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FOREWORD

Not long ago TIME, in its book section, published a list of *‘all
time best sellers.” It was in two parts — fiction and non-fiction.

Heading the non-fiction list, of course, was the Bible, followed by
such classics as Dr. Spock’s Baby and Child Care. The only technical
publication on that list was The Radio Amateur’s Handbook which,
since F. E. Handy’s (W1 BDI) modest first edition in 1926, has passed
the four million mark. All in all, this is a rather remarkable record for
what is ostensibly a specialized hobby manual.

The Handbook is, of course, much more than that. Not only has
it won an international reputation as the basic, indispensable
reference work for the radio amateur, but it has long been accepted
as a highly useful adjunct to many industrial and academic libraries
in the field of electronics. The Handbook has become the unique
institution it is because, first, its objective has always been to present
radio theory and practice in terms of application . . . how to do
it . . . rather than abstract principles. Second, it has been
continuously changed and modified to reflect both the fundamentals
and the rapidly-advancing technology of radio communications in
the soundest way possible. In other words, our concern is not with
what is merely new or novel or intriguing, but with what is practical,
meaningful, proved — and, above all, useful.

The Handbook is the product of the efforts, the talents and the
skills of many people, bringing together the fruits of home
workshops and the expertise of the entire Hq. staff. Typical of the
functioning of a truly mutual-benefit society, it is a cornerstone in
the ARRL structure to fulfill FCC goals for amateurs (e.g., “ability
to contribute to the advance of the radio art”) and those in our own
charter (e.g., ‘“‘the fostering of education in the field of electronic
communications.’’).

It is our hope that you will find this edition of the Handbook
worthy in every respect of its distinguished predecessors; even more
important, that you will find in it both inspiration and help in
achieving your goals as a radio amateur — because that is what it is all
about. Your comments, suggestions and constructive criticism are
always welcome,

JOHN HUNTOON, W1RW
General Manager

Newington, Conn.
January, 1972
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The Amateur’s Code

ONE

The Amateur is Gentlemanly . . . He never knowingly uses
the air for his own amusement in such a way as to lessen the
pleasure of others. He abides by the pledges given by the
ARRL in his behalf to the public and the Government.

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

ing loyalty.
THREE

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

FOUR

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

FIVE

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.

SIX

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

—PavuL M. SEcAL



Amateur Radio

Amateur radio is a scientific hobby, a means of
gaining personal skill in the fascinating art of
electronics and an opportunity to communicate
with fellow citizens by private short-wave radio.
Scattered over the globe are over 500,000 amateur
radio operators who perform a service defined in
international law as one of ‘‘self-training,
intercommunication and technical investigations
carried on by . . . duly authorized persons
interested in radio technique solely with a personal
aim and without pecuniary interest.”

From a humble beginning at the turn of the
century, amateur radio has grown to become an
established institution. Today the American
followers of amateur radio number cver 250,000,
trained communicators from whose ranks will
come the professional communications specialists
and executives of tomorrow — just as many of
today’s radio leaders were first attracted to radio
by their early interest in amateur radio
communication. A powerful and prosperous
organization now provides a bond between
amateurs and protects their interests; an
internationally respected magazine is published
solely for their benefit. The military services seek
the cooperation of the amateur in developing
communications reserves. Amateur radio supports
a manufacturing industry which, by the very
demands of amateurs for the latest and best
equipment, is always up-to-date in its designs and
production techniques — in itself a national asset.
Amateurs have won the gratitude of the nation for
their heroic performances in times of natural
disaster; traditional amateur skills in emergency
communication are also the stand-by system for
the nation’s civil defense. Amateur radio is, indeed,
a magnificently useful institution.

Although as old as the art of radio itself,
amateur radio did not always enjoy such prestige.
Its first enthusiasts were private citizens of an
experimental turn of mind whose imaginations
went wild when Marconi first proved that messages
actually could be sent by wireless. They set about
learning enough about the new scientific marvel to
build homemade spark transmitters. By 1912 there
were numerous Government and commercial sta-
tions, and hundreds of amateurs; regulation was
needed, so laws, licenses and wavelength specifica-
tions appeared. There was then no amateur organi-
zation nor spokesman. The official viewpoint
toward amateurs was something like this:

““Amateurs? . . . Oh, yes ... Well, stick
*em on 200 meters and below; they’ll never get out
of their backyards with that.”

But as the years rolled on, amateurs found out
how, and DX (distance) jumped from local to

Chapter 1

500-mile and even occasional 1000-mile two-way
contacts. Because all long-distance messages had to
be relayed, relaying developed into a fine art — an
ability that was to prove invaluable when the
Government suddenly called hundreds of skilled
amateurs into war service in 1917. Meanwhile U.S.
amateurs began to wonder if there were amateurs
in other countries across the seas and if, some day,
we might not span the Atlantic on 200 meters.

Most important of all, this period witnessed the
birth of the American Radio Relay League, the
amateur radio organization whose name was to be
virtually synonymous with subsequent amateur
progress and short-wave development. Conceived
and formed by the famous inventor, the late Hiram
Percy Maxim, ARRL was formally launched in
early 1914. It had just begun to exert its full force
in amateur activities when the United States
declared war in 1917, and by that act sounded the
knell for amateur radio for the next two and a half
years. There were then over 6000 amateurs. Over
4000 of them served in the armed forces during
that war.

Today, few amateurs realize that World War [
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 amateur radio was
in the balance in the days immediately following
the signing of the Armistice. The Government,
having had a taste of supreme authority over
communications in wartime, was more than half
inclined to keep it. The war had not been ended a
month before Congress was considering legislation
that would have made it impossible for the

HIRAM PERCY MAXIM
President ARRL, 1914-1936
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amateur radio of old ever to be resumed. ARRL’s
President Maxim rushed to Washington, pleaded,
argued, and the bill was defeated. But there was
still no amateur radio; the war ban continued.
Repeated representations to Washington met only
with silence. The League’s offices had been closed
for a year and a half, its records stored away. Most
of the former amateurs had gone into service;
many of them would never come back. Would
those returning be interested in such things as
amateur radio? Mr. Maxim, determined to find out,
called a meeting of the old Board of Directors. The
situation was discouraging: amateur radio still
banned by law, former members scattered, no
organization, no membership, no funds. But those
few determined 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 immediate
running expenses, bought the magazine QST to be
the League’s official organ, started activities, and
dunned officialdom until the wartime ban was
lifted and amateur radio resumed again, on Octo-
ber I, 1919. There was a headlong rush by
amateurs to get back on the air. Gangway for King
Spark! Manufacturers were hard put to supply
radio apparatus fast enough. Each night saw
additional dozens of stations crashing out over the
air. Interference? It was bedlam!

But it was an era of progress. Wartime needs
had stimulated technical development. Vacuum
tubes were being used both for receiving and
transmitting. Amateurs immediately adapted the
new gear to 200-meter work. Ranges promptly
increased and it became possible to bridge the
continent with but one intermediate relay.

TRANSATLANTICS

As DX became 1000, then 1500 and then 2000
miles, amateurs began to dream of transatlantic
work. Could they get across? In December, 1921,
ARRL sent abroad an expert amateur, Paul F,
Godley, 2ZE, with the best receiving equipment
available. Tests were run, and thirty American
stations were heard in Europe. In 1922 another
transatlantic test was carried out and 315 Ameri-
can calls were logged by European amateurs and
one French and two British stations were heard on
this side,

Every thing now was centered on one objective:
two-way amateur communication across the Atlan-
tic! It must be possible — but somehow it couldn’t
quite be done. More power? Many already were
using the legal maximum, Better receivers? They
had superheterodynes. Another wavelength? What
about those undisturbed wavelengths below 200
meters? The engineering world thought they were
worthless — but they had said that about 200
meters. So, in 1922, tests between Hartford and
Boston were made on 130 meters with encouraging
results. Early in 1923, ARRL-sponsored tests on
wavelengths down to 90 meters were successful.
Reports indicated that as the wavelength dropped
the results were better. Excitement began to spread
through amateur ranks.

AMATEUR RADIO

Finally, in November, 1923, after some months
of careful preparation, two-way amateur transat-
lantic communication was accomplished, when
Fred Schnell, IMO (now W4CF) and the late John
Reinartz, 1XAM (later K6BJ) worked for several
hours with Deloy, 8AB, in France, with all three
stations on 110 meters! Additional stations drop-
ped down to 100 meters and found that they, too,
could easily work two-way across the Atlantic. The
exodus from the 200-meter region had started. The
*‘short-wave” era had begun!

By 1924 dozens of commercial companies had
rushed 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 different
services. Although thought still centered around
100 meters, League officials at the first of these
frequency-determining conferences, in 1924, wise-
ly obtained amateur bands not only at 80 meters
but at 40, 20, and even 5 meters.

Eighty meters proved so successful that “‘forty”
was given a try, and QSOs with Australia, New
Zealand and South Africa soon became common-
place. Then how about 20 meters? This new band
revealed entirely unexpected possibilities when
1XAM worked 6TS on the West Coast, direct, at
high noon. The dream of amateur radio — daylight
DX! — was finally true.

PUBLIC SERVICE

Amateur radio is a grand and glorious hobby
but this fact alone would hardly merit such
wholehearted support as is given it by our Govern-
ment at international conferences. There are other
reasons. One of these is a thorough appreciation by
the military and civil defense authorities of the
value of the amateur as a source of skilled radio
personnel in time of war. Another asset is best
described as “‘public service.”

About 4000 amateurs had contributed their
skill and ability in '17-"18. After the war it was
only natural that cordial relations should prevail
between the Army and Navy and the amateur.
These relations strengthened in the next few years
and, in gradual steps, grew into cooperative activi-
ties which resulted, in 1925, in the establishment
of the Naval Communications Reserve and the
Army-Amateur Radio System (now the Military

A view of the ARRL laboratory.




Public Service

Affiliate Radio System). In World War Il thousands
of amateurs in the Naval Reserve were called to
active duty, where they served with distinction,
while many other thousands served in the Army,
Air Forces, Coast Guard and Marine Corps. Alto-
gether, more than 25,000 radio amateurs served in
the armed forces of the United States. Other
thousands were engaged in vital civilian electronic
research, development and manufacturing. They
also organized and manned the War Emergency
Radio Service, the communications section of
OCD.

The **public-service’” record of the amateurisa
brilliant tribute to his work. These activities can be
roughly divided into two classes, expeditions and
emergencies. Amateur cooperation with expedi-
tions began in 1923 when a League member, Don
Mix, 1TS, of Bristol, Conn. (from 1933 to 1968 a
member of the QST technical staff), accompanied
MacMillan to the Arctic on the schooner Bowdoin
with an amateur station. Amateurs in Canada and
the U.S. provided the home contacts. The success
of this venture was so outstanding that other
explorers followed suit. During subsequent years a
total of perhaps two hundred voyages and expedi-
tions were assisted by amateur radio, the several
explorations of the Antarctic being perhaps the
best known.

Since 1913 amateur radio has been the princi-
pal, and in many cases the only, means of outside
communication in several hundred storm, flood
and earthquake emergencies in this country. The
earthquakes which hit Alaska in 1964, Peru in
1970 and California in 1971, Hurricane Camille
and Hurricane Celia, hitting the Gulf of Mexico
and the Southeast U.S. in 1969 and 1970, respect-
ively, called for the amateur’s greatest emergency
effort. In these disasters and many others —
tornadoes, sleet storms, forest fires, blizzards —
amateurs played a major role in the relief work and
earned wide commendation for their resourceful-
ness in effecting communication where all other
means had failed. The League’s Emergency Corps,
now a part of the Amateur Radio Public Service
Corps (ARPSC), was formalized in 1938, and a
program of close cooperation with the American
Red Cross was adopted. Since 1947, there has been
a staff member at headquarters whose primary job
is coordination of public service activities.

After World War I, it became evident that the
international situation was destined to be tense and
the need for some civil defense measures was
apparent. In the discussions with government
agencies that followed, the League got two points
across: first, that amateur radio had a potential for
and capability of playing a major role in this
program; and second, that our participation
should, this time as never before, be in our own
name, as an amateur radio service, even if and after
war should break out. These principles were
included into the planning by the formulation of
regulations creating a new branch of the amateur
service, the Radio Amateur Civil Emergency Ser-
vices, RACES. As an amateur service, its frequency
segments are shared with the regular amateur
service during peacetime. In the event of war, it is
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planned that regular (i.e., casual) amateur radio
will cease and RACES will continue to operate
under certain restrictions. In peacetime emergen-
cies (such as natural disasters), RACES will operate
closely with ARPSC.

TECHNICAL DEVELOPMENTS

The amateur is constantly in the forefront of
technical progress. His incessant curiosity, his
eagerness to try anything new, are two reasons.
Another is that ever-growing amateur radio contin-
ually overcrowds its frequency assignments, spur-
ring amateurs to the development and adoption of
new techniques to permit the accommodation of
more stations.

During World War 1I, thousands of skilled
amateurs contributed their knowledge to the de-
velopment of secret radio devices, both in Govern-
ment and private laboratories. Equally as import-
ant, the prewar technical progress by amateurs
provided the keystone for the development of
modern military communications equipment.

From this work, amateurs have moved on to
satellites of their own, launched piggyback on
regular space shots at no cost to the taxpayer.
Project Oscar Inc., an ARRL affiliate, designed and
constructed the first two non-government satellites
ever placed in orbit, Oscar I on December 12,
1961, and Oscar 1l on June 2, 1962. Oscar 111 and
IV received and retransmitted signals; launch dates
were March 9 and December 21, 1965, re-
spectively. Australis-Oscar V, built in Australia and
launched by NASA under Radio Amateur Satellite
Corporation (AMSAT) auspices, was orbited on
January 23, 1970, and carried a beacon on 28 MHz
which was turned on and off from the ground, as
well as a beacon continuously transmitting on 144
MHZ. The name Oscar is taken from the initials of
the phrase, “Orbital Satellite Carrying Amateur
Radio.”

Another space-age field in which amateurs are
currently working is that of long-range communica-
tion using the moon as a passive reflector. The
amateur bands from 144 to 2450 MHz are being
used for this work. Moonbounce communications
have been carried out, for instance, between
Finland and California on 144 MHz and between
Massachusetts and Hawaii on both 432 and 1296
MHz.

THE AMERICAN RADIO RELAY LEAGUE

The ARRL is today not only the spokesman for
amateur radio in the U.S. and Canada but it is the
largest amateur organization in the world. It is
strictly of, by and for amateurs, is noncommercial
and has no stockholders. The members of the
League are the owners of the ARRL and QST

The League is pledged to promote interest in
two-way amateur communication and experimen-
tation. It is interested in the relaying of messages
by amateur radio. It is concerned with the advance-
ment of the radio art. It stands for the mainte-
nance of fraternalism and a high standard of
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conduct. It represents the amateur in legislative
matters.

One of the League’s principal purposes is to
keep amateur activities so well conducted that the
amateur will continue to justify his existence.
Amateur radio offers its followers countless plea-
sures and unending satisfaction. It also calls for the
shouldering of responsibilities — the maintenance
of high standards, a cooperative loyalty to the
traditions of amateur radio, a dedication to its
ideals and principles, so that the institution of
amateur radio may continue to operate ‘‘in the
public interest, convenience and necessity.”

The operating territory of ARRL is divided into
one Canadian and fifteen U.S. divisions. The affairs
of the League are managed by a Board of Direc-
tors. One director is elected every two years by the
membership of each U.S. division, and one by the
Canadian membership. These directors then choose
the president and three vice-presidents, who are
also members of the Board. The secretary and
treasurer are also appointed by the Board. The
directors, as representatives of the amateurs in
their divisions, meet annually to examine current
amateur problems and formulate ARRL policies
thercon. The directors appoint a general manager
to supervise the operations of the League and its
headquarters, and to carry out the policies and
instructions of the Board.

ARRL owns and publishes the monthly maga-
zine, QST. Acting as a bulletin of the League’s
organized activities, QST also serves as a medium
for the exchange of ideas and fosters amateur
spirit. Its technical articles are renowned. It has
grown to be the “‘amateur’s bible,” as well as one
of the foremost radio magazines in the world.
Membership dues include a subscription to QST

ARRL maintains a model headquarters amateur
station, known as the Hiram Percy Maxim Memor-
ial Station, in Newington, Conn. Its call is WIAW,
the call held by Mr. Maxim until his death and later
transferred to the League station by a special
government action. Separate transmitters of maxi-
mum legal power on each amateur band have
permitted the station to be heard regularly all over
the world. More important, WIAW transmits on
regular schedules bulletins of general interest to
amateurs, conducts code practice as a training
feature, and engages in two-way work on all
popular bands with as many amateurs as time
permits.

At the headquarters of the League in New-
ington, Conn., is a well-equipped laboratory to
assist staff members in preparation of technical
material for QST and the Radio Amateur’s Hand-
book. Among its other activities, the League
maintains a Communications Department concern-
ed with the operating activities of League mem-
bers. A large freld organization is headed by a
Section Communications Manager in each of the
League’s seventy-four sections. There are appoint-
ments for qualified members in various fields, as
outlined in Chapter 24. Special activities and
contests promote operating skill. A special place is
reserved each month in QST for amateur news
from every section.

AMATEUR RADIO

AMATEUR LICENSING iN THE UNITED
STATES

Pursuant to the law, the Federal Communica-
tions Commission (FCC) has issued detailed regula-
tions for the amateur service.

A radio amateur is a duly authorized person
interested in radio technique solely with a personal
aim and without pecuniary interest. Amateur
operator licenses are given to U.S. citizens and
nationals who pass an examination on operation,
apparatus, and regulations affecting amateurs, and
who demonstrate ability to send and receive code.
There are five available classes of amateur license —
Novice, Technician, General (“Conditional” if
taken by mail), Advanced, and Amateur Extra
Class. Each has different requirements, the first
two being the simplest and consequently conveying
limited privileges as to frequencies available. Extra
Class licensees have exclusive use of the frequencies
3.5-3.525, 3.8-3.825, 7.0-7.025, 14.0-14.025,
21.0-21.025 and 21.25-21.275 MHz. Advanced and
Extra have exclusive use of the frequencies
3.825-3.9, 7.2-7.25, 14.2-14.275, 21.275-21.35
and 50.0-50.1 MHz. Exams for Novice, Technician
and Conditional classes are taken by mail under the
supervision of a volunteer examiner. Station licen-
ses are granted only to licensed operators. An
amateur station may not be used for material
compensation of any sort nor for broadcasting.
Narrow bands of frequencies are allocated exclu-
sively for use by amateur stations. Transmissions
may be on any frequency within the assigned
bands. All the frequencies may be used for cw
telegraphy; some are available for radiotelephone,
others for special forms of transmission such as
teletype, facsimile, amateur television or radio
control. The input to the final stage of amateur
stations is limited to 1000 watts (with lower limits
in some cases; see the table on page 14) and on
frequencies below 144 MHz must be adequately
filtered direct current. Emissions must be free from
spurious radiations. The licensee must provide for
measurement of the transmitter frequency and
establish a procedure for checking it regularly. A
complete log of station operation must be main-
tained, with specified data. The station license also
authorizes the holder to operate portable and
mobile stations subject to further regulations. All
radio licensees are subject to penalties for violation
of regulations.

In the U.S., amateur licenses are issued only to
citizens, without regard to age or physical condi-
tion. A fee of $9.00 (payable to the Federal
Communications Commission) must accompany
applications for new and renewed licenses (except
Novices: no fee). The fee for license modification
is $4.00. When you are able to copy code at the
required speed, have studied basic transmitter
theory and are familiar with the law and amateur
regulations, you are ready to give serious thought
to securing the Government amateur licenses which
are issued you, after examination by an FCC
engineer (or by a volunteer, depending on the
license class), through the FCC Licensing Unit,
Gettysburg, Pa., 17325. A complete up-to-the-
minute discussion of license requirements, the FCC



Amateur Licensing

regulations for the amateur service, and study
guides for those preparing for the examinations,
are to be found in The Radio Amateur’s License
Manual, available from the American Radio Relay
League, Newington, Conn. 06111, for $1.00, post-
paid.

AMATEUR LICENSING IN CANADA

The agency responsible for amateur radio in
Canada is the Department of Communications,
with its principal offices in Ottawa. Prospective
amateurs, who must be at least 15 years old, may
take the examination for an Amateur Radio
Operator Certificate at one of the regional offices
of the DOC. The test is in three parts: a Morse
code test at ten words per minute, a written
technical exam and an oral examination. Upon
passing the examination, the amateur may apply
for a station license, the fee for which is $10 per
year. At this point, the amateur is permitted to use
cw on all authorized amateur bands (see table on
page 13) and phone on those bands above 50 MHz.

After six months, during which the station has
been operated on cw on frequencies below 29.7
MHz, the Canadian amateur may have his certifi-
cate endorsed for phone operation on the
26.96-27.0 MHz and 28.0-29.7 MHz bands. The
amateur may take a 15 wpm code test and
more-difficult oral and written examinations, for
the Advanced Amateur Radio Operator Certificate,
which permits phone operations on portions of all
authorized amateur bands. Holders of First or
Second Class or Special Radio Operator’s Certifi-
cates may enjoy the privileges of Advanced class
without further examination. The maximum input
power to the final stage of an amateur transmitter
is limited to 1,000 watts.

Prospective amateurs living in remote areas may
obtain a provisional station license after signing a
statement that they can meet the technical and
operating requirements. A provisional license is
valid for a maximum of twelve consecutive months
only; by then, a provisional licensee should have
taken the regular examination.

Licenses are available to citizens of Canada, to
citizens of other countries in the British Common-
wealth, and to non-citizens who qualify as *‘landed
immigrants” within the meaning of Canadian immi-
gration law. The latter status may be enjoyed for
only six years, incidentally. A U.S. citizen who
obtained a Canadian license as a ‘“‘landed immi-
grant” would have to become a Canadian citizen at
the end of six years or lose his Canadian license.

Copies of the Radio Act and of the General
Radio Regulations may be obtained for a nominal
fee from the Queen’s Printer, Ottawa, and its
dealers. An extract of the amateur rules, Form
AR-5-80, is available at DOC offices. Other books
include: The Canadian Amateur Radio Regulations
Handbook, $2.55 from CARF, Box 334, Toronto,
550, Ontario; the Ham Handbook for Beginners
and the Ham Handbook for Advanced, each $4.30
from Amateur Radio Sales Co., Box 61, Station O,
Toronto 16, Canada; Radio Amateur Licensing
Handbook, $5.00, Mitchell Press Ltd., Box 6000,
Vancouver 3, B.C.
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RECIPROCAL OPERATING

U.S. amateurs may operate their amateur sta-
tions while visiting in Argentina, Australia, Austria,
Barbados, Belgium, Bolivia, Brazil, Canada, Chile,
Colombia, Costa Rica, Dominican Republic, Ecua-
dor, El Salvador, Finland, France*, Germany,
Guatemala, Guyana, Honduras, India, Indonesia,
Ireland, Israel, Jamaica, Kuwait, Luxembourg, Mo-
naco, Netherlands,* New Zealand, Nicaragua, Nor-
way, Panama, Paraguay, Peru, Portugal, Sierre
Leone, Sweden, Switzerland, Trinidad & Tobago,
the United Kingdom* and Venezuela and vice
versa. For the latest information, write to ARRL
headquarters.

LEARNING THE CODE

In starting to learn the code, you should
consider it simply another means of conveying
information. The spoken word is one method, the
printed page another, and typewriting and short-
hand are additional examples. Learning the code is
as easy — or as difficult — as learning to type.

The important thing in beginning to study code
is to think of it as a language of sound, never as
combinations of dots and dashes. It is easy to
“speak”™ code equivalents by using ‘‘dit” and
“dah,” so that A would be “didah™ (the “t” is
dropped in such combinations). The sound *“di”
should be staccato; a code character such as *‘5”
should sound like a machinegun burst: dididididit!
Stress each ‘“dah’ equally; they are underlined or
italicized in this text because they should be
slightly accented and drawn out.

Take a few characters at a time. Learn them
thoroughly in didah language before going on to
new ones. If someone who is familiar with code
can be found to “‘send” to you, either by whistling
or by means of a buzzer or code oscillator, enlist
his cooperation. Learn the code by listening to it.
Don’t think about speed to start; the first require-
ment is to learn the characters to the point where
you can recognize each of them without hesitation.
Concentrate on any difficult letters. Learning the
code is not at all hard; a simple booklet treating
the subject in detail is another of the beginner
publications available from the League, and is
entitled, Learning the Radiotelegraph Code, 50
cents, postpaid.

Code-practice transmissions are sent by WIAW
every evening at 0030 and 0230 GMT (0130 and
2330 May through October). Code is also sent,
Monday-Friday, at 1400 GMT (1300 GMT, May
through October). See Chapter 24, “‘Code Profici-
ency.”

A Code-Practice Set

The simple circuit shown in Fig. 1-2 is easy to
build and is not costly. The entire unit, including
home-made key, can be built for less than $5.00.
The tone from the speaker is loud enough to
provide room volume, making the oscillator useful
for group code-practice sessions.

* Includes overseas entities.
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A didah N dahit

B dahdididit O dahdahdah

C dahdidahdit P didahdahdit

D dahdidit Q dahdahdidah

E dit R didahdit

F dididahdit S dididit

G dahdahdit T dah

H didididit U dididah

I didit V didididah

J didahdahdah W didahdah

K dahdidah X dahdididah

L didahdidit Y dahdidahdah

M dahdah Z dahdahdidit

1 didahdahdahdah 6 dahdidididit

2 dididahdahdah 7 dahdahdididit
3 didididahdah 8 dahdahdahdidit
4 dididididah 9 dahdahdahdahdit
5 dididididit 0 dahdahdahdahdah

Colon: @@@d‘iqidﬂ. Semicolordil;d:id—a_};
didahdit. Parenthesis: dahdidahdahdidah: Frac-

tion bar : dahdididahdjt. Wait : didahdididjt. End

of message: didahdidahdit. Invitation to trans-

mit: dahdidah. End of work: didididahdidah.
Fig. 1-1 — The Continental (International Morse)
code,

The circuit can be built on a 2-1/2 X 2-1/2-inch
piece of circuit board, Formica, linoleum tile, or
Masonite as shown in Fig, 1-2. The main chassis
can be a home-made aluminum, brass, or galva-
nized-iron channel which is 6 inches long, 2-3/4
inches wide, and 1 inch high. The tiny 2-inch
diameter speaker shown here was removed from a
junk 6-transistor pocket radio. Any small speaker
whose voice-coil impedance is between 3.2 and 10
ohms will work satisfactorily. Although a battery
holder is used at BT'I, the battery could be taped
to the chassis, or used outboard, reducing the total
cost. The circuit connections are made with short
lengths of insulated hookup wire. A phono jack is
used at J1, but isn’t necessary. A few more cents
could be saved by wiring the key directly into the
circuit,

The Key

A home-made key is shown in the photo. The
base is a piece of plywood which is 3/4 inch thick,
6 inches long, and is 4 inches wide. The key lever is
a piece of 3/8-inch wide brass strip, No. 16 gauge.
It is 5 inches long and is bent slightly near the
center to raise the operating end approximately
1/4 inch above the base board. A piece of circuit
board is glued to the operating end of the lever,
serving as a finger plate for the key. A poker chip
or large garment button can be used in place of the
item shown. Epoxy glue holds the chip firmly in
place.

