas intentionally designed to
have directivity, and the field is measured in
the optimum direction of the antenna under
test. The comparison antenna almost always ix
a half-wave antenna having the same polariza-
tion as the antenna under consideration. Power
gain usually is expressed in decibels (§ 3-3).

€ 10-2 The Half-Wave Antenna

Physical and electrical length — The fun-
damental form of antenna is a single wire
whose length is approximately equal to half
the transmitting wavelength. It is the unit
from which many more complex forms of an-
tennas are constructed. It is sometimes known
as a Hertz or doublet antenna.

The length of a half wave in space is:

492
Freq. (Me.)

The actual length of a half-wave antenna
will not be exaectly equal to the half wave
in space, but is usually about 5 per cent less
because of capacitance at the ends of the wire
(end effect). The reduction factor increases
slightly as the frequency is inereased. Under
average conditions the following formula will
give the length of a half-wave antenna to suffi-
cient accuracy for frequencies up to 30 Me.:

Length of half-wave antenna (feet) =
492 X 0.95 468
Freq. (Mc.) Freq. (Me.)

At 56 Mc. and higher frequencies the some-
what larger end effects cause a slightly greater
reduction in length, so that, for these higher
frequencies,

Length of half-wave antenna ( feet) =
492 X 0.94 _ 462
Freq. (Mc.) ~ Freq. (Mc.)’
5540
Freg. (df¢.)
Current and voltage distribution — When

power is fed to such an antenna the current and
voltage vary along its length (§ 2-12), The

Length (feet) = 1)

2)

(3)

or length (inches) = ‘(4)
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Fig. 1001 — Current and voltage distribution on a half-
wave antenna. Current is maximum in center, nearly
zero at ends. Voltage distribution is just the opposite.

distribution, which is practically a sine curve,
is shown in Fig. 1001. The current is maximum
at the center and nearly zero at the ends,
while the opposite is true of the r.f. voltage.
The current does not actually reach zero at the
current modes (§ 2-12), because of the end
effect; similarly, the voltage is not zero at its
node because of the resistance of the antenna,
which consists of both the r.f. resistance of the
wire (ohmic resistance) and the radiation re-
sistance (§ 2-12). Usually the ohmic resistance
of a half-wave antenna is small enough, in
comparison with the radiation resistance, to
be neglected for all practical purposes.

Impedance — The radiation resistance of a
half-wave antenna in free space — that is,
sufficiently removed from surrounding objects
so that they do not affect the antenna’s charac-
teristics —is 73 ohms, approximately. The
value under practieal conditions will vary with
the height of the antenna, but is commonly
taken to be in the neighborhood of 70 ohms. It
is pure resistance, and is measured at the center
of the antenna. The impedance is minimum at
the center, where it is equal to the radiation
resistance, and increases toward the ends
(§ 10-1). The actual value at the ends will
depend on a number of factors, such as the
height, the physical construction, and the posi-
tion with respect to ground.

Conductor size — The impedance of the
antenna also depends upon the diameter of the
conductor in relation to its length. The figures
above are for wires of practicable sizes. If the
diameter of the conductor is made large, of the
order of 1 per cent or more of the length, the
impedance at the center will be raised and the
impedance at the ends decreased. This increase
in center impedance (of the order of 50 per cent
for a diameter/length ratio of 0.025) is accom-
panied by a decrease in the Q (§ 2-10, 2-12) of
the antenna, so that the resonance curve is less
sharp. Hence, the antenna is capable of work-
ing over a wider frequency range. This effect
is greater as the diameter/length ratio is in-
creased, and is a property of some importance
at the very-high frequencies where the wave-
length is small. 5

Radiation characteristics — The radia-
tion from a half-wave antenna is not uniform
in all directions but varies with the angle
with respect to the axis of the wire. It is most
intense in directions at right-angles to the wire
and zero along the direction of the wire it-
self, with intermediate values at intermediate
angles. Thisis shown by the sketch of Fig. 1002,
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which represents the radiation pattern in free

- space. Therelative intensity of radiation is pro-

portional to the length of a line drawn from the
center of the figure to the perimeter. If the an-
tenna is vertical, as shown in the figure, then
the field strength (§ 9-1) will be uniform in all
horizontal directions; if the antenna is hori-
zontal, the relative field strength will depend
upon the direction of the receiving point with
respect to the direction of the antenna wire.

 10-3 Ground Effects

Reflection — When the antenna is near the
ground the free-space pattern of Fig. 1002
is modified by reflection of radiated waves
from the ground, so that the actual pattern is
the resultant of the free-space pattern and
ground reflections. This resultant is dependent
upon the height of the antenna, its position or
orientation with respect to the surface of the
ground, and the electrical characteristics of the
ground. The reflected waves may be in such
phase relationship to the directly radiated
waves that the two completely reinforce each
other, or the phase relationship may be such
that complete cancellation takes place. All
intermediate values also are possible. Thus, the
effect of a perfectly reflecting ground is such
that the original free-space field strength may
be multiplied by a factor which has a maximum
value of 2, for complete reinforcement, and
having all intermediate values to zero, for
complete cancellation. Since waves are always
reflected upward from the ground (assuming
that the surface is fairly level), these reflections
only affect the radiation pattern in the vertical
plane — that is, in directions upward from the
earth’s surface —and not in the horizontal
plane, or the usual geographical directions.

Fig. 1003 shows how the multiplying factor
varies with the vertical angle for several
representative heights for horizontal antennas.
As the height is increased the angle at which
complete reinforcement takes place is lowered,
until for a height equal to one wavelength it
occurs at a vertical angle of 15 degrees. At still
greater heights, not shown on the chart, the
first maximum will oceur at still smaller angles.

When the half-wave antenna is vertical the
maximum and minimum points in the curves
of Fig. 1003 exchange positions, so that the
nulls become maxima, and vice versa, In this

Fig. 1002 — The free-space radiation pattern of a half-
wave antenna, The antcnna is shown in the vertical
position, This is a cross-section of the solid pattern de-
scribed by the figure when rotated on its vertical axis.
The “doughnut” form of the solid pattern can be more
easily visualized by imagining the drawing glued to a
piece of cardboard, with a short length of wire fastened
on it torepresent the antenna. Twirling the wire will give
a visual representation of the solid radiation pattern,
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case, the height is taken as the distunce from
ground to the center of the antenna.
Radiation angle — The vertical angle, or
angle of radiation, is of primary importance,
especially at the higher frequencies (§ 9-4, 9-5).
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Fig. 1003 — Effect of ground on radiation of horizontal

antennas at vertical angles for four antenna heights.
This chart is based on perfectly conducting ground.

1t is advantageous, therefore, to erect the an-
tenna at a height which will take advantage of
ground reflection in such a way as to reinforce
the space radiation at the most desirable angle.
Since low radiation angles usually are desirable,
this generally means that the antenna should
be high — at least 15 wavelength at 14 Mec.,
and preferably 3{ or 1 wavelength; at least 1
wavelength, and preferably higher, at 28 Mec.
and the very-high frequencies. The physical
height decreases as the frequency is increased,
so that good heights are not impracticable; a
half wavelength at 14 Mec. is only 35 feet, ap-
proximately, while the same height represents
a full wavelength at 28 Mc. At 7 Mc. and lower
frequencies the higher radiation angles are ef-
fective, so that again a reasonable antenna
height is not difficult of attainment. Heights
between 35 and 70 feet are suitable for all
bands, the higher figures generally being pre-
ferable where circumstances permit their use.

Imperfect ground — Fig. 1003 is based on
ground having perfect conductivity, which is
not met with in practice. The principal effect of
actual ground is to make the curves inaccurate
at thelowest angles; appreciable high-frequency
radiation at angles smaller than a few degrees
is practically impossible to obtain at heights of
less than several wavelengths. Above 15 de-
grees, however, the curves are accurate enough
for all practical purposes, and may be taken as
indicative of the sort of result to be expected
at angles betwcen 5 and 15 degrees.

The effective ground plane — that is, the
plane from which ground reflections can be
considered to take place — seldom is the actual
surface of the ground but is a few feet below
it, depending upon the character of the soil.
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Impedance — Waves which are reflected
directly upward from the ground induce a
current in the antenna in passing, and, depend-
ing on the antenna height, the phase relation-
ship of this induced current to the original
current may be such as either to increase or
decrease the total current in the antenna. For
the same power input to the antenna, an in-
crease in current is equivalent to a decrease in
impedance, and vice versa. Hence, the im-
pedance of the antenna varies with height.
The theoretical curve of variation of radiation
resistance for an antenna above perfectly
reflecting ground is shown in Fig. 1004. The
impedance approaches the free-space value as
the height becomes large, but at low heights
may differ considerably from it.

Choice of polarization — Polarization of
the transmitting antenna is generally unimpor-
tant on frequencies between 3.5 and 30 Mec.
However, the question of whether the antenna
should be installed in a horizontal or vertical
pesition deserves consideration for other rea-
sons. A vertical half-wave antenna will radi-
ate equally well in all horizontal directions, so
that it is substantially non-directional, in the
usual sense of the word. If installed horizon-
tally, however, the antenna will tend to show
directional effects, and will radiate best in the
direction at right angles, or broadside, to the
wire. The radiation in such a case will be least
in the direction toward which the wire points.
This can be readily scen by imagining that Fig.
1002 is lying on the ground, and that the pat-
tern is looked at from above.

The vertical angle of radiation also will be
affected by the position of the antenna. If it
were not for ground losses at high frequencies,
the vertical half-wave antenna would be pre-
ferred because it would concentrate the radia-
tion horizontally. In practice, however, this
theoretical advantage over the horizontal an-
tenna is of little or no consequence.

At 1.75 Mec., vertical polarization will give
more low-angle radiation, and hence is better
for long-distance transmission; at this fre-
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Fig. 1004 — Theoretical curve of variation of radiation
resistance for a half-wave horizontal antenna, as a
function of height above perfectly reflecting ground.
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quency the ground wave also is useful, and must
be vertically polarized. On very-high frequen-
cies, direct-ray and lower troposphere trans-
mission require the same type of polarization
at both receiver and transmitter, since the
waves suffer no appreciable change in polariza-
tion in transmission (§ 9-5, 9-6). Either vertical
or horizontal polarization may be used, the
latter being slightly better for longer distances.

Effective radiation patterns — In deter-
mining the radiation pattern it is necessary to
consider radiation in both the horizontal and
vertical planes. When the half-wave antenna is
vertical, the vertical angle of radiation chosen
does not affect the shape of the horizontal pat-
tern, but only its relative amplitude. When the
antenna is horizontal, however, both the shape
and amplitude are dependent upon the angle of
radiation chosen.

Fig. 1005 — Tllustrating the im-
portance of vertical angle of <
radiatiou in determining an-

tenna directional effeets. Ground
reflection is neglected in this 8
drawing of the free-space field
pattern of a horizontal antenna.

i

Fig. 1005 illustrates this point. The “free-
space” pattern of the horizontal antenna
shown is a section cut vertically through the
solid pattern. In the direction O4, horizontally
along the wire axis, the radiation is zero. At
some vertical angle, however, represented by
the line OB, the radiation is appreciable,
despite the fact that this line runs in the same
geographical direction as OA. At some higher
angle, OC, the radiation, still in the same geo-
graphical direction, is still more intense. The
effective radiation pattern therefore depends
upon which angle of radiation is most useful,
and for long-distance transmission is dependent
upon the conditions existing in the ionosphere.
These conditions may vary not only from day
to day and hour to hour, but even from minute
to minute. Obviously, then, the effective direc-
tivity of the antenna will change along with
transmission conditions.

At very-high frequencies, where only ex-
tremely low angles are useful for any but
sporadic-E transmission (§ 9-7), the effective
radiation pattern of the antenna approaches
the free-space pattern. A horizontal antenna
therefore shows more marked directive effects
than it does at lower frequencies, on which high
radiation angles are effective.

Theoretical horizontal-directivity patterns
for half-wave horizontal antennas at vertical
angles of 9, 15, and 30 degrees (representing
average useful angles at 28, 14 and 7 Mec.
respectively) are given in Fig. 1006. At inter-
mediate angles the values in the affected re-
gions also will be intermediate. Relative field
strengths are plotted on a decibel scale (§ 3-3),
so that they represent as nearly as possible the
actual aural effect at the receiving station.

Fig. 1006 — Horizontal pattern of a horizontal half-
wave antenna at three vertical radiation angles. The
solid line is relative radiation at 15 degrees. Dotted lines
show deviation from the 15-degree pattern for angles of
9 and 30 degrees. The patterns are useful for shape only,
since the amplitude will depend upon the height of the

tenna above ground and the vertical angle considered.
?Lc patterns for all three angles have been proportioned
to the same seale, but this does not mean that the maxi-
mum amplitudes necessarily will be the same. The arrow
indicates the direction of the horizontal antenna wire.

€ 10-4 Applying Power to the Antenna

Direct excitation — When power is trans-
ferred directly from the source to the radiating
antenna, the antenna is said to be directly
excited. While almost any coupling method
(§ 2-11) may be used, those most commonly
employed are shown in Fig. 1007. Power usu-
ally is fed to the antenna at either a current or
voltage loop (§ 10-2). If power is fed at a cur-
rent loop, the coupling method is called current
feed; if at a voltage loop, the method is called
vollage feed.
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Fig. 1007 — Methods of directly exciting the half-wave
antenna. A, current feed, series tuning; B, voltage feed,
capacity coupling; C, voltage fced; with an inductively
coupled antenna tank. In A, the coupling circuit is not
included in the effective electrical length of the antenna.
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Current feed — This method is shown
in Fig. 1007-A. The antenna is cut at the center
and a small coil coupled to the output tank cir-
cuit of the transmitter, with adjustable cou-
pling so that the transmitter loading can be
controlled. Since the addition of the coil
‘‘loads’’ the antenna, or increases its effective
length because of the additional inductance,
the series condensers, Cy and C», are used to
provide electrical means for reducing the
length to its original unloaded value; in other
words, their capacitive reactance serves to can-
cel the effect of the inductive reactance
of the coil (§ 2-10).

Voltage feed — In Fig. 1007, at B and C
the power is introduced into the antenna at a
point of high voltage. In B, the end of the an-
tenna is coupled to ‘the output tank circuit
through a small condenser, C; in C, a separate
tank circuit, connected directly to the an-
tenna, is used. This tank is tuned to the trans-
mitter frequency, and should be grounded at
one end or at the center of the coil, as shown.

Adjustment of coupling — Methods of
tuning and adjustment of direct-feed systems
correspond to those used with transmission
lines, which are discussed in § 10-6.

Disadvantages of direct excitation — Di-
rect excitation seldomn is used except on the
lowest amateur frequencies, because it involves
bringing the antenna proper into the operating
room and hence into close relationship with
the house and electric wiring. This usually
means that some of the power is wasted in
heating poor conductors in the field of the an-
tenna. Also, it often means that the shape of
the antenna must be distorted, so that the ex-
pected directional effects are not realized, and
likewise that the height will be limited. For
these reasons, in high-frequency work prac-
tically all amateurs use transmission lines or
feeder systems, which permit placing the an-
tenna in a desirable location.

€ 10-5 Transmission Lines

Requirements — A transmission line is used
to transfer power, with a minimum of loss,
from its source to the device in which the power
is to be usefully expended. At radio frequen-
cies, where every wire carrying r.f. current
tends to radiate energy in the form of electro-
magnetic waves, special design is necessary to
minimize radiation and thus cause as much of
the "power as possible to be delivered to the
receiving end of the line.

Radiation can be minimized by using a line
in which the current is low, and by using two
conductors carrying currents of equal magni-
tudes but opposite phase so that the fields
about the conductors cancel each other. For
good cancellation of radiation, the two conduc-
tors should be kept parallel and quite close to
each other,

Types — The most common form of trans-
mission line consists of two parallel wires,
maintained at a fixed spacing of two to six
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inches by insulating spacers or spreaders
placed at suitable intervals (open-wire line). A
second type consists of rubber-insulated wires
twisted together to form a flexible line, without
spacers ({wisted-pair line). A third uses a wire
inside of and coaxial with a tubing outer con-
ductor, separated from the outer conductor by
insulating spacers or ““beads’’ at regular inter-
vals (coazial or conceniric line). A variation of
this type uses solid rubber insulation between
the inner and outer conductors, the latter usu-
ally being made of metal braid rather than of
solid tubing, so that the line will be flexible.
Still another type of line uses only a single
wire, without a second conductor (single-wire
Jeeder); in this type, radiation is minimized by
keeping the line current low.

Spacing of two-wire lines — The spacing
between the wires of an open-wire line should
be small in comparison to the operating wave-
length, to prevent appreciable radiation. It is
impracticable to make the spacing too small,
however, because when the wires swing with
respect to each other in a wind the line con-
stants (§ 21-2) will vary, and thus cause a
variation in tuning or loading on the transmit-
ter. It is also desirable to use as few insulating
spacers as possible, to keep the weight of the
line to a minimum. In practice, a spacing of
about six inches is used for 14 Mec. and lower
frequencies, with four- and two-inch spacings
being common on the very-high frequencies.

Balance to ground — For maximum can-
cellation of the fields about the two wires, it
is necessary that the currents be equal in
amplitude and opposite in phase. Should the
capacity or inductance per unit length in one
wire differ from that in the other, this condition
cannot be fulfilled. Insofar as the line itself is
concerned, the two wires will have identical
characteristics only when the two have exactly
the same physical relationships to ground and
to other objects in the vicinity. Thus, the line
should be symmetrically constructed and the
two wires should be at the same height. Line
unbaiance can be minimized by keeping the
line as far above the ground and as far from
other objects as possible.

X X

Fig. 1008 — 'T'ransposing a two-wire open transmission
line preserves balance to ground and to near-by objects.

To overcome unbalance the line sometimes
is transposed, which means that the positions
of the wires are interchanged at regular inter-
vals (Fig. 1008). This procedure is more helpful
on long than on short lines, and usually need
not be resorted to for lines Icss than a wave-
length or so long.

Characteristic impedance — The square
root of the ratio of inductance to capacity
per unit length of the line is called the charac-
teristic or surge impedance. It is the impedance
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which a long line would present to an electrical
impulse induced in the line, and is important
in determining the operation of the line in
conjunction with the apparatus to which it is
connected.
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Fig. 1009 — Chart showing the characteristic imped-
ances of typical spaced-conductor transmission lines.

The characteristic impedance of air-insu-
lated transmission lines may be calculated from
the following formulas:

Parallel-conductor line:

Z = 276 log % (5)
where Z is the surge impedance, b the spacing,
center to center, and a the radius of the con-
ductor. The quantities b and @ must be meas-
ured in the same units (inches, ete.). Surge
impedance as a function of spacing for lines
using conductors of different sizes is plotted in
chart form in Fig. 1009.

Coazial or concentric line:
(6)

where Z again is the surge impedance. In this
case, b is the inside diameter (not radius) of
the outer conductor and a is the outside diam-
eter of the inner conductor. The formula is true
for having air as the dielectric, and approxi-
mately so for a line having ceramic insulators
so spaced that the major proportion of the in-
sulation is air.