AMATEUR RADIO
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View of the code-practice set. The speaker mounts
under the chassis and is protected by a piece of
aluminum screening. Ordinary window screen will
work here. The circuit board is mounted over a
cut-out area in the chassis. Allow a 1/4-inch
overlap on all sides of the circuit board for
mounting purposes. Four 4-40 bolts hold the board
in place. The battery hoider is a Keystone No. 175.

The brass lever is attached to the base board by
means of two 6-32 bolts, each one inch in length.
One of the keying leads (the one going to the
chassis ground terminal) connects to one of the
bolts, under the board. Another 6-32 X 1-inch
screw is placed under the finger end of the lever
(about 1/4 inch in from the end of the lever) and
serves as the contact element when the key is
depressed. The remaining key lead connects to this
screw, again under the base board. The spacing
between the lever and the contact element can be
adjusted by bending the brass lever with a pair of
pliers. It should be set to suit the operator.
Commercially-made keys can be used if the opera-
tor prefers. There are many bargain-priced units of
this type on the market.
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FIG. 1-2 — Schematic diagram of the code oscilla-
tor, Resistance is in ohms, K = 1000. The 0.01-uf.
capacitor is disk ceramic. BT1 is a 1.5-volt size-D
flashlight cell. J1 is a phono connector. Q1 is an
RCA 40309 {a 2N2102 is suitable dso). Q2 is an
RCA 2N2869/2N301. (An RCA 40022 is suitable,
also). The cases of Q1 and Q2 should be insulated
from the chassis.



The Amateur Bands

INTRODUCTION TO RADIO
THEORY

As you start your studies for an amateur
license, you may wish to have the additional help
available in How to Become a Radio Amateur
($1.00). It features an elementary description of
radio theory and constructional details on a simple
receiver and transmitter.

Another aid is A Course in Radio Fundamentals
($1.00), a study guide using this Handbook as its
text. There are experiments, discussions, and quiz-
zes to help you learn radio fundamentals.

A League publication, Understanding Amateur
Radio, explains radio theory and practice in greater
detail than is found in How to Become a Radio
Amateur, but is at a more basic level than this
Handbook . Understanding Amateur Radio contains
320 pages, and is priced at $2.50.

These booklets are available postpaid from
ARRL, Newington, Connecticut 06 111.
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THE AMATEUR BANDS

Amateurs are assigned bands of frequencies at
approximate harmonic intervals throughout the
spectrum, Like assignments to all services, they are
subject to modification to fit the changing picture
of world communications needs. Modifications of
rules to provide for domestic needs are also
occasionally issued by FCC and DOC, and in that
respect each amateur should keep himself informed
by W1AW bulletins, QST reports, or by communi-
cation with ARRL Hq. concerning a specific point.

On this page and page 14 are summaries of the
Canadian and U.S. amateur bands on which opera-
tion is permitted as of our press date. Ap and F
mean unmodulated carriers., Al means cw teleg-
raphy, A2 is tone-modulated cw telegraphy, A3 is
amplitude-modulated phone, A4 is facsimile, AS is
television, F1 is frequency-shift keying, F2 is
frequency-modulated tone keying (Morse or tele-
type), F3 is fm phone, F4 is fm facsimile and F5 is
fm television.

80 meters 3.500 3.725 MHz AL, Fl
1)3)4)5) 3.725 3.750 MHz A1, A3, AS5.F3
3.750- 4.000 MHz A1, A3 F3
40 meters 7.000 7.150 MHz AL, FIL,
N3HHS 7.150 7.175 MHz A1, A3 AS. F3
7.175 7.300 MHz A1, A3 F3
20) meters 14.000 14.100 MHz A1, Y
N3HHS5 14.100 14.175 MHz A1, A3, F3
14.175 14.350 MHlz  Al, A3, AS, I3
15 meters 21.000 21.100 Mz AL F1
nHHs» 21.100 21.450 MHz AL, A3, A5, 13
10 meters 28.000 28.100 MHz A1, ]
2)3)4)5) 28.100 29,700 MHz Al, A3 A5, F3
6 meters 50.000 50.050 MHz Al
PARIX]] 50.050 51.100 MHz AL A2, AL FI
NI
51.000 52.000 MHz A@, Al.A2. A3
AL FLF2F3
52.000-  54.000MHz AP AL A2 A3
A4 FLLF2 13
2 meters 144.000 144.100 MHz Al
PARIEY 144,100 146.000 MHz ADQ. Al. A2, A3
A4 FI1F2,F3
1)
146.000 148.000 MHz AP, A1, A2 A3
A4 F1L 2.3
F4
4) 6) 420.000 450.000 MH2)
1215.000 1300.000 MH2)
2300.000- 2450.000 MHz)
3300.000- 3500.000 MHz) AQ. A1, A2, A3
5650.000- 5925.000 MHz) A4, A5, F1.F2
10000.000--10500.000 MHz) I3, F4
21000.000 -22000.000 MHz)
1) Phone privileges are restricted to holders of Advanced Ama-
teur Radio Operator Certificates, and of Commercial Certifi-
cates,
2) Phone privileges are restricted as in footnote 1), and to
holders of Amateur Radio Operators Certificates, whose certifi-
cates have been endorsed for operation on phone in these bands.
3) Amplitude modulation (A2, A3, A4) shall not exceed + 3
kHz (6A3).
4) Frequency modulation (2, F3. F4)shall not produce a car-
rier deviation ¢xceeding +3 kHz, (6F3) except that in the 52
54 MHz and 146- 148 MHz bands and higher the carrier devia-
tion shall not exceed +15 kHz (30E3).
5) Slow Scan television (AS), permitted by special authoriza-
tion, shall not exceed a bandwidth greater than that occupied
by a normal single sideband voice transmission.

CANADIAN AMATEUR BANDS

6) Television (AS). permitted by special authorization, shall
employ a systen of standard interlace and scanning with a band-
width of not more than 4 MHz.

Operation in frequency band 1.800--2.000 MHz shall be
limited to the areas as indicated in the following table and shall
be limited to the indicated maximum de power input to the an-
ode of the final radio frequency stage of the transmitter during
day and night hours respectively: for the purpose of this table
“day" means the hours between sunrise and sunset, and “night™
means the hours between sunset and sunrise. Al, A3 and F3
emission are permitted.

o

British Columbia
Alberta
Saskatchewan 3
Manitoba 3
Ontarno 3
North of 50° N. Lat.
Ontario

South of 50° N. Lat.
Province of Quebee 1
North of’ 52° N. Lat
Province of Quebec

South of 52° N. Lat.

New Brunswick

Nova Scotia

Prince Edward Island
Newfoundland (Island)
Newfoundland (Labrador)
Yukon Terntory

District of MacKenzie
District of Keewatin
District of Franklin
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1) The power levels 500 day 100 night may be increased to
1000 day - 200 night when authorized by a Radio Inspector
of the Department of Communications.

Frequency Band

A 1.800--1.825 kHz F 1.900-1.925 kHz

B 1.825-1.850 kHz I 1.925-1.950 kHz

C 1.850-1.875 kHz G 1.950-1.975 kHz

D 1.875-1.900 kHz H 1.975 -2.000 kHz

Power Level ~ Watls

O  Operation not permitted

1 25 night 125 day
2 50 night 250 day
3- 100 night 500 day
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U.S. AND POSSESSIONS AMATEUR BANDS

kHz MHz
3500--4000 Al 220-225 } AD, A1, A2, A3, A4, AS3
80 m.* 3500- 3800 Fl Fo, F1, 12, F3,F4,FS3
’ 3800--3900 AS1 FS51 420--4504 } AD, Al. A2, A3, A4, AS,
3800--4000 A3, F32 1.215- 1,300 Fe, 1, F2, F3,F4,F5
7000 7300 Al T a0
40 m.+ J 7000-7200 Fl =00 D
nm. 72007250 AS1 Fs1 5.650-5925 AD. Al, A2, A3, A4, AS
7500 7300 3 i'32 10,000 10,5005 o, F1LE2, F3, F4, 5,
Gk 21,000 22,000 pulse
14000- 14350 Al All above 40,000
20 m.* 14000-- 14200 i1
- 14206--14275 AS1 FS1 g Jevisi W h ingl
- Slow-scan television no wider than a single-
14200- 14350 A3. 132 sideband voice signal may be used: if vnin:eg is
MHz simultaneously used, the total signal can be no
i wider than a standard a-m signal.
21.00--21.45 Al
21.00--21.25 Fi 2 Narrow-band frequency- or phase-modulation

15 m.* 21 ',’5 2]'35 ASL. 'S no wider than standard a-m voice signal.
21.25--21.45 A3, 132 3 Stow-scan television no wider than a standard
38.0-29.7 Al a-m voice signal,

10 m. 28.0--28.5 11 ~ 4Input power must not exceed 50 watts in
28.5-29.7 A3, AS1 F32 F51 Fla., Ariz.. and parts of Gua., Ala., Miss., N. Mex.,
29.0--29.7 I3 Tex., Nev., and Cua. See the License Manual or

’ . write ARRL for further details.
50.0--54.0 Al
50.1-54.0 A2. A3. Ad.AS3. I S No pulse permitted in this band.

6 m.* F2.F32,F53
51.0--54.0 AD NOTE: Frequencies from 3.9-3.0 MHz and 7.1-7.3
52.5.54.0 I8 MHz are not available to amateurs on Baker,

: ’ Canton, FEnderbury, Guam, Howland, Jarvis,
144-148 Al l’alr;\{m. AnJerican Samoa, and Wake Islands.
e bands 220 through 10,500 MHz are shared
2m. 144.1 148 :\g IAIZ‘IA":;‘IA;'I'/;?’S' with the (}nvemmemﬂkgndiu I’usi(iuningrServircLe,
P, EL 2 k3, B¢ which has priority.
Frequency Band Power Level — Watts Input

A - 1800- 1825 kHz F 19001925 kHz 4 - 1000 day, 200 night

B - 1825 1850 kHz I - 1925 1950 kHz 3 500 day, 100 night

C - 1850- 1875 kHz G - 1950- 1975 kHz 2 200 day, 50 night

D - 1875 1900 kHz H - 19752000 kHz 1 100 day, 25 night

0 No operation
Privileges
Area A D E G H

Ala., Fla., La., Miss., Swan 1., Serrana Bank, Roncador Key

Alaska, Calif., Nev., Ore.,
Ariz.
Colo., Wisc.

Wash.

Conn., Me., Mass., N.H., N.J., Penn., R.1., VL.

Del., D.C., Md., N.C., Va.

Ga., S.C., Texas, P.R., V.1, Navassa §.

Hawauii

Ida., Minn., Mont., N.D., S.D.

M., Ind., Ky., Tenn.
fowa, Neb.

Kans., Mo., Okla.
Mich., Ohio, W. Va,
N. Mex.

Utah

Wyoming

Baker, Canton, Enderbury, Howland

Guam, Johnston, Midway
American Samoa

Wake
Palmyra, Jarvis [.
Novice licensees

may

use the following
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Technician licensees are permitted all amateur

frequencies, transmitters to be crystal-controlied  privileges in 50.1-54 MHz, 145-147 Mz and in the

and have a maximum power input of 75 watts.

3.700--3.750 MHz Al
7.150-7.200 MHz Al

21.100-21.250 MHz A1
145-147 MHz A1, A2,
Fi, F2

bands 220 Miiz and above.

Except as otherwise specified, the maximum

amateur power input is 1000 watts.

*See page 10 for restrictions on usage of parts of these bands.




Electrical Laws
and Circuits

ELECTRIC AND MAGNETIC FIELDS

When something occurs at one point in space
because something else happened at another point,
with no visible means by which the *‘cause’ can be
related to the “effect,” we say the two events are
connected by a field. In radio work, the fields with
which we are concerned are the electric and
magnetic, and the combination of the two called
the electromagnetic field.

A field has two important properties, intensity
(magnitude) and direction. The field exerts a force
on an object immersed in it; this force represents
potential (ready-to-be-used) energy, so the poten-
tial of the field is a measure of the field intensity.
The direction of the ficld is the direction in which
the object on which the force is exerted will tend
to move.

An electrically charged object in an electric
field will be acted on by a force that will tend to
move it in a direction determined by the direction
of the field. Similarly, a magnet in a magnetic field
will be subject to a force. Everyone has seen
demonstrations of magnetic fields with pocket
magnets, so intensity and direction are not hard to
grasp.

A “static” field is one that neither moves nor
changes in intensity. Such a field can be set up by a
stationary electric charge (electrostatic field) or by
a stationary magnet (magnetostatic field). But if
either an electric or magnetic field is moving in
space or changing in intensity, the motion or
change sets up the other kind of field. That is, a
changing electric field sets up a magnetic field, and
a changing magnetic field generates an electric
field. This interrelationship between magnetic and
electric fields makes possible such things as the
electromagnet and the electric motor. It also makes
possible the electromagnetic waves by which radio
communication is carried on, for such waves are
simply traveling ficlds in which the energy is
alternately handed back and forth between the
electric and magnetic fields.

Lines of Force

Although no one knows what it is that
composes the field itself, it is useful to invent a
picture of it that will help in visualizing the forces
and the way in which they act.

A field can be pictured as being made up of
lines of force or flux lines. These are purely
imaginary threads that show, by the direction in
which they lie, the direction the object on which
the force is exerted will move, The number of lines
in a chosen cross section of the field is a measure

Chapter 2

of the intensity of the force. The number of lines
per unit of area (square inch or square centimeter)
is called the flux density.

ELECTRICITY AND THE ELECTRIC
CURRENT

Everything physical is built up of atoms,
particles so small that they cannot be seen even
through the most powerful microscope. But the
atom in turn consists of several different kinds of
still smaller particles, One is the electron,
essentially a small particle of electricity. The
quantity or charge of electricity represented by the
electron is, in fact, the smallest quantity of
electricity that can exist. The kind of electricity
associated with the electron is called negative.

An ordinary atom consists of a central core
called the nucleus, around which one or more
electrons circulate somewhat as the earth and other
planets circulate around the sun. The nucleus has
an electric charge of the kind of electricity called
positive, the amount of its charge being just
exactly equal to the sum of the negative charges on
all the electrons associated with that nucleus.

The important fact about these two “opposite”
kinds of electricity is that they are strongly
attracted to each other. Also, there is a strong
force of repulsion between two charges of the same
kind. The positive nucleus and the negative
electrons are attracted to each other, but two
electrons will be repelled from each other and so
will two nuclei.

In a normal atom the positive charge on the
nucleus is exactly balanced by the negative charges
on the electrons. However, it is possible for an
atom to lose one of its electrons. When that
happens the atom has a little less negative charge
than it should — that is, it has a net positive charge.
Such an atom is said to be ionized, and in this case
the atom is a positive ion. If an atom picks up an
extra electron, as it sometimes does, it has a net
negative charge and is called a negative ion. A
positive ion will attract any stray electron in the
vicinity, including the extra one that may be
attached to a nearby negative ion. In this way it is
possible for electrons to travel from atom to atom.
The movement of ions or electrons constitutes the
electric current.

The amplitude of the current (its intensity or
magnitude) is determined by the rate at which
electric charge — an accumulation of electrons or
ijons of the same kind — moves past a point in a
circuit. Since the charge on a single electron or ion
is extremely small, the number that must move as a
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group to form even a tiny current is almost
inconceivably large.

Conductors and Insulators

Atoms of some materials, notably metals and
acids, will give up an electron readily, but atoms of
other materials will not part with any of their
electrons even when the electric force is extremely
strong. Materials in which electrons or ions can be
moved with relative ease are called conductors,
while those that refuse to permit such movement
are called nonconductors or insulators. The
following list shows how some common materials
are classified:

Conductors Insulators
Metals Dry Air Glass
Carbon Wood Rubber
Acids Porcelain Resins
Textiles

Electromotive Force

The electric force or potential (called electro-
motive force, and abbreviated emf) that causes
current flow may be developed in several ways.
The action of certain chemical solutions on
dissimilar metals sets up an emf; such a
combination is called a cell, and a group of cells
forms an electric battery. The amount of current
that such cells can carry is limited, and in the
course of current flow one of the metals is eaten
away. The amount of electrical energy that can be
taken from a battery consequently is rather small.
Where a large amount of energy is needed it is
usually furnished by an electric generator, which
develops its emf by a combination of magnetic and
mechanical means.

Direct and Alternating Currents

In picturing current flow it is natural to think
of a single, constant force causing the electrons to
move. When this is so, the electrons always move in
the same direction through a path or circuit made
up of conductors connected together in a
continuous chain. Such a current is called a direct
current, abbreviated dc. It is the type of current
furnished by batteries and by certain types of
generators.

It is also possible to have an emf that
periodically reverses. With this kind of emf the
current flows first in one direction through the
circuit and then in the other. Such an emf is called
an alternating emf, and the current is called an
alternating current (abbreviated ac). The reversals
(alternations) may occur at any rate from a few per
second up to several billion per second. Two
reversals make a cycle; in one cycle the force acts
tirst in one direction, then in the other, and then
returns to the first direction to begin the next
cycle. The number of cycles in one second is called
the frequency of the alternating current.

The difference between direct current and
alternating current is show in Fig. 2-1. In these
graphs the horizontal axis measures time, increas-

ELECTRICAL LAWS AND CIRCUITS

ing toward the right away from the vertical axis.
The vertical axis represents the amplitude or
strength of the current, increasing in either the up
or down direction away from the horizontal axis.
If the graph is above the horizontal axis the current
is flowing in one direction through the circuit
(indicated by the + sign) and if it is below the
horizontal axis the current is flowing in the reverse
direction through the circuit (indicated by the —
sign). Fig. 2-1A shows that, if we close the circuit
— that is, make the path for the current complete
— at the time indicated by X, the current instantly
takes the amplitude indicated by the height 4.
After that, the current continues at the same
amplitude as time goes on. This is an ordinary
direct current.

In Fig. 2-1B, the current starts flowing with the
amplitude 4 at time X, continues at that amplitude
until time Y and then instantly ceases. After an
interval YZ the current again begins to flow and
the same sort of start-and-stop performance is
repeated. This is an intermittent direct current. We
could get it by alternately closing and opening a
switch in the circuit. 1t is a direct current because
the direction of current flow does not change; the
graph is always on the + side of the horizontal axis.

In Fig. 2-1C the current starts at zero, increases
in amplitude as time goes on until it reaches the
amplitude A4/ while flowing in the + direction,
then decreases until it drops to zero amplitude
once more. At that time (X) the direction of the
current flow reverses; this is indicated by the fact
that the next part of the graph is below the axis.
As time goes on the amplitude increases, with the
current now flowing in the — direction, until it
reaches amplitude A42. Then the amplitude
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Fig. 2-1 — Three types of current flow. A — direct
current; B — intermittent direct current; C —
alternating current.




Frequency and Wavelength

decreases unti! finally it drops to zero (Y) and the
direction reverses once more. This is an alternating
current.

Waveforms

The type of alternating current shown in Fig.
2-1C is known as a sine wave. The variations in
many ac waves are not so smooth, nor is one
half-cycle necessarily just like the preceding one in
shape. However, these complex waves can be
shown to be the sum of two or more sine waves of
frequencies that are exact integral (whole-number)
multiples of some lower frequency. The lowest
frequency is called the fundamental, and the higher
frequencies are called harmonics.

Fig. 2-2 shows how a fundamental and a second
harmonic (twice the fundamental) might add to
form a complex wave. Simply by changing the
relative amplitudes of the two waves, as well as the
times at which they pass through zero amplitude,
an infinite number of waveshapes can be
constructed from just a fundamental and second
harmonic. More complex waveforms can be
constructed if more harmonics are used.

Frequency multiplication, the generation of
second, third and higher-order harmonics, takes
place whenever a fundamental since wave is passed
through a nonlinear device. The distorted output is
made up of the fundamental frequency plus
harmonics; a desired harmonic can be selected
through the use of tuned circuits. Typical
nonlinear devices used for frequency multiplication
include rectifiers of any kind and amplifiers that
distort an applied signal.

Electrical Units

The unit of electromotive force is called the
volt. An ordinary flashlight cell generates and emf
of about 1.5 volts. The emf commonly supplied for
domestic lighting and poweris 117 volts ac at a
frequency of 60 cycles per second.

The flow of electric current is measured in
amperes. One ampere is equivalent to the
movement of many billions of electrons past a
point in the circuit in one second. The direct
currents used in amateur radio equipment usually
are not large, and it is customary to measure such
currents in milliamperes. One milliampere is equal
to one one-thousandth of an ampere.

A “dc ampere” is a measure of a steady current,
but the “ac ampere’ must measure a current that is
continually varying in amplitude and periodically
reversing direction. To put the two on the same
basis, an ac ampere is defined as the current that
will cause the same heating effect as one ampere of
steady direct current. For sine-wave ac, this
effective or (rms, for root mean square, the
mathematical derivation) value is equal to the
maximum (or peak) amplitude (41 or A2 in Fig.
2-1C) multiplied by 0.707. The instantaneous value
is the value that the current (or voltage) has at any
selected instant in the cycle. If all the instanta-
neous values in a sine wave are averaged over a
halfcycle, the resulting figure is the average value.
It is equal to 0.636 times the maximum amplitude.
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Fig. 2-2 — A complex waveform. A fundamental
(top) and second harmonic (center) added
together, point by point at each instant, result in
the waveform shown at the bottom. When the two
components have the same polarity at a selected
instant, the resultant is the simple sum of the two.
When they have opposite polarities, the resultant is
the difference; if the negative-polarity component
is larger, the resultant is negative at that instant.
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FREQUENCY AND WAVELENGTH

Frequency Spectrum

Frequencies ranging from about 15 to 15,000
cycles per second (cps ,Hertz, or Hz) are called
audio frequencies, because the vibrations of air
particles that our ears recognize as sounds occur at
a similar rate. Audio frequencies (abbreviated af)
are used to actuate loudspeakers and thus create
sound waves.

Frequencies above about 15,000 cps are called
radio frequencies (rf) because they are useful in
radio transmission. Frequencies all the way up to
and beyond 10,000,000,000 cps have been used
for radio purposes. At radio frequencies it becomes
convenient to use a larger unit than the cycle. Two
such units are the kilohertz, which is equal to 1000
cycles (or hz), and is abbreviated to kHz, and the
megahertz, which is equal to 1,000,000 hertz or
1000 kilohertz, and is abbreviated MHz,

The various radio frequencies are divided off
into classifications. These classifications, listed
below, constitute the frequency spectrum so far as
it extends for radio purposes at the present time.

Frequency Classification Abbrev
10 to 30 kHz Very-low frequencies  vif
30 to 300 kHz Low frequencies 1f
300 to 3000 kHz Medium frequencies mf
3 to 30 MHz High frequencies hf

30 to 300 MHz Very-high frequencies vhf
300 to 3000 MHz Ultrahigh frequencies uhf
3000 to 30,000 MHz Superhigh frequencies shf
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Wavelength

Radio waves travet at the same speed as light —
300,000,000 meters or about 186,000 miles a
second in space. They can be set up by a
radio-frequency current flowing in a circuit,
because the rapidly changing current sets up a
magnetic field that changes in the same way, and
the varying magnetic field in turn sets up a varying
clectric field. And whenever this happens, the two
fields move outward at the speed of light.

Suppose an rf current has a frequency of
3,000,000 cycles per second. The field will go
through complete reversals (one cycle) in
1/3,000,000 second. In that same period of time
the fields — that is, the wave — will move
300,000,000/3,000,000 meters, or 100 meters. By
the time the wave has moved that distance the next
cycle has begun and a new wave has started out.
The first wave, in other words, covers a distance of

ELECTRICAL LAWS AND CIRCUITS

100 meters before the beginning of the next, and
so on. This distance is the wavelength.

The longer the time of one cycle — that is, the
tower the frequency the greater the distance
occupied by each wave and hence the tonger the
wavelength. The relationship between wavelength
and frequency is shown by the formula

A - 300,000
f
where A = Wavelength in meters
f = Frequency in kilohertz
- 300
or A =200
f
where A = Wavelength in meters
[ = Frequency in megahertz

Example: The wavelength corresponding to a frequen-
cy of 3650 kilohertz is

= 300.000 I
A 650 - 82-2meters

RESISTANCE

Given two conductors of the same size and
shape, but of different materials, the amount of
current that will flow when a given emf is applied
will be found to vary with what is called the
resistance of the material. The lower the resistance,
the greater the current for a given value of emf.

Resistance is measured in ohms. A circuit has a
resistance of one ohm when an applied emf of one
volt causes a current of one ampere to flow. The
resistivity of a material is the resistance, in ohms,
of a cube of the material measuring one centimeter
on each edge. One of the best conductors is
copper, and it is frequently convenient, in making
resistance calculations, to compare the resistance
of the material under consideration with that of a
copper conductor of the same size and shape.
Table 2-1 gives the ratio of the resistivity of various
conductors to that of copper.

The longer the path through which the current
flows the higher the resistance of that conductor.

TABLE 21
Relative Resistivity of Metals
Resistivity
Materials Compared to Copper
Aluminum (pure) 1.6
Brass 3.7-4.9
Cadmium 4.4
Chromium 1.8
Copper (hard-drawn) 1.03
Copper (annealed) 1.00
Gold 1.4
[ron (pure) 5.68
Lead 12.8
Nickel 5.1
Phosphor Bronze 2.8-54
Silver 0.94
Steel 7.6—-12.7
Tin 6.7
Zinc 34

For direct current and low-frequency alternating
currents (up to a few thousand cycles per second)
the resistance is inversely proportional to the
cross-sectional area of the path the current must
travel; that is, given two conductors of the same
material and having the same length, but differing
in cross-sectional area, the one with the larger area
will have the lower resistance.

Resistance of Wires

The problem of determining the resistance of a
round wire of given diameter and length — or its
opposite, finding a suitable size and length of wire
to supply a desired amount of resistance — can be
casily solved with the help of the copper-wire table
given in a later chapter. This table gives the
resistance, in ohms per thousand feet, of each
standard wire size.

Example: Suppose a resistance of 3.5 ohms is needed
and some No. 28 wire is on hand. The wire table in Chapter
18 shows that No. 28 has a resistance of 66.17 ohms per
thousand feet. Since the desired resistance is 3.5 ohms, the
length of wire required will be

3.5 S
6617 X 1000 = 52,89 feet,

Or, suppose that the resistance of the wire in the circuit
must not exceed 0.05 ohm and that the length of wire
required for making the connections totals 14 feet. Then

14 =
1000 X R = 0.05 ohm

where R is the maximum allowable resistance in ohms per
thousand feet. Rearranging the formuta gives
R =005 X 1000 - 3.57 ohms/1000 fr.

Reference to the wire table shows that No. |5 is the
smallest size having a resistance less than this value.

When the wire is not copper, the resistance
values given in the wire table should be multiplied
by the ratios given in Table 2-1 to obtain the
resistance.



Resistance

Types of resistors used in radio
equipment. Those in the fore-
ground with wire leads are carbon
types, ranging in size from 1/2
watt at the left to 2 watts at the
right. The larger resistors use
resistance wire wound on ceramic
tubes; sizes shown range from 5
watts to 100 watts. Three are the @
adjustable type, having a sliding
contact on an exposed section of
the resistance winding.

Example: If the wire in the first example werenickel
instead of copper the length required for 3.5 obms would be

R . . = o
617 X5 X 1000 = 10.37 feet

Temperature Effects

The resistance of a conductor changes with its
temperature. Although it is seldomn necessary to
consider temperature in making resistance calcula-
tions for amateur work, it is well to know that the
resistance of practically all metallic conductors
increases with increasing temperature. Carbon,
however, acts in the opposite way; its resistance
decreases when its temperature rises. The tempera-
ture effect is important when it is necessary to
maintain a constant resistance under all conditions.
Special materials that have little or no change in
resistance over a wide temperature range are used
in that case.

Resistors

A “package” of resistance made up into a single
unit is called a resistor. Resistors having the same
resistance value may be considerably different in
size and construction. The flow of current through
resistance causes the conductor to become heated;
the higher the resistance and the larger the current,
the greater the amount of heat developed.
Resistors intended for carrying large currents must
be physically large so the heat can be radiated
quickly to the surrounding air. If the resistor does
not get rid of the heat quickly it may reach a
temperature that will cause it to melt or burn.

Skin Effect

The resistance of a conductor is not the same
for alternating current as it is for direct current.
When the current is alternating there are internal
effects that tend to force the current to flow
mostly in the outer parts of the conductor. This
decreases the effective cross-sectional area of the
conductor, with the result that the resistance
increases.

For low audio frequencies the increase in
resistance is unimportant, but at radio frequencies
this skin effect is so great that practically all the
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current flow is confined within a few thousandths
of an inch of the conductor surface. The rf
resistance is consequently many times the dc
resistance, and increases with increasing frequency.
In the tf range a conductor of thin tubing will have
just as low resistance as a solid conductor of the
same diameter, because material not close to the
surface carries practically no current.

Conductance

The reciprocal of resistance (that is, 1/R) is
called conductance. 1t is usually represented by the
symbol G. A circuit having large conductance has
low resistance, and vice versa. In radio work the
term is used chieflr in connection with
vacuum-tube characteristics. The unit of conduct-
ance is the mho. A resistance of one ohm has a
conductance of one mho, a resistance of 1000
ohms has a conductance of .001 mho, and so on.
A unit frequently used in connection with vacuum
tubes is the micromho, or one-millionth of a mho.
1t is the conductance of a resistance of one
megohm.

OHM'S LAW

The simplest form of electric circuit is a battery
with a resistance conrected to its terminals, as
shown by the symbols in Fig. 2-3. A complete
circuit must have an unbroken path so current can
flow out of the battery, through the apparatus
connected to it, and back into the battery. The
circuit is broken, or open, if a connection is
removed at any point. A switch is a device for
making and breaking connections and thereby
closing or opening the circuit, either allowing
current to flow or preventing it from flowing.

The values of current, voltage and resistance in
a circuit are by no means independent of each

Fig. 2-3 — A simple
circuit consisting of a
battery and resistor.




20

TABLE 2-U
Conversion Factors for Fractional and
Multiple Units
Change
From To Divide by Multiply by
Units Micro-units 1,000,000
Milli-units 1,000
Kilo-units 1,000
Mega-units 1,000,000
Micro-  Milli-units 1,000
units Units 1,000,000
Milii- Micro-units 1,000
units Units 1,000
Kilo- Units 1,000
units Mega-units 1,000
Mega- Units 1,000,000
units Kilo-units 1,000

other. The relationship between them is known as
Ohm’s Law. It can be stated as follows: The
current flowing in a circuit is directly proportional
to the applied emf and inversely proportional to
the resistance. Expressed as an equation, it is

- E (volts)
I (amperes) T2 Oty
The equation above gives the value of current
when the voltage and resistance are known. It may
be transposed so that each of the three quantities
may be found when the other two are known:

E=IR

(that is, the voltage acting is equal to the current in
amperes multiplied by the resistance in ohms) and

=E
1

(or, the resistance of the circuit is equal to the
applied voltage divided by the current).

All three forms of the equation are used almost
constantly in radio work. It must be remembered
that the quantities are in volts, ohms and amperes;
other units cannot be used in the equations
without first being converted. For example, if the
current is in milliamperes it must be changed to the
equivalent fraction of an ampere before the value
can be substituted in the equations.

Table 2-I1I shows how to convert between the
various units in common use. The prefixes attached
to the basic-unit name indicate the nature of the
unit. These prefixes are:

micro — one-millionth (abbreviated u)
milli — one-thousandth (abbreviated m)
kilo — one thousand (abbreviated k)

mega — one million ( abbreviated M)

For example, one microvolt is one-millionth of a
volt, and one megohm is 1,000,000 ohms. There
are therefore 1,000,000 microvolts in one volt, and
0.000001 megohm in one ohm,

ELECTRICAL LAWS AND CIRCUITS

The following examples illustrate the use of ohm's law:

The current flowing in a resistance of 20,000 ohms is
150 milliamperes. What is the voltage? Since the voltage is
to be found, the equation to use is £ = /R, The current
must first be converted from milliamperes to amperes, and
reference to the table shows that to do so it is necessary to
divide by 1000. Therefore,

= 150 =
E 1600 X 20,000 = 3000 volts

When a voltage of 150 is applied to a circuit the current
is measured at 2.5 amperes. What is the resistance of the
circuit? In this case R is the unknown, so

-£-150_
R 1°5% 60 ohms
No conversion was necessary because the voltage and
current were given in volts and amperes,

How much current will flow if 250 volts is applied to a
5000-ohm resistor? Since / is unknown

=£ - 250
R 5000
Milliampere unity would be more convenient for the
current, and 0.05 amp. X 1000 = 50 milliamperes,

0.05 ampere

SERIES AND PARALLEL RESISTANCES

Very few actual electric circuits are as simple as
the illustration in the preceding section. Common-
ly, resistances are found connected in a variety of
ways. The two fundamental methods of connecting
resistances are shown in Fig. 2-4. In the upper
drawing, the current flows from the source of emf
(in the direction shown by the arrow, let us say)
down through the first resistance, R/, then
through the second, R2, and then back to the
source. These resistors are connected in series. The
current everywhere in the circuit has the same
value,

Source SERIES
" . of EMF
Fig. 24 — Resis-
tors connected Ry
in series and in
parailel,
—_>
ParaLLEL
Source
of EMF, Re

In the lower drawing the current flows to the
common connection point at the top of the two
resistors and then divides, one part of it flowing
through R/ and the other through R2. At the
lower connection point these two currents again
combine; the total is the same as the current that
flowed into the upper common connection. In this
case the two resistors are connected in parallel.

Resistors in Series

When a circuit has a number of resistances
connected in series, the total resistance of the
circuit is the sum of the individual resistances. If
these are numbered R/, R2, R3, etc., then
R (total)=R1+R2+R3+R4+. . ...



Series and Parallel Resistances

where the dots indicate that as many resistors as
necessary may be added.

Example: Suppose that three resistors are connected to
a source of emf as shown in Fig. 2-5. The emf is 250 volts.
RY is 5000 ohms, R2 is 20,000 ohms, and R3 is 8000
ohms. The total resistanee is then

R = Ri1 + R2+ R3 = 5000 + 20.000 + 8000
= 33.000 ohm«
The current flowing in the circuit is then
E_ 250

R 33,000
(We need not carry calculations beyond three significant
figures, and often two will suffice because the accuracy of
measurements is seldom better than a few percent.)

0.00757 amp. = 7.57 mA.

Voltage Drop

Ohm’s Law applies to any part of a circuit as well
as to the whole circuit. Although the current is the
same in all three of the resistances in the example,
the total voltage divides among them. The voltage
appearing across each resistor (the voltage drop)
can be found from Ohm’s Law.

Example: If the voltage across R1 (Fig. 2-5) is called E1.
that across R2 is called E2, and that across R3 is called E3,
then

E1 = 1R1 = 0.00757 X 5000 = 37.9 volts
F2=1R2=0.00757 X 20.000 = 151.4 volts
E3 = 1R3 = 0.00757 X 8000 = 60.6 volts

The appticd voltage must equal the sum of the individual
voltage drops:
E=E1+E2+F3=379+1514+6006
=249.9 volts

The answer would have been more nearly exact if the
current had been caleulated to more decimal places, but as
explained above a very high order of accuracy is not
necessary.

In problems such as this considerable time and
trouble can be saved, when the current is small
cnough to be expressed in milliamperes, if the
resistance is expressed in kilohms rather than
ohms. When resistance in kilochms is substituted
directly in Ohm’s Law the current will be
milliamperes if the emf is in volts.

R.
A )
5000 Fig. 256 — An ex-
ample of resistors in
ey R series. The solution
= E:250% 20_@053, of the circuit s
worked out in the
8000 text.
VAWA
R.’o

Resistors in Parallel

In a circuit with resistances in parallel, the total
resistance is less than that of the lowest value of
resistance present. This is because the total current
is always greater than the current in any individual
resistor. The formula for finding the total
resistance of resistances in parallel is

R=1 11 1
R1 +E§+Rz+ ......

1
R2
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where the dots again indicate that any number of
resistors can be combined by the same method.
For only two resistances in parallel (a very
common case) the formula becomes

RI1R2
R1 + R2

Example: If a 500-ohm resistor is paralleled with one of
1200 ohms, the total resistance is

R =

R = RIR2 _ 500X1200 . 600,000
R1+R2 500+1200 700
= 353 ohms

It is probably easier to solve practical problems
by a different method than the “reciprocal of
reciprocals” formula. Suppose the three resistors of
the previous example are connected in parallel as
shown in Fig. 2-6. The same emf, 250 volts, is
applied to all three of the resistors. The current in
each can be found from Ohm’s Law as shown
below, /1, being the current through R/, I2 the
current through R2 and /3 the current through R3.

For convenience, the resistance will be expressed in kilohms

<o the current will be in milliamperes.

1o b - 250
5

Ri 50 mA

2= 0 =80 125 ma

20
13= 1 =250 3105 ma
The total current is
[=11+12+13=50+ 125+ 31.25
=93.75 mA
The total resistance of the vireuit is therefore

SE- 250 -6 ki .

R T =937 2.66 Kilohms (= 2660 ohms)

=eosov, g R Rs‘é
50004 20,000 8000

Fig. 2-6 — An example of resistors in parallel. The
solution is worked out in the text.

Resistors in Series-Parallel

An actual circuit may have resistances both in
parallel and in series. To illustrate, we use the same
three resistances again, but now connected as in
Fig. 2-7. The method of solving a circuit such as
Fig. 2-7 is as follows: Consider R2 and R3 in
parallel as through they formed a single resistor.
Find their equivalent resistance. Then this
resistance in series with R/ forms a simple series
circuit, as shown at the right in Fig. 2-7. An
example of the arithmetic is given under the
illustration.

Using the same principles, and staying within
the practical limits, a value for R2 can be
computed that will provide a given voltage drop
across R3 or a given current through R/. Simple
algebra is required.

Example: The fint step is to find the equivalent
resistance of R2 and R3. From the formula for two
resistances in parallel,

Rea. - RZR3 . 20X8 _ 160
" R2+R3 20+8 28

5.71 kilohms



Regq.
(Equivalent R
of R, and Ry

in parallel)

Fig. 2-7 — An example of resistors in series-parallel,
The equivalent circuit is at the right. The solution
is worked out in the text.

The total resistance in the circuit s then
R = Rl t+ Req. = 5§+ 5.71 kilohms

= 10,71 kilohms
The current is
E. 250 _ 534
R iogr - shImA
T'he voltage drops across RE and Req are
IR1 =233 X 5= 117 volis

I
b2 =1Req =233 X 571 = 133 voltr
with sufficient accuracy. These totab 250 volts, thus
cheeking the caleulations so far, because the sum of the
voltage drops must cqual the applied voltage. Since 12
appears across both R2 and R3.

12=E2- 8330 05 a

R2 20
13 = Lg— '3»3 16.6 mA

where [2 = Current through R2
13 = Current through R3

The total is 23.25 mA, which checks vlosely enough
with 23.3 mA, the current through the whole circuit.

POWER AND ENERGY

Power the rate of doing work - is equal to
voltage multiplied by current. The unit of electrical
power, called the watt, is equal to one volt
multiplied by one ampere. The equation for power
therefore is

P=EI where P = Power in watts

E = Emf in volts
I = Current in amperes

Common fractional and multiple units for
power are the milliwatt, one one-thousandth of a
watt, and the kilowatt, or one thousand watts.

Example: The plate voltage on a transmitting vacuum
tube is 2000 volts and the plate current is 350 milliamperes.

(The current must be changed to amperes before substitution
in the formula, and o is 0.35 amp.) Then

P=El=2000X 0.35 = 700 watts

By substituting the Ohm’s Law equivalent for £
and /, the following formulas are obtained for
power:

2
p=E2 =I2R

R P
These formulas are useful in power calculations
when the resistance and either the current or vol-
tage (but not both) are known.

Example: How much power will be used up in a
4000-ohm resistor if the voltage applied to 1t is 200 vols?
I'rom the ¢quation

£2 _ (200)2 _ 40,000 o
P F'%W(’T'To‘g%‘ 10 watts
Or, suppose a current of 20 milliamperes Qows through a
300-ohm resistor. Then

P = [2R = (0.02)2 X 200 = 0.0004 X 300
=0.12 watt
Note that the current was changed from milliamperes to
amperes before substitution in the formula,
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Electrical power in a resistance is turned into
heat. The greater the power the more rapidly the
heat is generated. Resistors for radio work are
made in many sizes, the smallest being rated to
“dissipate” (or carry safely) about 1/8 watt. The
largest resistors commonly used in amateur equip-
ment will dissipate about 100 watts.

Generalized Definition of Resistance

Electrical power is not always turned into heat.
The power used in running a motor, for example, is
converted to mechanical motion. The power
supplied to a radio transmitter is largely converted
into radio waves. Power applied to a loudspeaker is
changed into sound waves. But in every case of this
kind the power is completely ‘“‘used up” — it
cannot be recovered. Also, for proper operation of
the device the power must be supplied at a definite
ratio of voltage to current. Both these features are
characteristics of resistance, so it can be said that
any device that dissipates power has a definite
value of “resistance.” This concept of resistance as
something that absorbs power at a definite
voltage/current ratio is very useful, since it permits
substituting a simple resistance for the load or
power-consuming part of the device receiving
power, often with considerable simplification of
calculations. Of course, every electrical device has
some resistance of its own in the more narrow
sense, so a part of the power supplied to it is
dissipated in that resistance and hence appears as
heat even though the major part of the power may
be converted to another form.

Efficiency

In devices such as motors and vacuum tubes,
the object is to obtain power in some other form
than heat. Therefore power used in heating is
considered to be a loss, because it is not the useful
power. The efficiency of a device is the useful
power output (in its converted form) divided by
the power input to the device. In a vacuum-tube
transmitter, for example, the object is to convert
power from a dc source into ac power at some
radio frequency. The ratio of the tf power output
to the dc input is the efficiency of the tube. That
is,

Ef.<fe

where Eff. = Efficiency (as a decimal)
Po = Power output (watts)
Pi = Power input (watts)

Fxample: if the de input to the tube is 100 watts, and
the 1f power output is 60 watts, the efficiency is
(2

Eff. = 5%

60 _
AT

Efficiency is usually expressed asa percentage; that is, it
tells what percent of the input power will be available as use-
ful output. The efficiency in the above cxampic is 60 per-
cent.

Energy

In residences, the power company’s bill is for
electrical energy, not for power. What you pay for



Capacitance

is the work that electricity does for you, not the
rate at which that work is done. Electrical work is
equal to power multiplied by time; the common
unit is the watt-hour, which means that a power of

one watt has been used for one hour. That is,
W=PT where W = Energy in watt-hours

P =Power in watts

T =Time in hours
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Other energy units are the kilowatt-hour and
the watt-second. These units should be self-explan-
atory.

Energy units are seldom used in amateur
practice, but it is obvious that a small amount of
power used for a long time can eventually result in
a “power” bill that is just as large as though a large
amount of power had been used for a very short
time.

CAPACITANCE

Suppose two flat metal plates are placed close
to each other (but not touching) and are connected
to a battery through a switch, as shown in Fig. 2-8.
At the instant the switch is closed, electrons will be
attracted from the upper plate to the positive
terminal of the battery, and the same number will
be repelled into the lower plate from the negative
battery terminal. Enough electrons move into one
plate and out of the other to make the emf
between them the same as the emf of the battery.

If the switch is opened after the plates have
been charged in this way, the top plate is left with
a deficiency of electrons and the bottom plate with
an excess. The plates remain charged despite the
fact that the battery no longer is connected.
However, if a wire is touched between the two
plates (short-circuiting them) the excess electrons
on the bottom plate will flow through the wire to
the upper plate, thus restoring electrical neutrality.
The plates have then been discharged.

Fig. 2-8 —

4 o A simple
/ — capacitor.

Metal Plates

The two plates constitute an electrical capaci-
tor; a capacitor possesses the property of storing
electricity. (The energy actually is stored in the
electric field between the plates.) During the time
the electrons are moving — that is, while the
capacitor is being charged or discharged — a
current is flowing in the circuit even though the
circuit is ‘‘broken”™ by the gap between the
capacitor plates. However, the current flows only
during the time of charge and discharge, and this
time is usually very short. There can be no
continuous flow of direct current “through” a
capacitor, but an alternating current can pass
through easily if the frequency is high enough.

The charge or quantity of electricity that can
be placed on a capacitor is proportional to the
applied voltage and to the capacitance of the
capacitor. The larger the plate area and the smaller
the spacing between the plate the greater the
capacitance. The capacitance also depends upon
the kind of insulating material between the plates;
it is smallest with air insulation, but substitution of

other insulating materials for air may increase the’

capacitance many times. The ratio of the
capacitance with some material other than air
between the plates, to the capacitance of the same
capacitor with air insulation, is called the dielectric
constant of that particular insulating material. The
material itself is called a dielectric. The dielectric
constants of a number of materials commonly used
as dielectrics in capacitors are given in Table 2-111.
If a sheet of polystyrene is substituted for air
between the plates of a capacitor, for example, the
capacitance will be increased 2.6 times.

Units

The fundamental unit of capacitance is the
farad, but this unit is much too large for practical
work. Capacitance is usually measured in micro-
farads (abbreviated UF) or picofarads (pF). The
microfarad is one-millionth of a farad, and the
picofarad (formerly micromicrofarad) is one-mil-
lionth of a microfarad. Capacitors nearly always
have more than two plates, the alternate plates
being connected together to form two sets as
shown in Fig. 2-9. This makes it possible to attain a
fairly large capacitance in a small space, since
several plates of smaller individual area can be

TABLE 2-11
Dielectric Constants and Breakdown Voltages
Dielectric Puncture
Material Constant* Voltage**
Air 1.0
Alsimag 196 5.7 240
Bakelite 44-54 300
Bakelite, mica-filled 4.7 325-375
Cellulose acetate 3.3-39 250-600
Fiber 5-7.5 150-180
Formica 46-49 450
Glass, window 7.6-8 200-250
Glass, Pyrex 4.8 335
Mica, ruby 54 3800-5600
Mycalex 7.4 250
Paper, Royalgrey 3.0 200
Plexiglass 2.8 990
Polyethylene 2.3 1200
Polystyrene 2.6 500-700
Porcelain 5.1-5.9 40-100
Quartz, fuxed 3.8 1000
Steatite, low-loss 5.8 150-315
Teflon 2.1 1000-2000
* At 1 MHz ** In volts per mil (0.001 inch)
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Fig. 29 — A multiple-plate capacitor. Alternate
plates are connected together,

stacked to form the equivalent of a single large
plate of the same total area. Also, all plates, except
the two on the ends, are exposed to plates of the
other group on hoth sides, and so are twice as
effective in increasing the capacitance.
The formula for calculating capacitance is:
c=o0224Kd )

where C = Capacitance in pF.
K = Dielectric constant of material between
plates
A = Area of one side of one plate in square
inches
d = Separation of plate surfaces in inches
n =Number of plates
If the plates in one group do not have the same
area as the plates in the other. use the area of the
smaller plates.

Capacitors in Radio

The types of capacitors used in radio work
differ considerably in physical size, construction,
and capacitance. Some representative types are
shown in the photograph. In variable capacitors
(almost always constructed with air for the
dielectric) one set of plates is made movable with
respect to the other set so that the capacitance can
be varied. Fixed capacitors that is, assemblies
having a single, non-adjustable value of capacitance

also can be made with metal plates and with air
as the dielectric, but usually are constructed from
plates of metal foil with a thin solid or liquid
dielectric sandwiched in between, so that a
relatively large capacitance can be secured in a
small unit. The solid dielectrics commonly used are
mica, paper and special ceramics. An example of a
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liquid dielectric is mineral oil. The electrolytic
capacitor uses aluminum-foil plates with a
semiliquid conducting chemical compound be-
tween them; the actual dielectric is a very thin film
of insulating material that forms on one set of
plates through electrochemical action when a dc
voltage is applied to the capacitor. The capacitance
obtained with a given plate area in an electrolytic
capacitor is very large, compared with capacitors
having other dielectrics, because the film is so thin

much less than any thickness that is practicable
with a solid dielectric.

The use of electrolytic and oil-filled capacitors
is confined to power-supply filtering and audio
bypass applications. Mica and ceramic capacitors
are used throughout the frequency range from
audio to several hundred megacycles.

Voltage Breakdown

When a high voltage is applied to the plates of a
capacitor, a considerable force is exerted on the
electrons and nuclei of the dielectric. Because the
dielectric is an insulator the electrons do not
become detached from atoms the way they do in
conductors. However, if the force is great enough
the dielectric will “break down’; usually it will
puncture and may char (if it is solid) and permit
current to flow. The breakdown voltage depends
upon the kind and thickness of the dielectric, as
shown in Table 2-I11. It is not directly proportional
to the thickness; that is, doubling the thickness
does not quite double the breakdown voltage. If
the dielectric is air or any other gas, breakdown is
evidenced by a spark or arc between the plates, but
if the voltage is removed the arc ceases and the
capacitor is ready for use again. Breakdown will
occur at a lower voltage between pointed or
sharp-edged surfaces than between rounded and
polished surfaces; consequently, the breakdown
voltage between metal plates of given spacing in air
can be increased by buffing the edges of the plates.

Since the dielectric must be thick to withstand
high voltages. and since the thicker the dielectric
the smaller the capacitance for a given plate area, a
high-voltage capacitor must have more plate area
than a low-voltage one of the same capacitance.
High-voltage high-capacitance capacitors are phys-
ically large.

‘ Fixed and variable capacitors. The

\‘5 large unit at the left is a

/ transmitting-type variable capaci-
tor for rf tank circuits. To its
right are other air-dielectric vari-
ables of different sizes ranging
from the midget “air padder’’ to
the medium-power tank capacitor
at the top center. The cased
capacitors in the top row are for
power-supply filters, the cylindri-
cal-can unit being an electrolytic
and the rectangular one a paper-
dielectric capacitor. Various types
of mica, ceramic, and paper-
dielectric capacitors are in the
foreground.
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CAPACITORS IN SERIES AND
PARALLEL

The terms “parallel” and *‘series’’ when used
with reference to capacitors have the same circuit
meaning as with resistances. When a number of
capacitors are connected in parallel, as in Fig. 2-10,
the total capacitance of the group is equal to the
sum of the individual capacitances, so
C(total)=Cl1 +C2+C3+C4+...............

However, if two or more capacitors are
connected in series, as in the second drawing, the
total capacitance is less than that of the smallest
capacitor in the group. The rule for finding the
capacitance of a number of series-connected
capacitors is the same as that for finding the
resistance of a number of parallel-connected
resistors. That is,

C(total) = 1
JLw L 0 L occooooooa
CI C2 C3 C4

and, for only two capacitors in series,

C (total) = Cﬂ%

I Il
T T T

PaRraLLEL

o~

Fig. 2-10 — Ca-
pacitors in paral-
lel and in series.

l c
Source CI I

of EMF 2
c,I

L °T

SERIES

The same units must be used throughout; that
is, all capacitances must be expressed in either UF
or pF; both kinds of units cannot be used in the
same equation.

Capacitors are connected in parallel to obtain a
larger total capacitance than is available in one
unit. The largest voltage that can be applied safely
to a group of capacitors in parallel is the voltage
that can be applied safely to the one having the
lowest voltage rating.
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Fig. 2-11 — An example of capacitors connected in

series. The solution to this arrangement is worked
out in the text.

4 uf

When capacitors are connected in series, the
applied voltage is divided up among them, the
situation is much the same as when resistors are in
series and there is a voltage drop across each.
However, the voltage that appears across each
capacitor of a group connected in series is in
inverse proportion to its capacitance, as compared
with the capacitance of the whole group.

Example: Three capacitors having capacitances of 1, 2
and 4 uF, respectively, are connected in series as shown in
Fig. 2-11. The total capacitance is

[ EE R B
1,1 1,1,1
SO TR

PSR [ d
RS

=0.571 ur
The voltage across cach capacitor is proportional to the fotal
capacitance divided by the capacitance of the capacitor in
qucstion, so the voltage across Cl s

El= 9% X 2000 = 1142 volts
Similarly, the voltages across €2 and €3 are

K2 = Q-2iL1 X 2000 = 571 volts

E3 ‘-’-54—7‘rx 2000 = 286 volts

totaling approximately 2000 volts, the applicd voltage.

Capacitors are frequently connected in series to
enable the group to withstand a larger voltage (at
the expense of decreased total capacitance) than
any individual capacitor is rated to stand, However,
as shown by the previous example, the applied
voltages does not divide equally among the capaci-
tors (except when all the capacitances are the
same) so care must be taken to see that the voltage
rating of no capacitor in the group is exceeded.

INDUCTANCE

It is possible to show that the flow of current
through a conductor is accompanied by magnetic

effects; a compass needle brought near the con-
ductor, for example, will be deflected from its
normal north-south position. The current, in other
words, sets up a magnetic field.

The transfer of energy to the magnetic field
represents work done by the source of emf. Power
is required for doing work, and since power is
equal to current multiplied by voltage, there must
be a voltage drop in the circuit during the time in
which energy is being stored in the field. This
voltage “drop”” (which has nothing to do with the

voltage drop in any resistance in the circuit) is the
result of an opposing voltage ‘‘induced” in the
circuit while the field is building up to its final
value, When the field becomes constant the in-
duced emf or back emf disappears, since no
further energy is being stored.

Since the induced emf opposes the emf of the
source, it tends to prevent the current from rising
rapidly when the circuit is closed. The amplitude
of the induced emf is proportional to the rate at
which the current is changing and to a constant
associated with the circuit itself, called the induc-
tance of the circuit.
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Inductance depends on the physical characteris-
tics of the conductor. If the conductor is formed
into a coil, for example, its inductance is increased.
A coil of many turns will have more inductance
than one of few turns, if both coils are otherwise
physically similar. Also, if a coil is placed on an
iron core its inductance will be greater than it was
without the magnetic core.

The polarity of an induced emf is always such
as to oppose any change in the current in the
circuit. This means that when the current in the
circuit is increasing, work is being done against the
induced emf by storing encrgy in the magnetic
field. If the current in the circuit tends to decrease,
the stored energy of the field returns to the circuit,
and thus adds to the encrgy being supplied by the
source of emf. This tends to keep the current
flowing cven though the applied emf may be
decreasing or be removed entirely.