The surge impedance for typical concentric
lines using various sizes of conductors is given
in Fig. 1010.

When a solid insulating material is used be-
tween the conductors, because of the increase
in line capacity the impedance decreases by
the factor 1/4+/K, where K is the dielectric
constant of the insulating material.

The impedance of a single-wire transmission
line varies with the size of the conductor, its

7 = 138 log 2.
a
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height above ground, and its orientation with
respect to ground. An average figure is about
500 ohms.

Electrical length — The electrical length
of a line is not exactly the same as its physical
length, for reasons corresponding to those
causing end effect in antennas (§ 10-2). Spac-
ers used to separate the conductors have dielec-
tric constants larger than that of air, so that
the waves do not travel quite as fast along a
line as they would in air. The lengths of electri-
cal quarter waves of various types of lines can
be calculated from the formula:

246 XV

Length (feet) = m

)

where V depends upon the type of line. For
lines of ordinary construction, V" is as follows:

Parallel-wire line V = 0.975
Parallel-tubing line V = 0.95
Concentricline (air-insulated) V = 0.85
Concentric line (rubber-insu-

lated) V = 0.56-0.65

Twisted pair

Input and output ends — The input end
of a line is that connected to the source of
power; the output end is that connected to the
power-absorbing device. When a line connects
a transmitter to an antenna, the input end is
at the transmitter and the output end at the
antenna; with the same line and antenna con-
nected to a receiver, however, the energy flows
from the antenna to the receiver, hence the
input end of the line is at the antenna and the
output end at the receiver.

Standing-wave ratio— The lengths of
transmission lines used at radio frequencies
are of the same order as the operating wave-
lengths, and therefore standing waves of cur-
rent and voltage may appear on the line
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Fig. 1010 — The characteristic impedances of typical
concentric lines. Tubing sizes are outside diameters.
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(§ 2-12). The ratio of eurrent (or voltage) at
a loop to the value at a node (standing-wave
ratio) depends upon the ratio of the resistanee
of the load connected to the output end of the
line (its fermination) to the characteristic im-
pedance of the line itself. That is,

Z, Z.
Standing-wave ratio = — or — (8)
Z: Z,

where Z, is the characteristic impedance of the
line and Z; is the terminating resistance. Z, is
generally called an impedance, although it
must be non-reactive and therefore must cor-
respond to a pure resistance for the line to
operate as described. This means that, when
the load or termination is an antenna, it must
be resonant at the operating frequency.

The formula is given in two ways because it
is customary to put the larger number in the
numerator, so that the ratio will not be frac-
tional. As an example, a 600-ohm line termi-
nated in a resistance of 70 ohms will have a
standing wave ratio of 600/70, or 8.57. The
ratio on a 70-ohm line terminated in a resist-
ance of 600 ohms would be the same. This
means that, if the current as measured at a
node is 0.1 ampere, the current at a loop will be
0.857 ampere.

A line terminated in a resistance equal to its
characteristic impedance is equivalent to an
infinitely long line; consequently there is no
reflection, and no standing waves appear.
The standing wave ratio therefore is 1. The
input end of such a line appears as a pure re-
sistance of a value equal to the characteristic
impedance of the line.

Reactance, resistance, impedance — The
input end of a line may show reactance as well
as resistance, and the values of these quantities
will depend upon the nature of the load at the
output end, the electrical length of the line,
and the line characteristic impedance. The
reactance and resistance are important in
determining the method of coupling to the
source of power. Assuming that the load at the
output end of the line is purely resistive, which
is essentially the case since the load circuit is
usually tuned to resonance, a line less than a
quarter wavelength long electrically will show
inductive reactance at its input terminals when
the output termination is less than the charac-
teristic impedance, and capacitive reactance
when the termination is higher than the
characteristic impedance. If the line is more
than a quarter wave but less than a half wave
long, the reverse conditions exist. With still
.donger lengths, the reactance characteristics
reverse in cach succeeding quarter wavelength.
The input imnpedance is purely resistive if the
line is an exact multiple of a quarter wave in
length. The reactance at intermediate lengths
is higher the greater the standing-wave ratio,
being zero for a ratio of 1.

Impedance transformation — Regardless
of the standing-wave ratio, the input imped-
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ance of a line a half-wave long electrically will
be equal to the impedance connected at its
output end; the same thing is true of a line any
integral multiple of a half-wave in length.
Such a line can be considered to be a one-to-one
transformer. However, if the line is a quarter-
wave (or an odd multiple of a quarter-wave)
long, the input impedance will be equal to

z2
Z = —
Z

where Z, is the characteristic impedance of the
line and Z, the impedance connected to the out-
put end. A quarter-wave line can. therefore,
be used as an impedance transformer, and by
suitable selection of constants a wide range
of input impedance values can be obtained.
Furthermore, the impedance measured be-
tween the two conductors anywhere along the
line will vary between the two end values, so
that any intermediate impedance value can
be selected. This is a particularly useful prop-
erty, since a quarter-wave line can be short-
circuited at one end (§2-12) and used as a
linear transformer with an adjustable imped-
ance ratio.

Losses — Air-insulated lines’ operate at
quite high efficiency. Parallel-conductor lines
average 0.12 to 0.15 db. (§ 3-3) loss per wave-
length of line. These figures hold only if the
standing-wave ratio is 1. The losses increase
with the standing-wave ratio, rather slowly up
to a ratio of 15 to 1, but rapidly thereafter. For
standing-wave ratios of 10 or 15 to 1, the in-
crease is inconsequential provided the line is
well balanced.

Concentri¢c lines with air insulation are
excellent when dry, but losses increase if there
is moisture in the line. Provision should be
therefore made for making such lines air-
tight, and they should be thoroughly dry when
assembled. This type of line has the least
radiation loss. The small lines (34-inch outer
conductor) should not be used at high volt-
ages; hence, it is desirable to keep the standing-
wave ratio down.

Good quality rubber-insulated lines, both
twisted pair and coaxial, average about 1 db.
loss per wavelength of line. At the higher
frequencies, therefore, such lines should be
used only in short lengths if losses are impor-
tant. These lines have the advantages of com-
pactness, ease of installation, and flexibility.
Ordinary lamp eord has a loss of approximately
1.4 db. per wavelength when it is dry, but its
losses become excessive when wet. The parallel
moulded-rubber type is best from the stand-
point of withstanding wet weather. The char-
acteristic impedance of lamp cord is between
120 and 140 ohms.

The loss in db. is directly proportional to the
length of theline. Thus, a line which has a loss
of 1 db. per wavelength will have an actual loss
of 3 db. if the line is three wavelengths long. In
the case of line losses, the length is not ex-
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pressed in terms of electrical length but in
physical length; that is, a wavelength of line,
in feet, is equal to 984/frequency (Mec.) for
computing loss. This permits a direct compari-
son of lines having the same physical length.
The electrical lengths, of course, may differ
considerably.

Resonant and non-resonant lines — Lines
are classified as resonant or non-resonant, de-
pending upon the standing-wave ratio. If the
ratio is near 1, the line is said to be non-
resonant. Reactive effects will be small, and
consequently no special tuning provisions need
be made for canceling them (§2-10) even
when the line length is not an exact multiple
of a quarter wavelength. If the standing-wave
ratio is fairly large, the input reactance must
be canceled or ‘“tuned out’ unless the line is
a multiple of a quarter wavelength, and the
line is said to be resonant.

¢ 10-6 Coupling to Transmission Lines

Requirements — The coupling system be-
tween a transmitter and the input end of a
transmission line must provide means for
adjusting the load on the transmitter to the
proper value (impedance matching), and for
tuning out any reactive component that may
be present (2-9, 2-10, 2-11). The resistance and
reactance considered are those present at the
inpul end of the line, and hence have nothing
to do with the antenna itself except insofar as
the antenna load may affect the operation of
the line (§ 10-5).

Untuned coil — One of the simplest sys-
tems, shown in Fig. 1011-A, uses a coil of a
few turns tightly coupled to the plate tank
coil. Since no provision is made for tuning,
this system is suitable only for non-resonant
lines which show practically no reactance at
the input end. Loading on the transmitter may
be varied by varying the coupling between the
tank inductance and the pick-up coil, as it is
frequently called, or by changing the number
of turns on the pick-up coil. A slight amount
of reactance is coupled into the tank circuit by
the pick-up coil, since the flux leakage (§2-11)
is high, so that some slight retuning of the
plate tank condenser may be necessary when
the load is connected.

Taps on tank circuit — A method suitable
for use with open-wire lines is shown in Tig.
1011-B, where the line is tapped on a balanced
tank circuit with taps equidistant from the
center or ground point. This symmetry is
necessary to maintain line balance to ground
(§ 10-5). Loading is increased by moving the
taps outward from the center. Any reactance
present may be tuned out by readjustment of
the plate tank condenser, but this method is
not suitable for large values of reactance and
therefore direct tapping is best confined to use
with non-resonant lines.

Adjustment of untuned systems — Ad-
justment of either of the above systems is quite
simple, Starting with loose coupling, apply
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power to the transmitter, and adjust the
plate tank condenser for minimum plate cur-
rent. If the current is less than the desired load
value, increase the coupling and again resonate
the plate condenser. Continue until the desired
plate current is obtained, always keeping the
plate tank condenser at the setting which gives
minimum current.

Pi-section coupling — A coupling system
which is electrically equivalent to tapping on
the tank circuit, but using a capacity voltage
divider in the plate tank circuit for the pur-
pose, is shown in Fig. 1011-C. Since one side
of the condenser across which the line is con-
nected is grounded, some unbalance will be
introduced into the transmissicn line. This
method is used chiefly with low-power portable
sets, because it is readily adjustable to meet
a fairly wide range of impedance values. A
single-ended amplifier, using either a screen-
grid tube or a grid-neutralized triode (§ 4-7), is
required, since the plate tank circuit is not
balanced. Coupling is adjusted by varying C,,
re-resonating the circuit each time by means of
(2 until the desired amplifier plate current is
obtained. In general, the coupling will increase
as (1 is made smaller with respect to (", Rela-
tively large-capacity condensers are required
to give a suitable impedance-matching range
while maintalning resonance.

Pi-section filter — The coupling circuit
shown in Fig. 1011-D is a low-pass filter capa-
ble of coupling between a fairly wide range of °
impedances. The method of adjustment is as
follows: First, with the filter disconnected from
the transmitter tank, tune the transmitter tank
to resonance, as evidenced by minimum plate
current. Then, with trial settings of the clips
on L; and Lo (few turns for high frequencies,
more for lower), tap the input clips on the final
tank coil at points equidistant from the center,
so that about half the coil is included between
them. A balanced tank circuit must be used.
Set Cq at about half scale, apply power, and
rapidly rotate Cp until the plate current drops
to minimum. If this minimum is not the de-
sired full-load plate current, try a new setting
of C2 and repeat. If, for all settings of Cg, the
plate current is too high or too low, try new
settings of the tapson Lj and Lg, and also of the
taps on the transmitter tank. Do not touch
the tank condenser during these adjustments.
When, finally, the desired plate current is ob-
tained, set C; carefully to the exact minimum
plate-current point. T'his adjustment is tmpor-
tant in mintmizing harmonic outpul.

With some lengths of resonant lines, particu-
larly those which are not exact multiples of a
quarter wavelength, it may be difficult to get
proper loading with the pi-section coupler.
Usually antennas of these lengths also will be
difficult to feed with other systems of coupling,
as well. In such cases, the proper output load-
ing often can be obtained by varying the L/C
ratio of the filter over a considerably wider
range than is necessary for normal loads.
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Series tuning — When the input impedance
of the line is low, the coupling method shown
in Fig. 1011-E may be used. This system,
known as series tuming, places the coupling
coil, tuning condensers and load all in series,
and is particularly suitable for use with reso-
nant lines when a current loop appears at the
input end. As shown, two tuning condensers
are used, to keep the line balaneed to ground.
However, one will suffice, the other end of the
line being connected directly to the end of Lj.

The tuning procedure with series tuning is as
follows: With ("} and Cz at minimum capaceity,
couple the antenna eoil, L, loosely to the
transmitter output tank coil, and observe the
plate current. Then inerease 'y and 'y simul-
taneously until a setting is reached which gives
maximum plate current, indicating that the
antenna system is in resonance with the trans-
mitting frequency. Readjust the plate tank
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condenser to minimum plate current. This is
necessary bhecause tuning the antenna circuit
will have some effect on the tuning of the plate
tank. The new minimum plate current will he
higher than with the antenna system detuned,
but should still be well below the rated value
for the tube or tubes. Increase the eoupling be-
tween L) and Lg by a small amount, readjust
C; and C: for maximum plate current, and
again set the plate tank condenser to mini-
mum. Continue this process until the mini-
mum plate current is equal to the rated plate
current for the amplifier. Always use the de-
gree of coupling hetween L) and Ls which will
just bring the amplifier plate eurrent to rated
value when Ci and C3 pass through resonance.
The r.f. ammeters should indicate maximum
feeder current at the resonance setting; these
meters are not strictly necessary, but are useful
in indicating the relative power output.
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Fig. 1011— Methods of coupling the transmitter ontput to the transmission line. Application, circuit values
and adjustment are discussed in the text. The coupling condensers, C, are fixed blocking condensers used to
isolate the transmitter plate voltage from the antenna. Their capacity is not critical, 500 ppfd. to 0.002 pfd.
being satisfactory values, but their voltage rating should at lcast equal the plate voltage on the final stage.
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Parallel tuning — When the line has high
input impedance, the use of parallel tuning, as
shown in Fig. 1011-F, is required. Here the
coupling coil, tuning condenser and line all are
in parallel, the load represented by the line be-
ing directly across the tuned coupling circuit.
If the line is non-reactive, the coupling circuit
will be tuned independently to the transmitter
frequency; line reactance can be compensated
for by tuning of C) and, if necessary, adjust-
ment of L; by means of taps. Parallel tuning
is suited to resonant lines when a voltage loop
appears at the input end.

The tuning procedure is quite similar to
that with series tuning. Find the value of
coupling between L; and Ly which will bring
the plate current to the desired value as Cj is
tuned through resonance. Again, a slight read-
justment of the amplifier tank condenser may
be necessary to compensate for the effect of
coupled reactance.

Link coupling — Where tuning of the cir-
cuit connected to the line is necessary or
desirable, it is possible to separate physically
the line-tuning apparatus and the plate tank
circuit by means of link coupling (§2-11).
This is often convenient from a constructional
standpoint, and has the advantage that, with
proper construction, there will be somewhat
less harmonic transfer to the antenna, since
stray capacity coupling is lessened with the
smaller link coils,

Figs. 1011-G and H show a method which
can be considered to be a variation of Fig.
1011-B. The first (G) is suitable for use with a
single-ended plate tank, the second (H) for a
balanced tank. The auxiliary tank on which
the transmission line is tapped may have ad-
justable inductance as well as capacity, to pro-
vide a wide range of reactance variation for
compensating for line reactance. The center of
the auxiliary tank inductance may be grounded,
if desired. The link windings should be placed
at the grounded parts of the coils, to reduce
capacity coupling and consequent harmonic
transfer. With this inductively coupled system,
the loading on the auxiliary tank circuit in-
creases as the taps are moved outward from the
center, but, since this decreases the Q@ of the
circuit, the coupling to the plate tank simul-
taneously decreases (§ 2-11). Hence, a2 compro-
mise adjustment giving proper loading must
be found in practice. Loading also may be
varied by changing the coupling hetween one
link winding and its associated tank coil;
either tank may be used for this purpose. When
the auxiliary tank is properly tuned to com-
pensate for line reactance, the plate tank tun-
ing will be practically the same as with no load;
hence, the plate tank condenser need be re-
adjusted only slightly to compensate for the
small reactance introduced by the link.

Link coupling also may be used with series
and parallel tuning, as shown in Figs. 1011-I
and J. The coupling between one link and its
associated coil may be made variable, to give
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the same effect as changing the coupling be-
tween the plate tank and antenna coils in the
ordinary system. The tuning procedure is the
same as described above for series and parallel
tuning. In the case of single-ended tank cir-
cuits the input link is coupled to the grounded
end of the tank ceil, as in Fig. 1011-G.

Circuit values — The values of inductance
and capacity to use in the antenna coupling
system will depend upon the transmitting fre-
quency, but are not particularly critical. With
series tuning (Fig. 1011-E, I), the coil may
consist of a few turns of the same construction
as is used in the final tank; average values will
run from one or two turns at very-high frequen-
cies to perhaps 10 or 12 at 1.75 Mec. The number
of turns preferably should be adjustable so that
the inductance can be changed should it not
be possible to reach resonance with the con-
densers used. The series condensers should
have a maximum capacity of 250 or 350 uufd.
at the lower frequencies; the same values will
serve even at 28 Mec., although 100 pufd. will
be ample for this and the 14-Mec. band. Still
smaller condensers can be used at very-high
frequencies. Since series tuning is used at alow-
voltage point in the feeder system, the plate
spacing of the condensers does not have to be
large. Ordinary receiving-type condensers are
large enough for plate voltages up to 1000,
and the smaller transmitting condensers have
high-enough voltage ratings for higher-power
applications. In high-power radiotelephone
transmitters it may be necessary to use con-
densers having a plate spacing of approxi-
mately 0.15 to 0.2 inch.

In parallel-tuned circuits (F, G, H, J) the
antenna coil and condenser should be approxi-
mately the same as those used in the final tank
circuit. The antenna tank circuit must be capa-
ble of being tuned independently to the trans-
mitting frequency, and, if possible, provision
should be made for tapping the coil, so,that the
L/C ratio can be varied to the optimum value
(§ 2-11) as determined experimentally.

In Fig. 1011-D, C; and C; may be 100 to 250
wefd. each, the higher-capacity values being
used for lower-frequency operation (3.5 and
1.75 Me.). Plate spacing should be, in general,
at least half that of the final-amplifier tank
condenser. For operation from 1.75 to 14 Me.,
Ly and Ly each may consist of 15 turns, 214
inches in diameter, spaced to occupy 3 inches
length, and tapped every three turns. Ap-
proximate settings are 15 turns for 1.75 Mec., 9
turns for 3.5 Me., 6 turns for 7 Mec., and 3 turns
for 14 Mc. The coils may be wound with No. 14
or No. 12 wire. This method of coupling is very
seldom used at very-high frequencies.

Harmonic reduction — It is important to
prevent, insofar as possible, harmonics in the
output of the transmitter from being trans-
ferred to the antenna system. Untuned (Fig.
1011-A) and directly coupled (Figs. 1011-B)
systems do not discriminate against harmonics,
and hence are more likely to cause harmonic
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radiation than the inductively coupled tuned
systems. Low-pass filter arrangements, such as
those at C and D, Fig. 1011, do discriminate
against harmonics, but the direct coupling
frequently is a source of trouble in this respect.

In inductively coupled systems, care must
be taken to prevent capacity coupling between
coils. Link coils always should be coupled at a
point of ground potential (§ 2-13) on the plate
tank coil, as also should series- and parallel-
tuned coils (E and F), when possible. Capacity
coupling can be practically eliminated by the
use of a Faraday shield (§4-9) between the
plate tank and antenna coils.
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Fig. 1012 — Half-wave antennas fed from resonant lines,
A and B are end-feed systems for use with quarter- and
half-wave lines; C and D are center-feed systems, The
current distribution is shown for all four cases, arrows
indicating the instantaneous direction of current flow.

¢ 10-7 Resonant Lines

Two-wire lines — Because of its simplicity
of adjustment and flexibility with respect to
the frequency range over which an antenna
system will operate, the resonant line is widely
used with simple antenna systems. Construc-
tionally, the spaced or ““open’’ two-wire line is
best suited to resonant operation; rubber-insu-
lated lines, such as twisted pair, have excessive
losses when operated with standing waves.

Connection to antenna — A resonant line
is usually - in fact, practically always — con-
nected to the antenna at either a current or
voltage loop. This is advantageous, especially
when the antenna is to be operated at har-
monic frequencies, since it simplifies the prob-
lem of determining the coupling system to be
used at the input end of the line.

Half-wave antenna with resonant line —
It is often helpful to look upon the resonant
line simply as an antenna folded back on itself.
Such a line may be any whole-number multiple
of a quarter wave in length; in other words,
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any total wire length which will accommodate
a whole number of standing waves. (The
‘‘length’” of a two-wire line is, however, always
taken as the length of one of the wires.)

Quarter- and half-wave resonant lines feed-
ing half-wave antennas are shown in Fig. 1012.
The current distribution on both antenna and
line is indicated. It will be noted that the
quarter-wave line has maximum current at one
end and minimum current at the other, de-
termined by the point of connection to the
antenna. The half-wave line, however, has the
same current (and voltage) values at both
ends.

If a quarter-waveline is connected to the end
of an antenna, as shown in Fig. 1012-A, then
at the transmitter end of the line the current
is high and the voltage low (low impedance),
so that series tuning (§ 10-6) can be used.
Should the line be a half-wave long, as at
1012-B, current will be minimum and voltage
maximum (high impedance) at the transmitter
end of the line, just as it is at the end of the
antenna. Parallel tuning therefore is required
(§ 10-6), The line could be coupled to a bal-
anced final tank through small condensers,
as in Fig. 1011-B, but the inductively coupled
circuit is preferable. An end-fed antenna with
resonant feeders, as in 1011-A and B, is known
as the ‘“Zeppelin” or ‘“Zepp”’ antenna.

The line also may be inserted at the center
of the antenna at the maximum-current point.
Quarter- and half-wave lines used in this way
are shown at Fig. 1012-C and D. In C, the an-
tenna end of the line is at a high-current low-
voltage point (§ 10-2); hence, at the transmit-
ter end the current is low and the voltage high.
Parallel tuning therefore is used. The half-
wave line at D has high current and low volt-
age at both ends, so that series tuning is used
at the transmitter end.

The four arrangements shown in Fig. 1012
are thoroughly useful antenna systems, and are
shown in more practical form in Fig. 1013. In
each case the antenna is a half wavelength
long, the exact length being calculated from
Equations 2, 3 or 4 (§ 10-2) or taken from the
charts of Fig. 1016. The line length should be
an integral multiple of a quarter wavelength
and may be calculated from equation 5 (§ 10-5),
the result being multiplied by any whole num-
ber which gives a total length convenient for
reaching from the antenna to the transmitter.
If there is an odd number of quarter waves on
the line in the case of the end-fed antenna,
series tuning should be used at the transmitter

-end; if an even number of quarter waves, then

parallel tuning should be used. With the center-
fed antenna the reverse is true.

Practical line lengths — In general, it is
best to use line lengths that are integral mul-
tiples of a quarter wavelength. Intermediate
lengths will give intermediate impedance val-
ues and will show reactance (§ 10-5) as well.
The tuning apparatus is capable of compensat-
ing for reactance, but it may be difficult to get
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suitable transmitter loading because simple
series and parallel tuning are suitable for only
low and high impedances, respectively, and
neither will perform well with impedances of
the order of a few hundred ohimns. Such values
of impedance may reduce the Q of the coupling
circuit to a point where adequate coupling
cannot be obtained (§2-11). However, some
departure from the ideal length is possible —
even as much as 25 per cent of a quarter wave
in many cases — without undue difficulty in
tuning and coupling. In such cases the type of
tuning to use, whether series or parallel, will
depend on whether the feeder length is nearer
an odd number of quarter waves or nearer an
even number, as well as on the point at which
the feeder is connected to the antenna.

Line current — The feeder current as read
by the r.f. ammeters is useful for tuning pur-
poses only; the ahsolute value is of little im-
portance. When series tuning is used the cur-
rent will be high, but very little current will be
indicated in a parallel-tuned system. This is
because of the current distribution on the
feeders, as shown by Fig. 1012. With a given
antenna and tuning system, of course, the
greatest power will be delivered to the an-
tenna when the readings are highest. However,
should the feeder length be changed no useful
conclusions can be drawn from comparison
between the new and old readings. For this
reason, any indicator which registers the rela-
tive intensity of r.f. current can be used for
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tuning purposes. Many amateurs, in fact, use
flashlight or dial lamps for this purpose, in-
stead of meters. They are inexpensive, and,
when shunted by short lengths of wire so that
considerable current can be passed without
burn-out, will serve very well even with high-
power transmitters.

Antenna length and line operation —
Insofar as the operation of the antenna itself
is concerned, departures of a few per cent from
the exact length for resonance are of negligible
consequence. Such inaccuracies may influence
the behavior of the feeder system, however,
and as a result may have an adverse effect on
the operation of the system as a whole. This
is true particularly of end-fed antennas, such
as are shown in Fig. 1013-A and -B.

For example, Fig. 1014-A shows the current
distribution on the half-wave antenna and
quarter-wave feeder when the aritenna length
is correct. At the junction of the “live” feeder

.and the antenna the current is minimum, so

that the currents in the two feeder wires are
equal at all corresponding points along their
length. When the antenna is too long, as in B,
the current minimum occurs at a point on the
antenna proper, so that at the top of the live
feeder there is already appreciable current
flowing, whereas at the top of the ‘‘dead’’
feeder the current must be zero. As a result the
feeder currents are not balanced, and some
power will be radiated from the line. In C,
the antenna is too short, bringing the current

XMTR Ly
TANK

Fig. 1013 — Practical half-wave antenna systems using resonant-line feed. In the center-feed systems, the antenna
length, X, does not include the length of the insulator at the center. Line length is measured from the antenna
to the tuning apparatus; leads in the latter should be kept short enough so their effect can be neglected. The
use of two r.f. ammeters, M, as shown is helpful for balancing feeder currents; however, one meter is sufficient to en-
able tuning for maximum output, and may be transferred from one feeder to the other, if desired. The systems at
(A) and (C) are for feeders an odd number of quarter waves in length; (B) and (D) are for feeders a multiple of a
half wavelength. The drawings correspond electrically to the half-wave antenna systems shown in Fig. 1012,
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Fig. 1014 — llustrating the effect on feeder balance of incorrect antenna length for varions types of antenna sys-
tems. In end-feed systems, the current minimum shifts above or below the feeder junction, unbalaneing the line.
With center feed out, incorrect antenna length does not unbalanece the transmission line, as it does with end feed.

minimum to a point on the live feeder, so that
again the currents are unbalanced. The more
serious the unbalance, the greater the radia-
tion from the line.

Strictly speaking, a line having an unbal-
anced connection, such as the one-way termi-
nation at the end of an antenna, cannot be
truly balanced even though the antenna length
is correct. This is because of the difference in
loading on the two sides. The effect of this dif-
ference is fairly small when the currents are
balanced, however.

If the antenna is fed at the center the un-
desirable effects of incorrect antenna length
balance out, so that the line operates properly
under all conditions. This is shown in Fig.
1014 at D, E and F. So long as the two halves
of the antenna are of equal length the dis-
tribution of current on the feeders will be
symmetrical, so that no unbalance exists even
for antenna lengths considerably removed from
the correct value.

¢ 10-8 Non-Resonant Lines

Requirements — The advantages of non-
resonant transmission lines — minimum losses,
and elimination of the necessity for tuning —
make this type of operation attractive. The
chief disadvantage of the non-resonant line,
aside from the necessity for more care in initial
adjustment, is that when ‘“matched” to the
ordinary antenna the match is perfect only for
one frequency, or at most for a small band of
frequencies on either side of the frequency for
which the matching is done. Except for a few
special systems, this means that the antenna is
unsuitable for work on more than one amateur
band.

Adjustment of a non-resonant line is simply
a process of adjusting the terminating resist-
ance to match the characteristic impedance of
the line. To accomplish this the antenna itself
must be resonant at the selected frequency, and
the line must then be connected to it in such a
way that the antenna impedance as looked at
by the line is the right value. The matching

may be done by connecting the line at the

_proper spot along the antenna, by inserting an

impedance-transforming device between the
antenna and line, or by using a line having an
impedance equal to the center impedance of
the antenna.

In the following discussion of ways in which
different types of lines may be matched to the
antenna, a half-wave antenna is used as an ex-
ample. Other types of antennas may be
treated by the same methods, making due
allowance for the order of impedance that ap-
pears at the end of the line when more elabo-
rate systems are used.

Single-wire feed — In the single-wire-feed
system, the return circuit is through the
ground. There will be no standing waves on
the feeder when its characteristic impedance
is matched by the impedance of the antenna
at the connection point. The principal dimen-
sions (Fig. 1015) are the length of the antenna,
L, and the distance, D, from the exact center
of the antenna to the point at which the
feeder is attached. Approximate dimensions
can be obtained from Fig. 1016 for an antenna
system having a fundamental frequency in any
of the most-used amateur bands.

In constructing an antenna system of this
type, the feeder must run straight away from
the antenna (at a right angle) for a distance of
at least one-third the length of the antenna.
Otherwise the field of the antenna will affect
the feeder and cause faulty operation. There

o

Untuned line
any /ayﬂ:

CENTER LINE -‘-—-_-..L_ =

Fig, 1015——5ingle-wirc-fcc[l system, The length, L,

(onc-half wavelength) and the feeder location, D, for va-
rious bands are determined from the charts of 1'ig. 1016.



Antenna Systems

Fig. 1016 — Charts for determining the length of half-
wave antennas for use on various amateur frequencies.
Solid lines indicate antenna length in feet (lower scale);
dotted lines indicate the point of connection for a single-
wire feeder (upperscale) measured from centerof antenna.

should be no sharp bends in the feeder wire
at any point.

With the coupling system shown in Fig.
1017-A, the process of adjustment is as follows:
Starting at the ground end of the tank coil, the
tap is moved towards the plate end until the
amplifier draws the rated plate current. The
plate tank condenser should be readjusted each
time the tap is changed, to bring the plate cur-
rent back to minimum. The amplifier is loaded
properly when this “minimum” value is the
rated current. The condenser, C, in the feeder
is for the purpose of insulating the antenna
system from the high-voltage plate supply
when series plate feed is used. It should have a
voltage rating somewhat higher than that of
the plate supply. Almost any capacity greater
than 500 uufd. will be satisfactory. The con-
denser is unnecessary, of course, if parallel
plate feed is used.

C  Single wir
F—"Yeeder

L]

L Lﬂz/e wire
feeder
A % e 3 E L
B

Fig. 1017 — Methods of coupling the feeder to the
transmitter in a single-wire-feed system, Cireuits are
shown for both single-ended and balanced tank circuits.

Inductive coupling to the output circuit is
shown in Fig. 1017-B. The antenna tank circuit
should tune to resonance at the operating fre-
quency, and the loading is adjusted by varying
the coupling between the two tanks, both be-
ing kept tuned to resonance.

Regardless of the type of coupling, a good
ground connection is essential with thissystem.
Single-wire feed works best over moist ground,
and poorly over rock and sand.

Twisted-pair feed — A two-wire line com-
posed of twisted rubber-covered wires can be
constructed to have a surge impedance approx-
imately equal to the 70-ohm impedance at the
center of the antenna itself, thus permitting
connecting the line to the antenna as shown in
Fig. 1018. Any discrepancy which may exist
between line and antenna impedance can be
compensated for by a slight fanning of the line
where it connects to the two halves of the
antenna, as shown at B in Fig. 1018.
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The twisted-pair line is a convenient type to
use, since it is easy to install and the r.f. voltage
on it is low because of the low impedance. This
makes the quality of insulation a matter of less
importance. Special twisted line for transmit-

o <00

Fig. 1018 — Malf-wave antenna center-fed by a twisted-
pair line. Fanning (B) compensates for line impedance.

ting purposes, having lower losses than ordi-
nary rubber-covered wire, is available.

The antenna should be one-half wavelength
long for the frequency of operation, as deter-
mined by charts of Fig. 1016 or the formulas
(§ 10-2). The amount of ‘“‘fanning” (dimension
B) will depend upon the kind of cable used; the
required spacing usually will be between 6
and 18 inches. It may be checked by inserting
ammeters in each antenna leg at the junction
of the feeder and antenna; the value of B
which gives the largest current is correct.
Alternatively, the system may be operated
continuously for a time with fairly high r.f.
power input, after which the feceder may be
inspected (by touch) for hot spots. These
indicate the presence of standing waves, and
the fanning should be adjusted until they
are eliminated or minimized. Each leg of the
feeder forming the triangle at the antenna
should be equal in length to dimension B.

Coupling between transmitter and trans-
mission line is ordinarily by the untuned coil
method shown in Fig. 1011-A (§ 10-6).

Concentric-line feed — A concentric trans-
mission line can be constructed to have a surge
impedance exactly equal to the 70-ohm im-
pedance at the center of a half-wave antenna.
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Fig. 1019 — Half-wave antenna center-fed by a concen-
tric transmission line of 70 ohms surge impedance.

Such a line can be connected directly to the
center of the antenna, therefore, forming the
system shown in Fig. 1019. R
Solving Equation 6 (§ 10-5) for an air-insu-
lated concentric line shows that, to obtain a
70-ohm surge impedance, the inside diameter

THE RADIO AMATEUR’S HANDBOOK

of the outer conductor should he approximately
3.2 fimes the outside diameter of the inner
conductor. This condition can be fulfilled by
using standard Sg-inch (outside diameter)
copper tubing for the outer conductor and
No. 14 wire for the inner. Ceramic insulating
spacers are available commercially for this
combination. Rubber-insulated concentric line
having the requisite impedance for connection
to the center of the antenna also is available.

The operation of such an antenna system is
similar to that of the twisted-pair system just
described, and the same transmitter coupling
arrangements may be used (§ 10-6).

The outer conductor of the line may be
grounded, if desired. The feeder system is
slightly unbalanced, because the inner and
outer conductors do not have the same capac-
ity to ground. There should be no radiation
from a line having a correct surge impedance,
however.

Delta matching transformer — Because of
the extremely close spacing required, it is
impracticable to construct an open-wire
transmission line which will have a surge

|

600-0bm line
ony /enyt/)

Fig. 1020 — Delta-matched antenna system. The di-
mensions (, D, and E are found by formulas given in
the text. It is important that the matching section, E,
comc straight away from the antenna without any bends.

impedance low enough to work directly into
the center of a half-wave antenna. Such wire
lines usually have impedances between 400
and 700 ohms, 600 ohms being a widely used
value. It is necessary, therefore, to use other
means for matching the line to the antenna.

One method of matching is illustrated by the
system shown in Fig. 1020. The matching sec-
tion, E, is “‘“fanned” to have a gradually in-
creasing impedance so that its impedance at
the antenna end will be equal to the impedance
of the antenna section, C, while the impedance
at the lower end matches that of a practicable
transmission line.

The antenna length, L, the feeder clearance,
E, the spacing between centers of the feeder
wires, D, and the coupling length, C, are the
important dimensions of this system. The sys-
tem must be designed for exact impedance val-
ues as well as frequency values, and the di-
mensions therefore are fairly critical.

The length of the antenna is figured from
the formula (§ 10-2) or taken from Fig. 1016.
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The length of section C is computed by the
formula:

18
C Ueel) = G (310

The feeder clearance, E, is found from the
equation:
123
Freq. (Mec.)

The above equations are for feeders having a
characteristic impedance of 600 ohms and will
not apply to feeders of any other impedance.
The proper feeder spacing for a 600-ohim trans-
mission line is computed to a sufficiently close
approximation by the following formula:

D=75Xd

where D is the distance between the centers of
the feeder wires and d is the diameter of the
wire. If the wire diameter is in inches the spac-
ing also will be in inches, and if the wire diam-
eter is in millimeters the spacing also will be in
millimeters.

Methods of coupling to the transmitter are
discussed in § 10-6, those shown in Figs. 1011-
C, D, G and H being suitable.

“Q”-section transformer — The imped-
ance of a two-wireline of ordinary construction
(400 to 600 ohms) can be matched to the im-
pedance of the center of a half-wave antenna
by utilizing the impedance-transforming prop-
erties of a quarter-wave line (§ 10-5). The
matching section must have low surge im-
pedance and therefore is commonly con-
structed of large-diameter conductors such as
aluminum or copper tubing, with fairly close
spacing. This system is known as the “Q”
antenna. It is shown in Fig. 1021. The impor-
tant dimensions are the length of the antenna,
the length of the matching section, B, the
spacing between the two conductors of the
matching section, C, and the impedance of the
untuned transmission line connected to the
lower end of the matching section.

E (feet) =

@0

L C

N
B > Spreaders
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Unbuned line

eny length .rf,w/m

Fig. 1021 — The "Q” antenna, using a quarter-wave im-
pedance-matching section with close-spaced conductors.

The required surge impedance for the match-
ing section is

" Zy =VZ Zy 9)

where Z; is the input impedance and Z; the

output impedance. Thus a quarter-wave sec-
tion matching a 600-ohm line to the center of a
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half-wave antenna (72 ohms) should have a
surge impedance of 208 ohms. The spacings
between conductors of various sizes of tubing
and wire for different surge impedances are

O

Untuned line
any lfength
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Spreaders B
Untuned line
any length
.990/'&;77 Jink, -/

Fig. 1022 — Half-wave antenna systems with quarter-
wave open-wirelinearimpedance-matching transformers.

given in graphical form in Fig. 1009. With
15-inch tubing, the spacing should be 1.5
inches for an impedance of 208 ohms.

The length of the matching section, B,
should be equal to a quarter wavelength, and
is given by

Length of quarter- _ 234
wave line (feet) Freq. (Mec.)

The length of the antenna can be calculated
from the formula (§ 10-2), or taken from the
charts of Fig. 1015.

This system has the advantage of the sim-
plicity of adjustment of the twisted-pair feeder
system and at the same time the superior in-
sulation of an open-wire system. Figs. 1011-B,
D, G and H (§ 10-6) represent suitable meth-
ods of coupling to the transmitter.