The unit of inductance is the henry. Values of
inductance used in radio cquipment vary over a
wide range. Inductance of several henrys is re-
quired in power-supply circuits (sce chapter on
Power Supplies) and to obtain such values of
inductance it is necessary to use coils of many
turns wound on iron cores. in radio-frequency
circuits, the inductance values used will be mea-
sured in millihenrys (a mH. one one-thousandth of
a henry) at low frequencies, and in microhenrys
(MH, one onc-millionth of a henry) at medium
frequencies and higher. Although coils for radio
frequencies may be wound on special iron cores
(ordinary iron is not suitablc) most rf coils made
and used by amateurs arc of the “‘air-core” type;
that is, wound on an insulating support consisting
of nonmagnetic material.

Every conductor has inductance, even though
the conductor is not formed into a coil. The
inductance of a short length of straight wire is
small, but it may not be negligible because if the
current through it changes its intensity rapidly
enough the induced voltage may be appreciable.
This will be the case in even a few inches of wire
when an alternating current having a frequency of
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i

Fig. 2-12 — Coil dimen-
sions used in the in-
ductance formula. The
wire diameter does not
enter into the formula. b

the order of 100 MHz. or higher is flowing.
However, at much lower frequencies the induc-
tance of the same wire could be ignored because
the induced voltage would be negligibly small.

Calculating Inductance

The approximate inductance of single-layer
air-core coils may be calculated from the simplified
formula

- a2n?
L= 5 T0m

where 1 = Inductance in microhenrys
a = Coil radius in inches
b =Coil fength in inches
n = Number of turns

The notation is explained in IYig. 2-12. This
formula is a close approximation for coils having a
length equal to or greater than 0.8a

1 xample: Assuime a coil having 48 turns wound 32 turns
peranch and a diameter of 3/4 inch. Thus 2 = 0,75 : 2 =
0.375.h =48 : 32 = 1.5, and n = 48. Substituting.

375 X 375 X 48X A8 - 7.6 iy
(X 375+ (10X 1.5)

To calculate the number of turns of a single-
tayer coil for a required value of inductance,

ne= ,]/ L (9a+ 10b)

a2
Fxample: Suppose an mductance of 10 gH s required.
The form on which the coil is to be wound has a diameter
of one inch and 1s long enoughto accommodate a coit of
E1/4 inches. Then @ = 0.5, b = 1,25, and L = 10.
Substituting.

S0+ 128 N
n Gr V&R0 = 26.1 turns

Inductors for power and radio
frequencies. The two iron-core
coils at the left are ""chokes’’ for
power-supply filters. The mount-
ed air-core coils at the top center
are adjustable inductors for trans-
mitting tank circuits. The “pie-
wound”’ coils at the left and in
the foreground are radio-frequen-
cy choke coils. The remaining
coils are typical of inductors used
in rf tuned circuits, the larger
sizes being used principally for
transmitters.



Iron-Core Coils

A 26-turn coil would be close cnough in practical work.
Since the coil will be 1.25 inches long, the naumber of turns
per inch will be 26.1 + 1.25 =20.8. Consulting the wire
table, we find that No. 17 enameled wire (or anything
smaller) can be used. The proper inductance is obtained by
winding the requircd number of turns on the form and then
adjusting the spacing between the turns to make a
uniformly-spaced coil 1.25 inches long.

Inductance Charts

Most inductance formulas lose accuracy when
applied to small coils (such as are used in vhf work
and in low-pass filters built for reducing harmonic
interference to television) because the conductor
thickness is no longer negligible in comparison with
the size of the coil. Fig. 2-13 shows the measured
inductance of vhf coils, and may be used as a basis
for circuit design. Two curves are given: curve A is
for coils wound to an inside diameter of 1/2 inch;
curve B is for coils of 3/4-inch inside diameter. In
both curves the wire size is No. 12, winding pitch 8
turns to the inch (1/8 inch center-to-center turn
spacing). The inductance values given include leads
1/2 inch long.

The charts of Figs. 2-14 and 2-15 are useful for
rapid determination of the inductance of coils of
the type commonly used in radio-frequency
circuits in the range 3-30 MHz. They are of
sufficient accuracy for most practical work. Given
the coil length in inches, the curves show the
multiplying factor to be applied to the inductance
value given in the table below the curve for a coil
of the same diameter and number of turns per
inch.

Fxample: A coil 1 inch in diameter 18 1 14 inches long

and has 20 turns. Therefore it has 16 tums per inch, and

from the table under Fig. 2-15 it is found that the referenee

inductance for a coil of this diameter and number of turns

per inch is 16.8 pll. From curve B in the figure the

mulbtiplying factor is 0.35, so the inductance is

16.8 X 0.35 = 5.9 il

The charts also can be used for finding suitable
dimensions for a coil having a required value of
inductance.

Faample: A coil having an inductance of 12 M iy
required. 1t is to be wound on a form having a diameter of

1 inch, the length available for the winding being not more

than 1 1/4 inches. From IFig. 2-15, the multiplying factor

for a l-inch diameter coil (curve B) having the maximum

possible length of 1 1/4 inches is 0.35. Hence the number

of tums per inch must be chosen for a reference inductance

of at least 12/0.35, or 34 uH. I'rom the Table under Fig.

2-15 it is seen that 16 turnys per inch (reference inductance

16.8 pi) is too small. Using 32 turns per inch, the

multiplying factor is 12/68, or 0,177, and from curve B this

cotresponds to a coil length of 3/4 inch. There will be 24

turns in this length, since the winding “pitch™ is 32 turns

per inch.

Machine-wound coils with the diameters and
turns per inch given in the tables are available in
many radio stores, under the trade names of “B&W
Miniductor” and “lllumitronic Air Dux.”

IRON-CORE COILS
Permeability

Suppose that the coil in Fig. 2-16 is wound on
an iron core having a cross-sectional area of 2
square inches. When a certain current is sent
through the coil it is found that there are 80,000
lines of force in the core. Since the area is 2 square

27

inches, the flux density is 40,000 lines per square
inch. Now suppose that the iron core is removed
and the same current is maintained in the coil, and
that the flux density without the iron core is found
to be 50 lines per square inch. The ratio of the flux
density with the given core material to the flux
density (with the same coil and same current) with
an air core is called the permeability of the
material. In this case the permeability of the iron is
40,000/50 = 800. The inductance of the coil is
increased 800 times by inserting the iron core
since, other things being equal, the inductance will
be proportional to the magnetic flux through tlie
coil.

The perineability of a magnetic material varies
with the flux density. At low flux densities (or
with an air core) increasing the current through the
coil will cause a proportionate increase in flux, but
at very high flux densities, increasing the current
may cause no appreciable change in the flux.
When this is so, the iron is said to be saturated.
Saturation causes a rapid decrease in permeability,
because it decreases the ratio of flux lines to thosc
obtainable with the same current and an air core.
Obviously, the inductance of an iron-core inductor
is highly dependent upon the current flowing in
the coil. In an air-core coil, the inductance is
independent of current because air does not
saturate.

Iron core coils such as the one sketched in Fig.
2-16 are used chiefly in power-supply equipment.
They usually have direct current flowing through
the winding, and the variation in inductance with
current is usually undesirable. It may be overcome
by keeping the flux density below the saturation
point of the iron. This is done by opening the core
so that there is a small “air gap,” as indicated by
the dashed lines. The magnetic “‘resistance” intro-
duced by such a gap is so large — even though the
gap is only a small fraction of an inch — compared
with that of the iron that the gap, rather than the
iron, controls the flux density. This reduces the
inductance, but makes it practically constant re-
gardless of the value of the current.

INO 12 BARE WIRE
8 TURNS PER INCH

- NS0k DA = §° =

= e —wsior o= 3
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INDUCTANCE—ph.
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Fig. 2-13 — Measured inductance of coils wound
with No. 12 bare wire, 8 turns to the inch. The
values include half-inch leads.



N
(= -]

éI.O | l

3.9 — —— —T——
L) | |

S T B
2, 1l ¢ | |
S _
I

g s 1 A4

5.4 —— AT —
S 3 1 l e
g7

S 21 A1

g |

[ _1»—-7/ T

-~

2 l

S L1 -

] 1 2 3 4 s
LENGTH OF COIL IN INCHES

Fig. 2-14 — Factor to be applied to the inductance
of coils listed in the table below, for coil lengths up
to 5 inches.

Eddy Currents and Hysteresis

When alternating current flows through a coil
wound on an iron core an emf will be induced, as
previously explained, and since iron is a conductor
a current will flow in the core. Such currents
(called eddy currents) represent a waste of power
because they flow through the resistance of the
iron and thus cause heating. Eddy-current losses
can be reduced by laminating the core; that is, by
cutting it into thin strips. These strips or lamina-
tions must be insulated from each other by
painting them with some insulating material such
as varnish or shellac,

There is also another type of energy loss: the
iron tends to resist any change in its magnetic
state, so a rapidly-changing current such as ac is

Inductance
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forced continually to supply energy to the iron to
overcome this “inertia.” Losses of this sort are
called hysteresis losses.

Eddy-current and hysteresis losses in iron in-
crease rapidly as the frequency of the alternating
current is increased. For this reason, ordinary iron
cores can be used only at power and audio
frequencies — up to, say, 15,000 cycles. Even so, a
very good grade of iron or steel is necessary if the
core is to perform well at the higher audio
frequencies. Iron cores of this type are completely
useless at radio frequencies.

1.0
91—

MULTIPLY INDUCTANCE VALUE IN TABLE BY

1 2
LENGTH OF COIL IN INCHES
Fig. 2-15 — Factor to be applied to the inductance
of coils listed in the table below, as a function of
coil length. Use curve A for coils marked 4, and
curve B for coils marked B.

Coil dia, No. of tpi Inductance

Inches in UH
1/2
(A)

B

5/8 4
(A) 6

(B) 6

(B) 6

10
16

0
0
0
1
2
2
0
0
1
1
4
8
3/4 4 0
1
2
3
9
0
1
2
4
6
16
32 68

For radio-frequency work, the losses in iron
cores can be reduced to a satisfactory figure by
grinding the iron into a powder and then mixing it
with a “binder”” of insulating material in such a
way that the individual iron particles are insulated
from each other. By this means cores can be made
that will function satisfactorily even through the
vhf range — that is, at frequencies up to perhaps
100 MHz. Because a large part of the magnetic
path is through a nonmagnetic material, the perme-
ability of the iron is low compared with the values



Time Constant

Fig. 2-16 — Typical con-
struction of an iron<ore
inductor. The small air gap
prevents magnetic satura-
tion of the iron and thus
maintains the inductance
at high currents.

obtained at power-supply frequencies. The core is
usually in the form of a “slug™ or cylinder which
fits inside the insulating form on which the coil is
wound. Despite the fact that, with this construc-
tion, the major portion of the magnetic path for
the flux is in air, the slug is quite effective in
increasing the coil inductance. By pushing the slug
in and out of the coil the inductance can be varied
over a considerable range.

INDUCTANCES IN SERIES AND
PARALLEL

When two or more inductors are connected in
series (Fig. 2-17, left) the total inductance is equal
to the sum of the individual inductances, provided
the coils are sufficiently separated so that no coil is
in the magnetic field of another.

That is,

Liotar = L1+ L2+ L3+ L4+ .. .......

If inductors are connected in parallel (Fig. 2-17,
right) — and the coils are separated sufficiently, the
total inductance is given by

Liotar =

and for two inductances in parallel,

LiL2

L=1rvis

Ly

Fig. 2-17 — In-
L ductances in ser-
2 ies and parallel.
Ls

Thus the rules for combining inductances in series
and parallel are the same for resistances, if the coils
are far enough apart so that each is unaffected by

Fig. 2-18 —
Mutual in-
ductance.
When the
switch, S, is

closed  cur-
rent flows
through coil
No. 1, setting
up a mag-
netic field
that induces

an emf in the
turns of coil
No. 2.

another’s magnetic field. When this is not so the
formulas given above cannot be used.

MUTUAL INDUCTANCE

If two coils are arranged with their axes on the
same line, as shown in Fig. 2-18, a current sent
through Coil 1 will cause a magnetic field which
“cuts” Coil 2. Consequently, an emf will be
induced in Coil 2 whenever the field strength is
changing. This induced emf is similar to the emf of
self-induction, but since it appears in the second
coil because of current flowing in the first, it is a
“mutual” effect and results from the mutual
inductance between the two coils.

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. If only a small part of
the flux set up by one coil cuts the turns of the
other the mutual inductance is relatively small.
Two coils having mutual inductance are said to be
coupled.

The ratio of actual mutual inductance to the
maximum possible value that could theoretically
be obtained with two given coils is called the
coefficient of coupling between the coils. It is
frequently expressed as a percentage. Coils that
have nearly the maximum possible (coefficient = 1
or 100%) mutual inductance are said to be closely,
or tightly, coupled, but if the mutual inductance 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 exists when they have a common axis and
are as close together as possible (one wound over
the other). The coupling is least when the coils are
far apart or are placed so their axes are at right
angles.

The maximum possible coefficient of coupling
is closely approached only when the two coils are
wound on a closed iron core. The coefficient with
air-core coils may run as high as 0.6 or 0.7 if one
coil is wound over the other, but will be much less
if the two coils are separated.

TIME CONSTANT

Capacitance and Resistance

Connecting a source of emf to a capacitor
causes the capacitor to become charged to the full
emf practically instantaneously, if there is no

resistance in the circuit. However, if the circuit
contains resistance, as in Fig. 2-19A, the resistance
limits the current flow and an appreciable length of
time is required for the emf between the capacitor
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Fig. 2-19 — llustrating the time constant of an RC
circuit,

plates to build up to the same value as the emf of
the source. During this **building-up” period the
current gradually decreases from its initial value,
because the increasing emf stored on the capacitor
offers increasing opposition to the steady emf of
the source.

Theoretically, the charging process is never
really finished, but eventually the charging current
drops to a value that is smaller than anything that
can be measured. The time constant of such a
circuit is the length of time, in seconds, required
for the voltage across the capacitor to reach 63 per
cent of the applied emf (this figure is chosen for
mathematical reasons). The voltage across the
capacitor rises with time as shown by Fig. 2-20.

The formula for timc constant is

T=RC

where T = Time constant in seconds
C =Capacitance in farads
R =Resistance in ohms
Example: The time constant of a 2-uF capacitor and u
250,000-ohm (0.25 megohm) resistor is
T=RC=0.25 X 2=0.5second

It the applicd emf is 1000 volts, the voltage between the

capacitor plates will be 630 volts at the end of 1/2 second.

If C is in microfarads and R in megohms, the time
constant also is in seconds. These units usually are
more convenient,

If a charged capacitor is  discharged through a
resistor, as indicated in Fig. 2-19B, the same time
constant applies. If there were no resistance, the
capacitor would discharge instantly when S was
closed. However, since R limits the current flow
the capacitor voltage cannot instantly go to zero,
but it will decrease just as rapidly as the capacitor
can rid itself of its charge through R. When the
capacitor is discharging through a resistance, the
time constant (calculated in the same way as
above) is the time, in seconds, that it takes for the
capacitor to lose 63 percent of its voltage; that is,
for the voltage to drop to 37 percent of its initial
value.

Example: If the capacitor of the example above is

charged to 1000 volts, it will discharge to 370 volts in 1/2

second through the 250,000-0hm resistor.

Inductance and Resistance

A comparable situation exists when resistance
and inductance are in series. In Fig. 2-21, first
consider L to have no resistance and also assume
that R is zero. Then closing § would tend to send a
current through the circuit. However, the instanta-
neous transition from no current to a finite value,
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Fig. 2-20 — How the voltage across a capacitor
rises, with time, when charged through a resistor.
The lower curve shows the way in which the
voltage decreases across the capacitor terminals on
discharging through the same resistor.

however small, represents a very rapid change in
current, and a back emf is developed by the
self-inductance of L that is practically equal and
opposite to the applied emf. The result is that the
initial current is very small.

The back emf depends upon the change in
current and would cease to offer opposition if the
current did not continue to increase. With no
resistance in the circuit (which would lead to an
infinitely large current, by Ohm’s Law) the current
would increase forever, always growing just fast
enough to keep the emf of self-induction equal to
the applied emf,

When resistance is in series, Ohm’s Law sets a
limit to the value that the current can reach. The
back emf generated in L has only to equal the
difference between E and the drop across R,
because that difference is the voltage actually
applied to L. This difference becomes smaller as
the current approaches the final Ohm’s Law value.
Theoretically, the back emf never quite disappears
and so the current never quite reaches the Ohm’s
Law value, but practically the differences becomes
unmeasurable after a time. The time constant of an
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Fig. 2-21 — Time constant of an LR circuit.



Alternating Currents

inductive circuit is the time in seconds required for
the current to reach 63 percent of its final value.
The formula is

L
TR

where 7= Time constant in seconds
L = Inductance in Henrys
R = Resistance in ohms

The resistance of the wire in a coil acts as if it were
in series with the inductance.

Example: A coil having an inductance of 20 henrys and
a resistance of 100 ohms has a time constant of
L.
v R
if there is no other resistance in the cireuit. I a de emf of
10 volts is applicd to such a coil, the final current, by
Ohm’s Law, is
j=E- 10 _
R 100
The current would rise from zero o 63 milliamperes in 0.2
second after closing the switch.

%?) = 0.2 second

0.1 amp. or 100 mA

An inductor cannot be ‘“discharged” in the
same way as a capacitor, because the magnetic field
disappears as soon as current flow ceases. Opening
S does not leave the inductor ‘“‘charged.”” The
encrgy stored in the magnetic field instantly
returns to the circuit when S is opened. The rapid
disappearance of the field causes a very large
voltage to be induced in the coil - ordinarily many
times larger than the voltage applied, because the
induced voltage is proportional to the speed with
which the field changes. The common result of
opening the switch in a circuit such as the one
shown is that a spark or arc forms at the switch
contacts at the instant of opening. If the induct-
ance is large and the current in the circuit is high, a
great deal of energy is released in a very short
period of time. It is not at all unusual for the
switch contacts to burn or melt under such
circumstances. The spark or arc at the opened
switch can be reduced or suppressed by connecting
a suitable capacitor and resistor in series across the
contacts.
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Fig. 2-22 — Voltage across capacitor terminals in a
discharging RC circuit, in terms of the initial
charged voltage. To obtain time in seconds,
multiply the factor t/RC by the time constant of
the circuit.

Time constants play an important part in
numerous devices, such as electronic keys, timing
and control circuits, and shaping of keying charac-
teristics by vacuum tubes. The time constants of
circuits are also important in such applications as
automatic gain control and noise limiters. In nearly
all such applications a resistance-capacitance (RC)
time constant is involved, and it is usually neces-
sary to know the voltage across the capacitor at
some time interval larger or smaller than the actual
time constant of the circuit as given by the formula
above. Fig. 2-22 can be used for the solution of
such problems, since the curve gives the voltage
across the capacitor, in terms of percentage of the
initial charge, for percentages between S and 100,
at any time after discharge begins.

Example: A 0.01-4F capacitor is charged to 150 volts
and then allowed to discharge through a 0.1-megohm
resistor. How long will it take the voltage to fall to 10
volts? In percentage, 10/150 = 6.7%. F'rom the chart, the
factor corresponding to 6.77 is 2.7. The time constant of
the circuit is equal to RC = 0.1 X 01 = .001. The tine is
therefore 2.7 X 0.001 = 0027 second, or 2.7 milliseconds.

ALTERNATING CURRENTS

PHASE

The term phase essentially means ‘‘time,” or
the time interval between the instant when one
thing occurs and the instant when a second related
thing takes place. The later event is said to lag the
earlier, while the one that occurs first is said to
lead. In ac circuits the current amplitude changes
continuously, so the concept of phase or time
becomes important. Phase can be measured in the
ordinary time units, such as the second, but there
is a more convenient method: Since each ac cycle
occupies exactly the same amount of time as every
other cycle of the same frequency, we can use the
cycle itself as the time unit. Using the cycle as the
time unit makes the specification or measurement
of phase independent of the frequency of the
current, so long as only one frequency is under
consideration at a time. When two or more

frequencies are to be considered, as in the case
where harmonics are present, the phase measure-
ments are made with respect to the lowest, or
fundamental, frequency.

The time interval or *‘phase difference” under
consideration usually will be less than one cycle.
Phase difference could be measured in decimal
parts of a cycle, but it is more convenient to divide
the cycle into 360 parts or degrees. A phase degree
is therefore 1/360 of a cycle. The reason for this
choice is that with sine-wave alternating current
the value of the current at any instant is propor-
tional to the sine of the angle that corresponds to
the number of degrees — that is, length of time —
from the instant the cycle began. There is no actual
“angle” associated with an alternating current. Fig.
2-23 should help make this method of measure-
ment clear.
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Fig. 2-23 — An ac cycle is divided off into 360
degrees that are used as a measure of time or phase.

Measuring Phase

The phase difference between two currents of
the same frequency is the time or angle difference
between corresponding parts of cycles of the two
currents. This is shown in Fig. 2-24, The current
labeled A leads the one marked B by 45 degrees,
since A’s cycles begin 45 degrees earlier in time. [t
is equally correct to say that B lags A by 45
degrees.

Two important special cases are shown in Fig.
2-25. In the upper drawing B lags 90 degrees
behind A; that is, its cycle begins just one-quarter
cycle later than that of 4. When one wave is
passing through zero, the other is just at its
maximum point,

In the lower drawing A and B are 180 degrees
out of phase. In this case it does not matter which
one is considered to lead or lag. B is always positive
while 4 is negative, and vice versa. The two waves
are thus completely out of phase.

The waves shown in Figs. 2-24 and 2-25 could
represent current, voltage, or both. 4 and B might
be two currents in separate circuits, or 4 might
represent voltage and B current in the same circuit.
If A and B represent two currents in the same
circuit (or two voltages in the same circuit) the
total or resultant current (or voltage) also is a sine
wave, because adding any number of sine waves of
the same frequency always gives a sine wave also of
the same frequency.

Phase in Resistive Circuits

When an alternating voltage is applied to a
resistance, the current flows exactly in step with
the voltage. In other words, the voltage and current
are in phase. This is true at any frequency if the

Amplitude

-———e

Fig. 2-24 — When two waves of the same frequency
start their cycles at slightly different times, the
time difference or phase difference is measured in
degrees. In this drawing wave B starts 45 degrees
(one-eighth cycle) later than wave A4, and so lags 45
degrees behind 4,

ELECTRICAL LAWS AND CIRCUITS

resistance is “‘pure” — that is, is free from the
reactive effects discussed in the next section.
Practically, it is often difficult to obtain a purely
resistive circuit at radio frequencies, because the
reactive effects become more pronounced as the
frequency is increased.

In a purely resistive circuit, or for purely
resistive parts of circuits, Ohm’s Law is just as valid
for ac of any frequency as it is for dc.

REACTANCE
Alternating Current in Capacitance

In Fig. 2-26 a sine-wave ac voltage having a
maximum value of 100 volts is applied to a
capacitor. In the period OA, the applied voltage
increases from zero to 38 volts; at the end of this
period the capacitor is charged to that voltage. In
interval AB the voltage increases to 71 volts; that
is, 33 volts additional. In this interval a smaller
quantity of charge has been added than in 04,
because the voltage rise during interval AB is
smaller. Consequently the average current during
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Fig. 2-26 — Two important special cases of phase
difference. In the upper drawing, the phase
difference between A and B is 90 degrees; in the
lower drawing the phase difference is 180 degrees.

AB is smaller than during OA. In the third interval,
BC, the voltage rises from 71 to 92 volts, an
increase of 21 volts. This is less than the voltage
increase during AB, so the quantity of electricity
added is less; in other words, the average current
during interval BC is still smailer. In the fourth
interval, CB, the voltage increases only 8 volts; the
charge added is smaller than in any preceding
interval and therefore the current also is smaller.

By dividing the first quarter cycle into a very
large number of intervals it could be shown that
the current charging the capacitor has the shape of
a sine wave, just as the applied voltage does. The
current is largest at the beginning of the cycle and
becomes zero at the maximum value of the voltage,
so there is a phase difference of 90 degrees
between the voltage and current. During the first
quarter cycle the current is flowing in the normal
direction through the circuit, since the capacitor is
being charged. Hence the current is positive, as
indicated by the dashed line in Fig. 2-26.
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Fig. 2-26 — Voltage and current phase relationships
when an alternating voltage is applied to a
capacitor.

In the second quarter cycle — that is, in the
time from D to H, the voltage applied to the
capacitor decreases. During this time the capacitor
loses its charge. Applying the same reasoning, it is
plain that the current is small in interval DE and
continues to increase during each succeeding inter-
val. However, the current is flowing against the
applied voltage because the capacitor is discharging
into the circuit. The current flows in the negative
direction during this quarter cycle.

The third and fourth quarter cycles repeat the
events of the first and second, respectively, with
this difference — the polarity of the applied voltage
has reversed, and the current changes to corres-
pond. In other words, an alternating current flows
in the circuit because of the alternate charging and
discharging of the capacitance. As shown by Fig.
2-26, the current starts its cycle 90 degrees before
the voltage, so the current in a capacitor leads the
applied voltage by 90 degrees.

Capacitive Reactance

The quantity of electric charge that can be
placed on a capacitor is proportional to the applied
emf and the capacitance. This amount of charge
moves back and forth in the circuit once each
cycle, and so the rate of movement of charge —
that is, the current — is proportional to voltage,
capacitance and frequency. If the effects of capaci-
tance and frequency are lumped together, they
form a quantity that plays a part similar to that of
resistance in Ohm’s Law, This quantity is called
reactance, and the unit for it is the ohm, just as in
the case of resistance. The formula for it is

XL = 27TfL

where X, = Inductive reactance in ohms
f= Frequency in cycles per second
L = Inductance in henrys
m= 3.14

Although the unit of reactance is the ohm,
there is no power dissipation in reactance. The
energy stored in the capacitor in one quarter of the
cycle is simply returned to the circuit in the next.

The fundamental units (cycles per second,
farads) are too large for practical use in radio
circuits. However, if the capacitance is in micro-
farads and the frequency is in megacycles, the
reactance will come out in ohms in the formula.
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Example: The reactance of a capacitor of 470 pF
(0.00047 uk) at a frequency of 7150 kHz (7.15 MHz) is

X= =47.4 ohms

Ao 1
2nfC " 628 X 7.15 X .00047

Inductive Reactance

When an alternating voltage is applied to a pure
inductance (one with no resistance — all practical
inductors have resistance) the current is again 90
degrees out of phase with the applied voltage.
However, in this case the current lags 90 degrees
behind the voltage — the opposite of the capacitor
current-voltage relationship.

The primary cause for this is the back emf
generated in the inductance, and since the ampli-
tude of the back emf is proportional to the rate at
which the current changes, and this in tumn is
proportional to the frequency, the amplitude of
the current is inversely proportional to the applied
frequency. Also, since the back emf is proportional
to inductance for a given rate of current change,
the current flow is inversely proportional to
inductance for a given applied voltage and frequen-
cy. (Another way of saying this is that just enough
current flows to generate an induced emf that
equals and opposes the applied voltage.)

The combined effect of inductance and fre-
quency is called inductive reactance, also expressed
in ohms, and the formula for it is

=_1
Xc 27fC

where X¢ = Capacitive reactance in ohms
f=Frequency in cycles per second
C = Capacitance in farads
m=3.14
Example: The reactance of a 15-microhenry coil at a
frequency of 14 MHz is
Xy =2mfL =6.28 X 14 X 15 = 1319 ohms

In radio-frequency circuits the inductance
values usually are small and the frequencies are
large. If the inductance is expressed in millihenrys
and the frequency in kilocycles, the conversion
factors for the two units cancel, and the formula
for reactance may be used without first converting
to fundamental units. Similarly, no conversion is
necessary if the inductance is in microhenrys and
the frequency is in megacycles.
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Fig. 2-27 — Phase relationships between voltage

and current when an alternating voltage is applied

to an inductance.
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Fig. 2-28 — Inductive and capacitive reactance vs. frequency. Heavy lines represent multiples of 10,
intermediate light lines multiples of 5; e.g., the light line between 10 MH and 100 uH, the light line
between 0.1 UF and 1 UF represents 0.5 MF, etc. Intermediate values can be estimated with the help of
the interpolation scale.

Reactances outside the range of the chart may be found by applying appropriate factors to values
within the chart range. For example, the reactance of 10 henrys at 60 cycles can be found by taking the
reactance to 10 henrys at 600 cycles and dividing by 10 for the 10-times decrease in frequency,

Example: The reactance of a coil having an inductance where E' = Emf in volts
of 8 henrys. at a frequency of 120 cycles, is I =Current in amperes
Xy =271 = 6,28 X 120 X § = 6029 ohms X = Reactance in ohms

The reactance in the circuit may, of course, be
The resistance of the wire of which the coil is either inductive or capacitive,
wound has no FffeCt on the reacmr}ce’ but snnply Example: If & current ot 2 amperes is flowing through
acts as though it were a separate resistor connected the capacitor of the earlier example (reactance = 47.4
in series with the coil. ohms) at 7150 kHz, the voltage drop across the capacitor is
F=1X=2X47.4 =948 voits

Ohm’s Law for Reactance If 400 volts at 120 hertz is applied to the R-henry
, ) . L. inductor of the carlier ¢example, the current through the
Ohm’s Law for an ac circuit containing only coil will be

reactance is -E_ 420 _ 4
1 X7 6029 0.0663 amp, (66.3 mA)

I= jf("' Reactance Chart

The accompanying chart, Fig. 2-28, shows the

E=IX reactance of capacitances from 1 pF to 100 uF,
and the reactance of inductances from 0.1 uH to

x=E 10 henrys, for frequencies between 100 hertz and
1 100 megahertz per second. The approximate value



Impedance

of reactance can be read from the chart or, where
more exact values are needed, the chart will serve
as a check on the order of magnitude of reactances
calculated from the formulas given above, and thus
avoid *‘decimal-point errors.”

Reactances in Series and Parallel

When reactances of the same kind are connect-
ed in series or parallel the resultant reactance is
that of the resultant inductance or capacitance.
This leads to the same rules that are used when
determining the resultant resistance when resistors
are combined. That is, for series reactances of the
same kind the resultant reactance is

X=X1+X2+X3+X4

and for reactances of the same kind in parallel the
resultant is

X = L

1 1 1 1
L ARD VAD < ¢!

or for two in paraliel,

= _X1X2
X X1+ X2

The situation is different when reactances of
opposite kinds are combined. Since the current in a
capacitance leads the applied voltage by 90 degrees
and the current in an inductance lags the applied
voltage by 90 degrees, the voltages at the terminals
of opposite types of reactance are 180 degrees out
of phase in a series circuit (in which the current has
to be the same through all elements), and the
currents in reactances of opposite types are 180
degrees out of phase in a parallel circuit (in which
the same voltage is applied to all elements). The
180-degree phase relationship means that the cur-
rents or voltages are of opposite polarity, so in the
series circuit of Fig. 2-29A the voltage £l across
the inductive reactance X/I. is of opposite polarity
to the voltage EC across the capacitive reactance
XC. Thus if we call XL ‘“positive” and XC
‘“negative” (a common convention) the applied
voltage EAC is EL — EC. In the parallel circuit at B
the total current, /, is equal to /L — IC, since the
currents are 180 degrees out of phase.

In the series case, therefore, the resuitant
reactance of XL and XC is

X=X,—Xc

and in the parallel case
x - XLXc
XL —Xc

I I

(3 I I
X f L
Eac =) Eac X Xe
= B

X
CT‘ C
(A) ()]

Fig. 2-29 — Series and paraliel circuits containing
opposite kinds of reactance,
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Note that in the series circuit the total react-
ance is negative if XC is larger than XL ; this
indicates that the total reactance is capacitive in
such a case. The resultant reactance in a serics
circuit is always smaller than the larger of the two
individual reactances.

In the parallel circuit, the resultant reactance is
negative (i.e., capacitive) if XL is larger than XC,
and positive (inductive) if XL is smaller than XC,
but in every case is always larger than the smaller
of the two individual reactances.

In the special case where XI. = XC the total
reactance is zero in the series circuit and infinitely
large in the parallel circuit.

Reactive Power

In Fig. 2-29A the voltage drop across the
inductor is larger than the voltage applied to the
circuit. This might seem to be an impossible
condition, but it is not; the explanation is that
while energy is being stored in the inductor’s
magnetic field, energy is being returned to the
circuit from the capacitor’s electric fieid, and vice
versa. This stored energy is responsible for the fact
that the voltages across reactances in series can be
larger than the voltage applied to them.

In a resistance the flow of current causes
heating and a power loss equal to /2R. The power
in a reactance is equal to /2X, but is not a “‘loss”’; it
is simply power that is transferred back and forth
between the field and the circuit but not used up
in heating anything. To distinguish this *“‘nondis-
sipated” power from the power which is actually
consumed, the unit of reactive power is called the
volt-ampere-reactive, or var, instead of the watt.
Reactive power is sometimes called “‘wattless”
power.

IMPEDANCE

When a circuit contains both resistance and
reactance the combined effect of the two is called
impedance, symbolized by the letter Z. (Impe-
dance is thus a more general term than either
resistance or reactance, and is frequently used even
for circuits that have only resistance or reactance,
although usually with a qualification — such as
“resistive impedance’ to indicate that the circuit
has only resistance, for example.)

The reactance and resistance comprising an
impedance may be connected cither in series or in
parallel, as shown in Fig. 2-30. In these circuits the
reactance is shown as a box to indicate that it may
be either inductive or capacitive. In the series
circuit the current is the same in both elements,
with (generally) different voltages appearing across
the resistance and reactance. In the parallel circuit
the same voltage is applied to both elements, but
different currents flow in the two branches.

Since in a resistance the current is in phase with
the applied voltage while in a reactance it is 90
degrees out of phase with the volitage, the phase
relationship between current and voltage in the
circuit as a whole may be anything between zero
and 90 degrees, depending on the relative amounts
of resistance and reactance.
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Fig. 2-30 — Series and parallel circuits containing
resistance and reactance.

Series Circuits

When resistance and reactance are in series, the
impedance of the circuit is

Z=9YR2+ X2

where Z = Impedance in chms
R = Resistance in ohms
X = Reactance in ohms

The reactance may be either capacitive or induc-
tive. If there are two or more reactances in the
circuit they may be combined into a resultant by
the rules previously given, before substitution into
the formula above; similarly for resistances.

The “‘square root of the sum of the squares”
rule for finding impedance in a series circuit arises
from the fact that the voltage drops across the
resistance and reactance are 90 degrees out of
phase, and so combine by the same rule that
applies in finding the hypothenuse of a right-angled
triangle when the base and altitude are known.

Parallel Circuits

With resistance and reactance in parallel, as in
Fig. 2-30B, the impedance is

Z=—RX
R2+ X2

where the symbols have the same meaning as for
series circuits.

Just as in the case of series circuits, a number of
reactances in parallel should be combined to find
the resultant reactance before substitution into the
formal above; similarly for a number of resistances
in parallel.

Equivalent Series and Parallel Circuits

The two circuits shown in Fig. 2-30 are
equivalent if the same current flows when a given
voltage of the same frequency is applied, and if the
phase angle between voltage and current is the
same in both cases. It is in fact possible to
“transform” any given series circuit into an equiv-
alent parallel circuit, and vice versa.

Transformations of this type often lead to
simplification in the solution of complicated
circuits. However, from the standpoint of practical
work the usefulness of such transformations lies in
the fact that the impedance of a circuit may be
modified by the addition of either series or parallel
elements, depending on which happens to be most
convenient in the particular case. Typical applica-
tions are considered later in connection with tuned
circuits and transmission lines.

ELECTRICAL LAWS AND CIRCUITS

Ohm’s Law for Impedance
Ohm’s Law can be applied to circuits contain-

ing impedance just as readily as to circuits having
resistance or reactance only. The formulas are

[-E

N

E=1Z
=E
z 1

where E = Emf in volts

I =Current in amperes
Z = Impedance in ohms
Fig. 2-31 shows a simple circuit consisting of a
resistance of 75 ohms and a reactance of 100 ohms in
series. 1'rom the formula previously given. the impedance is
Z=YREZ+X1,2= Y752+ (100)2= 125
If the applied voltage is 250 volts, then
=£=250.
I Z7 135 2 amperes
This current flows through both the resistance and reac-
tance. so the voltage drops are
ER=/R=2X75=150volts
EXL =/XL =2 X 100 = 200 volts
The simple arithmetical sum of these two drops, 350 volts,
is greater than the applied voltage because the two voltages
arc 90 dcgrees out of phase. Their actual resuitant, when
phasc is taken into account, is

Y(150)2 + (200)2 = 250 volts

Power Factor

In the circuit of Fig. 2-31 an applied emf of
250 volts results in a current of 2 amperes, giving
an apparent power of 250 X 2 = 500 watts.
However, only the resistance actually consumes
power. The power in the resistance is

P =12R = (2)2 X 75 = 300 watts

The ratio of the power consumed to the apparent
power is called the power factor of the circuit, and
in this example the power factor would be
300/500 = 0.6. Power factor is frequently ex-
pressed as a percentage; in this case, it would be 60
percent.

“Real” or dissipated power is measured in
watts; apparent power, to distinguish it from real
power, is measured in volt-amperes. It is simply the
product of volts and amperes and has no direct
relationship to the power actually used up or
dissipated unless the power factor of the circuit is
known. The power factor of a purely resistive
circuit is 100 percent or 1, while the power factor
of a pure reactance is zero. In this illustration, the
reactive power is VAR = 12X = (2)2 X 100 = 400
volt-amperes.

R*75 chms

™
50

9 %,=100 chms

Fig. 2-31 — Circuit used as an example for
impedance calculations.



Transformers for Audio Frequencies

Reactance and Complex Waves

It was pointed out earlier in this chapter that a
complex wave (a ‘“nonsinusoidal” wave) can be
resolved into a fundamental frequency and a series
of harmonic frequencies. When such a complex
voltage wave is applied to a circuit containing
reactance, the current through the circuit will not
have the same wave shape as the applied voltage.
This is because the reactance of an inductor and
capacitor depend upon the applied frequency. For
the second-harmonic component of a complex
wave, the reactance of the inductor is twice and
the reactance of the capacitor one-half their
respective values at the fundamental frequency; for
the third harmonic the inductor reactance is three
times and the capacitor reactance one-third, and so
on. Thus the circuit impedance is different for each
harmonic component.

Just what happens to the current wave shape
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depends upon the values of resistance and reac-
tance involved and how the circuit is arranged. Ina
simple circuit with resistance and inductive reac-
tance in series, the amplitudes of the harmonic
currents will be reduced because the inductive
reactance increases in proportion to frequency.
When capacitance and resistance are in series, the
harmonic current is likely to be accentuated
because the capacitive reactance becomes lower as
the frequency is raised. When both inductive and
capacitive reactance are present the shape of the
current wave can be altered in a variety of ways,
depending upon the circuit and the “‘constants,” or
the relative values of L, C, and R, selected.

This property of nonuniform behavior with
respect to fundamental and harmonics is an ex-
tremely useful one. It is the basis of “filtering,” or
the suppression of undesired frequencies in favor
of a single desired frequency or group of such
frequencies.

TRANSFORMERS FOR AUDIO FREQUENCIES

Two coils having mutual inductance constitute
a transformer. The coil connected to the source of
energy is called the primary coil, and the other is
called the secondary coil.

The usefulness of the transformer lies in the
fact that electrical 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 requires, for example, 115 volts ac and
only a 440-volt source is available, a transformer
can be used to change the source voltage to that
required. A transformer can be used only with ac,
since no voltage will be induced in the secondary if
the magnetic field is not changing. If dc 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.

THE IRON-CORE TRANSFORMER

As shown in Fig. 2-32, the primary and
secondary coils of a transformer may be wound on
a core of magnetic material. This increases the
inductance of the coils so that a relatively small
number of turns may be used to induce a given
value of voltage with a small current. A closed core
(one having a continuous magnetic path) such as

E 3
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Fig. 2-32 — The transformer. Power is transferred
from the primary coil to the secondary by means
of the magnetic field. The upper symbol at right
indicates an iron-core transformer, the lower one
an air-core transformer.
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that shown in Fig. 2-32 also tends to insure that
practically all of the field set up by the current in
the primary coil will cut the turns of the secondary
coil. However, the core introduces a power loss
because of hysteresis and eddy currents so this
type of construction is normally practicable only
at power and audio frequencies. The discussion in
this section is confined to transformers operating
at such frequencies.

Voltage and Turns Ratio

For a given varying magnetic field, the voltage
induced in a coil in the field will be proportional to
the number of turns in the coil. If the two coils of
a transformer are in the same field (which is the
case when both are wound on the same closed
core) it follows that the induced voltages will be
proportional to the number of turns in each coil.
In the primary the induced voltage is practically
equal to, and opposes, the applied voltage, as
described earlier. Hence,

ng

=— E:
np TP

Eg=
where Kg= Secondary voltage
E, = Primary applied voltage
ng = Number of turns on secondary
np = Number of turns on primary

The ratio, ns/np is called the secondary-to-primary
turns ratio of the transformer.

Example: A transformer has a primary of 400 tums and
a secondary of 2800 turns, and an emf of 115 volts is
applied to the primary.

="s p_ - 2800 =
Eg anp 300 X 11S=7X 115

= 805 volts
Ako, if an emf of 805 volts is applied to the 2800-turn
winding (which then becomes the primary) the output
voltage from the 400-turn winding will be 115 volts.

Fither winding of a transformer can be used as the
primary, providing the winding has enough turns (enough
inductance) to induce a voltage equal to the applied voltage
without requiring an excessive current flow.
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Effect of Secondary Current

The current that flows in the primary when no
current is taken from the secondary is called the
magnetizing current of the transformer. In any
properly-designed transformer the primary induc-
tance will be so large that the magnetizing current
will be quite small. The power consumed by the
transformer when the secondary is “open” — that
is, not delivering power is only the amount
necessary to supply the losses in the iron core and
in the resistance of the wire with which the
primary is wound.

When power is taken from the secondary
winding, the secondary current sets up a magnetic
field that opposes the field set up by the primary
current, But if the induced voltage in the primary
is to equal the applied voltage, the original field
must be maintained. Consequently, the primary
must draw enough additional current to set up a
field exactly equal and opposite to the field set up
by the secondary current.

In practical calculations on transformers it may
be assumed that the entire primary current is
caused by the secondary “load.” This is justifiable
because the magnetizing current should be very
small in comparison with the primary “load”
current at rated power output.

If the magnetic fields set up by the primary and
secondary currents are to be equal, the primary
current multiplied by the primary turns must equal
the secondary current multiplied by the secondary
turns. I'rom this it follows that

1.=Ms g

P np S
Primary current
Secondary current

np = Number of turns on primary

ng = Number of turns on sccondary

Example: Suppose that the secondary of the trans-
former in the previous example is delivering a current of 0.2
ampere to a load. Then the primary current will be

sy 2800 3
sy "p/s 800X 0.2=7 %02

where I =
[

1.4 amp.

Although the secondary voltage is higher than the primary
voltage. the secondary current is lower than the primary
current, and by the same ratio.

Power Relationships; Efficiency

A transformer cannot create power; it can only
transfer it and change the emf. lience, the power
taken from the secondary cannot exceed that
taken by the primary from the source of applied
emf. There is always some power loss in the
resistance of the coils and in the iron core, so in all
practical cases the power taken from the source
will exceed that taken from the secondary. Thus,

Po = IlPi

where Py = Power output from secondary

P; = Power input to primary

n = Efficiency factor
The efficiency, n, always is less than 1. It is usually
expressed as a percentage; if n is 0.65, for
instances, the efficiency is 65 percent.

Example: A transformer has an efficiency of 85 percent

at its full-load output of 150 watts. The power input to the
primary at full sccondary load will be

{2

. =To - 150 -
Py PO TS 176.5 watts
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A transformer is usually designed to have its
highest efficiency at the power output for which it
is rated. The efficiency decreases with either lower
or higher outputs. On the other hand, the losses in
the transformer are relatively small at low output
but increasec as more power is taken. The amount
of power that the transformer can handle is
determined by its own losses, because these heat
the wire and core. There is a limit to the
temperature rise that can be tolerated, because
too-high temperature either will melt the wire or
cause the insulation to break down. A transformer
can be operated a reduced output, even though the
efficiency is low, becaise the actual loss will be low
under such conditions.

The full-load efficiency of small power trans-
formers such as are used in radio receivers and
transmitters usually lies between about 60 and 90
percent, depending upon the size and design.

Leakage Reactance

In a practical transformer not all of the
magnetic flux is common to both windings,
although in well-designed transformers the amount
of flux that *‘cuts” one coil and not the other is
only a small percentage of the total flux. This
leakage flux causes an emf of self-induction;
consequently, there are small amounts of leakage
inductance associated with both windings of the
transformer. Leakage inductance acts in exactly
the same way as an cquivalent amount of ordinary
inductance inserted in series with the circuit. It
has, therefore, a certain reactance, depending upon
the amount of leakage inductance and the
frequency. This reactance is called leakage reac-
tance.

Current flowing through the leakage reactance
causes a voltage drop. This voltage drop increases
with increasing current, hence it increases as more
power is taken from the secondary. Thus, the
greater the secondary current, the smaller the
sccondary terminal voltage becomes. The resis-
tances of the transformer windings also cause
voltage drops when current is flowing; 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
indicated 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
percent from open-circuit conditions to full load.
The drop in voltage may be considerably more
than this in a transformer operating at audio
frequencies because the leakage reactance increases
directly with the frequency.

Impedance Ratio

In an ideal transformer — one without losses or
leakage reactance — the following relationship is
true:
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where Z, = Impedance looking into primary ter-
minals from source of power
Z; Impedance of load connected to sec-
ondary
Np/Ng = Tums ratio, primary to secondary

That is, a load of any given impedance connec-
ted to the secondary of the transformer will be
transformed to a different value “looking into” the
primary from the source of power. The impedance
transformation is proportional to the square of the
primary-to-secondary turns ratio.

Example: A transformer has a primary-to-secondary
turns ratio of 0.6 (primary has 6/10 as many turns as the
secondary) and a load of 3000 ohms is connected to the
secondary. The impedance looking into the primary then
will be

N
Zy= ZS[IV:]= 3000 X (0.6)2 = 3000 X 0.36
- 1080 ohms

By choosing the proper turns ratio, the imped-
ance of a fixed load can be transformed to any
desired value, within practical limits. If transformer
losses can be neglected, the transformed or
“reflected” impedance has the same phase angle as
the actual load impedance; thus if the load is a
pure resistance the load presented by the primary
to the source of power also will be a pure
resistance.

The above relationship may be used in practica!
work even though it is based on an ‘‘ideal”
transformer. Aside from the normal design require-
ments of reasonably low internal losses and low
leakage reactance, the only requirement is that the
primary have enough inductance to operate with
low magnetizing current at the voltage applied to
the primary.

The primary impedance of a transformer — as it
appears to the source of power — is determined
wholly by the load connected to the secondary and
by the turns ratio. If the characteristics of the
transformer have an appreciable effect on the
impedance presented to the power source, the
transformer is either poorly designed or is not
suited to the voltage and frequency at which it is
being used. Most transformers will operate quite
well at voltages from slightly above to well below
the design figure.

Impedance Matching

Many devices require a specific value of load
resistance (or impedance) for optimum operation.

Fig. 2-33 — The equivalent circuit of a transformer
includes the effects of leakage inductance and
resistance of both primary and secondary windings.
The resistance Rc is an equivalent resistance
representing the core losses, which are essentially
constant for any given applied voltage and
frequency. Since these are comparatively small,
their effect may be neglected in many approximate
calculations.
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CORE TYPE

Fig. 2-34 — Two common types of transformer
construction, Core pieces are interleaved to provide
a continuous magnetic path.

The impedance of the actual load that is to
dissipate the power may differ widely from this
value, so a transformer is used to change the actual
load into an impedance of the desired value. This is
called impedance matching. From the preceding,

Ny _ /7,

_P= 7P

N Zs

where Np/N = Required turns ratio, primary  to
secondary
Zy = Primary impedance required
Z¢=Impedance of load connected to
secondary
Example: A vacuum-tube af amplifier requires a toad of
5000 ohms for optimum performance, and is to be
connected to a loud-speaker having an impedance of 10
ohms. The turns ratio, primary to sccondary, required in
the coupling transformer is

Moo fZo yTHO - of556 - 224

The primary therefore must have 22.4 times as many turns

as the secondary.

Impedance matching means, in general, adjust-
ing the load impedance — by means of a trans-
former or otherwise — to a desired value. However,
there is also another meaning. It is possible to show
that any source of power will deliver its maximum
possible output when the impedance of the load is
equal to the internai impedance of the source. The
impedance of the source is said to be “matched”
under this condition. The efficiency is only 50
percent in such a case; just as much power is used
up in the source as is delivered to the load. Because
of the poor efficiency, this type of impedance
matching is limited to cases where only a small
amount of power is available and heating from
power loss in the source is not important.

Transformer Construction

Transformers usually are designed so that the
magnetic path around the core is as short as
possible. A short magnetic path means that the
transformer will operate with fewer turns, for a
given applied voltage, than if the path were long. A
short path also helps to reduce flux leakage and
therefore minimizes leakage reactance.

Two core shapes are in common use, as shown
in Fig. 2-34. In the shell type both windings are
placed on the inner leg, while in the core type the
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Fig. 2-35 — The autotransformer is based on the
transformer principle, but uses only one winding.
The line and load currents in the common winding
(A) flow in opposite directions, so that the
resuitant current is the difference between them.
The voltage across A is proportional to the turns
ratio.

primary and secondary windings may be placed on
separate legs, if desired. This is sometimes done
when it is necessary to minimize capacitive effects
between the primary and secondary, or when one
of the windings must operate at very high voltage.

Core material for small transformers is usually
silicon steel, called *‘transformer iron.” The core is
built up of laminations, insulated from each other
(by a thin coating of shellac, for example) to
prevent the flow of eddy currents. The laminations
are interleaved at the ends to make the magnetic
path as continuous as possible and thus reduce flux
leakage.

The number of turns required in the primary
for a given applied emf is determined by the size,
shape and type of core material used, and the
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frequency. The number of turns required is in-
versely proportional to the cross-sectional area of
the core. As a rough indication, windings of small
power transformers frequently have about six to
eight turns per volt on a core of 1-square-inch cross
section and have a magnetic path 10 or 12 inches
in length. A longer path or smaller cross section
requires more turns per volt, and vice versa.

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

Autotransformers

The transformer principle can be utilized with
only one winding instead of two, as shown in Fig.
2-35; the principles just discussed apply equally
well. A one-winding transformer is called an
autotransformer. The current in the common
section (A) of the winding is the difference
between the line (primary) and the load (second-
ary) currents, since these currents are out of phase.
Hence if the line and load currents are nearly equal
the common section of the winding may be wound
with comparatively small wire. This will be the case
only when the primary (line) and secondary (load)
voltages are not very different. The auto-
transformer is used chiefly for boosting or reducing
the power-line voltage by relatively small amounts.
Continuously-variable autotransformers are
commercially available under a variety of trade
names; ‘‘Variac” and “Powerstat” are typical
examples.

THE DECIBEL

In most radio communication the received
signal is converted into sound. This being the case,
it is useful to appraise signal strengths in terms of
relative loudness as registered by the ear. A
peculiarity of the ear is that an increase or decrease
in loudness is responsive to the ratio of the
amounts of power involved, and is practically
independent of absolute value of the power. For
example, if a person estimates that the signal is
“twice as loud” when the transmitter power is
increased from 10 watts to 40 watts, he will also
estimate that a 400-watt signal is twice as loud as a
100-watt signal. In other words, the human ear has
a logarithmic response.

This fact is the basis for the use of the
relative-power unit called the decibel (abbreviated
dB). A change of one decibel in the power level is
just detectable as a change in loudness under ideal
conditions. The number of decibels corresponding
to a given power ratio is given by the following
formula:

dB =101 P2
= og P
Common logarithms (base 10) are used.

Voltage and Current Ratios

Note that the decibel is based on power ratios.
Voltage or current ratios can be used, but only
when the impedance is the same for both values of

voltage, or current. The gain of an amiplifier cannot
be expressed correctly in dB if it is based on the
ratio of the output voltage to the input voltage
unless both voltages are measured across the same
value of impedance. When the impedance at both
points of measurement is the same, the following
formula may be used for voltage or current ratios:

dB =20 log %—12 or 20 log;—z-
1
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Fig. 2-36 — Decibel chart for power, voltage and
current ratios for power ratios of 1:1 and 10:1. In
determining decibets for current or voltage ratios
the currents {or voltages) being compared must be
referred to the same value of impedance.
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Decibel Chart

The two formulas are shown graphically in Fig.
2-36 for ratios from 1 to 10. Gains (increases)
expressed in decibels may be added arithmetically;
losses (decreases) may be subtracted. A power
decrease is indicated by prefixing the decibel figure
with a minus sign. Thus +6 dB means that the
power has been multiplied by 4, while -6 dB
means that the power has been divided by 4.

The chart may be used for other ratios by
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adding (or subtracting, if a loss) 10 dB each time
the ratio scale is multiplied by 10, for power ratios;
or by adding (or subtracting) 20 dB each time the
scale is multiplied by 10 for voltage or current
ratios. For example, a power ratio of 2.5 is 4 dB
(from the chart). A power ratio of 10 times 2.5, or
25, is 14 dB (10 + 4), and a power ratio of 100
times 2.5, or 250, is 24 dB (20 + 4). A voltage or
current ratio of 4 is 12 dB, a voltage or current
ratio of 40 is 32 dB (20 + 12), and one of 400 is 52
dB (40 + 12).

RADIO-FREQUENCY CIRCUITS

RESONANCE IN SERIES CIRCUITS

Fig. 2-37 shows a resistor, capacitor and in-
ductor connected in series with a source of
alternating current, the frequency of which can be
varied over a wide range. At some low frequency
the capacitive reactance will be much larger than
the resistance of R, and the inductive reactance
will be small compared with either the reactance of
C or the resistance of R. (R is assumed to be the
same at all frequencies.) On the other hand, at
some very high frequency the reactance of C will
be very small and the reactance of L will be very
large. In either case the current will be small,
because the net reactance is large.