Linear transformers — Fig. 1022 shows
two methods of coupling a non-resonant line
to a half-wave antenna through a quarter-
wave linear transformer (§ 10-5) or matching
section. In the case of the center-fed antenna,
the free end of the matching section, B, is
open (high impedance), since the other end is
connected to a low-impedance point on the
antenna. With the end-fed antenna, the free
end of the matching section is closed through
a shorting bar or link; this end of the section
has low impedance, since the other-end is con-
nected to a high-impedance point on the
antenna (§ 10-7). 5

In the center-fed system, the antenna and
matching section should be cut to lengths
found from the equations in § 10-2 and § 10-5.
Any necessary on-the-ground adjustment can
be made by adding to or clipping off the open
ends of the matching section. The matching
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section in the end-fed system can be adjusted
by making the line a little longer than neces-
sary and adjusting the system to resonance
by moving the shorting link up and down.
Resonance can be obtained by exciting the
antecnna at the proper frequency from a
temporary antenna near by and measuring
the current in the shorting bar by a low-range
r.f. ammeter or galvanomcter. The position
of the bar should be adjusted for maximum
current reading. This should be done before

the transmission line is attached to the match-

ing section.

The position of the line taps must be deter-
mined experimentally, since it will depend
upon the impedance of the line as well as on the
antenna impedance at the point of connection.
The procedure is to take a trial point, apply
power to the transmitter, and check the trans-
mission line for standing waves. This can be
done by measuring the current in the wires,
using a device of the type pictured in Fig.
1023. The hooks (which should be sharp enough
to cut through the insulation, if any, on the
wires) are placed on one of the wires, the spac-
ing between them being adjusted to give a
suitable reading on the meter. At any one posi-
tion along the line the currents in the two
wires should be identical. Readings taken at
intervals of a quarter wavelength will indicate
whether or not standing waves are present.

It will not usually be possible to obtain
complete elimination of standing waves when
the matching stub is exactly resonant. The
line taps should be adjusted for the smallest
obtainable standing-wave ratio. Then a further
“touching up” of the matching-stub tuning
will eliminate the remaining standing wave,
provided the adjustments are carefully made.
The stub must be readjustcd, because when
resonant it exhibits some reactance as well as
resistance at all points except at the ends, and
the slight lengthening or shortening of the
stub is necessary to tune out this reactance.
The required readjustment will be quite small,
however.

When the connection between the matching
section and the antenna is unbalanced, as in
the end-fed system, it is important that the
antenna be the right length for the’operating
frequency if a good match is to be obtained

Adjustoble
17 to3’

Heavy stilf wire

Boord to
Support wires

Thermo - milliammeter
0-159, or 0-250 5cale

Fig. 1023 — Line-current measuring device for checking
standing waves in adjusting untuned transmission lines.
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Fig. 1024 — Standing-wave current and voltage distri-
bution along an antenna when it is operated at vari-
ous harmonics of its fundamental resonant frequency.

(§ 10-7). The balanced center-fed system is less
critical in this respect. The shorting-bar
method of tuning the center-fed system to
resonance may be used if the matching section
is extended to a half wavelength, bringing a
current loop at the free end.

An impedance mismatch of several per cent
is of little consequence so far as power trans-
fer to the antenna is concerned. It is relatively
easy to get the standing-wave ratio down to 2
or 3 to 1, a perfectly satisfactory condition in
practice. Of considerably greater importance
is the necessity for getting the currents in the
two wires balanced, both as to amplitude and
phase. If the currents are not the same at
corresponding points on adjacent wires and
the loops and nodes do not also occur at cor-
responding points, there will be considerable
radiation loss. Perfect balance can be brought
about only by perfect symmetry in the line,
particularly with respect to ground. This
symmetry should extend to the coupling ap-
paratus at the transmitter. An electrostatic
shield between the line and the transmitter
coupling coils often will be of value in pre-
venting capacity unbalance, and at the same
time will reduce harmonic radiation.

¢ 10-9 Long-Wire Antennas

Definition — An antenna will be resonant:
so long as an integral number of standing
waves of current and voltage can exist along its
length; in other words, so long as its length is
some integral multiple of a half wavelength.
When the antenna is more than a half-wave
long it usually is called a long-wire antenna, or
a harmonic antenna,
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Current and voltage distribution — Fig.
1024 shows the current and voltage distribu-
tion along a wire operating at its fundamental
frequency (where its length is equal to a half
wavelength) and at its second, third and
fourth harmonics. For example, if the funda-
mental frequency of the antenna is 7 Mec.,
the current and voltage distribution will be
as shown at A. The same antenna excited at
14 Mec. would have current and voltage dis-
tribution as shown at B. At 21 Mec., the third
harmonic of 7 Mec., the current and voltage
distribution would be as in C; and at 28 Mec.,
the fourth harmonic, as in D. The number of
the harmonic is the number of half waves con-
tained in the antenna at the particular operat-
ing frequency.

The polarity of current or voltage in each
standing wave is opposite to that in the ad-
jacent standing waves. This is shown in the
figure by drawing the current and voltage
curves successively above and below the an-
tenna (taken as a zero reference line), to indi-
cate that the polarity reverses when the
current or voltage goes through zero. Currents
flowing in the same direction are in phase;
in opposite directions, out of phase.

It is evident that one antenna may be used
for harmonically related frequencies, such as
the various amateur bands. The long-wire or
harmonic antenna is the basis of multi-band
operation with one antenna.

Physical lengths — The length of a long-
wire antenna is not an exact multiple of that of
a half-wave antenna because the end effects
(§ 10-2) operate only on the end sections of
the antenna; in other parts of the wire these
effects are absent, and the wire length is ap-
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Fig. 1025 — Curve A shows variation in radiation re-
sistance with antenna length. Curve B shows power in
lobes of maximum radiation for long-wire antennas as a
ratio to the maximum radiation for a half-wave antenna.
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proximately that of an equivalent portion of
the wave in space. The formula for the length
of a long-wire antenna, therefore, is

492 (N-0.05)
Freq. (Mec.)

where N is the number of half waves on the
antenna. From this, it is apparent that an
antenna cut as a half wave for a given fre-
quency will be slightly off resonance at exactly
twice that frequency (on the second harmonic)
because of the different behavior of end effects
when there is more than one standing wave on
the antenna. For instance, if the antenna is
cut to exact fundamental resonance on the
second harmonic (full wave) it should be
2.6 per-cent longer, and on the fourth harmonic
(two wave), 4 per cent longer. The effect is not
very important except for a possible unbalance
in the feeder system (§ 10-7), which may result
in some radiation from the feeder in end-fed
systems.

Impedance and power gain — The radia-
tion resistance as measured at a current loop
becomes larger as the antenna length is in-
creased. Also, a long-wire antenna radiates
more power in its most favorable direction
than does a half-wave antenna in its most
favorable direction. This power gain is secured
at the expense of radiation in other directions.
Fig. 1025 shows how the radiation resistance
and the power in the lobe of maximum radia-
tion vary with the antenna length.

Directional characteristics — As the wire
is made longer in terms of the number of half
wavelengths, the directional effects change.
Instead of the ‘“‘doughnut” pattern of the
half-wave antenna, the directional character-
istic splits up into ‘“lobes” which make vari-
ous angles with the wire. In general, as the
length of the wire is increased the direction in
which maximum radiation occurs tends to ap-
proach the line of the antenna itself.

Directional characteristics for antennas one
wavelength, three half-wavelengths, and two
wavelengths long are given in Figs. 1026, 1027
and 1028, for three vertical angles of radiation.
Note that, as the wire length increases, the
radiation along the line of the antenna becomes
more pronounced. Still longer antennas can
be considered to be practically ““end-on”
radiators, even at the lower radiation angles.

Methods of feeding — In a long-wire an-
tenna, the currents in adjacent half-wave sec-
tions must be out of phase, as shown in Fig,
1029 and Fig. 1024. The feeder system must
not upset this phase relationship. This re-
quirement is met by feeding the antenna at
either end or at any current loop. A two-wire
feeder cannot be inserted at a current node,
however, because this invariably brings the
currents in two adjacent half-wave sections in
phase; if the phase in one section could be re-
versed, then the currents in the feeders neces-
sarily would have to be in phase and the feeder
radiation would not be canceled out.

Length (feet) = (10)



Fig. 1026 — Horizontal patterns of radiation from a
full-wave antenna. The solid line shows the pattern fora
vertical angle of 15 degrees; dotted lines show deviation
from the 15-degree pattern at 9 and 30 degrees. All three
patterns are drawn to the same relative scale; actual am-
plitudes will depend upon the height of the antenna.

Either resonant or non-resonant feeders may
be used. With the latter, the systems employ-
ing a matching section (§ 10-8) are best. The
non-resonant line may be tapped on the
matching section, as in Fig. 1022, or a “Q”
type section, Fig. 1021, may be employed.
In such case, Fig. 1030 gives the required surge
impedance for the matching section. It can
also be calculated from Equation 9 (§ 10-8)
and the radiation resistance data in Fig. 1025.

Methods of coupling the line to the trans-
mitter are the same as described in § 10-6 for
the particular type of line used.

O

ELATIVE FIELD STRENGTH-DB | »

Fig. 1027 — Horizontal patterns of radiation from an
antenna three half-waves long. The solid line shows
the pattern for a vertical angle of 15 degrees; dotted
lines show deviation from the 15-degree pattern at 9 and
30 degrees. Minor lobes coincide for all three angles.
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¢ 10-10 Multi-Band Antennas

Principles — As suggested in the preceding
section, the same antenna may be used for
several bands by operating it on harmonies.
When this is done it is necessary to use reso-
nant feeders, since the impedance matching for
non-resonant feeder operation can be accom-
plished only at one frequency unless means are
provided for changing the length of a matching
section and shifting the point at which the
feeder is attached to it. A matching section
which is a quarter wavelength long at one
frequency will be a half wavelength long at
twice that frequency, and so on; and changing
the length of the wires, even by switching, is
so inconvenient as to be impracticable.

Also, the current loops shift to a new posi-
tion on the antenna when it is operated on

' Fig. 1028 — Horizontal patterns of radiation from an

antenna two wavelengths long. The solid line shows the
pattern for a vertical angle of 15 degrees; dotted lines
show deviation from the 15-degree pattern at 9 and 30
degrees. The minor lobes coincide for all three angles.

harmonics, further complicating the feed situa-~
tion. It is for this reason that half-wave an-
tennas center-fed by rubber-insulated lines are
practically useless for harmonic operation; on
all even harmonics there is a voltage maximum
at the feed point, and the impedance mismatch
is so bad that there is a large standing-wave
ratio and consequently high losses in the
rubber dielectric.

When the same antenna is used for work in
several bands, it must be realized that the
directional characteristic will depend on the
band in use.

Simple systems — Any of the antenna
arrangements shown in § 10-7 may be used for
multi-band operation by making the antenna a
half wave long at the lowest frequency to be
used. The feeders should be a quarter wave, or
some multiple of a quarter wave, long at the
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TABLE I
Murti-Banp RESONANT-LINE-FED ANTENNAS
Feeder|
Antenna Type of
Length (ft.) L&';f;h G Tuning
With end feed:
243 120 [1.75-Mc. ’phone| series
4-Mec. ’phone| parallel
14 Me. parallel
28 Mec. parallel
136 67 3.5-Mc. e.w. serics
7 Me. parallel
14 Mec. parallel
28 Mec. parallel
134 67 3.5-Me. c.w. series
7 Mec. parallel
67 33 7 Mec. series
14 Mec. parallel
28 Mec. parallel
With center fecd: -
272 135 1.75 Mec. parallel
3.5 Mc. parallel
7 Mec. parallel
14 Mec. parallel
28 Me. parallel
137 67 3.5 Me. parallel
7 Me. parallel
14 Me. parallel
28 Mec. parallel
67.5 34 7 Me. parallel
14 Mec. parallel
28 Me. parallel

of efficiency.

tics, as explained in the text.

The antenna lengths given represent compromises
for harmonic operation because of diffcrent end
effects on different bands. The 136-foot end-fed
antenna is slightly long for 3.5 Mec., but will work
well in the region which quadruples into the 14-Mec.
band (3500-3600 kc,). Bands not listed are not
recommended for the particular antenna. The cen-
ter-fed systems are less critical as to length; the
272.foot antenna, for instance, may be used for both
c.w. and ’phone on either 1.75 or 4 Mc. without loss

On harmonics, the end-fed and center-fed anten-
nas will not have the same directional characteris-

same frequency. Typical examples,
together with the type of tuning to be
used, are given in Table I. The figures
given represent a compromise de-
signed to give satisfactory operation
on all the bands considered, takinginto
account the change in required length
as the order of the harmonic goes up.

A center-fed half-wave antenna
will not operate as a long wire on har-
monics, because of the phase reversal
at the feeders previously mentioned
(§ 10-9). On the second harmonic the
two antenna sections are each a half
wave long, and, since the currents are
in phase, the directional characteristic
is different from that of a full-wave
antenna even though the over-all

®
ot
—
Il

©

Fig. 1029 — Current distribution and feed points for
long-wire antennas. A 3/2-wave antenna is used as an
illustration. With two-wire feed, the line may he con-
nected at the end of the antenna or at any current loop
(but not at a current node) for harmonic operation.

length is the same. On the fourth harmonic
each section is a full wave long, and, again be-
cause of the direction of current flow, the sys-
tem will not operate as a two-wavelength an-
tenna. It should not be assumed that these
systems are not effective radiators; it simply
means that the directional characteristic will
not be that of a long wire having the same over-
all length. Rather, it will resemble the charac-
teristic of one side of the antenna, although not
necessarily having the same exact form.
Antennas with a few other types of fced sys-
tems may be operated on harmonics for the
higher-frequency bands, although their per-
formance is somewhat impaired. The single-
wire-fed antenna (§ 10-8) may be used in
this way; the feeder and antenna will not be
matched exactly on harmonics, with the result
that standing waves will appear on the feeder,
but the system as a whole will radiate. A better
match will be obtained if the point of connec-
tion of the feeder to the antenna is made ex-
actly one-third the antenna length from one

Fig. 1030 — Required surge impedance of quarter-wave
matching sections for radiators of various lengths.
Curve A is for a transmission-line impedancc of 440 ohms,
Curve B is for 470 ohms, Curve C for 580 ohms and
Curve D for 600 chms. Dimensions for matching sections
of the required impedance are obtained from Fig. 1009.
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end. While this disagrees slightly with the
figures given for a half-wave antenna, it has
been found to work better on the harmonic
frequencies. The ““Q’’ antenna (§ 10-8) also can
be operated on harmonics, but the line cannot

For operalionon
35,7 1and
28 mc

XMTR

Tuned lo some
frequency as Lransmitter

For operation
on 115 mc
AMTR

rC

Fig. 1031 — A simple antenna system for five ama-
teur bands. The antenna is voltage fed on 3.5, 7, 14 and
28 Mc., working on the fundamental, second, fourth and
eighth harmonics, respectively. For 1.75 Me. the system
is a quarter-wave grounded antenna, in which case
series tuning must be used. The antenna wire should be
kept well in the clcar and should be as high as possible.
. If the length of the antenna is increased to approximate-
1y 260 feet, voltage feed can be used on all five bands.

operate as a non-resonant line except at the
fundamental frequency of the antenna. For
harmonic operaticn the line must be tuned, and
therefore the feeder length is important. The
tuning system will depend upon the number of
quarter waves on the line, including the ¢“Q”
bars. The concentric-line-fed antenna (§ 10-8)
may be used on harmonics, if the concentric
line is air-insulated. Its operation on harmonics
is similar to that of the ‘“Q.” This antenna is
not recommended for multi-band operation
with a rubber-insulated line, however.

The delta-match system (§ 10-8) can be used
on harmonics, although some standing waves
will appear on the line. Any system can
be used on harmonic frequencies by tying the
feeders together at the transmitter end and
feeding the system as a single wire by means
of a tuned circuit coupled to the transmitter.
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A simple antenna system, without feeders,
for operation on five bands is shown in Fig.
1031. On all bands from 3.5 Mec. upward it
operates as an end-fed antenna — half wave
on 3.5 Mec., long wire on the other bands. On
1.75 Me. it is only a quarter wave inlength, and
must be worked against ground (§ 10-14). On
this band, since it is fed at a high-current
point, series tuning (§ 10-6) must be used.

Antennas for restricted space —If the
space available for the antenna is not large
enough to accommodate the length neces-
sary for a half wave at the lowest frequency to
be used, quite satisfactory operation can be
secured by using a shorter antenna and making
up the missing length in the feeder system.
The antenna itself may be as short as a quar-
ter wavelength and still radiate fairly well,
although of course it will not be as effective
as one a half wave long. Nevertheless, such a
system is useful where operation on the de-
sired band otherwise would be impossible.

Resonant feeders are a practical necessity
with such an antenna system, and a center-fed
antenna will give best all-around performance.
With end feed the feeder currents become
badly unbalanced, and, since lengths midway
between those requiring series or parallel
tuning ordinarily must be used to bring the
entire system to resonance, coupling to the
transmitter often becomes difficult.

With center feed practically any convenient
length of antenna can be used, if the feeder
length is adjusted to accommodate at least
one half wave around the whole system.
Typical cases are shown in Fig. 1032, one for
an antenna having a length of one quarter
wave (A) and the other for an antenna some-
what longer (C) but still not a half wave long.
Current distribution is shown for both funda-
mental and second harmonic. From the points
marked X, resonant feeders any convenient
number of quarter waves in length may be
extended to the operating room. The sum of
the distances on each wire from X to the an-
tenna end must equal a half wave. It is suffi-
ciently accurate to use Equation 2 (§ 10-2)
in calculating this length. Note that X-X is a
high-current point on these shortened anten-
nas, corresponding to the center of a half-wave
antenna. It is also apparent that the antenna

TageeT

Fig. 1032 — Current distribution on short
antennas. Those at the left are too short
for fundamental operation, one (A) hav-
ing an over-all length of one quarter
wave; the other (C) being longer but
not a half wave long. These systems
may be used wherever space to erect a
full half-wave antenna is not available.
The current distribution for second-
harmonic operation isshown at theright

|

N
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Tareed

of each figure (B and D). In A and C,
the total length around the system is a

G

‘ half wavelength at the fundamental
frequency. In B and 1), the over-all
length is a full wave. Arrows show the
instantaneous direction of current flow.
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antenna a half-wave long. In this case

A A

:

Tuning
Apparatus

Fig. 1033 — Practical arrangement of a shortened an-
tenna. The total length, A + B 4+ B + A, should be a
half wavelength for the lowest-frequency band, usually
3.5. Mc. See Table II for lengths and tuning data.

at A is a half-wave antenna on the next higher-
frequency band (B).

A practical antenna of this type can be made
as shown in Fig. 1033. Table 1I gives a few
recommended lengths. Remembering the pre-
ceding discussion, however, the antenna can
be made any convenient length, provided the
feeder is considered to ‘“begin” at X-X and the
line length is adjusted accordingly.