At some intermediate frequency. the reactances
of C and L will be equal and the voltage drops
across the coil and capacitor will be equal and 180
degrees out of phase. Therefore they cancel each
other completely and the current flow is deter-
mined wholly by the resistance, R. At that
frequency the current has its largest possible value,
assuming the source voltage to be constant regard-
less of frequency. A series circuit in which the
inductive and capacitive reactances are equal is said
to be resonant.

The principle of resonance finds its most
extensive application in radio-frequency circuits.
The reactive effects associated with even small
inductances and capacitances would place drastic
limitations on rf circuit operation if it were not
possible to ‘“cancel them out” by supplying the
right amount of reactance of the opposite kind —
in other words, ‘‘tuning the circuit to resonance.”

Resonant Frequency

The frequency at which a series circuit is
resonant is that for which XL =XC . Substituting

Fig. 2-37 — A series circuit containing L, C and R
is resonant’’ at the applied frequency when the
reactance of C is equal to the reactance of L.

the formulas for inductive and capacitive reactance
gives

. 6
e
where f= Frequency in kilohertz (kHz)
L = Inductance in microhertz (MHz)

C = Capacitance in picofarads (pF)
m= 3.14

These units are inconveniently large for radio-
frequency circuits. A formula using more appro-
priate units is

s 1
2myLC
where f= Frequency in cycles per second
L = Inductance in henrys
C = Capacitance in farads
m= 3.14

Example: The resonant frequency of a series circuit
containing a 5-4H inductor and a 35-pF capacitor is

108 106
2myIC 6.28 X Y5 X.35

__ 108 108
628X 133" 83 - 12050 kHz
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Fig. 2-38 — Current in a series-resonant circuit with
various values of series resistance. The values ‘are
arbitrary and would not apply to all circuits, but
represent a typical case. It is assumed that the
reactances (at the resonant frequency) are 1000
ohms. Note that at frequencies more than plus or
minus ten percent away from the resonant
frequency the current is substantially unaffected
by the resistance in the circuit.
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The formula for resonant frequency is not affected
by resistance in the circuit.

Resonance Curves

If a plot is drawn on the current flowing in the
circuit of Fig. 2-37 as the frequency is varied (the
apptied voltage being constant) it would look like
one of the curves in Fig. 2-38. The shape of the
resonance curve at frequencies near resonance is
determined by the ratio of reactance to resistance.

If the reactance of either the coil or capacitor is
of the same order of magnitude as the resistance,
the current decreases rather slowly as the
frequency is moved in either direction away from
resonance. Such a curve is said to be broad. On the
other hand, if the reactance is considerably larger
than the resistance the current decreases rapidly as
the frequency moves away from resonance and the
circuit is said to be sharp. A sharp circuit will
respond a great deal more readily to the resonant
frequency than to frequencies quite close to
resonance; a broad circuit will respond almost
equally well to a group or band of frequencies
centering around the resonant frequency.

Both types of resonance curves are useful. A
sharp circuit gives good selectivity — the ability to
respond strongly (in terms of current amplitude) at
one desired frequency and discriminate against
others. A broad circuit is used when the apparatus
must give about the same response over a band of
frequencies rather than to a single frequency alone.

Q

Most diagrams of resonant circuits show only
inductance and capacitance; no resistance is indi-
cated. Nevertheless, resistance is always present. At
frequencies up to perhaps 30 M1iz this resistance is
mostly in the wire of the coil. Above this fre-
quency energy loss in the capacitor (principally in
the solid dielectric which must be used to form an
insulating support for the capacitor plates) also
becomes a factor. This energy loss is equivalent to
resistance. When maximum sharpness or selectivity
is neceded the object of design is to reduce the
inherent resistance to the lowest possible value.

The value of the reactance of either the
inductor or capacitor at the resonant frequency of
a series-resonant circuit, divided by the series
resistance in the circuit, is called the Q (quality
factor) of the circuit, or

=X
2=4

where Q = Quality factor
X = Reactance of either coil or capacitor in
ohms
r = Series resistance in ohms
Example: The inductor and capacitor in a series cireuit
cach have a reactance of 350 ohms at the resonant
frequency. The resistance is 5§ ohms. Then the Qis

R

The effect of Q on the sharpness of resonance
of a circuit is shown by the curves of Fig. 2-39.1n
these curves the frequency change is shown in
percentage above and below the resonant fre-
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Fig. 2.39 — Current in series-resonant circuits
having different Qs. In this graph the current at
resonance is assumed to be the same in all cases.
The lower the Q, the more slowly the current
decreases as the applied frequency is moved away
from resonance.

quency. Qs of 10, 20, 50 and 100 are shown; these
values cover much of the range commonly used in
radio work. The unloaded Q of a circuit is
determined by the inherent resistances associated
with the components.

Voltage Rise at Resonance

When a voltage of the resonant frequency is
inserted in series in a resonant circuit, the voltage
that appears across either the inductor or capacitor
is considerably higher than the applied voltage. The
current in the circuit is limited only by the
resistance and may have a relatively high value;
however, the same current flows through the high
reactances of the inductor and capacitor and causes
large voltage drops. The ratio of the reactive
voltage to the applied voltage is equal to the ratio
of reactance to resistance. This ratio is also the Q
of the circuit. Therefore, the voltage across either
the inductor or capacitor is equal to QF where E is
the voltage inserted in series. This fact accounts for
the high voltages developed across the components
of series-tuned antenna couplers (see chapter on
“Transmission Lines™),

RESONANCE IN PARALLEL CIRCUITS

When a variable-frequency source of constant
voltage is applied to a parallel circuit of the type
shown in Fig. 240 there is a resonance effect
similar to that in a series circuit. However, in this
case the “line” current (measured at the point
indicated) is smallest at the frequency for which
the inductive and capacitive reactances are equal.
At that frequency the current through L is exactly
canceled by the out-of-phase current through C, so
that only the current taken by R flows in the line.
At frequencies below resonance the through L is
larger than that through C, because the reactance
of L is smaller and that of C higher at low
frequencies; there is only partial cancellation of the
two reactive currents and the line current therefore
is larger than the current taken by R alone. At
frequencies above resonance the situation is re-
versed and more current flows through C than



Resonance in Parallel Circuits

Eac c==R$ <L

Fig. 240 — Circuit illustrating parallel resonance.

through L, so the line current again increases. The
current at resonance, being determined wholly by
R, will be small if R is large and large if R is small.

The resistance R shown in Fig. 240 is not
necessarily an actual resistor. In many cases it will
be the series resistance of the coil *‘transformed”
to an equivalent parallel resistance (see later). It
may be antenna or other load resistance coupled
into the tuned circuit. In all cases it represents the
total effective resistance in the circuit.

Parallel and series resonant circuits are quite
alike in some respects. For instance, the circuits
given at A and B in Fig. 241 will behave
identically, when an external voltage is applied, if
(1) L and C are the same in both cases; and (2) R
multiplied by r, equals the square of the reactance
(at resonance) of either L or C. When these
conditions are met the two circuits will have the
same . (These statements are approximate, but
are quite accurate if the Q is 10 or more.) The
circuit at A is a series circuit if it is viewed from
the “‘inside” — that is, going around the loop
formed by L, C and r — so its Q can be found from
the ratio of X tor.

Thus a circuit like that of Fig. 241A has an
equivalent parallel impedance (at resonance)

of R=XZ.
r

inductor or the capacitor. Although R is not an
actual resistor, to the source of voltage the
parallel-resonant circuit “looks like” a pure resis-
tance of that value. It is “pure” resistance because
the inductive and capacitive currents are 180
degrees out of phase and are equal; thus there is no
reactive current in the line. In a practical circuit
with a high-Q capacitor, at the resonant frequency
the parallel impedance is
Z,=0X

X is the reactance of either the

where Z, = Resistive impedance at resonance
Q = Quality factor of inductor
X = Reactance (in ohms) of either the in-

ductor or capacitor

L <
c L :W:C iR
|
(A) (B)

Fig. 2-41 — Series and parallel equivalents when
the two circuits are resonant. The series resistance,
7, in A is replaced in B bv the equivalent paralle!
resistance (R = X2c/r = X2L/r) and vice versa.
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Fig. 2-42 — Relative impedance of parallel-resonant
circuits with different Qs. These curves are similar
to those in Fig. 2-39 for current in a series-resonant
circuit. The effect of Q on impedance is most
marked near the resonant frequency.

Example: The parallel impedance of a circuit with a coil
Q of 50 and having inductive and capacitive reactance of
300 ohms will be

Z,= QX =50 X 300 = 15,000 ohms

At frequencies off resonance the impedance is
no longer purely resistive because the inductive and
capacitive currents are not equal. The off-resonant
impedance therefore is complex, and is lower than
the resonant impedance for the reasons previously
outlined.

The higher the Q of the circuit, the higher the
parallel impedance. Curves showing the variation of
impedance (with frequency) of a parallel circuit
have just the same shape as the curves showing the
variation of current with frequency in a series
circuit. Fig. 242 is a set of such curves. A set of
curves showing the relative response as a function
of the departure from the resonant frequency
would be similar to Fig. 2-39. The —3 dB band-
width (bandwidth at 0.707 relative response) is
given by

Bandwidth —3 dB = f,/Q

where fo is the resonant frequency and Q the
circuit Q. It is also called the ‘‘half-power”
bandwidth, for ease of recollection.

Parallel Resonance in Low-Q Circuits

The preceding discussion is accurate only for Qs
of 10 or more. When the Q is below 10, resonance
in a parallel circuit having resistance in series with
the coil, as in Fig. 2-41A, is not so easily defined.
There is a set of values for L and C that will make
the parallel impedance a pure resistance, but with
these values the impedance does not have its
maximum possible value. Another set of values for
L and C will make the parallel impedance a
maximum, but this maximum value is not a pure
resistance. [Either condition could be called
“resonance,” so with low-Q circuits it is necessary
to distinguish between maximum impedance and
resistive impedance parallel resonance. The differ-
ence between these L and C values and the equal
reactances of a series-resonant circuit is appreciable
when the Q is in the vicinity of 5, and becomes
more marked with still lower Q values.
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Fig. 243 — The equivalent circuit of a resonant
circuit delivering power to a load. The resistor R
represents the load resistance. At B the load is
tapped across part of L, which by transformer
action is equivalent to using a higher load
resistance across the whole circuit.

Q of Loaded Circuits

In many applications of resonant circuits the
only power lost is that dissipated in the resistance
of the circuit itself. At frequencies below 30 MHz
most of this resistance is in the coil. Within limits,
increasing the number of turns in the coil increases
the reactance faster than it raises the resistance, so
coils for circuits in which the @ must be high are
made with relatively large inductance for the
frequency.

However, when the circuit delivers energy to a
load (as in the case of the resonant circuits used in
transmitters) the energy consumed in the circuit
itself is usually negligible compared with that
consumed by the load. The equivalent of such a
circuit is shown in Fig. 2443A, where the parallel
resistor represents the load to which power is
delivered. If the power dissipated in the load is at
least ten times as great as the power lost in the
inductor and capacitor, the parallel impedance of
the resonant circuit itself will be so high compared
with the resistance of the load that for all practical
purposes the impedance of the combined circuit is
equal to the load resistance. Under these condi-
tions the Q of a parallel resonant circuit loaded by
a resistive impedance is

-R
e
where R = Parallel load resistance (ohms)
X = Reactance (ohms)

Example: A resistive load of 3000 ohins is connected
across a resonant circuit in which the inductive and
capacitive reactances are each 250 ohms. The circuit Q is
then

The “effective” Q of a circuit loaded by a
parallel resistance becomes higher when the re-
actances are decreased. A circuit loaded with a
relatively low resistance (a few thousand ohms)
must have low-reactance elements (large capaci-
tance and small inductance) to have reasonably

high Q.

Impedance Transformation

An important application of the parallel-
resonant circuit is as an impedance-matching device
in the output circuit of a vacuum-tube rf power
amplifier, As described in the chapter on vacuum
tubes, there is an optimum value of load resistance
for each type of tube and set of operating
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conditions. However, the resistance of the load to
which the tube is to deliver power usually is
considerably lower than the value required for
proper tube operation. To transform the actual
load resistance to the desired value the load may be
tapped across part of the coil, as shown in Fig.
243B. This is equivalent to connecting a higher
value of load resistance across the whole circuit,
and is similar in principle to impedance transforma-
tion with an iron-core transformer. In high-
frequency resonant circuits the impedance ratio
does not vary exactly as the square of the turns
ratio, because all the magnetic flux lines do not cut
every turn of the coil. A desired reflected im-
pedance usually must be obtained by experimental
adjustment.

When the load resistance has a very low value
(say below 100 ohms) it may be connected in
series in the resonant circuit (as in Fig. 241A, for
example), in which case it is transformed to an
equivalent parallel impedance as previously de-
scribed. If the Q is at least 10, the equivalent
parallel impedance is

2
zr=_)rf_

where Z, = Resistive parallel impedance at reso-
nance
X = Reactance (in ohms) of either the coil
or capacitor
r = Load resistance inserted in series

If the Q is lower than 10 the reactance will have
to be adjusted somewhat, for the reasons given in
the discussion of low-Q circuits, to obtain a
resistive impedance of the desired value.
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Fig. 2-44 — Reactance chart for inductance values
commonly used in amateur bands from 1.75 to
220 MHz.
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Reactance Values

The charts of Figs. 244 and 245 show re-
actance values of inductances and capacitances in
the range commonly used in 1f tuned circuits for
the amateur bands. With the exception of the 3.54
MHz band, limiting values for which are shown on
the charts, the change in reactance over a band, for
either inductors or capacitors, is small enough so
that a single curve gives the reactance with suffi-
cient accuracy for most practical purposes.

L/C Ratio

The formula for resonant frequency of a circuit
shows that the same frequency 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 that
has more capacitance than ‘“normal” for the
frequency; a low-C circuit is one that has less than
normal capacitance. These terms depend to a
considerable extent upon the particular application
considered, and have no exact numerical meaning.

LC Constants

1t is frequently convenient to use the numerical
value of the LC constant with a number of
calculations have to be made involving different
L/C ratios for the same frequency. The constant
for any frequency is given by the following
equation:
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Fig. 2-45 — Reactance chart for capacitance values
commonly used in amateur bands from 1.75 to
220 MHz.
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Fig. 2-46 — Three methods of circuit coupling.

where L = Inductance in microhenrys (UH)
C = Capacitance in picofarads (pF)
f= Frequency in megahertz
Example: Find the inductance required to resonate at

3650 kHz (3.65 MHz) with capacitances of 25, 50. 100 and
500 pF. The LC constant is

25,330 - 25,330 -
LC=E5sy2™ Tins - 1900
With 25 pk L = 1900/C = 1900/25 = 76 uH

50 pk L = 1900/C = 1900/50 = 38 uH
100 pF L = 1900/C = 1900/100 = {9 uH
500 pF L = 1900/C = 1900/500 = 3.8 uH

COUPLED CIRCUITS
Energy Transfer and Loading

Two circuits are coupled when energy can be
transferred from one to the other. The circuit
delivering power is called the primary circuit; the
one receiving power is called the secondary circuit.
The power may be practically all dissipated in the
secondary circuit itself (this is usually the case in
receiver circuits) or the secondary may simply act
as a medium through which the power is trans-
ferred to a load. In the latter case, the coupled
circuits may act as a radio-frequency impedance-
matching device. The matching can be accom-
plished by adjusting the loading on the secondary
and by varying the amount of coupling between
the primary and secondary.

Coupling by a Common Circuit Element

One method of coupling between two resonant
circuits is through a circuit element common to
both. The three common variations of this type of
coupling are shown in Fig. 2-46; the circuit
element common to both circuits carries the
subscript M. At A and B current circulating in
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Fig. 247 — Single-tuned inductively coupled

circuits.

LiCI flows through the common element, and the
voltage developed across this element causes
current to flow in L2C2. At C, CM and C2 form a
capacitive voltage divider across L/C/, and some of
the voltage developed across L1C1 is applied across
L2C2,

If both circuits are resonant to the same
frequency, as is usually the case, the value of
coupling reactance required for maximum energy
transfer can be approximated by the following,
basedon L] =L2,C]=C2and QI = Q2:

(A) Ly =L1/Ql; (B) Cy =QICI;
(€) Cmq = C1/Ql

The coupling can be increased by increasing the
above coupling elements in A and C and decreasing
the value in B. When the coupling is increased, the
resultant bandwidth of the combination is in-
creased, and this principle is sometimes applicd to
“broad-band” the circuits in a transmitter or
receiver. When the coupling elements in A and C
are decreased, or when the coupling element in B is
increased, the coupling between the circuits is
decreased below the critical coupling value on
which the above approximations are based. Less
than critical coupling will decrease the bandwidth
and the energy transfer; the principle is often used
in receivers to improve the selectivity.

Inductive Coupling

Figs. 2-47 and 248 show inductive coupling, or
coupling by means of the mutual inductance
between two coils. Circuits of this type resemble
the iron-core transformer, but because only a part
of the magnetic 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.

Two types of inductively-coupled circuits are
shown in Fig. 247, Only one circuit is resonant.
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 frequencies. Circuit B is used prin-
cipally in transmitters, for coupling a radio-
frequency amplifier to a resistive load.

In these circuits the coupling between the
primary and secondary coils usually is ‘“‘tight” —
that is, the coefficient of coupling between the
coils is large. With very tight coupling either circuit
operates nearly as though the device to which the
untuned coil is connected were simply tapped
across a corresponding number of turns on the
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tuned-circuit coil, thus either circuit is approxi-
mately equivalent to Fig. 2-43B.

By proper choice of the number of tums on the
untuned coil, and by adjustment of the coupling,
the parallel impedance of the tuned circuit may be
adjusted to the value required for the proper
operation of the device to which it is connected. In
any case, the maximum energy transfer possible for
a given coefficient of coupling is obtained when
the reactance of the untuned coil is equal to the
resistance of its load.

The Q and parallel impedance of the tuned
circuit are reduced by coupling through an un-
tuned coil in much the same way as by the tapping
arrangement shown in Fig, 2-43B.

Coupled Resonant Circuits

When the primary and secondary circuits are
both tuned, as in Fig. 248, the resonance effects in
both circuits make the operation somewhat more
complicated than in the simpler circuits just
considered, Imagine first that the two circuits are
not coupled and that each is independently tuned
to the resonant frequency. The impedance of each
will be purely resistive, If the primary circuit is
connected to a source of rf energy of the resonant
frequency and the secondary is then loosely
coupled to the primary, a current will flow in the
secondary circuit. In flowing through the resistance
of the secondary circuit and any load that may be
connected to it, the current causes a power loss.
This power must come from the energy source
through the primary circuit, and manifests itself in
the primary as an increase in the equivalent
resistance in series with the primary coil. Hence the
Q and parallel impedance of the primary circuit are
decreased by the coupled secondary. As the
coupling is made greater (without changing the
tuning of either circuit) the coupled resistance
becomes larger and the parallel impedance of the
primary continues to decrease. Also, as the coup-
ling is made tighter the amount of power trans-
ferred from the primary to the secondary will
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Fig. 2-48 — Inductively-coupled resonant circuits.
Circuit A is used for high-resistance loads (load
resistance much higher than the reactance of either
L2 or C2 at the resonant frequency). Circuit B is
suitable for low resistance loads (load resistance
much lower than the reactance of either L2 or C2
at the resonant frequency).
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increase to a maximum of one value of coupling,
called critical coupling, but then decreases if the
coupling is tightened still more (still without
changing the tuning).

Critical coupling is a function of the Qs of the
two circuits. 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 such as are used in trans-
mitters the 0 may be too low to give the desired
power transfer even when the coils are coupled as
tightly as the physical construction permits. In
such case, increasing the Q of either circuit will be
helpful, although it is generally better to increase
the Q of the lower-Q circuit rather than the
reverse. The Q@ of the parallel-tuned primary
(input) circuit can be increased by decreasing the
L/C ratio because, as shown in connection with
Fig. 2-43, this circuit is in effect loaded by a
parallel resistance (effect of coupled-in resistance).
In the parallel-tuned secondary circuit, Fig.
248A, the Q may be increased by increasing the
L/C ratio. There will generally be no difficulty in
securing sufficient coupling, with practicable coils,
if the product of the Qs of the two tuned circuits is
10 or more. A smaller product will suffice if the
coil construction permits tight coupling.

Selectivity

In Fig. 2-47 only one circuit is tuned and the
selectivity curve will be essentially that of a single
resonant circuit. As stated, the effective Q depends
upon the resistance connected to the untuned coil.

In Fig. 248, the selectivity is increased. It
approaches that of a single tuned circuit having a Q
equalling the sum of the individual circuit Qs — if
the coupling is well below critical (this is not the
condition for optimum power transfer discussed
immediately above) and both circuits are tuned to
resonance. The Qs of the individual circuits are
affected by the degree of coupling, because each
couples resistance into the other; the tighter the
coupling, the lower the individual Qs and therefore
the lower the over-all selectivity.
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Fig. 249 — Showing the effect on the output
voltage from the secondary circuit of changing the
coefficient of coupling between two resonant
circuits independently tuned to the same frequen-
cy. The voltage applied to the primary is held
constant in amplitude while the frequency is
varied, and the output voltage is measured across
the secondary.
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If both circuits are independently tuned to
resonance, the over-all selectivity will vary about as
shown in Fig. 2-49 as the coupling is varied. With
loose coupling, 4, the output voltage (across the
secondary circuit) is small and the selectivity is
high. As the coupling is increased the secondary
voltage also increases until critical coupling, B, is
reached. At this point the output voltage at the
resonant frequency is maximum but the selectivity
is lower than with looser coupling. At still tighter
coupling, C, the output voltage at the resonant
frequency decreases, but as the frequency is varied
either side of resonance it is found that there are
two “humps” to the curve, one on either side of
resonance. With very tight coupling, D, there is a
further decrease in the output voltage at resonance
and the “humps”™ are farther away from the
resonant frequency. Curves such as those at C and
D are called flat-topped because the output voltage
does not change much over an appreciable band of
frequencies.

Note that the off-resonance humps have the
same maximum value as the resonant output
voltage at critical coupling. These humps are
caused by the fact that at frequencies -off reso-
nance the secondary circuit is reactive and couples
reactance as well as resistance into the primary.
The coupled resistance decreases off resonance,
and each hump represents a new condition of
critical coupling at a frequency to which the
primary is tuned by the additional coupled-in
reactance from the secondary.

Fig. 2-50 shows the response curves for various
degrees of coupling between two circuits tuned to
a frequency f,.. Equal Qs are assumed in both
circuits, although the curves are representative if
the Qs differ by ratios up to 1.5 oreven 2 to 1. In
these cases, a value of @ = YQ7 Q2 should be used.

Band-Pass Coupling

Over-coupled resonant circuits are useful where
substantially uniform output is desired over a
continuous band of frequencies, without readjust-
ment of tuning. The width of the flat top of the
resonance curve depends on the Qs of the two
circuits as well as the tightness of coupling; the
frequency separation between the humps will
increase, and the curve become more flat-topped,
as the Qs are lowered.

Band-pass operation also is secured by tuning
the two circuits to slightly different frequencies,
which gives a double-humped resonance curve even
with loose coupling. This is called stagger tuning.
To secure adequate power transfer over the fre-
quency band it is usually necessary to use tight
coupling and experimentally adjust the circuits for
the desired performance.

Link Coupling

A modification of inductive coupling, called
link coupling, is shown in Fig. 2-51. This gives the
effect of inductive coupling between two coils that
have no mutual inductance; the link is simply a
means for providing the mutual inductance. The
total mutual inductance between two coils coupled



S
(= -]

[

-5\ H—
2 L
g 1T I
%,= I
S i
W
3 |
=30

a1 02 0304 060810
cvcLes off fo

X
fo
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where M is the mutual inductance. For capacitance-
coupled circuits {Figs. 2-46B and 2-46C),

k= @and k= _Cm_
Cm Y<¢ic2

respectively.

by a link cannot be made as great as if the coils
themselves were coupled. This is because the
coefficient of coupling between air-core coils is
considerably less than 1, and since there are two
coupling points the over-all coupling coefficient is
less than for any pair of coils. In practice this need
not be disadvantageous because the power transfer
can be made great enough by making the tuned
circuits sufficiently high-Q. Link coupling is con-
venient when ordinary inductive coupling would be
impracticable for constructional reasons.

The link coils usually have a small number of
turns compared with the resonant-circuit ‘coils. The
number of turns is not greatly important, because
the coefficient of coupling is relatively inde-
pendent of the number of turmns on either coil; it is
more important that both link coils should have
about the same inductance. The length of the link
between the coils is not critical if it is very small
compared with the wavelength, but if the length is
more than about one-twentieth of a wavelength the
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Fig. 2-61 — Link coupling. The mutual inductances
at both ends of the link are equivalent to mutual
inductance between the tuned circuits, and serve
the same purpose.
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link operates more as a transmission line than as a
means for providing mutual inductance. In such
case it should be treated by the methods described
in the chapter on Transmission Lines.

IMPEDANCE-MATCHING CIRCUITS

The coupling circuits discussed in the preceding
section have been based either on inductive coup-
ling or on coupling through a common circuit
element between two resonant circuits. These are
not the only circuits that may be used for
transferring power from one device to another.
There is, in fact, a wide variety of such circuits
available, all of them being classified generally as
impedance-matching networks. Several networks
frequently used in amateur equipment are shown
in Fig. 2-52.

The L Network

The L network is the simplest possible im-
pedance-matching circuit. It closely resembles an
ordinary resonant circuit with the load resistance,
R, Fig. 2-52, either in series or parallel. The
arrangement shown in Fig. 2-52A is used when the
desired impedance, R;,, is larger than the actual
load resistance, R, while Fig. 2-52B is used in the
opposite case. The design equations for each case
are given in the figure, in terms of the circuit
reactances. The reactances may be converted to
inductance and capacitance by means of the
formulas previously given or taken directly from
the charts of Figs. 244 and 245.
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Fig. 2-62 — Impedance-matching networks adapt-
able to amateur work. (A) L network for
transforming to a lower value of resistance. (B) L
network for transforming to a higher resistance
value. (C) Pi network. R1 is the larger of the two
resistors; Q is defined as R1/XC1. (D) Tapped
tuned circuit used in some receiver applications.
The impedance of the tuned circuit is transformed
to a lower value, Rin, by the capacitive divider.
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When the impedance transformation ratio is
large — that is, one of the two impedances is of the
order of 100 times (or more) larger than the other
— the operation of the circuit is exactly the same
as previously discussed in connection with im-
pedance transformation with a simple LC resonant
circuit.

The Q of an L network is found in the same
way as for simple resonant circuits. That is, it is
equal to XL/R or Ryn/XC in Fig. 2-52A, and to
XL/Ryn or R/XC in Fig. 2-52B. The value of Q is
determined by the ratio of the impedances to be
matched, and cannot be selected independently. In
the equations of Fig. 2-52 it is assumed that both
R and Ry, are pure resistances.

The Pi Network

The pi network, shown in Fig. 2-52C, offers
more flexibility than the L since the operating Q
may be chosen practically at will. The only
limitation on the circuit values that may be used is
that the reactance of the series arm, the inductor L
in the figure, must not be greater than the square
root of the product of the two values of resistive
impedance to be matched. As the circuit is applied
in amateur equipment, this limiting value of
reactance would represent a network with an
undesirably low operating @, and the circuit values
ordinarily used are well on the safe side of the
limiting values.

In its principal application as a “tank’ circuit
matching a transmission line to a power amplifier
tube, the load R2 will generally have a fairly low
value of resistance (up to a few hundred ohms)
which R1, the required load for the tube, will be of
the order of a few thousand ohms. In such a case
the Q of the circuit is defined as RI1/XCI, so the
choice of a value for the operating Q immediately
sets the value of XCI and hence of CI. The values
of XC2 and XL are then found from the equations
given in the figure.

Graphical solutions for practical cases are given
in the chapter on transmitter design in the dis-
cussion of plate tank circuits. The L and C values
may be calculated from the reactances or read
from the charts of Figs. 2-44 and 2-4S5.

Tapped Tuned Circuit

The tapped tuned circuit of Fig. 2-52D is useful
in some receiver applications, where it is desirable
to use a high-impedance tuned circuit as a lower-
impedance load. When the Q of the inductor has
been determined, the capacitors can be selected to
give the desired impedance transformation and the
necessary resultant capacitance to tune the circuit
to resonance.

FILTERS

A filter is an electrical circuit configuration
(network) designed to have specific characteristics
with respect to the transmission or attenuation of
various frequencies that may be applied to it.
There are three general types of filters: low-pass,
high-pass, and band-pass.

A low-pass filter is one that will permit all
frequencies below a specified one called the cut-off
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frequency to be transmitted with little or no loss,
but that will attenuate all frequencies above the
cut-off frequency.

A high-pass filter similarly has a cut-off fre-
quency, above which there is little or no loss in
transmission, but below which there is considerable
attenuation. Its behavior is the opposite of that of
the low-pass filter.

A band-pass filter is one that will transmit a
selected band of frequencies with substantially no
loss, but that will attenuate all frequencies either
higher or lower than the desired band.

The pass band of a filter is the frequency
spectrum that is transmitted with little or no loss.
The transmission characteristic is not necessarily
perfectly uniform in the pass band, but the
variations usually are small.

The stop band is the frequency region in which
attenuation is desired. The attenuation may vary in
the stop band, and in a simple filter usually is least
near the cut-off frequency, rising to high values at
frequencies considerably removed from the cut-off
frequency.

Filters are designed for a specific value of
purely resistive impedance (the terminating impe-
dance of the filter). When such an impedance is
connected to the output terminals of the filter, the
impedance looking into the input terminals has
essentially the same value, throughout most of the
pass band. Simple filters do not give perfectly
uniform performance in this respect, but the input
impedance of a properly-terminated filter can be
made fairly constant, as well as closer to the design
value, over the pass band by using m-derived filter
sections.

A discussion of filter design principles is be-
yond the scope of this Handbook, but it is not
difficult to build satisfactory filters from the
circuits and formulas given in Fig. 2-53. Filter
circuits are built up from elementary sections as
shown in the figure. These sections can be used
alone or, if greater attenuation and sharper cut-off
(that is, more rapid rate of rise of attenuation with
frequency beyond the cut-off frequency) are re-
quired, several sections can be connected in series.
In the low- and high-pass filters, fc represents the
cut-off frequency, the highest (for the low-pass) or
the lowest (for the high-pass) frequency transmit-
ted without attenuation, In the band-pass filter
designs, f1 is the low-frequency cut-off and f2 the
high-frequency cut-off. The units for L, C, R and f
are henrys, farads, ohms and cycles per second,
respectively.

All of the types shown are “‘unbalanced” (one
side grounded). For use in balanced circuits (e.g.,
300-ohm transmission line, or push-pull audio
circuits), the series reactances should be equally
divided between the two legs. Thus the balanced
constant-k 7-section low-pass filter would use two
inductors of a value equal to Ly/2, while the
balanced constant-k  7-section high-pass filter
would use two capacitors each equal to 2Cy.

If several low- (or high-) pass sections are to be
used, it is advisable to use m-derived end sections
on either side of a constantk center section,
although an m-derived center section can be used.
The factor m determines the ratio of the cut-off
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Fig, 2-63 — Basic filter sections and design formulas, In the above formulas R is in ohms, Cin farads, L
in henrys, and fin cycles per second.



Piezoelectric Crystals

frequency, fc to a frequency of high attenuation,
foo. Where only one m-derived section is used, a
value of 0.6 is generally used for m, although a
deviation of 10 to 15 percent from this value is not
too serious in amateur work. For a value of m =
0.6, foo will be 1.25fc for the low-pass filter and
0.8fc for the high-pass fiiter. Other values can be
found from

5 = 1 — fe "for the low-pass filter and
feo

foo \?
m = 1 - (]T‘) for the high-pass filter.

The output sides of the filters shown should be
terminated in a resistance equal to R, and there
should be little or no reactive component in the
termination.

PIEZOELECTRIC CRYSTALS

A number of crystalline substances found in
nature have the ability to transform mechanical
strain into an electrical charge, and vice versa. This
property is known as the piezoelectric effect. A
small plate or bar cut in the proper way from a
quartz crystal and placed between two conducting
electrodes will be mechanically strained when the
electrodes are connected to a source of voltage.
Conversely, if the crystal is squeezed between two
electrodes a voltage will be developed between the
electrodes.

Piezoelectric crystals can be used to transform
mechanical energy into electrical energy, and vice
versa. They are used in microphones and phono-
graph pick-ups, where mechanical vibrations are
transformed into alternating voltages of corres-
ponding frequency. They are also used in headsets
and loudspeakers, transforming electrical energy
into mechanical vibration. Crystals of Rochelle
salts are used for these purposes.

Crystal Resonators

Crystalline plates also are mechanical resonators
that have natural frequencies of vibration ranging
from a few thousand cycles to tens of megacycles
per second. The vibration frequency depends on
the kind of crystal, the way the plate is cut from
the natural crystal, and on the dimensions of the
plate. The thing that muakes the crystal resonator
valuable is that it has extremely high Q, ranging
from a minimum of about 20,000 to as high as
1,000,000.

Analogies can be drawn between various me-
chanical properties of the crystal and the electrical
characteristics of a tuned circuit. This leads to an
“equivalent circuit” for the crystal. The electrical

Fig. 2-54 — Equivalent
circuit of a crystal reso-
L nator. L, C and R are
the electrical equiva-
lents of mechanical
properties of the crys-
tal; Ch is the capaci-
tance of the holder
R plates with the crystal
plate between them.
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Fig. 2-65 — Reactance and resistance vs. frequency
of a circuit of the type shown in Fig. 2-64. Actual
values of reactance, resistance and the separation
between the series- and parallel-resonant frequen-
cies, f1, and fg, respectively, depend on the circuit
constants.

coupling to the crystal is through the holder plates
between which it is sandwiched; these plates form,
with the crystal as the dielectric, a small capacitor
like any other capacitor constructed of two plates
with a dielectric between. The crystal itself is
equivalent to a series-resonant circuit, and together
with the capacitance of the holder forms the
equivalent circuit shown in Fig. 2-54. At frequen-
cies of the order of 450 kHz, where crystals are
widely used as resonators, the equivalent L may be
several henrys and the equivalent C only a few
hundredths of a picofarad. Although the equivalent
R is of the order of a few thousand ohms, the
reactance at resonance is so high that the Q of the
crystal likewise is high.

A circuit of the type shown in Fig. 2-54 has a
series-resonant frequency, when viewed from the
circuit terminals indicated by the arrowheads,
determined by L and C only. At this frequency the
circuit impedance is simply equal to R, providing
the reactance of Ch is large compared with R (this
is generally the case). The circuit also has a
parallel-resonant frequency determined by L and
the equivalent capacitance of C and Ch in series.
Since this equivalent capacitance is smaller than C
alone, the parallel-resonant frequency is higher
than the series-resonant frequency. The separation
between the two resonant frequencies depends on
the ratio of Ch to C, and when this ratio is large (as
in the case of a crystal resonator, where Ch will be
a few pF, in the average case) the two frequencies
will be quite close together. A separation of a
kilocycle or less at 455 kHz is typical of a quartz
crystal.

Fig. 2-55 shows how the resistance and react-
ance of such a circuit vary as the applied frequency
is varied. The reactance passes through zero at both
resonant frequencies, but the resistance rises to a
large value at parall.i resonance, just as in any
tuned circuit.

Quartz crystals may be used either as simple
resonators for their selective properties or as the
frequency-controlling elements in oscillators as
described in later chapters. The series-resonant
frequency is the one principally used in the former
case, while the more common forms of oscillator
circuit use the parallel-resonant frequency.
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PRACTICAL CIRCUIT DETAILS

COMBINED AC AND DC

Most radio circuits are built around vacuum
tubes, and it is the nature of these tubes to require
direct current (usually at a fairly high voltage) for
their operation. They convert the direct current
into an alternating current (and sometimes the
reverse) at frequencies varying from well down in
the audio range to well up in the super-high range.
The conversion process almost invariably requires
that the direct and alternating currents meet
somewhere in the circuit.

In this meeting, the ac and dc are actually
combined into a single current that “pulsates’ (at
the ac frequency) about an average value equal to
the direct current. This is shown in Fig. 2-56. It is
convenient to consider that the alternating current
is superimposed on the direct current, so we may
look upon the actual current as having two
components, one dc and the other ac.

In an alternating current the positive and
negative alternations have the same average amp-
litude, so when the wave is superimposed on a
direct current the latter is alternately increased and
decreased by the same amount. There is thus no
average change in the direct current. If a dc
instrument is being used to read the current, the
reading will be exactly the same whether or not the
ac is superimposed.

However, there is actually more power in such a
combination current than there is in the direct
current alone. This is because power varies as the
square of the instantaneous value of the current,
and when all the instantaneous squared values are
averaged over a cycle the total power is greater
than the dc power alone. If the ac is a sine wave
having a peak value just equal to the dc, the power
in the circuit is 1.5 times the dc power. An
instrument whose readings are proportional to
power will show such an increase.

Series and Parallel Feed

Fig. 2-57 shows in simplified form how dc and
ac may be combined in a vacuum-tube circuit. In
this case, it is assumed that the ac is at radio
frequency, as suggested by the coil-and-capacitor
tuned circuit. It is also assumed that rf current can
easily flow through the dc supply; that is, the
impedance of the supply at radio frequencies is so
small as to be negligible.

In the circuit at the left, the tube, tuned circuit,
and dc supply all are connected in series. The
direct current flows through the tf coil to get to

Fig. 2-66 — Pul-
sating dc, com-
posed of an al-
ternating current
or voltage super-
imposed on a
steady direct

current or volt-
LJE ——=> age.

o CURRENT OR WOLTAGE

o+

D. C.

Supply

o-
= D, C. +
@Suoolyo'

Series Feed Paraliel Feed
Fig. 2-57 — lllustrating series and paralle! feed.

the tube; the rf current generated by the tube
flows through the dc supply to get to the tuned
circuit. This is series feed. It works because the
impedance of the dc supply at radio frequencies is
so low that it does not affect the flow of rf
current, because the dc resistance of the coil is so
low that it does not affect the flow of direct
current,

In the circuit at the right the direct current
does not flow through the rf tuned circuit, but
instead goes to the tube through a second coil,
RFC (radio-frequency choke). Direct current can-
not flow through L because a blocking capacitance,
C, is placed in the circuit to prevent it. (Without C,
the dc supply would be short-circuited by the low
resistance of L.) On the other hand, the rf current
generated by the tube can easily flow through C to
the tuned circuit because the capacitance of C is
intentionally chosen to have low reactance (com-
pared with the impedance of the tuned circuit) at
the radio frequency. The rf current cannot flow
through the dc supply because the inductance of
RFC is intentionally made so large that it has a
very high reactance at the radio frequency. The
resistance of RFC, however, is too low to have an
appreciable effect on the flow of direct current.
The two currents are thus in parallel, hence the
name parallel feed.

Either type of feed may be used for both af and
tf circuits. In parallel feed there is no dc voltage on
the ac circuit, a desirable feature from the view-
point of safety to the operator, because the
voltages applied to tubes — particularly transmit-
ting tubes — are dangerous. On the other hand, it is
somewhat difficult to make an rf choke work well
over a wide range of frequencies. Series feed is
often preferred, therefore, because it is relatively
easy to keep the impedance between the ac circuit
and the tube low,

By passing

In the series-feed circuit just discussed, it was
assumed that the dc supply had very low imped-
ance at radio frequencies. This is not likely to be
true in a practical power supply, partly because the
normal physical separation between the supply and
the rf circuit would make it necessary to use rather
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Fig. 2-568 — Typical 7
use of a bypass . ==
capacitor and rf 7
choke in a series-
feed circuit. ‘C|
11
RFC
- bDC *
™ Supply

long connecting wires or leads. At radio frequen-
cies, even a few feet of wire can have fairly large
reactance — too large to be considered a really
“low-impedance’ connection.

An actual circuit would be provided with a
bypass capacitor, as shown in Fig, 2-58. Capacitor
C is chosen to have low reactance at the operating
frequency, and is installed right in the circuit
where it can be wired to the other parts with quite
short connecting wires, Hence the tf current will
tend to flow through it rather than through the dc
supply.

To be effective, the reactance of the bypass
capacitor should not be more than one-tenth of the
impedance of the bypassed part of the circuit.
Very often the latter impedance is not known, in
which case it is desirable to use the largest
capacitance in the bypass that circumstances per-
mit. To make doubly sure that 1f current will not
flow through a non-rf circuit such as a power
supply, an rf choke may be connected in the lead
to the latter, as shown in Fig. 2-58.

The same type of bypassing is used when audio
frequencies are present in addition to rf, Because
the reactance of a capacitor changes with frequen-
cy, it is readily possible to choose a capacitance
that will represent a very low reactance at radio
frequencies but that will have such high reactance
at audio frequencies that it is practically an open
circuit. A capacitance of ,001 UF is practically a
short circuit for rf, for example, but is almost an
open circuit at audio frequencies. (The actual value
of capacitance that is usable will be modified by
the impedances concerned.) Capacitors also are
used in audio circuits to carry the audio frequen-
cies around a dc supply.

Distributed Capacitance and Inductance

In the discussions earlier in this chapter it was
assumed that a capacitor has only capacitance and
that an inductor has only inductance. Unfortunate-
ly, this is not strictly true. There is always a certain
amount of inductance in a conductor of any
length, and a capacitor is bound to have a little
inductance in addition to its intended capacitance,
Also, there is always capacitance between two
conductors or between parts of the same conduct-
or, and thus there is appreciable capacitance
between the turns of an inductance coil.

This distributed inductance in a capacitor and
the distributed capacitance in an inductor have
important practical effects. Actually, every capacit-
or is in effect a series-tuned circuit, resonant at the
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frequency where its capacitance and inductance
have the same reactance. Similarly, every inductor
is in effect a parallel tuned circuit, resonant at the
frequency where its inductance and distributed
capacitance have the same reactance. At frequen-
cies well below these natural resonances, the
capacitor will act like a capacitance and the coil
will act like an inductor. Near the natural reson-
ance points, the inductor will have its highest
impedance and the capacitor will have its lowest
impedance. At frequencies above resonance, the
capacitor acts like an inductor and the inductor
acts like a capacitor. Thus there is a limit to the
amount of capacitance that can be used at a given
frequency. There is a similar limit to the induct-
ance that can be used. At audio frequencies,
capacitances measured in microfarads and induct-
ances measured in henrys are practicable. At low
and medium radio frequencies, inductances of a
few mH and capacitances of a few thousand pF are
the largest practicable. At high radio frequencies,
usable inductance values drop to a few uH and
capacitances to a few hundred pF.

Distributed capacitance and inductance are
important not only in 1f tuned circuits, but in
bypassing a choking as well. It will be appreciated
that a bypass capacitor that actually acts like an
inductance, or an tf choke that acts like a
low-reactance capacitor, cannot work as it is
intended they should.

Grounds

Throughout this book there are frequent refer-
ences to ground and ground potential. When a
connection is said to be ‘“grounded” it does not
necessarily mean that it actually goes to earth.
What it means that an actual earth connection to
that point in the circuit should not disturb the
operation of the circuit in any way. The term also
is used to indicate a “‘common’ point in the circuit
where power supplies and metallic supports (such
as a metal chassis) are electrically tied together. It
is general practice, for example, to “ground” the
filament or heater power supplies for vacuum
tubes. Since the cathode of a vacuum tube is a
junction point for grid and plate voltage supplies,
and since the various circuits connected to the tube
elements have at least one point connected to
cathode, these points also are ‘“returned to
ground.” Ground is therefore a common reference
point in the radio circuit. “‘Ground potential”
means that there is no “‘difference of potential” —
no voltage — between the circuit point and the
earth.

Single-Ended and Balanced Circuits

With reference to ground, a circuit may. be
either single-ended (unbalanced) or balanced. In a
single-ended circuit, one side of the circuit (the
cold side) is connected to ground. In a blanced
circuit, the electrical midpoint is connected to
ground, so that the circuit has two “hot’” ends each
at the same voltage *“‘above’ ground.

Typical single-ended and balanced circuits are
shown in Fig. 2-59. Rf circuits are shown in the
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Fig. 2-69 — Single-ended and balanced circuits.

upper row, while iron-core transformers (such as
are used in power-supply and audio circuits) are
shown in the lower row. The rf circuits may be
balanced either by connecting the center of the
coil to ground or by using a ‘“‘balanced” or
“split-stator™ capacitor and connecting its rotor to
if ground. In the iron-core transformer, one or
both windings may be tapped at the center of the
winding to provide the ground connection.

Shielding

Two circuits that are physically near each other
usually will be coupled to each other in some
degree even though no coupling is intended. The
metallic parts of the two circuits form a small
capacitance through which energy can be transfer-
red by means of the electric field. Also, the
magnetic field about the coil or wiring of one
circuit can couple that circuit to a second through
the latter’s coil and wiring. In many cases these
unwanted couplings must be prevented if the
circuits are to work properly.

Capacitive coupling may readily be prevented

ELECTRICAL LAWS AND CIRCUITS

by enclosing one or both of the circuits in
grounded low-resistance metallic containers, called
shields. The electric field from the circuit com-
ponents does not penetrate the shield. A metallic
plate, called a baffle shield, inserted between two
components also may suffice to prevent electro-
static coupling between them. It should be large
enough to make the components invisible to each
other.

Similar metallic shielding is used at radio
frequencies to prevent magnetic coupling. The
shielding effect for magnetic fields increases with
frequency and with the conductivity and thickness
of the shielding material.

A closed shield is required for good magnetic
shielding; in some cases separate shields, one about
each coil, may be required. The baffle shield is
rather ineffective for magnetic shielding, although
it will give partial shielding if placed at right angles
to the axes of, and between, the coils to be
shielded from each other.

Shielding a coil reduces its inductance, because
part of its field is canceled by the shield. Also,
there is always a small amount of resistance in the
shield, and there is therefore an energy loss. This
loss raises the effective resistance of the coil. The
decrease in inductance and increase in resistance
lower the Q of the coil, but the reduction in
inductance and Q will be small if the spacing
between the sides of the coil and the shield is at
least half the coil diameter, and if the spacing at
the ends of the coil is at least equal to the coil
diameter. The higher the conductivity of the shield
material, the less the effect on the inductance and
Q. Copper is the best material, but aluminum is
quite satisfactory.

For good magnetic shielding at audio frequen-
cies it is necessary to enclose the coil in a container
of high-permeability iron or steel. In this case the
shield can be quite close to the coil without
harming its performance.

UHF CIRCUITS

RESONANT LINES

In resonant circuits as employed at the lower
frequencies it is possible to consider each of the
reactance components as a separate entity. The
fact that an inductor has a certain amount of
self-capacitance, as well as some resistance, while a
capacitor also possesses a small self-inductance, can
usually be disregarded.

At the very-high and ultrahigh frequencies it is
not readily possible to separate these components.
Also, the connecting leads, which at lower frequen-
cies would serve merely to join the capacitor and
coil, now may have more inductance than the coil
itself. The required inductance coil may be no
more than a single turn of wire, yet even this single
turn may have dimensions comparable to a wave-
length at the operating frequency. Thus the energy
in the field surrounding the “coil” may in part be
radiated. At a sufficiently high frequency the loss
by radiation may represent a major portion of the
total energy in the circuit.

For these reasons it is common practice to
utilize resonant sections of transmission line as
tuned circuits at frequencies above 100 MHz or so.
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Fig. 2-60 — Equivalent coupling circuits for
parallel-tine, coaxial-line and conventional resonant
circuits.



Waveguides

A quarter-wavelength line, or any odd multiple
thereof, shorted at one end and open at the other
exhibits large standing waves, as described in the
section on transmission lines. When a voltage of the
frequency at which such a line is resonant is
applied to the open end, the response is very
similar to that of a parallel resonant circuit. The
equivalent relationships are shown in Fig. 2-60. At
frequencies off resonance the line displays qualities
comparable with the inductive and capacitive
reactances of a conventional tuned circuit, so
sections of transmission line can be used in much
the same manner as inductors and capacitors.

To minimize radiation loss the two conductors
of a parallel-conductor line should not be more
than about one-tenth wavelength apart, the spacing
being measured between the conductor axes. On
the other hand, the spacing should not be less than
about twice the conductor diameter because of
“proximity effect,” which causes eddy currents
and an increase in loss. Above 300 MHz it is
difficult to satisfy both these requirements simulta-
neously, and the radiation from an open line tends
to become excessive, reducing the Q. In such case
the coaxial ty pe of line is to be preferred, since it is
inherently shielded.

Representative methods for adjusting coaxial
lines to resonance are shown in Fig. 2-61. At the
left, a sliding shorting disk is used to reduce the
effective length of the line by altering the position
of the short-circuit. In the center, the same effect
is accomplished by using a telescoping tube in the
end of the inner conductor to vary its length and
thereby the effective length of the line. At the
right, two possible methods of using parallel-plate
capacitors are illustrated. The arrangement with
the loading capacitor at the open end of the line
has the greatest tuning effect per unit of capaci-
tance; the alternative method, which is equivalent
to tapping the capacitor down on the line, has less
effect on the Q of the circuit. Lines with capacitive
“loading” of the sort illustrated will be shorter,
physically, than unloaded lines resonant at the
same frequency.

Two methods of tuning parallel-conductor lines
are shown in Fig. 2-62. The sliding short-circuiting
strap can be tightened by means of screws and nuts
to make good electrical contact. The parallel-plate
capacitor in the second drawing may be placed
anywhere along the line, the tuning effect becom-
ing less as the capacitor is located nearer the
shorted end of the line. Although a low-capaci-
tance variable capacitor of ordinary construction
can be used, the circular-plate type shown is
symmetrical and thus does not unbalance the line.
It also has the further advantage that no insulating
material is required.

WAVEGUIDES

A waveguide is a conducting tube through
which energy is transmitted in the form of electro-
magnetic waves. The tube is not considered as
carrying a current in the same sense that the wires
of a two-conductor line do, but rather as a
boundary which confines the waves to the enclosed
space. Skin effect prevents any electromagnetic
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Fig. 261 — Methods of tuning coaxial resonant
lines,

effects from being evident outside the guide. The
energy is injected at one end, either through
capacitive or inductive coupling or by radiation,
and is received at the other end. The waveguide
then merely confines the energy of the fields,
which are propagated through it to the receiving
end by means of reflections against its inner walls.

Analysis of waveguide operation is based on the
assumption that the guide material is a perfect
conductor of electricity. Typical distributions of
electric and magnetic fields in a rectangular guide
are shown in Fig. 2-63. It will be observed that the
intensity of the electric field is greatest (as indi-
cated by closer spacing of the lines of force) at the
center along the x dimension, Fig. 2-63(B), dimin-
ishing to zero at the end walls. The latter is a
necessary condition, since the existence of any
electric field parallel to the walls at the surface
would cause an infinite current to flow in a perfect
conductor. This represents an impossible situation.

Modes of Propagation

Fig. 2-63 represents a relatively simple distribu-
tion of the electric and magnetic fields. There is in
general an infinite number of ways in which the
fields can arrange themselves in a guide so long as
there is no upper limit to the frequency to be
transmitted. Each field configuration is called a
mode. All modes may be separated into two
general groups. One group, designated TM (trans-
verse magnetic), has the magnetic ficld entirely
transverse to the direction of propagation, but has
a component of electric field in that direction. The
other type, designated TE (transverse electric) has
the electric field entirely transverse, but has a
component of magnetic field in the direction of
propagation. TM waves are sometimes called E
waves, and TE waves are sometimes called / waves,
but the 7M and TE designations are preferred.

The particular mode of transmission is identi-
fied by the group letters followed by two subscript
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Fig. 262 — Methods of tuning parallel-type

resonant lines.
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Fig. 263 — Field distribution in a rectangular
waveguide. The TE) g mode of propagation is
depicted.

numerals; for example, TEq , T™q,1, etc. The
number of possible modes increases with frequency
for a given size of guide. There is only one possible
mode (called the dominant mode) for the lowest
frequency that can be transmitted. The dominant
mode is the one generally used in practical work.

Waveguide Dimensions

In the rectangular guide the critical dimension
is x in Fig. 2-63; this dimension must be more than
one-half wavelength at the lowest frequency to be
transmitted, In practice, the y dimension usually is
made about equal to 1/2x to avoid the possibility
of operation at other than the dominant mode.

Other cross-sectional shapes than the rectangle
can be used, the most important being the circular
pipe. Much the same considerations apply as in the
rectangular case,

Wavelength formulas for rectangular and circu-
lar guides are given in the following table, where x
is the width of a rectangular guide and r is the
radius of a circular guide, All figures are in terms of
the dominant mode.

Rectangular Circular

Cutoff wavelength 2x 341r

Longest wavelength trans-
mitted with little attenu-
ation

Shortest wavelength before
next mode becomes pos-

sible

1.6r 3.2r

Llx  2.8r

ELECTRICAL LAWS AND CIRCUITS

Cavity Resonators

Another kind of circuit particularly applicable
at wavelengths of the order of centimeters is the
cavity resonator, which may be looked upon as a
section of a waveguide with the dimensions chosen
so that waves of a given length can be maintained
inside.

Typical shapes used for resonators are the
cylinder, the rectangular box and the sphere, as
shown in Fig. 2-64. The resonant frequency de-
pends upon the dimensions of the cavity and the
mode of oscillation of the waves (comparable to
the transmission modes in a waveguide). For the
lowest modes the resonant wavelengths are as
follows:

Cylinder . ... ........... 2.61r
Squarebox. .. ... ........ 1.411
Sphere . . . . ... ... ... ... 2.28r

The resonant wavelengths of the cylinder and
square box are independent of the height when the
height is less than a half wavelength. In other
modes of oscillation the height must be a multiple
of a half wavelength as measured inside the cavity.
A cylindrical cavity can be tuned by a sliding
shorting disk when operating in such a mode.
Other tuning methods include placing adjustable
tuning paddles or ‘“‘slugs” inside the cavity so that
the standing-wave pattern of the electric and
magnetic fields can be varied.

A form of cavity resonator in practical use is
the re-entrant cylindrical type shown in Fig. 2-65.
In construction it resembles a concentric line
closed at both ends with capacitive loading at the
top, but the actual mode of oscillation may differ
considerably from that occuring in coaxial lines.
The resonant frequency of such a cavity depends
upon the diameters of the two cylinders and the
distance d between the cylinder ends.