Bent antennas — Since the field strength at
a distance is proportional to the current in the
antenna, the high-current part of a half-wave
antenna (the center quarter wave, approxi-
mately) does most of the radiating (§ 10-1).
Advantage can be taken of this fact when the
space available does not permit erecting an

TABLE 11
ANTENNA AND FEEDER LENGTHS FOR SHORT
MuLti-BAND ANTENNAS, CENTER-FED
Feeder
Antenna Type of
length (ft.) l?;l-ls;h Band tuning
137 68 1.75 Me. series
3.5 Me. parallel
7 Me. parallel
14 Mec. parallel
28 Mc. parallel
100 38 3.5 Mc. parallel
7 Me. series
14 Mec. series
28 Mec. series or
parallel
67.5 34 3.5 Mec. series
7 Me. parallel
14 Mec. parallel
28 Mc. parallel
50 43 7 Me. parallel
14 Mec. parallel
28 Mec. parallel
33 51 7 Mec. parallel
14 Mec. parallel
28 Mc. parallel
33 31 7 Mec. parallel
14 Mc. series
28 Me. parallel

the ends may be bent, either horizon-
tally or vertically, so that the total length equals
a half wave, even though the straightaway
horizontal length may be as short as a quarter
wave. The operation is illustrated in Fig. 1034.
Such an antenna will be a somewhat better
radiator than the arrangement of Fig. 1032-A
on the lowest frequency, but is not as desirable
for multi-band operation because the ends play
an increasingly important part as the fre-
quency is raised. The performance of the
system in such a case is difficult to predict,
especially if the ends are vertical (the most
convenient arrangement), because of the com-
bination of horizontal and vertical polarization
as well as dissimilar directional characteristics.

— T
| H ?

Fig. 1034 — Folded arrangement for shortened anten-
nas. The total length is a half wave, not including the
feeders. The horizontal part is made as long as con-
venient and the ends dropped down to make up the
required length. The ends may be bent back on them.
selves like feeders to cancel radiation partially. The hori.
zontal section should be at least a quarter-wave long.

q 10-11

The “V’’ antenna — It has been empha-
sized that, as the antenna length is increased,
the lobe of maximum radiation makes a more
acute angle with the wire (§ 10-9). Two such
wires may be combined in the form of a hori-
zontal V" so that the main lobes from each
wire will reinforce along a line bisecting the
angle between the wires. This increases both
gain and directivity, since the lobes in direc-
tions other than along the bisector cancel to a
greater or lesser extent. The horizontal “ V"
antenna therefore transmits best in either di-
rection (is bi-directional) along a line bisect-
ing the “V’’ made by the two wires. The power
gain depends upon the length of the wires.
Provided the necessary space is available,
the “V” is a simple antenna to build and
operate. It can also be used on harmonics,
so that it is suitable for multi-band work.
The “ V' antenns is shown in Fig. 1035.

Long-Wire Directive Arrays

AB=CD

Fig. 1035 —The “V” antenna, made by combining
two long wires in such a way that each reinforces the
radiation from the other. The important quantities are
the length of each leg and the angle between the legs.
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Fig. 1036 shows the dimensions
that should be followed for an opti-
mum design to obtain maximum
power gain for different-sized “V"’
antennas. The longer systems give
good performance in multi-band op-
eration. Angle a is approximately
equal to twice the angle of maximum
radiation for a’single wire equal in
length to one side of the ¢“V.”

The wave angle referred to in Fig.
1036 is the vertical angle of maximum
radiation (§ 10-1). Tilting the whole
horizontal plane of the “ V" will tend
to increase the low-angle radiation
off the low end and decrease it off the
high end.

The gain increases with the length
of the wires, but is not exactly twice
the gain for a single long wire as given
in Fig. 1025. In the longer lengths the gain will
be somewhat increased, because of mutual
coupling between the wires. A “V' eight
wavelengths on a leg, for instance, will have a
gain of about 12 db. over a half-wave antenna,
whereas twice the gain of a single 8-wavelength
wire would be only approximately 9 db.

Line

The two wires of the V" must be fed out of ~

phase, for correct operation. A resonant line
may simply be attached to the ends, as shown
in Fig. 1035. Alternatively, a quarter-wave
matching section may be employed and the
antenna fed through a non-resonant line
(§ 10-8). If the antenna wires are made multi-
ples of a half wave in length (use Equation
10, §10-9, for computing the length), the
matching section will be closed at the free end.
- The rhombic antenna— The horizontal
rhombic or ‘“diamond’ antenna is shown in
Fig. 1037. Like the ““V,” it requires a good deal
of space for erection, but it is capable of giving
excellent gain and directivity. It also can be

P =ANGLE OF TILT (DEGREES)
A = WAVE ANGLE (DEGREES)
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Fig. 1037 — The horizontal rhombic or diamond antenna, termi-
nated. Important design dimensions are indicated; details in text.

used for multi-band operation. In the ter-
minated form shown in Fig. 1037, it operates
like a non-resonant transmission line, without
standing waves, and is uni-directional. It may
also be used without the terminating resistor,
in which case there are standing waves on the
wires and the antenna is bi-directional.

The important quantities influencing the
design of the rhombic antenna are shown in
Fig. 1037. While several design methods may
be used, the one most applicable to the condi-
tions existing in amateur work is the so-called
‘“compromise’’ method. The chart of Fig.
1038 gives design information based on a
given length and wave angle to determine the
remaining optimum dimensions for best opera-
tion. Curves for values of length of 2, 3 and 4
wavelengths are shown, and intermediate
values may be interpolated.

With all other dimensions correct, an increase
in length causes an increase in power gain and
a slight reduction in wave angle. An increase

in height also causes a reduction in wave

" [ ]

angle and an increase in power gain, but

DESIGN CHART

not to the same extent as a proportionate

\ FOR HORIZONTAL "V~

95|

increase in length.
For multi-band work, it is satisfactory

\ (for maximum output)

to design therhombic antenna on the basis

R
—

of 14-Mec. operation, which will permit
work on the 7- and 28-Mc. bands as well.

3
[t

A value of 800 ohms is correct for the

/

terminating resistor for any properly con-

structed rhombic, and the system behaves

2

as a pure resistive load under this con-

>
>

dition. The terminating resistor must be
capable of safely dissipating one-half the

n
n

power output (to eliminate the rear pat-

- tern), and should be non-inductive. Such
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-

a resistor may be made up from a carbon

a
v

.
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or graphite rod or from a long 800-ohm
transmission line using resistance wire. If

35 T the carbon rod or a similar form of lumped

16 2(22/«535222) e U 6)  10s) 8¢ resistance is used, the device should be

Volues in parenthesis repressnt approximale wove angle Tor height (W) of ane fatfmonclength  suitably protected from weather effects,
Yy P

Fig. 1036 — Design ehart for horizontal “V” antennas, giving
the enclosed angle between sides vs. the length of the wires.

i.e., it should be covered with a good
asphaltic compound and sealed in a
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Fig. 1038 — Compromise-method 7 84
design chart for rhombic antennas Lsk l I / -
of various leg lengths and wave
angles. The following examples L\ COMDpéRSOIg‘:\?E /
illustrate the use of the chart: . // }4
0y Gyen Gt ettt — Ao
Lelngtlin] (L) = 2 wave- 2 ), /| ' .
engths.
Desired wave angle (a) = gl.l N7 /Z / ] 740
20°. Niol N P / ! 72&'
To Find: H, &. ] | v 1 2
Method: ) P | 102
Draw vertical line through g /, L~ | N
point a (L =2, wave- §'5/4=4M7w/ 7 el ' PR
lengths) and point b on ) g " € l/ t\;
abscisea (A = 20°.) Read 7 ~J - ‘
angle of tilt (&) for point %_‘ ., T~ $
a and height (H) from § 1.=3Way¢/ar7t/,,r //\k W
intersection of line ab at  §5 1 2§
point ¢ on curve H. E le—"1 | A
Result: 4 // T
¢ = 60.5°. 3 | e ] sa
H = 0.73 wavelength, 72 Wavelengths
(2) Given: 2 56
Length (L) = 3 wave- 1 l I 5 £
lengths. 10 2 14 16 18 20 22 24 26 28 30
AFSIS o}f{ tilt (®) = 78°. WAVE ANGLE (A4)=DEGREES
To Fi , A.
Ll € 10-12 Directive Arrays with Driven
Y

Draw a vertical line from point d oncurve L = 3
wavelengths at & = 78°. Read intersection of
this line on curve I (point e) for height, and
intersection at point f on the abscissa for a.

Result:
H = 0.56 wavelength.
a = 26.6°

small, light-weight box or fibre tube. Suitable
resistors are available commercially.

For feeding the antenna, the antenna im-
pedance will be matched by an 800-ohm line,
which may be constructed from No. 16 wire
spaced 20 inches or from No. 18 wire spaced
16 inches. The 800-ohm line is somewhat un-
gainly to install, however, and may be re-
placed by an ordinary 600-ohm line with only
a negligible mismatch. Alternatively, a match-
ing section may be installed between the an~
tenna terminals and a low-impedance line.
However, when such an arrangement is used,
it will be necessary to change the matching-
section constants for each different band of
operation.

The same design details apply to the unter-
minated rhombic as to the terminated type.
Resonant feeders are preferable for the unter-
minated rhombic. A non-resonant line may be
used by incorporating a matching section at
the antenna, but is not readily adaptable to
multi-band work.

Rhombic antennas will give a power gain of
10 db. or more, when constructed according to
the charts given. In general, the larger the
antenna, the greater the power gain.
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Elements

Principles — By combining individual half-
wave antennas into an array with suitable
spacing between the antennas (called elements)
and feeding power to them simultaneously, it
is possible to make the radiated fields from the
individual elements add in a favored direction,
thus increasing the field strength in that
direction as compared to that produced by
one antenna element alone. In other direc-
tions the fields will more or less oppose each
other, giving a reduction in field strength.
Thus a power gain in the desired direction is
secured at the expense of a power reduction
in other directions.

Besides the spacing between elements, the in~
stantaneous direction of current flow (phase)
in individual elements determines the directiv-
ity and power gain. There are several methods
of arranging the elements. If they are strung
end to end, so that all lie on the same straight
line, the elements are said to be collinear. If
they are parallel and all lying in the same
plane, the elements are said to be broadside
when the phase of the current is the same
in all, and end-fire when the currents are not
in phase. Elements which receive power from
the transmitter through the transmission line
are called driven elements.

The power gain of a directive system in-
creases with the number of elements. The
proportionality between gain and number of
elements is not simple, however. The gain de-
pends upon the effect which the spacing and
phasing has upon the radiation resistance of the
elements, as well as upon their number.

Fig. 1039 — Collinear half-wave antennas in
phage. The system at A is generally known as
“two half waves in phase.” B is an extension of
the system; in thcory the number of elements
may be carried on indefinitely, but practical con-
siderations usually limit the elements to four.

-
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Collinear arrays— Simple forms of col-
linear arrays, with the current distribution,
are shown in Fig. 1039. The two-element array
at A is popularly known as “two half waves
in phase.” It will be recognized as simply a
center-fed antenna operated at its second
harmonic. The way in which the number of
elements may be extended for increased direc-
tivity and gain is shown in Fig. 1039-B. Note
that quarter-wave transmission lines are used
between each element; these give the reversal
in phase necessary to make the currents in

TABLE III

TrHEORETICAL GAIN OF COLLINEAR HALF-WAVE
ANTENNAS

Number of half waves
Spacing betuween in array vs. gain in db.

centers of adjacent

half waves P 3 3 5 6

14 Wave 1.8(3.3]4.5(5.3]|6.2

3{ Wave 3.2 (14.8|6.0 | 7.0 1.8
|

individual antenna elements all flow in the
same direction at the same instarft. Another
way of looking at it is to consider that the
whole system is a long wire, with alternate
half-wave sections folded so that they do not
radiate. Any phase-reversing section may be
used as a quarter-wave matching section for
attaching a non-resonant feeder (§ 10-8), or a
resonant transmission line may be substituted
for any of the quarter-wave sections. Also, the
antenna may be end-fed by any of the systems
previously described (§10-7, 10-8), or any
element may be center-fed. It is best to feed at
the center of the array, so that the energy will
be distributed as uniformly as possible among
the elements.

The gain and directivity depend upon the
number of elements and their spacing, center-
to-center. This is shown by Table III. Al-
though 3{-wave spacing gives greater gain,
it is difficult to construct a suitable phase-
reversing system when the ends of the antenna
elements are widely separated. For this reason,
the half-wave spacing is most generally used
in actual practice.

%t %t % |t
|
Feeder ), G 3 __:)-\C:

Fig. 1040 — Broadside array using paraliel half-wave
elements. Arrows indicate the direction of current flow.
Transposition of the feeders is necessary to bring the an-
tenna currents in phase. Any reasonable number of ele-
ments may be used. The array is bi-directional, with
maximum radiation “broadside” or perpendicular to the
planeof theantennas(perpendicularly through this pa ge).
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Fig. 1041 — Gain vs. spacing for two parallel half-wave
clements combined as either broadside or end-fire arrays.

Collinear arrays may be mounted either
horizontally or vertically. Horizontal mount-
ing gives increased horizontal directivity, while
the vertical digectivity remains the same as for
a single element at the same height. Vertical
mounting gives the same horizontal pattern as
a single element, but concentrates the radiation
at low angles. It is seldom practicable to use
more than two elements vertically at fre-
quencies below 14 Mec. because of the excessive
height required.

TABLE IV

THEORETICAL GAIN vs. NUMBER OF BROADSIDE
ELeMENTS (IIALF-WAVE SPACING)

No. of elements Gain
2 4 db.
3 5.5 db.
4 7 db.
5 8 db.
6 9 db.

Broadside arrays — Parallel antenna ele-
ments with currents in phase may be com-
bined as shown in Fig. 1040 to form a broadside
array, so named because the direction of
maximum radiation is broadside to the plane
containing the antennas. Again the gain and
directivity depend upon the number of
elements and the spacing, the gain for different
spacings being shown in Fig. 1041. Half-wave
spacing generally is used, since it simplifies the
problem of feeding the system when the array
has more than two elements. Table IV gives
theoretical gain as a function of the number of
elements with half-wave spacing.

Broadside arrays may be suspended either
with the elements all vertical or with them
horizontal and one above the other (stacked).
In the former case the horizontal pattern be-
comes quite sharp, while the vertical pattern is
the same as that of one element alone. If the
array is suspended horizontally, the horizontal
pattern is equivalent to that of one element
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Fig. 1042 — Combination broadside and eollinear ar-
rays. A, with vertieal elements; B, with horizontal ele-
ments. Both arrays give low.angle radiation. Two or
more sections may be used. The gain in db. will be equal,
approximately, to the sum of the gain for one set of
broadside elements (T'able IV) plus the gain of one set of
collinear elements (Table I1I). For example, in A each
broadside set has four elements (gain 7 db.) and each
collinear set two elements (gain 1.8 db.), giving a total
gain of 8.8 db. In B, each broadside set has two elements
(gain 4 db.) and each collinear set three elements (gain
3.3 db.), making the total gain 7.3 db. The result is not
strietly accurate, because of mutual coupling between
the elements, but is good enough for practical purposes.

while the vertical pattern is sharpened, giving
low-angle radiation.

Broadside arrays may be fed either by reso-
nant transmission lines (§ 10-7) or through
quarter-wave matching sections and non-
resonant lines (§ 10-8). In Fig. 1040, note the
“‘crossing over’’ of the feeders, which is neces-
sary to bring the elements in proper phase
relationship.

Combined broadside and collinear arrays
— Broadside and collinear arrays may be
combined to give both horizontal and vertical
directivity, as well as additional gain. The
general plan of constructing such antennas is
shown in Fig. 1042. The lower angle of radia-
tion resulting from stacking elements in the
vertical plane is desirable at the higher fre-
quencies. In general, doubling the number of
elements in an array by stacking will raise the
gain from 2 to 4 db., depending upon whether
vertical or horizontal elements are used — that
is, whether the stacked elements are of the
broadside or collinear type.

Ned
i

—— N> ——
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feed

Fig. 1043 — A four-element combination broadside-
collinear array, popularly known as the “lazy H”
antenna, A closed quarter-wave stub may be used
at the feed point to match into a 600-ohm transmission
line, or resonant feeders may be attached at the point
indicated. The gain over a half-wave antennais 5 to 6 db.
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The arrays in Fig. 1042 are shown fed from
one end, but this is not especially desirable in
the case of large arrays. Better distribution of
energy between elements, and hence better
all-around performance, will result when the
feeders are attached as nearly as possible to the
center of the array. Thus, in the 8-element
array at A, the feeders could be introduced at
the middle of the transmission line between the
second and third set of elements, in which case
the connecting line would not be transposed.
Alternatively, the antenna could be constructed
with the transpositions as shown and the
feeder connected between the adjacent ends of
either the second or third pair of collinear
elements.

A four-element array of the general type
shown in Fig. 1042-B, known as the ‘““lazy H”
antenna, has been quite frequently used. This
arrangement is shown, with the feed point indi-
cated, in Fig. 1043.

End-fire arrays — Fig. 1044 shows a pair
of parallel half-wave elements with currents
out of phase. This is known as an end-fire array,
because it radiates best along the line of the
antennas, as shown.

The end-fire array may be used either ver-
tically or horizontally (elements at the same
height), and is well adapted to amateur work
because it gives maximum gain with relatively
close element spacing. Fig. 1041 shows how the
gain varies with spacing. End-fire elements may
be combined with additional collinear and

T @ ® Nl

Fig. 1044 — End-fire arrays using parallel half-wave
elements. The elements are shown with half-wave spae-
ing to illustrate feeder eonnections. In practice, closer
spacings are desirable, as shown by Fig. 1041, Direction
of maximum radiation is shown by the large arrows.

broadside elements to give a further increase in
gain and directivity.

Either resonant or non-resonant lines may be
used with this type of array. Non-resonant lines
preferably are matched to the antenna through
a quarter-wave matching section (§ 10-8).

Checking phasing — Figs. 1042 and 1044
illustrate a point in connection with feeding
a phased antenna system which sometimes is
confusing. In Fig. 1044, when the transmission
line is connected as at A there is no cross-
over in the line connecting the two antennas,
but when the transmission line is connected to
the center of the connecting line the cross-
over becomes necessary (B). This is because
in B the two halves of the connecting line are
simply branches of the same line. In other
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The spacing between elements can be made
equal to the length of the phasing line. No
special adjustments line or element length or
spacing are needed, provided the formulas are
followed carefully.

With collinear arrays of the type shown in
Fig. 1039-B, the same formula may be used
for the element length while the quarter-wave
phasing section can be calculated from Equa-
tion 7 (§ 10-5). If the array is fed at its center
it should not be necessary to make any particu-
lar adjustments, although, if desired, the whole
system can be resonated by connecting an
r.f. ammeter in the shorting link on each phas-
ing section and moving the link back and

forth to find the maximum current

0.64A

position. This refinement is hardly

)

0.11 A
%
1

Fig. 1045 — Simple directive antenna systems, A is a
two-clement end-fire array; B is the same array with
center fecd, which permits use of the array on the second
harmonic, where it becomes a four-element array with
quarter-wave spacing. C is a four-clement end-fire array
with Lg-wave spacing. D is a simple two-element broad-
side array using extended in-phase antcnnas (“extended
double-Zepp™). The gain of A and B is slightly over 4 db.
On the second harmonic, B will give about 5 db. gain.
With C, the gain is approximately 6 db., and with D,
approximately 3 db. In A, B and C, the phasing line
contributes about 1/16th wavelength to the trans-
mission line; when B is used on the sccond harmonic,
this contribution is 1§ wavelength. Altcrnatively, the
antenna ends may be bent to meet the transmission line,
in which case each fceder is simply connected to one
antenna. In D, points Y-Yindicate a quarter-wave point
(high current) and X-X a half-wave point (high volt-
age). The line may be extended in multiples of quarter
waves, if resonant feeders are to be used. A, B, and
C may be suspended on wooden spreaders. The plane
containing the wires should be parallel to the ground.

0.64 A
Y] lv_{»\-
Vi

words, even though the connecting line in B
is a half wave in length, it is not actually a
half-wave line but two gquarter-wave lines in
parallel. The same thing is true of the un-
transposed line of Fig. 1042. Note that, under
these conditions, the antenna elements are in

-phase when the line is not transposed, and

out of phase when the transposition is made.
The opposite is the case when the half-wave
line simply joins two antenna elements and
does not have the feed line connected to its
center, as in Fig. 1040.

Adjustment of arrays — With arrays of
the types just described, using half-wave
spacing between elements, it will usually
suffice to make the length of each element
that given by the equation for a half-wave
antenna in § 10-2, while the half-wave phasing
lines between the parallel elements can be cal-
culated from the formula:

Length of half- _ 492 X 0.975 _ 480
wave line (feet) — Freq. (Mc.)  Freg. (Mc.)

necessary in practice, however, so
long as all elements are the same length and
the system is symmetrical.

Simple arrays — Several simple directive
antenna systems using driven elements have
achieved rather wide use among amateurs.
Four of these systems are shown in Fig. 1045.
Tuned feeders are assumed in all cases; how-
ever, a matching section (§ 10-8) readily can be
substituted if a non-resonant transmission line
is preferred. Dimensions given are in terms of
wavelength; actual lengths can be calculated
from the equations in § 10-2 for the antenna
and from Equation 7 (§ 10-5) for the reso-
nant transmission line or matching secticn
In cases where the transmission-line prope:
connects to the mid-point of a phasing line, only
half the length of the latter should be added to
the line to find the quarter-wave point.

At A and B are two-element end-fire arrange-
ments using close spacing. They are electrically
equivalent; the only difference is in the method
of connecting the feeders. B may also be used
as a four-element array on the second har-
monic, although the spacing is not quite op-
timum (Fig. 1041) for such operation.

A close-spaced four-element array is shown
at C. It will give about 2 db. more gain than
the two-element array.

The antenna at D, commonly known as the
“extended double Zepp,” is designed to take
advantage of the greater gain possible with
collinear antennas having greater than half-
wave center-to-center spacing, but without
introducing feed complications. The elements
are made longer than a half wave in order to
bring this about. The gain is 3 db. over a single
half-wave antenna, and the broadside direc-
tivity is quite sharp.

The antennas of A and B may be mounted
either horizontally or vertically; horizontal
suspension (with the elements in a plane paral-
lel to the ground) is recommended, since this
tends to give low-angle radiation without an
unduly sharp horizontal pattern. Thus these
systems are useful for coverage over a wide
horizontal angle. The system at C, when
mounted horizontally, will have a sharper hor-
izontal pattern than the two-element arrays.
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Fig. 1046 — Gain vs. element spacing for an antenna
and one parasitic clement. The reference point, 0 db. is
the ficld strength from a half-wave antenna alone. The
greatest gain is in direction A at spacings of less than
0.14 wavelength, and in dircction B at grcater spacings.
The front-to-back ratio is the differcnce in db. between
curves A and B. Variation in radiation resistance of the
driven element also is shown, These curves are for a self-
resonant parasitic element. At most spacings the gain as
a reflector can be increascd by slight lengthening of the
parasitic element; the gain as a director can be increased
by shortcning. This also improves the front-to-back ratio.

€ 10-13 Directive Arrays with
Parasitic Elements

Parasitic excitation — The antenna arrays
described in § 10-12 are bi-directional; that is,
they will radiate in directions both to the
“front’” and to the “back’ of the antenna sys-
tem. If radiation is wanted in only one direc-
tion (for instance, north only, instead of north-
south), it is necessary to use different element
arrangements. In most of these arrangements
the additional elements receive power by in-
duction or radiation from the driven element,
generally called the ‘“antenna,’” and re-radiate
it in the proper phase relationship to achieve
the desired effect. These elements are called
parasitic elements, as contrasted to the driven
elements which receive power directly from the
transmitter through the transmission line.

The parasitic element is called a director
when it reinforces radiation on a line pointing
to it from the antenna, and a reflector when the
reverse is the case. Whether the parasitic ele-
ment is a director or reflector depends upon the
parasitic element tuning (which usually is ad-
justed by changing its length), and, particularly
when the element is self-resonant, upon the
spacing between it and the antenna.

Gain vs. spacing — The gain of an antenna-
reflector or an antenna-director combination
varies chiefly with the spacing between the
elements. The way in which gain varies with
spacing is shown in Fig. 1046, for the special
case of self-resonant parasitic elements. This
chart also shows how the attenuation to the
“rear” varies with spacing. The same spacing
does not necessarily give both maximum for-
ward gain and maximum backward attenua-
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tion. Backward attenuation is desirable when
the antenna is used for receiving, since it
greatly reduces interference coming from the
opposite direction to the desired signal.

Element lengths — The antenna length is
given by the formulas in § 10-2. The director
and reflector lengths must be determined ex-
perimentally for maximum performance. The
preferable method is to aim the antenna at a
receiver a mile or more distant and have an
observer check the signal strength (on the
“S” meter) while the reflector or director is
adjusted a few inches at a time, until the length
which gives maximum signal is found. The
attenuation may be similarly checked, the
length being adjusted for minimum signal. In
general, for best front-to-back ratio the length
of a director will be about 4 per cent less than
that of the antenna. The reflector will be about
5 per cent longer than the antenna,

Simple systems; the rotary beam — Four
practical combinations of antenna, reflector
and director elements are shown in Fig. 1047.
Spacings which give maximum gain or maxi-
mum front-to-back ratio (ratio of power radi-
ated in the desired direction to power radiated
in the opposite direction). may be taken from
Fig. 1046. In the chart, the front-to-back
ratio in db. will be the sum of gain and
attenuation at the same spacing.

Systems of this type are popular for rotary-
beam antennas, where the entire antenna sys-
tem is rotated, to permit its gain and directiv-
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Fig. 1047 — Half-wave antennas with parasitic clc-
ments. A, with reflector; B, with director; C, with both
director and reflector; D, two directors and one reflector.
Gain is approximately as shown by Fig. 1016, in the first
two cases, and depcnds upon the spacing and length of
the parasitic element. In the three- and four-clement
arrays a reflector spacing of 0.15 wavelength will
give slightly more gain than 0.1-wavelength spacing.
Arrows show direction of maximum radiation. The array
should be mounted horizontally (top views are shown).
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ity to be utilized for any compass direction.
They may be mounted either horizontally
(with the plane containing the elements paral-
lel to the earth) or vertically.

Arrays using more than one parasitic ele-
ment, such as those shown at C and D in Fig.
1047, will give more gain and directivity than
is indicated for a single reflector and director
by the curves of Fig. 1046. The gain with a
properly adjusted three-element array (an-
tenna, director and reflector) will be 5 to 7
db. over a half-wave antenna. Somewhat higher
gain still can be secured by adding a second
director to the system, making a four-element,
array. The front-to-back ratio is correspond-
ingly improved as the number of elements is
increased.

The elements in close-spaced (less than one-
quarter wavelength element spacing) arrays
preferably should be made of tubing of one-
half- to one-inch diameter, both to reduce the
ohmic resistance (§ 10-2) of the conductors and
to secure mechanical rigidity. If the elements
are free to move with respect to each other,
the array will tend to show detuning effects
under windy conditions. ’
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Fig. 1048 — Recommended methods of feeding the
driven antenna el tin clos d parasitic arrays.
The parasitic elements are not shown. A, quarter-wave
open stub; B, half-wave closed stub; C, concentric-line
quarter-wave matching section; D, delta matching
transformer. Adjustment details are discussed in the text.
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Feeding close-spaced arrays-— While any
of the usual methods of feed may be applied
to the driven element of a parasitic array, the
fact that, with close spacing, the radiation re-
sistance as measured at the center of the driven
element drops to a very low value makes some
systems more desirable than others. The pre-
ferred methods are shown in Fig. 1048. Reso-
nant feeders are not recommended for lengths
greater than a half wavelength.

The quarter- or half-wave matching stubs
shown at A and B in Fig. 1048 preferably
should be constructed of tubing with rather
close spacing, in the manner of the *“Q’’ sec-
tion. This lowers the impedance of the match-
ing section and makes the position of the
line taps somewhat less difficult to determine
accurately. The line adjustment should be
made only with the parasitic elements in
place, and after the correct element lengths
have been determined, it should be checked to
compensate for changes likely to occur because
of element tuning. The procedure is the same
as that described in § 10-8.

The concentric-line matching section at C
will work with fair accuracy into a close-spaced
parasitic array of 2, 3 or 4 elements without
necessity for adjustment. The line is used as
an impedance-inverting transformer, and, if its
characteristic impedance is 70 ohms, it will give
an exact match to a 600-ohm line when the
resistance at the termination is about 8.5 ohms.
Over a range of 5 to 15 ohms the mismatch, and
therefore the standing-wave ratio, will be less
than 2 to 1. The length of the quarter-wave sec-
tion may be calculated from Equation 7 (§ 10-5).

The delta matching transformer shown at D
is an excellent arrangement for parasitic ar-
rays, and is probably easier to install, mechan-
ically, than any of the others. The positions of
the taps (dimension @) must be determined
experimentally, along with the length, b, by
checking the standing-wave ratio on the line
as adjustments are made. Dimension b should
be about 15 per cent longer than a.

Sharpness of resonance — Peak perform-
ance of a multi-element directive array depends
upon proper phasing or tuning of the elements,
which in all but the simplest systems can be
exact for one frequency only. However, there is
some latitude, and most arrays will work well
over a relatively narrow region such as the 14
Mec. band. If frequencies in all parts of the band
are to be used, the antenna system should be
designed for the mid-frequency; on the other
hand, ifionly one frequency in the band will be
used for“the greater portion of the time, the
antenna might be designed for that frequency
and some degree of misadjustment tolerated on
the occasionally used spare’frequencies.

When reflectors or directors.are used the tol-
erance is usually less than in the case of driven
elements, partly because the parasitic-element
lengths are fixed and the operation may change
appreciably as the frequency passes from one
side of resonance to the other, and partly be-
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cause the close spacing ordinarily used results
in a sharp-tuning system. With parasitic ele-
ments, operation should be confined to a small
region about the frequency for which the
antenna is adjusted if peak performance is to
be secured.

Combinationarrays — It is possible to
combine parasitic elements with driven ele-
ments to form arrays composed of collinear
driven and parasitic elements and combination
broadside-collinear-parasitic elements. Thus
two or more collinear elements might be pro-
vided with a collinear reflector or director set,
one parasitic element to each driven element.
Or both directors and reflectors might be used.
A broadside-collinear array could be treated
in the same fashion.

When combination arrays are built up, a
rough approximation of the gain to be ex-
pected may be obtained by adding the gains
for each type of combination. Thus the gain of
two broadside sets of four collinear arrays with
a set of reflectors, one behind each element, at
quarter-wave spacing for the parasitic ele-
ments, would be estimated as follows: From
Table 111, the gain of four collinear elements is
4.5 db. with half-wave spacing; from Fig. 1041
or Table IV, the gain of two broadside elements
at half-wave spacing is 4.0 db.; from Fig. 1046,
the gain of a parasitic reflector at quarter-wave
spacing is 4.5 db, The total gain is then the
sum, or 13 db. for the sixteen elements. Note
that using two sets of elements in broadside is
equivalent to using two elements, so far as
gain is concerned; similarly with sets of re-
flectors, as against one antenna and one re-
flector. The actual gain of the combination
array will depend, in practice, upon the way
in which the power is distributed between the
various elements and upon the effect which
mutual coupling between elements has upon
the radiation resistance of the array, and may
be somewhat higher or lower than the estimate.

A great many directive antenna combina-
tions can be worked out by combining ele-
ments according to these principles.

¢ 10-14 Miscellaneous Antenna
Systems

Grounded antenna— The grounded an-
tenna is used almost exclusively for 1.75-Me.
work, where the length required for a half-
wave antenna would be excessive for most lo-
cations. An antenna worked “against ground”’
need be only a quarter-wave long, approxi-
mately, because the earth acts as an electrical
“mirror” which supplies the missing quarter
wave. The current is maximum at the ground
connection with a quarter-wave antenna, just
a8 it is at the center of a half-wave antenna.

On 1.75 Mec. the most useful radiation is
from the vertical part of the antenna, since
vertically polarized waves are characteristic of
ground-wave transmission. It is therefore de-
sirable to make the down-lead as nearly verti-
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Fig. 1049~ Typical grounded A
antenna for 1.75 Mc., consist- -
ing of a vertical section and a
horizontal section having a
total length (including the
ground lead, if the latter is
more than a few feet long) of
one-quarter wavelength. Coil
L should have about 20 turns
of No. 12 wire on a 3-inch di-
ameter form, tapped every
two or three turns for adjust- L
ment. Cis a 250 to 500 uufd.

variable. The inductive cou-

pling between L and the final

tank coil should be variable. =

Finol Tank <

cal as possible, and also as high as possible.
This gives low-angle sky-wave transmission,
which is most useful for long-distance work at
night, in addition to a good ground wave for
local work. The horizontal portion contributes
to high-angle sky-wave transmission, which is
useful for covering short distances on this band
at night. .

Fig. 1049 shows a grounded antenna with
the top folded to make the length equal to a
quarter wave. The antenna coupling apparatus
consists of the coil, L, tuned by the series con-
denser, C, with L inductively coupled to the
transmitter tank circuit (§ 10-4, 10-6).

For computation purposes, the over-all lerigth
of a grounded system is given by

236
Length (feet) = m

This is the foial length from the far end of the
antenna to the ground connection, The length
is not critical, since departures of the order of
10 to 20 per cent can be compensated by the
tuning apparatus.

The ground should preferably be one with
conductors buried deep enough to reach nat-
ural moisture. In urban locations, good grounds
can be made by connecting to the water mains
where-they enter the house; the pipe should be
scraped clean and a low-resistance connection
made with a tightly fastened ground clamp. If
no water supply pipes are available, several
rods or pipes six to eight feet long may be
driven into the ground at intervals of six or
eight feet, all being connected together. The
transmitter should be located so as to make the
ground lead as short as possible.

In locations where it is impossible to secure a
good ground connection, because of sandy soil
or other considerations, it is preferable to use
a counterpoise or capacity ground instead of
an actual ground connection. The counterpoise
consists of a system of wires, insulated from
ground and running horizontally above the
earth beneath the antenna. The counterpoise
should have a sufficient number of wires of
sufficient length to cover well the area immedi-
ately under the antenna. The wires may be
formed into any convenient shape; i.e., they
may be spread out fan-shape, in a radial pat-
tern, or as three or more parallel wires sepa-
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rated a few feet and
running beneath the an-
tenna. The counterpoise
may be elevated six feet
or so above the ground,
so that it will not inter-
fere with persons walking
under it. A low-resist-
ance connection should
be made between the
usual ground terminal of
the transmitter and each
of the wires in the
counterpoise.

“J’ antenna — This
type of antenna, fre-
quently used on the very-
high frequencies when
vertical polarization is
desired, is simply a half-
wave radiator fed through
a quarter-wave match-
ing section, (§ 10-8), the
whole being mounted
vertically as shown in

THE RADIO AMATEUR'S HANDBOOK

A
1
Trans. %
Line
N May be
ymun;elc//ﬁere
Fig. 1050 — The “J”

antenna. It is usually
constructed of metal
tubing, frequently with
the 3{.wave vertical
section mounted as an
extension of a grounded
metal mast. The stub
may be adjusted by a
sliding shorting bar,

Fig. 1050. Adjustment
and tuning are as de-
scribed in § 10-8. The bottom of the matching
section, being at practically zero r.f. potential,
can be grounded through a metallic conductor
for lightning protection.

Coaxial antenna — With the “J”’ antenna
there is likely to be some
radiation from the match-
ing section and the trans-
mission line, which tends
to combine with the radi-

% /'Zf,?l ation from the antenna
in such a way as to raise
the angle of radiation.

Insulator As this .is undesira‘ble

ST omnected at very-high frequenc}es,

f to (;utir wl(xiere the lowlest possible

] conauctor . radiation angle is essen-

EII af%’v’;eﬂmc tial, the coaxial antenna

% f shown in Fig. 1051 was
i developed to eliminate

:' | Sl feeder radiation. The cen-

I:l ter conductor of & 70-ohm

v L concentric transmission
line is extended one quar-
ter wave beyond the end

T:Z;?Z’erc of the line, to act as the
line upper half of a half-wave

antenna. The lower half is
provided by the quarter-
wave sleeve, the upper
end of which is connected
to the outer conductor of
the concentric line. The

Fig. 1051 — Coaxial
antenna. The insulated
inner conductor of the
70-ohm concentric line
is connected to the
quarter-wave metal
rod which forms the up-
per half of the antcnna.

sleeve acts as a shield
about the transmission
line and very little cur-
rent is induced on the
outside of the line by the
antenna field. The line is

non-resonant, since its characteristic imped-
ance is the same as the center impedance of the
half-wave antenna (§ 10-2). The sleeve may be
made of copper or brass tubing of suitable di-
ameter to clear the transmission line. The
coaxial antenna is somewhat difficult to con-
struct, but is superior to simpler systems at
low radiation angles.

Folded dipole — An arrangement which
combines the radiation characteristics of a
half-wave antenna with the impedance-trans-
forming properties of a quarter-wave line
(§ 10-5) is shown in Fig. 1052. Essentially, it
consists of a center-fed half-wave antenna with
another half-wave element connected directly
between its ends. The spacing between the
two sections should be quite close — not more
than a few per cent of the wavelength. As
used at very-high frequencies, the spacing is
of the order of an inch or two when the ele-
ments are constructed of metal tubing.

The impedance at the terminals of the an-
tenna is four times that of a half-wave antenna,
or nearly 300 ohms, when the antenna con-
ductors all are the same diameter. A 300-ohm
line will therefore be non-resonant when the
antenna is connected to its output end (§ 10-5),
while the standing-wave ratio with a 600-ohm
line ‘'will be only of the order of 2 to 1.

i
Transmission
Line

Fig. 1052 — Folded dipole for increasing the value of
impedance at the fecd point to match a transmission line.

The total required length around the loop
formed by the antenna may be calculated by
Equation 10 (§ 10-9) for a total length of one
wavelength.

Corner reflector antenna — A type of an-
tenna systcm particularly well-suited to the
v.h.f. ranges above 56 Mec., is the “corner”
reflector, shown in Fig. 1053. It consists of
two plane surfaces set at an angle of 90°, with
the antenna set on a line bisecting this angle.
For maximum performance, the distance of the
antenna from the vertex should be 0.5 wave-
length, but compromise designs can be built
with closer spacings (see Table V). The plane
surfaces need not be solid sheets, and can most
easily be made of spines spaced about 0.1
wavelength apart. The spines do not have to
be connected together electrically.

The resistance of the antenna is raised when
a corner reflector is used. The transmission
line should be run out at the rear of the reflec-
tor, to keep the system as symmetrical as
possible and thus avoid any unbalance. Two
simple antennas which can be used with the
corner reflector are shown in Fig. 1054.

The corner reflector can be used with the
antenna either horizontal or vertical, and the
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Fig. 1053 — A corner reflector antenna system with a
spine- or grid-type reflector. The reflector elements are
made of stiff wire or tubing. The dimensions shown are
for 224 Mc., and should be doubled for 112 Mc. (See
Table V.) The gaiu of the system is close to 10 db.

plane of polarization will be the plane of the
antenna. The relative positions of the an-
tenna and reflector must remain the same,
however, which means that a support for both
horizontal and vertical polarization would
require a means for rotating the reflector
about its horizontal axis.

Receiving antennas — Nearly all of the
properties possessed by an antenna as a radi-
ator also apply when it is used as a receiving
antenna. Current and voltage distribution, im-
pedance and resistance, and directional charac-
teristics are the same in a receiving antenna
as they would be if it were used as a trans-
mitting antenna. This reciprocal behavior
makes possible the design of a receiving an-
tenna of optimum performance based on the
same considerations as have been discussed for
transmitting antennas.

The simplest form of receiving antenna is a
wire of random length, which acts as a con-
ductor in the field of the radiated wave and in

T ST

——— A -
B2 L
Two wire /ine 450 t0 500/
tuned at 0hm line
Lransmitter (Wo.12 wire,
Spaced 2*)
L S
S |-
A B

Fig. 1054 — Dipoles suitable for use with the corner
reflector antenna system. The radiator length, L, is 25
inches for 224 Mc., and s = 1 inch for the same band.
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which distributed voltages are induced by the
wave. The longer the wire, the greater the
energy it abstracts from the wave. Because of
the high sensitivity of modern receivers, a
large antenna is not necessary for picking up
signals at good strength. An indoor wire only
15 to 20 feet long will give quite good results,
although a longer wire outdoors is better.
The use of a tuned antenna greatly improves
the operation of the receiver, because the signal
strength is greater in proportion to the stray
noises picked up by the antenna than is the
case with wires of random length. Since the
transmitting antenna usually is given the best
location, it can also be used to great advantage
for receiving. This is especially true when a
directive antenna is used. A change-over
switch or relay, connected in the antenna leads,
can be used to transfer the connections from
the receiver to the transmitter while the latter
is on the air. The directional effects and
power gain of directive transmitting antennas
are the same for receiving as for transmitting.

TABLE V
Number . Spacing
Frequency | Length Iﬁngthworf of Sﬁ”’ﬁ"‘% orf of Driven
Band ~ | of Side | gy P08 | Reflector | 1 ¢°%" [ Dipole
ements | Blements | 00| ¢ Vertex
224-230Mec. | 4’2"/ 7 20 5 2'2'"
(1}{ meter)
112-116 Mc. | 84’ 52" 20 10”7 4 4
(2% meter)
112-116 Mc.*| 6°8’* 52 16 10”7 3 8’
(234 mcter) |
56-60 Mc. | 16’87 | 10’4’ 20 1’ 8" 8’ 8’
(5 meter)
56-60 Mc.* | 13°4’/ | 10°4" 16 1 8’ 611’
(5 meter)
Dimensions of square-corner reflector for the
224., 112, and 56-Mc. bands. Alternative de-
signs are listed for the 112. and 56-Mc. bands.
These designs, marked (*), have fewer reflector
elements and shorter sides, but the effectiveness
is only slightly reduced. There is no reflector
element at the vertex in any of the designs.

In selecting a directional receiving antenna it
is preferable to choose a type which gives very
little response in all but the desired direction
(small minor lobes). This is even more impor-
tant than high gain in the desired direction,
because the cumulative response to noise and
unwanted-signal interference in the smaller
lobes may offset. the advantage of increased
desired-signal gain.

The auxiliary elements in the antenna sys-
tem — transmission line and receiver coupling
— should be arranged to avoid direct pick-up
of undesired-signal or noise energy, which would
impair the directivity. This requires a balanced
transmission line without standing waves, a
carefully shielded and balanced receiver input
circuit, and a good ground on the receiver.



CHAPTER ELEVEN

Receiver Construction

@, A One-Tube Regenerative Receiver

Tee siMPLEST receiver capable of
giving at all satisfactory results in everyday
operation is one consisting of a regenerative
detector followed by an audio amplifier. This
type of receiver is adequate for headphone
reception, and is quite easy to build and ad-
just. A dual tube may be used for both stages,
thereby reducing cost.

Figs.- 1101 to 1105 show such a receiver.
It uses a 6C8G twin-triode tube, one triode
section being the regenerative detector and
the other the audio amplifier. The circuit
diagram is given in Fig. 1103. The grid coil,
L,, is tuned to the frequency of the incoming
signal by means of condensers C; and C;, C;
being the band-setting or general coverage
condenser and C; the bandspread condenser.
Regeneration is supplied by means of the
tickler coil, Lg; the variable plate by-pass con-
denser, Cj, is the regeneration control. The
receiver is coupled to the antenna through
Cs, a low-capacity trimmer condenser. Ry and
C4 are the grid leak and grid condenser.

The audio amplifier section of the tube is
coupled to the detector by the audio trans-
former, T';. Bias for the audio stage is supplied
by a midget flashlight cell, this type of bias
being quite convenient as well as cheaper than
other methods. The choke, RFC, is necessary
to prevent r.f. current from flowing in the
primary winding of the audio transformer;
without the r.f. choke, the regeneration control
condenser, Cs, may be ineffective. A switch,
Sy, is provided for turning off the ‘“B’’ supply
when transmitting.

This receiver is laid out so that it can be
converted into the two-tube superheterodyne
described in the next section, using most of the

Fig. 1102 — Top view of the chassis of the one-tube re-
generative receiver. T'he grid condenser and grid leak are
supported by their wire leads between the stator plates
of the tuning condenser and the arid :ap on the tube.

same parts over again and utilizing the same
chassis and panel. The superhet will give im-
proved performance, but is a little more diffi-
cult to build and adjust. By building the one-
tube receiver first, the beginner will acquire
experience in the operation of regenerative
circuits which will be helpful in building and
using the two-tube receiver.

The construction of the receiver is shown in
the photographs. The three variable condensers
are mounted on the panel three inches from
the bottom edge, with Cj3 in the certer, €y at
the right and Cj at the left. The condensers are
314 inches apart, center to cen-
ter. The tube socket is directly

behind Cj, its center being 214
inches from the panel; the coil
socket is 214 inches to the right.
The a.f. transformer is mounted
at the rear of the chassis, as
shown. All ground connections
may be made directly to the
chassis, making sure that the
paint is scraped away and that
good contact is secured.

Fig. 1101 — A one-tube regenerative
receiver, using a double triode with
one section a regenerative detector
and the other an audio amplifier. The
chassis measures 514 X 914 X 114
inches; panel size is 6 X 1014 inches,

210
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Fig. 1103 — Circuit diagram of the one-tube receiver.

Ci, C2 — 100-upufd. variable (Ilammarlund SM-100).

C3 — 15-uufd. variable (Hammarlund SM-15).

C4 - loo-ppfd. mica,

Cs — 3~30-uufd. mica trimmer (National M-30).

Ri1 — 1 megohm, V4-watt.

L1, L.z — See coil table.

T1 — Audio transformer, interstage type, 3:1 ratio
(Thordarson. T-13A34).

S; — S.p.s.t. toggle switch.

RFC — 2.5-mh. r.f. choke.

In the photograph, Fig. 1105, the antenna
connection strip is at the left, with Cs sup-
ported by the wiring to the antenna post.
The ground connection is soldered to a lug
under the nut holding the connection strip
in place. The choke, RFC, also is supported by
the wiring. The bias battery (the zinc can is
the negative terminal) is soldered to a lug
strip, as shown. The headphone connections
are made by means of tip jacks mounted on
the rear edge of the chassis. Filament and
plate power are brought in through a four-
wire cable which enters the chassis through the
rear edge. )

The coils are made as shown in Fig. 1104
and the coil table. Both windings should be in
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the same direction. Using the standard pin
numbering for four-prong sockets, pin 1 con-
nects to ground, pin 2 to the plate of the
detector, pin 3 to RFC and the stator plates of
C,, and pin 4 to the stator plates of C; and Cj.
Ly for the B, C and D coils should have its
turns evenly spaced to occupy the specified
length; the wire may be held in place when
the coil is finished by running Dueco cement
along the ridges of the coil forms.

The heater supply for the receiver may be
either a 6.3-volt filament transformer (the
1-ampere size will be ample) or a 6-volt bat-
tery. A 45-volt “B”’ battery should be used
for the plate supply.

After the set is completed and the wiring
checked to make sure that it is exactly as
shown, insert the C coil in the coil socket and
connect the headphones, antenna and ground,
and the heater supply. After the heater supply
has been connected for a few minutes, the
tube should feel warm to the touch and there
should be a visible glow from the heater. The

“B" battery may now be connected and the

switch, S, closed.

Now turn the regeneration ¢ondenser, Ca,
starting from minimum capacity (plates all
out) until the set goes into oscillation. This
phenomenon is easily recognizable by a dis-
tinct click, thud or hissing sound. The point
where oscillation just begins is the most
sensitive operating point at that particular
dial setting.

The tuning dial may now be slowly turned,
the regeneration control knob being varied
simultaneously (if necessary) to keep the set
just oscillating. A number of stations should be
heard. A little practice will make tuning easy.

If the set refuses to oscillate, the sensitivity
will be poor and no code signals will be heard on
the frequencies at which such signals should be
expected. It should oscillate easily, however,
if the coils are made exactly as shown. It some-
times happens that the antenna takes so much
energy from the set that it cannot oscillate,
this usually resulting in ‘““holes” in the range
where no signals can be picked up (and where
the hissing sound cannot be obtained). This can

g ‘l‘l
ol
Fig. 1104 — Method
== of winding the plug-in
coils for the one-tube
regencrative receiver.
==l
b i : '
a' 32
o o
2
4
O 0

BOTTOM OF SOCKET
OR COIL FORM

Fig. 1105 — Bottom-of chassis view of the
one-tube two-stage regenerative receiver,
Construction and wiring are extremely simple.

e
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ONE-TUBE REGENERATIVE
RECEIVER COIL DATA

Coil Grid Winding (L) Tickler (L2)
A 56turns No.22 enameled | 15 turns No. 24 enameled
w “ g u o om “

B 32 *
c 18« o om “ P “
.D 10 % ¢ ou “ § s wom “

All coils wound on 1Y4-inch diameter forms (Hammarlund
SWF-4).Grid windings on coils B, C and D spaced to occupy
a length of 134 inches; grid winding on coil A close-wound.
Tickler coils all close-wound, spaced 3£ inch from bottom of
grid winding. See Fig. 1104.

Frequency range: Coil A — 1700 to 3200 ke.

: . B — 3000 to 5700 ke.
C 5400 to 10,000 ke.
D — 9500 to 18,000 ke.

be cured by reducing the capacity of Cs (un-
screwing the adjusting screw) until the detector
again oscillates. If it still refuses to oscillate,
the coil Ly must be moved nearer to L; or, in
extreme cases, a turn or two must be added to
L,. This is best done by rewinding with more
turns rather than by trying to add a turn or
two to the already-wound coil. For any given
band of frequencies, adjust Cs so that the
detector oscillates over the whole range, using
as much capacity at Cs as is possible. This will
give the best compromise between dead spots
and signal strength. It will be found that less
advancing of the regeneration control, C, is
required at the high-frequency end of a coil
range (Cy at or near minimum capacity) than
at the low-frequency end. The best adjust-
ment of the antenna condenser, Cs, and the
feed-back coil, Lg, is that which requires almost
a maximum setting of the regeneration control
at the low-frequency end (maximum capacity
of C1) of any coil range.

Coil A misses the high-frequency end of the
broadcast band, but it is possible to hear
police stations and the 160-meter amateur
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band with it, as well as other services. The
amateur band is most easily located by listen-
ing at night, setting C; at maximum and slowly
tuning with C; until some of the police sta-
tions are heard. These stations operate on 1712
ke., so that once found they become ‘‘ markers”
for the low-frequency end of the band.

Locating the amateur bands on the other
coils is done in much the same manner, by
searching carefully with Cy. The 3.5-4.0-Mec.
amateur band will be found on coil B at about .
80 per cent setting of C1. On coil C, the 7-Mec.
amateur band will be found with C; meshed
about 60 per cent; the 14-Mec. band (coil D) is
found with Cy meshed about 20 per cent.

A suitable antenna for the recetver would be
50 to 75 feet long, and as high and clear of sur-
rounding objects as possible. The ground lead
should preferably be short; a connection to a
heating radiator or water pipe is usually good.

@ A Two-Tube Superheterodyne Receiver .

Although all the advantages of the superhet-
erodyne-type receiver cannot be secured with-
out going to rather elaborate multi-tube cir-
cuits, it is possible to use the superhet principle
to overcome most of the disadvantages of the
simple regenerative receiver. These are chiefly
the necessity for critical adjustment of the
regeneration control with tuning, antenna
“dead spots,”’ lack of stability (both in the
detector circuit itself and because of slight’
changes in frequency when the antenna swings
with the wind), and blocking, or the tendency
for strong signals to pull the detector into zero
beat. These effects can be largely eliminated
by making the regenerative detector operate
on a fixed low frequency and designing it for
maximum stability. The incoming signal is
then converted to the fixed detector frequency
before being detected.

A two-tube receiver operating on this prin-
ciple is shown in Figs. 1106 to 1110. It employs
the same chassis and panel,
as well as most of the parts,

of the one-tube regenerative
receiver just described, with
the addition of a converter
tube and its associated’ cir-
cuits. The same coils may
also be used, with a new
winding and rearrangement
of the pin connections for
L,; the windings and con-
nections for L; need not be
changed. One additional coil
is needed to cover a fre-
quency range of 1700 to
14,500 ke., including the
four lower-frequency ama-
teur bands.

Fig. 1106 — This two-tube su-
perheterodyne has one more oper-
ating control than .the ordinary
regenerative receiver, butit is
L more stable and easier to tune.
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The circuit diagram is given in Fig.
1108. A 6K8 is used to convert the fre-
quency of the incoming signal to the
fixed or intermediate frequency, and
the two -triode sections of a 6C8G
serve as the regenerative detector and
audio amplifier respectively. LiC is
the r.f. circuit, tuned to the signal,
and L, is the antenna coupling coil.
C; is a by-pass condenser across the
1.5-volt battery used to bias the
signal grid of the 6K8. The high-
frequency oscillator tank circuit is
L3C3Cy, with Cs for band-setting and
C, for bandspread.

The i.f. tuned circuit (or regenera-
tive detector circuit) is LsCs. This
must be a high-C circuit if stability
better than that of an ordinary re-
generative detector is to be secured.
The frequency to which it is tuned
should be in the vicinity of 1600 ke.;
the exact frequency does not matter
so long as it falls on the low-frequency
side of the 1750-kc. band. Ls and
its tickler coil, Lg, are wound on a

small form, and Ls is tuned by a fixed
mica condenser of the low-drift type.
Since these condensers are rated with
a capacity tolerance of 5 per cent, it
is sufficient to wind Ls as specified under Fig.
1108. The resulting resonant frequency will
be in the correct region. No manual tuning is
necessary, and therefore the frequency of this
circuit need not be adjusted. Cy is the regen-
eration-control condenser, isolated from the d.c.
supply by the choke, RFC. Only enough turns
need be used on Lg to make the detector oscil-
late readily when Cs is at half capacity or more.

The second section of the 6C8G is trans-
former-coupled to the detector. The grid is
biased by the same battery which furnishes
bias for the 6K8.

Looking at the top of the chassis from in

front, the r.f. or input circuit is at the left,
with C; on the panel and L;iL; just behind it.
The 6C8G is directly to the rear of the coil.
The 6K8 converter tube is centered on the
chassis, with C3 and C, on the panel directly

Fig. 1108 — Circuit diagram of the two-tube superhet-

erodyne.

Ci, Cz, C3 — 100-uufd. variable (Hammarlund SM-100).

C4 — 15-upufd. variable (Hammarlund SM-15).

Cs — 250-uufd. silvered mica (Dubilier Type 5-R).

Cs — 0.01-xfd. paper

C7 — 0.005-ufd. mica.

Cs, Co — 100-uufd. mica.

R; — 50,000 ohms, lg-watt.

Rz — 1 megohm, Y4-watt.

RFC — 2.5-mh. r.f. choke.

Ti1 — Audio transformer, interstage type, 3:1 ratio
(Thordarson T-13A34).

11-L4, inc. — See coil table.

Ls — 55 turns No. 30 d.s.c., close-wound on 3;-inch
diameter form (National PRF-2); inductance
40 microhenrys.

Le¢ — 18 turns No. 30 d.s.c., close-wound, on same form
as Ls; see Fig. 1110.

S — S.p.s.t. toggle switch.

Fig. 1107 — A back-of-panel view of the two-tube superhet, showing
the arrangement of parts on top of the 515 X 914 X 114-inch chassis.

in front of it. Cy is driven by the vernier dial
and Cj is toward the top of the panel. The coil
at the right is L3L4, in the ascillator tuned cir-
cuit. The regeneration-control condenser, Ce,
is at the right on the panei. The audio trans-
former, T, is behind the oscillator coil. .
Looking at the bottom of the chassis, the
antenna-ground terminals are at the left, with
s lead going directly to L2 on the coil socket.
The bias battery is fastened to a two-lug in-
suiating strip by means of wires soldered to the
battery. The zinc can is the negative end and
the small cap the positive terminal. By-pass
condenser C7 is mounted on the coil socket.
‘The i.f. coil is mounted on the chassis mid-
way between the socket for the 6C8G and that
for the 6K8&. In winding the coil the ends of the
wires are left long enough to reach to the vari-
pus tie-in points. The grid condenser, Cy, is
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supported by the grid terminal on the tube
socket and the end of the grid winding, Ls. Ry
is mounted over the 6C8G socket. The i.f. tun-
ing condenser, Cs, is mounted by its terminals
between the plate and screen prongs on the
6K8 socket, the ends of Ls being brought to
the same two points.

The oscillator grid condenser, C3, is connected
between the coil-socket prong and the oscillator
grid prong on the 6K8 socket. By-pass con-
denser Cg is mounted alongside the oscillator
coil socket, as shown. The connections to the
rotors of the tuning condensers for both coils go
through holes in the chassis near the front
edge. Grounds are made directly to the chassis
in all cases; make sure that there is an actual
connection to the metal.

The “B" switch is a single-pole single-throw
toggle. 'Phone-tip jacks on the rear chassis
edge provide means for connecting the audio
.output to the headphones.

The method of winding coils is indicated in
Fig. 1110; if the connections to the circuit are
made as shown, there will be no trouble in ob-
taining the necessary oscillation. Both coils on
each formshould be woundin thesame direction.

To test the receiver, first try out the i.f.
circuit. Connect the filament and “B”’ supply
and place both tubes in their sockets. Put a
high-frequency coil in the r.f. socket, but do
not insert a coil in the oscillator socket. The
only test which need be muade is to see if the
detector oscillates properly. Advance Cy from
minimum capacity until the detector goes into
oscillation, which will be indicated by a soft
hiss. This should occur at around half scale
on the condenser. If it does not occur, check
the coil (Ls;Lg) connections and winding direc-
tion and, if these seem right, add a few turns
to the tickler, L. If the detector oscillates with
very low capacity at Cs, it will be advisable to
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Fig. 1110 — How the coils for the two-tube superheter-
odyne are wound. The bottom end of the i.{. coil in this
drawing is the end mounted adjacent to the chassis. Ls
and Lg are wound in the same direction. On the r.f.
socket, pin 4 connects to the No. 3 grid (top cap) of the
6K 8 and stator of Ci, pin 1 to C7. pin 2 to ground and
pin 3 to the antenna post. On the osciliator socket, pin 4
goes to Cs and the stators of C3 and Cy, pin 1 to ground,
pin 2 to “B” 4 and pin 3 to the 6K8 oscillator plate.
Both windings are in the same direction on each coil.

take a few turns off Lg until oscillation starts at
about midscale.

After the i.f. has been checked, plug in an
oscillator coil for a range on which signals are
likelv to be heard at the time. The 5400-
10,000-ke. range is usually a good one. The
coils are arranged so that a minimum number
is needed, even though two are used at a time.
With coil C in the r.f. socket and D in the os-
cillator circuit, set C; at about half scale and
turn C3 slowly around midscale until a signal
is heard. Then tune C; for maximum volume.
Should no signals be heard, the probabiiity is
that the oscillator section of the 6K8 is not
working, in which case the same method of
testing is used as described above for the i.f. de-
tector — check wiring, direction of windings of

coils, and, finally, add turns

to the tickler, Ly, if necessary.

The same oscillator coil,
D, is used for two fre-
quency ranges. This is
possible because the oscilla-
tor frequency is placed on
the low-frequency side of the
signal on the higher range.
This gives somewhat greater
stability at the highest-
frequency range. Some pull-
ing — a change in beat-note
as the r.f. tuning is varied
by means of C;— will be
observed on the highest-
frequency range, but it is
not serious in the region of
resonance with the incoming
signal frequency.

The receiver will respond
to signals either 1600 kec.

Fig. 1109 — Below-chassis view of the two-tuhe superhet. The i.f. circuit is
underneath the chassis; no adjustment of its frequency is necessary. Since
few parts are required, the construction, assembly and wiring are quite simple.

lower or 1600 kec. higher
than the oscillator frequency.
The unwanted response, or
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image, is discriminated
against by the selectivity of
the r.f. circuit. On the three
lower-frequency ranges,
when it is possible to find two
tuning spots on C; at which in-
coming random noise peaks up,
the lower-frequency peak (the
one requiring the highest tun-
ing capacity at C) is the right
one. The oscillator frequency is
1600 ke. higher than that of the
incoming signal on these three
ranges. On the fourth range the
oscillator is tuned 1600 ke.
lower. Bandspread is not needed
in the r.f. circuit, since the
tuning is not very critical.

The regeneration control may
be set to give desired sensitivity
and left alone while tuning; only
when an exceptionally strong
signal is encountered is it neces-
sary to advance it more to keep

the detector in oscillation for
code reception. It should be set
just on the edge of oscillation
for ’phone reception.
The heater requirements of the set are 0.6
amperes at 6.3 volts, approximately. Either a.c.
_or d.c. may be used. The ‘““B”’ battery current
is between 4 and 5 ma., so that a standard 45-
volt block will last hundreds of hours (Bzb. I).

q A Three-Tube General Coverage and
Bandspread Superheterodyne

A superhet receiver of simple construction,
having a wide frequency range for general
listening-in as well as full bandspread for
amateur-band reception, is shown in Figs.
1111 to 1115. The circuit uses only three tubes
and gives continuous frequency coverage from
about 75 ke. (4000 meters) to 60 Mec. (5
meters). The receiver is intended for operation
from either a 6.3-volt transformer or 6-volt
storage battery for filament supply, and a 90-
volt “B”’ battery for plate supply..

TWO-TUBE SUPERHET COIL DATA
CoiGrl'd AWin_di.ng (L and L:)_._-i_n{enna (Ls) or Tickler (Ls)

A 56 turns No. 22 enameled | 10 turns No. 24 cnameled
B 32 % w« u w g @ o
c 18 ¢ w4 ow “ 7w wow “
D 1204 wow “ 7 4 wou “
E 10 a“ " “ [ 7 “ "t " 4“

Al coils wound on 134-inch diameter forms (Hammarlund
SWF-1). Grid windings on coils B-E, inclusive, are spaced to
occupy alength of 134 inches; grid winding on coil Ais close-
wound. Antenna-tickler coils are all close-wound, spaced
14-inch from bottom of grid winding. Sce Fig. 1110.

Frequency Range Coil al L1-Ls Coil al L3-L4
1700 to 3200 ke, A B
3000 to 5700 ke. B C
5400 to 10,000 ke. (o] D
9500 to 14,500 ko. E D

Fig. 1111 — A three-tube superheterodyne receiver, designed for either
a.c. or d.c. heater operation and for 90-volt "B battery plate supply.

The circuit diagram is given in TFig. 1112. A
6KS8 is used as a combined oscillator-mixer
followed by a 6SK7 i.f. amplifier. The inter-
mediate frequency is 1600 ke., a frequency
which reduces image response on the higher
frequencies and simplifies the design for low-
frequency operation in the region below the
broadcast band. One section of the 6C8G dou-
ble triode is used as a second detector and the
other section as a beat-frequency oscillator.
Headphone output is taken from the plate
circuit of the second detector.

To simplify construction, the antenna and
oscillator circuits are separately tuned. The an-
tenna tuning control, C, may be used as a
volume control by detuning from resonance.
The oscillator circuit, L3C»Cs3, is tuned 1600 ke.
higher than the signal on frequencies up to 5
Mec.; above 5 Mec. the oscillator is 1600 ke.
lower than the signal. C; is the general cover-
age or band-setting condenser, C3 the band-
spread or tuning condenser. Cy is a tracking
condenser which sets the oscillator tuning
range on each band so that it coincides with the
tuning range in the mixer grid circuit.

The i.f. stage uses permeability-tuned trans-
formers with silvered-mica fixed padding con-
densers. The second detector is cathode-biased
by Rs, by-passed by Cy; for audio frequencies.

The second 6C8G section is the beat oscil-
lator, using a permeability-tuned transformer.
The grid condenser and leak are built into the
transformer. The plate is fed through the b.o.
on-off switch and a dropping resistor, Rg, the
latter serving both to reduce the “B"” current
drain and to cut down the output of the oscil-
lator to a value suitable for good heterodyning.
No special coupling is needed between the beat
oscillator and the second detector.
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Fig. 1112 — Wiring diagram for the three-tube general
coverage and bandspread superheterodyne receiver.

Ci — 100-upfd. variable (Hammarlund MC-100-M).

Cz — 140-u4fd. variable (Hammarlund MC-140-M).

C3 — 35-uufd. variable (Hammarlund IF-35).

C4 — Oscillator padder; see coil table.

Cs — 0.1-ufd. paper.

Ce — 0.002-ufd. mica.

C7 — 250-uufd. mica.

Cg — 0.002-nfd. mica.

Co, C10 — 0.01-ufd. paper.

C11 — 5-ufd. electrolytic, 50 volts.

Ciz, C13 — 0.002-ufd. mica.

Ry — 50,000 ohms, 14-watt.

Rz, Ra — 250 ohms, 14-watt.

Ri— 12,000 ohms, V5-watt.

Rs — 50,000 ohms, 14-watt.

T, T2—1600-kc. i.f. transformer (Millen
64161).

T's — 1600-kc. oscillator transformer (Millen
65163).

I, L2, L3, Ls — See coil table on page 215.

S1, S2 — S.p.s.t. toggle switch.

RFC — 2.5-mh. r.f. choke.

Fig. 1113 — A plan view of the three-tube
superheterodyne with the coils and tubes re-
moved. The chassis measures 514 X 914 X
114 inches and the panel sizeis 1014 X 6inches.

The plates and screens of all tubes except
the beat oscillator are operated at the same
voltage — 90 volts. The “B”’ current ‘drain
is approximately 15 milliamperes, which is
about the normal drain for medium-size “B?”’
batteries. The receiver will operate satisfac-
torily, although with somewhat reduced vol-
ume, using a single 45-volt battery for “B”
supply.

The parts arrangement is shown in the
photographs of Figs. 1113 and 1114. The
mixer tuning condenser, Cj, is at the right.
The bandspread oscillator tuning condenser,
Cs, is in the center, controlled by the Na-
tional Type-A 314-inch dial, and the band-
set condenser, Cy, is at the left,

Fig. 1114 — Below the chassis of the
three-tube receiver. The r.f. choke is
mounted near the oscillator coil socket to
keep the r.f. leads short. In thei.f. stage,
care should be taken to keep the plate
and grid leads from the i.f. transformer
short and well separated. A four-wire
cable is used for power-supply connec-
tions. The headphone tip jacks may be
seen near the upper right-hand corner.
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Referring to the top view, Fig. 1113, the i.f.
section is along the rear edge, with Tj at the
right. Next is the socket for the 6SK7, then T,
and finally T3 at the extreme left. The socket
for the 6C8G is just in front of T'3. The triode
section in which the grid is brought out to the
top cap is the one which is used for the beat
oscillator.

The r.f. section has been arranged for short
leads to favor high-frequency operation. The
three sockets grouped closely together in the
center are, from left to right, the oscillator-
coil socket, socket for the 6 K8, and the mixer-
coil socket. All are mounted above the chassis
by means of mounting pillars, so that prac-
tically all r.f. leads are above deck. The oscilla-
torgridleak, R), and the high-frequency cathode
by-pass condenser, Cs, should be mounted di-
rectly on the socket before it is installed. So
also should the oscillator grid condenser, C7,
which can be seen extending to the left toward
the oscillator-coil socket in Fig. 1113. Power-
supply connections should be soldered to the
6K8 socket prongs before the socket is mounted,
and these leads brought down through a hole in
the chassis.

Cj and Cy are mounted directly on the chas-
sis. C3 is held from the panel by means of a
small bracket made from metal strip, bent so
that the condenser shaft lines up with the dial
coupling. A baffle shield made of aluminum
separates the oscillator and mixer sections; this
shield is essential to prevent coupling between
the two circuits which might otherwise cause
interaction and poor performance.

The first step in putting the receiver into
operation is to align the i.f. amplifier. This
should preferably be done with the aid of a test
oscillator, but if one is not available the circuits
may be aligned on hiss or noise. The beat oscil-
lator can also be used to furnish a signal for
alignment. Further information on alignment
may be found in Chapter Seven.

OSCILLATOR

—U—[]—:se-seoxc.

76-154 Kc.
LOW-FREQUENCY MIXER COILS

Fiz. 1115 — How the coils for the three-tube super-

heterodyne are constructed. On the hand-wound oscilla-
tor and mixer coils, all windings are in the same direction.

The coils are wound as shown in Fig. 1115,
A complete set of specifications is given in the
coil table. Ordinary windings are used for
all oscillator coils, and for all mixer coils for
frequencies above 1600 kc. Below 1600 ke.,
readily-available r.f. chokes are used for the
tuned circuits. For the broadcast band and
the 600-750 meter ship-to-shore channels, the

COIL DATA FOR THE THREE-TUBE SUPERHETERODYNE

Turns
Range Cs
Ly Ly Ls Ly L3 Tap

A— T6-154ke.......covivuniininninnnnn 30 mh. 1 mh.

166-360 ke.. ... ovviviiiiin e 8 mh. 1 mh. 65 12 Top 300 ppfd.

400-1500 ke. . .. .. 2.5 mh.* v
B — 1.6 to 3.2 Mc. (160 meters) 56 10 42 11 Top 75 upfd.
C —3.00 to 5.7 Mc. (80 meters)} 32 8 27 9 Top 100 ppfd.
D — 5.4 to 10.0 Mc. (40 meters) 18 8 22 9 12 0.002 ufd.
E — 9.5 to 18 Mec. (20 meters). . 10 8 12 3% 6 400 ppfd.
F —15.0 to 30 Mc. (10 meters). 5 6 4 6 234 234 400 ppfd.
G — 30 to 60 Mec. (5 meters).............. 3 3 314 1 1 300 ppfd.

* See Fig. 1115 and text for details. C4 is mounted inside oscillator coil form; see Fig. 1115. Bandspread taps on Lg
measured from bottom (“B’ + end) of coil. L3-A and Li1-B coils close-wound with No. 22 enameled wire; L3-B
close-wound with No. 20 enameled; all other grid coils (L1 and L3) wound with No. 18 enameled, spaced to give a
length of 134 inches on a 1 }4-inch diameter form (Hammarlund SWF) except the G coils, which are spaced to a length
of 1inch on 1-inch diameter forms (Millen 45004 and 45005). Antennaand plate coils, L2 and L4, are close-wound with
No. 24 enameled, spaced about }4th-inch from bottoms of grid coils, except for Ls-G, which is interwound with Ls.
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described in Chapter Nineteen. The
mixer calibration need only be ap-
proximate, since tuning of the mixer
circuit has little effect on the oscilla-
tor frequency. It is sufficient to make
a calibration which ensures that the
mixer is tuned to the desired signal
rather than to the image.

On the broadcast band, the tuning
range is such that, with Cs set at 1500
ke., the entire band will be covered on
C3. It is necessary, however, to change
the tap on the mixer coil to make the
antenna circuit cover the entire band.
Only one oscillator coil is needed for
the range from 75 to 1500 ke., but a
series of coils is needed to cover the
same range in the mixer circuit.

Adding an audio stage to the
three-tube superhet — Very fre-

Fig. 1116 — The modified three-tube superheterodyne receiver
with the audio amplifier stage added for loudspeaker operation.

mixer coil is a Hammarlund 2.5-mh. r.f. choke,
with the pies tapped as shown in Fig. 1115.
The grid end and the intermediate tap are con-
nected to machine screws mounted near the top
of the coil form, and a flexible lead is brought
out from the grid pin in the coil form'to be fas-
tened to either lead as desired. Mixer coils for
the two lowest-frequency ranges are con-
structed as shown., The antenna winding in
each case is a coil taken from an old 465-ke. i.f.
transformer, having an inductance of about 1
millihenry. The inductance is not particularly
critical, and a pie from a 2.5-mh. choke may be
used instead.

With the i.f. aligned, the mixer grid and os-
cillator coils for a band can be plugged in. C3
should be set near minimum and Cs tuned from
minimum until a signal is heard. Then C; is
adjusted for maximum signal strength. If Ca
is set at the high-frequency end of an amateur
band, further tuning should be done with Cs,
and the band should be found to cover abolut
75 per cent of the dial. C3 can of course be used
for bandspread tuning outside the amateur
bands. It is convenient to calibrate the re-
ceiver, using homemade paper scales for the
purpose as shown in Fig. 1111. Calibration
points may be taken from incoming signals of
known frequency, from a calibrated test oscilla-
tor, or from harmonics of a 100-ke. oscillator as

[ ™
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quently the builder of a small receiver
wishes it to operate a loudspeaker. The
three-tube receiver just described is de-
signed for headphone operation, but
readily can be converted toa four-tubeset for use
with a speaker. For this purpose a 6F6 pentode
can be added to the circuit diagram, as shown

X
- 000040/
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Fig. 1117 — Power-supply circuit for the three-tube super.

Ci — 8-ufd. electrolytic, 450 volts.

C2 — 16-ufd. electrolytic, 450 volts.

R1 — 5000 ohms, 10-watt.

L1 =10 henrys, 65 ma.

T — 275 to 300 volts each side center tap, 60-70 ma.;
6.3 volts at 1 ampere or morc; 5-volt 2-ampere
rectifier filament winding.

S; — S.p.s.t. toggle switch.

A dual-unit electrolytic condenser may be used. Output

voltage will be approximately 250 at full receiver load.

in Fig. 1118. Figs. 1116 and 1119 show how
the receiver looks when completed.

For the purpose of driving the audio stage,
resistance coupling is used from the plate of the
second detector to the grid of the 6F6. A vol-
ume control is used for the grid resistor of the
6F6, and a jack is installed in the second-detec-
tor plate circuit so that a headphone plug may

Fig. 1118 — Circuit diagram of

the pentode audio amplifier stage

for loudspeaker operation of the

three-tube superheterodyne. Ex-

cept as noted below, valuesforcom-

ponents correspond to those bear.

ing thesame numbersin Fig. 1112,

Ci4 — 0.1-ufd. paper.

Cis — 25-ufd. electrolytic, 50 volt.

Re — 120,000 ohms, V4-watt.

R7 —500,000-ohm volume con-
trol.

Rs — 400 ohms, 1-watt.

J — Closed-circuit jack.
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¢ A Regenerative Single-Signal
Receiver

Aun inexpensive amateur-band re-
ceiver using i.f. regeneration for single-
signal reception is shown in Fig. 1120.
Fig. 1121 gives the circuit diagram.
Regeneration also is used in the mixer
circuit to improve the signal-to-image
ratio and to give added gain. This re-
ceiver is designed to give the maxi-
mum of performance, in the hands of
a capable operator, at minimum cost;
selectivity, stability and sensitivity
are the primary considerations.

The mixer, a 6SA7, is coupled to
the antenna and is separately excited
by a 6J5 oscillator. There is a single

Fig. 1119 — The additional parts for the audio output stage can
be identified in this sub-chassis view of the three-tube receiver.

be inserted. The volume control, Rs, should be
of the midget type so that it will fit in the
chassis; it is installed with its shaft projecting
under the tuning dial. In the bottom view, Fig.
1119, the 6F6 socket is in the upper left corner,
along with the cathode resistor and by-pass
condenser, Rgand Cys. The coupling condenser,
Ch4, and the plate resistor, R, are mounted on
an ins