Compared with ordinary resonant circuits, cav-
ity resonators have extremely high Q. A value of Q
of the order of 1000 or more is readily obtainable,
and Q values of several thousand can be secured
with good design and construction,

e
—
x A
— =
F"“‘i’/
SQUARE PRISM CYLINDER

SPHERE

Fig. 2-64 — Forms of cavity resonators.
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CROSS-SECTIONAL VIEW

Fig. 265 — Re-entrant cylindrical cavity resonator.

Coupling to Waveguides and Cavity
Resonators

Energy may be introduced into or abstracted
from a waveguide or resonator by means of either
the electric or magnetic field. The energy transfer
frequently is through a coaxial line, two methods
of coupling to which are shown in Fig. 2-66. The
probe shown at A is simply a short extension of
the inner conductor of the coaxial line, so oriented
that it is parallel to the electric lines of force. The
loop shown at B is arranged so that it encloses
some of the magnetic lines of force. The point at
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Fig. 2-66 — Coupling to waveguides and resonators.

which maximum coupling will be secured depends
upon the particular mode of propagation in the
guide or cavity; the coupling will be maximum
when the coupling device is in the most intense
field.

Coupling can be varied by turning the probe or
loop through a 90-degree angle. When the probe is
perpendicular to the electric lines the coupling will
be minimum; similarly, when the plane of the loop
is parallel to the magnetic lines the coupling will
have its minimum value.

MODULATION, HETERODYNING, AND BEATS

Since one of the most widespread uses of radio
frequencies is the transmission of speech and
music, it would be very convenient if the audio
spectrum to be transmitted could simply be shifted
up to some radio frequency, transmitted as radio
waves, and shifted back down to audio at the
receiving point. Suppose the audio signal to be
transmitted by radio is a pure 1000-hertz tone, and
we wish to transmit the signal at 1 MHz (1,000,000
hertz. One possible way to do this might be to add
1.000 MHz and 1 kHz together, thereby obtaining
a radio frequency of 1.001 MHz. No simple
method for doing this directly has been devised,
although the effect is obtained and used in
“single-sideband transmission.”

When two different frequencies are present
simultaneously in an ordinary circuit (specifically,
one in which Ohm’s Law holds) each behaves as
though the other were not there. The total or
resultant voltage (or current) in the circuit will be
the sum of the instantaneous values of the two at
every instant. This is because there can be only one
value of current or voltage at any single point ina

Fig. 267 — Amplitude-vs.-time and amplitude-vs.-
frequency plots of various signals. (A) 1-1/2 cycles
of an audio signal, assumed to be 1000 hz in this
example. {B) A radio-frequency signal, assumed to
be 1 MHz; 1500 hertz are completed during the
same time as the 1-1/2 cycles in A, so they cannot
be shown accurately. {C) The signals of Aand Bin
the same circuit; each maintains its own identity.
(D) The signals of A and B in a circuit where the
amplitude of A can control the amplitude of B.
The 1-MHz signal is modulated by the 1000-hz
signal.

E, F, G and H show the spectrums for the
signals in A, B, C and D, respectively. Note the new
frequencies in H, resulting from the modulation
process.

circuit at any instant. Figs. 2-67A and B show two
such frequencies, and C shows the resultant. The
amplitude of the 1-MHz current is not affected by
the presence of the 1-kHz current, but the axis is
shifted back and forth at the 1-kHz rate. An
attempt to transmit such a combination as a radio
wave would result in only the radiation of the
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1-MHz frequency, since the 1-kHz frequency re-
tains its identity as an audio frequency and will not
radiate.

There are devices, however, which make it
possible for one frequency to control the ampli-
tude of the other. If, for example, a 1-kHz tone is
used to control a 1-MHz signal, the maximum rf
output will be obtained when the 1-kHz signal is at
the peak of one alternation and the minimum will
occur at the peak of the next alternation. The
process is called amplitude modulation, and the
effect is shown in Fig. 2-67D. The resultant signal
is now entirely at radio frequency, but with its
amplitude varying at the modulation rate (1 kHz).
Receiving equipment adjusted to receive the 1-MHz
tf signal can reproduce these changes in amplitude,
and reveal what the audio signal is, through a
process called detection.

It might be assumed that the only radio
frequency present in such a signal is the original
1.000 MHz, but such is not the case. Two new
frequencics have appeared. These are the sum (1.00
+ .001) and the difference (1.000 — .001) of the
two, and thus the radio frequencies appearing after
modulation are 1.001, 1.000 and .999 MHz.

When an audio frequency is used to control the
amplitude of a radio frequency, the process is
generally called “amplitude modulation,” as men-
tioned, but when a radio frequency modulates
another radio frequency it is called heterodyning.
The processes are identical. A general term for the
sum and difference frequencies generated during
heterodyning or amplitude modulation is ‘“beat
frequencies,” and a more specific one is upper side
frequency, for the sum, and lower side frequency
for the difference.

In the simple example, the modulating signal
was assumed to be a pure tone, but the modulating
signal can just as well be a band of frequencies
making up speech or music. In this case, the side
frequencies are grouped into the upper sideband
and the lower sideband. Fig. 2-6 7H shows the side
frequencies appearing as a result of the modulation
process.

Amplitude modulation (a-m) is not the only
possible type nor is it the only onc in use. Such
signal properties as phase and frequency can also
be modulated. In every case the modulation
process lcads to the generation of a new set (or
sets) of radio frequencies symmetrically disposed
about the original radio (carrier) frequency.

ELECTRICAL LAWS AND CIRCUITS

Fig. 268 — Actual oscilloscope photograph show-
ing the signals described in the text and shown in
the drawings of Fig. 2-67.




Chapter 3

Vacuum-Tube Principles

CURRENT IN A VACUUM

The outstanding difference between the
vacuum tube and most other clectrical devices is
that the electric current does not flow through a
conductor but through empty space — a vacuum.
This is only possible when “‘free” electrons — that
is, electrons that are not attached to atoms — are
somehow introduced into the vacuum. Free
electrons in an evacuated space will be attracted to
a positively charged object within the same space,
or will be repelled by a negatively charged object.
The movement of the electrons under the
attraction or repulsion of such charged objects
constitutes the current in the vacuum.

The most practical way to introduce a
sufficiently large number of electrons into the
evacuated space is by thermionic emission.

Thermionic Emission

If a piece of metal is heated to incandescence in
a vacuum, electrons near the surface are given
enough energy of motion to fly off into the
surrounding space. The higher the temperature, the
greater the number of electrons emitted. The name
for the emitting metal is cathode.

If the cathode is the only thing in the vacuum,
most of the emitted electrons stay in its immediate
vicinity, forming a “‘cloud” about the cathode. The
reason for this is that the electrons in the space,
being negative electricity, for a ncgative charge
(space charge) in the region of the cathode. The

Transmitting tubes are in the back and center rows.
Receiving tubes are in the front row {I. to r.):
miniature, penci!, planar triode (two), Nuvistor and
1-inch diameter cathode-ray tube.

POSITIVE
T PLATE

A B
A==k

Fig. 3-1 — Conduction by thermionic emission in a
vacuum tube. The A battery is used to heat the
cathode to a temperature that will cause it to emit
electrons. The B battery makes the plate positive
with respect to the cathode, thereby causing the
emitted electrons to be attracted to the plate.
Electrons captured by the plate flow back through
the B battery to the cathode.

space charge repels thosc electrons nearest the
cathode, tending to make them fall back on it.

Now suppose a second conductor is introduced
into the vacuum, but not connected to anything
else inside the tube. If this second conductor is
given a positive charge by connecting a voltage
source between it and the cathode, as indicated in
Fig. 3-1, electrons emitted by the cathode are
attracted to the positively charged conductor. An
electric current then flows through the circuit
formed by the cathode, the charged conductor,
and the voltage source. In Fig. 3-1 this voltage
source is a battery (“‘B” battery); a second battery
(“A” battery) is also indicated for heating the
cathode to the proper operating temperature.

The positively charged conductor is usually a
metal plate or cylinder (surrounding the cathode)
and is called an anode or plate. Like the other
working parts of a tube, it is a tube element or
electrode. The tube shown in Fig. 3-1 is a
two-element or two-electrode tube, one element
being the cathode and the other the anode or plate.

Since electrons are negative electricity, they
will be attracted to the plate only when the plate is
positive with respect to the cathode. If the plate is
given a negative charge, the electrons will be
repelled back to the cathode and no current will
flow. The vacuum tube therefore can conduct only
in one direction.

Cathodes

Before electron emission can occur, the cathode
must be heated to a high temperature. However, it
is not essential that the heating current flow
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Fig. 3-2 — Types of cathode construction. Directly
heated cathodes or ““filaments’’ 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 trans-
mitting tube type. The indirectly heated cathodes
at D and E show two types of heater construction,
one a twisted loop and the other bunched heater
wires, Both types tend to cancel the magnetic
fields set up by the current through the heater.

through the actual material that does the emitting;
the filament or heater can be electrically separate
from the emitting cathode. Such a cathode is called
indirectly heated, while an emitting filament is
called a directly heated cathode. Fig. 3-2 shows
both types in the forms which they commonly
take.

Much greater electron emission can be obtain-
ed, at relatively low temperatures, by using special
cathode materials rather than pure metals. One of
these is thoriated tungsten or tungsten in which
thorium is dissolved. Still greater efficiency is
achieved in the oxide-coated cathode, a cathode in
which rare-earth oxides form a coating over a metal
base.

Although the oxide-coated cathode has the
highest efficiency, it can be used successfully only
in tubes that operate at rather low plate voltages.
Its use is therefore confined to receiving-type tubes
and to the smaller varieties of transmitting tubes.
The thoriated filament, on the other hand, will
operate well in high-voltage tubes.

Plate Current

If there is only a small positive voltage on the
plate, the number of electrons reaching it will be
small because the space charge (which is negative)
prevents those electrons nearest the cathode from
being attracted to the plate. As the plate voltage is
increased, the effect of the space charge is
increasingly overcome and the number of electrons

Saturahon
Point

Increase —»-

Plate Current

Increase ———
Plate Voltage

ik
8

Fig. 3-3 — The diode, or two-element tube, and a
typical curve showing how the plate current
depends upon the voltage applied to the plate.

VACUUM-TUBE PRINCIPLES

attracted to the plate becomes larger. That is, the
plate current increases with increasing plate
voltage.

Fig. 3-3 shows a typical plot of plate current vs.
plate voltage for a two-element tube or diode. A
curve of this type can be obtained with the circuit
shown, if the plate voltage is increased in small
steps and a current reading taken (by means of the
current-indicating instrument — a milliammeter) at
each voltage. The plate current is zero with no
plate voltage and the curve rises until a saturation
point is reached. This is where the positive charge
on the plate has substantially overcome the space
charge and almost all the electrons are going to the
plate. At higher voltages the plate current stays at

T @
o
R

A.C. Diode

Applied
Voltage

JAWAWA
VAVAY

Current

YAWAWA

Fig. 3-4 — Rectification in a diode. Current flows
onty when the plate is positive with respect to the
cathode, so that only halfcycles of currentflow
through the load resistor, R.

practically the same value.

The plate voltage multiplied by the plate
current is the power input to the tube. In a circuit
like that of Fig. 3-3 this power is all used in
heating the plate. If the power input is large, the
plate temperature may rise to a very high value
(the plate may become red or even white hot). The
heat developed in the plate is radiated to the bulb
of the tube, and in turn radiated by the bulb to the
surrounding air.

RECTIFICATION

Since current can flow through a tube in only
one direction, a diode can be used to change
alternating current into direct current. It does this
by permitting current to flow only when the anode
is positive with respect to the cathode. There is no
current flow when the plate is negative.

Fig. 344 shows a representative circuit. Alternat-
ing voltage from the secondary of the transformer,
T, is applied to the diode tube in series with a load
resistor, R. The voltage varies as is usual with ac,
but current flows through the tube and R only
when the plate is positive with respect to the
cathode — that is, during the half-cycle when the
upper end of the transformer winding is positive.
During the negative half-cycle there is simply a gap
in the current flow. This rectified alternating
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current therefore is an infermittent direct current.

The load resistor, R, represents the actual
circuit in which the rectified alternating current
does work. All tubes work with a load of one type
or another; in this respect a tube is much like a
generator or transformer. A circuit that did not
provide a load for the tube would be like a
short-circuit across a transformer; no useful
purpose would be accomplished and the only result
would be the generation of heat in the transformer.
So it is with vacuum tubes; they must cause power
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to be developed in a load in order to serve a useful
purpose. Also, to be efficient most of the power
must do useful work in the load and not be used in
heating the plate of the tube. Thus the voltage
drop across the load should be much higher than
the drop across the diode.

With the diode connected as shown in Fig. 34,
the polarity of the current through the load is as
indicated. If the diode were reversed, the polarity
of the voltage developed across the load R would
be reversed.

VACUUM-TUBE AMPLIFIERS

TRIODES
Grid Control

If a third element — called the control grid, or
simply grid — is inserted between the cathode and
plate as in Fig. 3-5, it can be used to control the
effect of the space charge. If the grid is given a
positive voltage with respect to the cathode, the
positive charge will tend to neutralize the negative
space charge. The result is that, at any selected
plate voltage, more electrons will flow to the plate
than if the grid were not present. On the other
hand, if the grid is made negative with respect to
the cathode the negative charge on the grid will
add to the space charge. This will reduce the
number of electrons that can reach the plate at any
selected plate voltage.

The grid is inserted in the tube to control the
space charge and not to attract electrons to itself,
so it is made in the form of a wire mesh or spiral.
Electrons then can go through the open spaces in
the grid to reach the plate.

Characteristic Curves

For any particular tube, the effect of the grid
voltage on the plate current can be shown by a set
of characteristic curves. A typical set of curves is
shown in Fig. 3-6, together with the circuit that is
used for getting them. For each value of plate
voltage, there is a value of negative grid voltage
that will reduce the plate current to zero; that is,
there is a value of negative grid voltage that will cut
off the plate current.

Fig. 3-5 — Construction
of an elementary triode
vacuum tube, showing
the directty-heated
cathode (filament), grid
(with an end view of
the grid wires) and
plate. The relative den-
sity of the space charge
is indicated roughly by
the dot density.
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Fig. 3-6 — Grid-voltage-vs.-plate-current curves at
various fixed values of plate voltage (Ey) for a
typical small triode. Characteristic curves of this
type can be taken by varying the battery voltages
in the circuit at the right.

The curves could be extended by making the
grid voltage positive as well as negative. When the
grid is negative, it repels electrons and therefore
none of them reaches it; in other words, no current
flows in the grid circuit. However, when the grid is
positive, it attracts electrons and a current (grid
current) flows, just as current flows to the positive
plate. Whenever there is grid current there is an
accompanying power loss in the grid circuit, but so
long as the grid is negative no power is used.

It is obvious that the grid can act as a valve to
control the flow of plate current. Actually, the grid
has a much greater effect on plate current flow
than does the plate voltage. 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 amplification with the
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Fig. 3-7 — Dynamic characteristics of a small triode
with various load resistances from 5000 to 100,000
ohms.

triode tube. The many uses of the electronic tube
nearly all are based upon this amplifying feature.
The amplified output is not obtained from the
tube itself, but from the voltage source connected
between its plate and cathode. The tube simply
controls the power from this source, changing it to
the desired form.

To utilize the controlled power, a load must be
connected in the plate or “output” circuit, just as
in the diode case. The load may be either a
resistance or an impedance. The term “impedance”
is frequently used even when the load is purely
resistive.

Tube Charaeteristics

The physical construction of a triode deter-
mines the relative effectiveness of the grid and
plate in controlling the plate current. The control
of the grid is increased by moving it closer to the
cathode or by making the grid mesh finer.

The plate resistance of a vacuum tube is the ac
resistance of the path from cathode to plate. Fora
given grid voltage, it is the quotient of a small
change in plate voltage divided by the resultant
change in plate current. Thus if a 1-voit change in
plate voltage caused a plate<current change of .01
mA (.00001 ampere), the plate resistance would
be 100,000 ohms,

The amplification factor (usually designated by
the Greek letter ) of a vacuum tube is defined as
the ratio of the change in plate voltage to the
change in grid voltage to effect equal changes in
plate current. If, for example, an increase of 10
plate volts raised the plate current 1.0 mA, and an
increase in (negative) grid voltage of 0.1 volt were
required to return the plate current to its original
value, the amplification factors of triode tubes
would be 100. The amplification factors of triode
tubes range from 3 to 100 or so. A high-U tube is
one with an amplification of perhaps 30 or more,
medium-U tubes have amplification factors in the
approximate range 8 to 30 and low-u tubes in the
range below 7 or 8. The u of a triode is useful in
computing stage gains.

VACUUM-TUBE PRINCIPLES

The best all-around indication of the effective-
ness of a tube as an amplifier is its grid-plate
transconductance — also called mutual conduct-
ance or gn,. It is the change in plate current divided
by the change in grid voitage that caused the
change; it can be found by dividing the
amplification factor by the plate resistance. Since
current divided by voltage is conductance,
transconductance is measured in the unit of
conductance, the mho.

Practical values of transconductance are very
small, so the micromho (one millionth of a mho) is
the commonly used unit. Different types of tubes
have transconductances ranging from a few
hundred to several thousand. The higher the
transconductance the greater the posible amplifica-
tion.

AMPLIFICATION

The way in which a tube amplifies is best
known by a typc of graph called the dynamic
characteristic. Such a graph, together with the
circuit used for obtaining it, is shown in Fig. 3-7.
The curves are taken with the plate-supply voltage
fixed at the desired operating value. The difference
between this circuit and the one shown in Fig. 3-6
is that in Fig. 3-7 a load resistance is connected in
series with the plate of the tube. Fig. 3-7 thus
shows how the plate current will vary, with
different grid voltages, when the plate current is
made to flow through a load and thus do useful
work.

The several curves in Fig. 3-7 are for various
values of load resistance. When the resistance is
small (as in the case of the 5000-ohm load) the
plate current changes rather rapidly with a given
change in grid voltage. If the load resistance is high
(as in the 100,000-ohm curve), the change in plate

current for the same grid-voltage change is
relatively small; also, the curve tends to be
straighter.

Fig. 3-8 is the same type of curve, but with the
circuit arranged so that a source of alternating
voltage (signal) is inserted between the grid and the
grid battery (“C” battery). The voltage of the grid
battery is fixed at —$ volts, and from the curve it is
seen that the plate current at this grid voltage is 2
milliamperes. This current flows when the load
resistance is 50,000 ohms, as indicated in the
circuit diagram. If there is no ac signal in the grid
circuit, the voltage drop in the load resistor is
50,000 x .002 = 100 volts, leaving 200 volts
between the plate and cathode.

When 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 instant 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. As shown by the graph,
it will have a value of 2.65 milliampercs. 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,
intermdiate plate-current values will occur.
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Fig. 3-8 — Amplifier operation. When the plate
current varies in response to the signal applied to
the grid, a varying voltage drop appears across the
load, Ry, as shown by the dashed curve. Ep. Ipis
the plate current.

The instantaneous voltage between the plate
and cathode of the tube also is shown on the
graph. When the plate current is maximum, the
instantaneous voltage drop in Rp is 50,000 x
.00265 = 132.5 volts; when the plate current is
minimum the instantaneous voltage drop in Ry is
50,000 x .00135 = 67.5 volts. The actual voltage
between plate and cathode is the difference
between the platesupply potential, 300 volts, and
the voltage drop in the load resistance. The
plate-to-cathode voltage is therefore 167.5 volts at
maximum plate current and 232.5 volts at
minimum plate current.

This varying plate voltage is an ac voltage
superimposed on the steady plate-cathode poten-
tial of 200 volts (as previously determined for
no-signal conditions). The peak value of this ac
output voltage is the difference between either the
maximum or minimum plate-cathode voltage and
the no-signal value of 200 volts. In the illustration
this difference is 232.5 — 200 or 200 — 167.5; that
is, 32.5 volts in either case. Since the grid signal
voltage has a peak value of 2 volts, the
voltage-amplification ratio of the amplifier is
32.5/2 or 16.25. That is, approximately 16 times
as much voltage is obtained from the plate circuit
as is applied to the grid circuit.

As shown by the drawings in Fig. 3-8, the
alternating component of the plate voltage swings
in the negative direction (with reference to the
no-signal value of plate-cathode voltage) when the
grid voltage swings in the positive direction, and
vice versa. This means that the alternating
component of plate voltage (that is, the amplified
signal) is 180 degrees out of phase with the signal
voltage on the grid.
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Bias

The fixed negative grid voltage (called grid bias)
in Fig. 3-8 serves a very useful purpose. One object
of the type of amplification shown in this drawing
is to obtain, from the plate circuit, an alternating
voltage that has the same wave shape as the signal
voltage applied to the grid. To do so, an operating
point on the straight part of the curve must be
selected. The curve must be straight in both
directions from the operating point at least far
enough to accommodate the maximum value of
the signal applied to the grid. If the grid signal
swings the plate current back and forth over a part
of the curve that is not straight, as in Fig. 3-9, the
shape of the ac wave in the plate circuit will not be
the same as the shape of the grid-signal wave. In
such a case the output wave shape will be
distorted.

A second reason for using negative grid bias is
that any signal whose peak positive voltage does
not exceed the fixed negative voltage on the grid
cannot cause grid current to flow. With no current
flow there is no power consumption, so the tube
will amplify without taking any power from the
signal source. (However, if the positive peak of the
signal does exceed the negative bias, current will
flow in the grid circuit during the time the grid is
positive.)

Distortion of the output wave shape that results
from working over a part of the curve that is not
straight (that is, a nonlinear part of the curve) has
the effect of transforming a sine-wave grid signal
into a more complex waveform. As explained in an
earlier chapter, a complex wave can be resolved
into a fundamental and a series of harmonics. In
other words, distortion from nonlinearity causes
the generation of harmonic frequencies — frequen-
cies that are not present in the signal applied to the
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Fig. 3-9 — Harmonic distortion resulting from

choice of an operating point on the curved part of
the tube characteristic. The lower half<cycle of
plate current does not have the same shape as the
upper half<cycle.
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Fig. 3-10 — Three types of coupling are in common
use at audio frequencies. These are resistance
coupling, impedance coupling, and transformer
coupling. In aill three cases the output is shown
coupled to the grid circuit of a subsequent ampfifi-
er tube, but the same types of circuits can be used
to couple to other devices than tubes.

grid. Harmonic distortion is undesirable in most
amplifiers, although there are occasions when
harmonics are deliberately generated and used.

Audio Amplifier Output Circuits

The useful output of a vacuum-tube amplifier is
the alternating component of plate current or plate
voltage. The dc voltage on the plate of the tube is
essential for the tube’s operation, but it almost
invariably would cause difficulties if it were
applied, along with the ac output voltage, to the
load. The output circuits of vacuum tubes are
therefore arranged so that the ac is transferred to
the load but the dc is not.

Three types of coupling are in common use at
audio-frequencies. These are resistance coupling,
impedance coupling, and transformer coupling.
They are shown in Fig. 3-10. In all three cases the
output is shown coupled to the grid circuit of a
subsequent amplifier tube, but the same types of
circuits can be used to couple to other devices than
tubes.

In the resistance-coupled circuit, the ac voltage
developed across the plate resistor Ry, (that is, the
ac voltage between the plate and cathode of the
tube) is applied to a second resistor, Rg, through a
coupling capacitor, C¢. The capacitor “blocks off™
the dc voltage on the plate of the first tube and
prevents it from being applied to the grid of tube

VACUUM-TUBE PRINCIPLES

B. The latter tube has negative grid bias supplied
by the battery shown. No current flows on the grid
circuit of tube B and there is therefore no dc
voltage drop in Rg; in other words, the full voltage
of the bias battery is applied to the grid of tube B.

The grid resistor Rg, usually has a rather high
value (0.5 to 2 megohms). The reactance of the
coupling capacitor, C,, must be low enough
compared with the resistance of Rg so that the ac
voltage drop in C, is negligible at the lowest
frequency to be amplified. If Ry is at least 0.5
megohm, a 0.1-UF capacitor will be amply large for
the usual range of audio frequencies.

So far as the alternating component of plate
voltage is concerned, it will be realized that if the
voltage drop in C is negligible then Rpand R are
effectively in parallel (although they are quite
separate so far as dc is concemed). The resultant
parallel resistance of the two is therefore the actual
load resistance for the tube. That is why Rg is
made as high in resistance as possible; then it will
have the least effect on the load represented by
Ry,
pThe impedance-coupled circuit differs from
that using resistance coupling only in the
substitution of a high inductance (as high as several
hundred henrys) for the plate resistor. The
advantage of using an inductor rather than a
resistor at this point is that the impedance of the
inductor is high for audio frequencies, but its
resistance, is relatively low. Thus it provides a
higher value of load impedance for ac without an
excessive dc voltage drop, and consequently the
power-supply voltage does not have to be high for
effective operation.

The transformer-coupled amplifier uses a
transformer with its primary connected in the plate
circuit of the tube and its secondary connected to
the load (in the circuit shown, a following
amplifier). There is no direct connection between
the two windings, so the plate voltage on tube 4 is
isolated from the grid of tube B. The transformer-
coupled amplifier has the same advantage as the
impedance-coupled circuit with respect to loss of
dc voltage from the plate supply. Also, if the
secondary has more turns than the primary, the
output voltage will be “stepped up” in proportion
to the tumns ratio.

Resistance coupling is simple, inexpensive, and
will give the same amount of amplification — or
voltage gain — over a wide range of frequencies; it
will give substantially the same amplification at
any frequency in the audio range, for example.
Impedance coupling will give somewhat more gain,
with the same tube and same plate-supply voltage,
than resistance coupling. However, it is not quite
so good over a wide frequency range; it tends to
“peak,” or give maximum gain, over a comparative-
ly narrow band of frequencies. With a good
transformer the gain of a transformer-coupled
amplifier can be kept fairly constant over the
audio-frequency range. On the other hand,
transformer coupling in voltage amplifiers (see
below) is best suited to triodes having amplifica-
tion factors of about 20 or less, for the reason that
the primary inductance of a practicable transform-
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Fig. 3-11 — An elementary power-amplifier circuit
in which the power-consuming load is coupled to
the plate circuit through an impedance-matching
transformer.

er cannot be made large enough to work well with
a tube having high plate resistance.

Class A Amplifiers

An amplifier in which voltage gain is the
primary consideration is called a voltage amplifier.
Maximum voltage gain is secured when the load
resistance or impedance is made as high as possible
in comparison with the plate resistance of the tube.
In such a case, the major portion of the voltage
generated will appear across the load.

Voltage amplifiers belong to a group called
Class A amplifiers. A Class A amplifier is one
operated so that the wave shape of the output
voltage is the same as that of the signal voltage
applied to the grid. If a Class A amplifier is biased
so that the grid is always negative, even with the
largest signal to be handled by the grid, it is called
a Class Aj amplifier. Voltage amplifiers are atways
Class A; amplifiers, and their primary use is in
driving a following Class A amplifier.

Power Amplifiers

The end result of any amplification is that the
amplified signal does some work. For example, an
audio-frequency amplifier usually drives a loud-
speaker that in turn produces sound waves. The
greater the amount of af power supplied to the
speaker the louder the sound it will produce.

Fig. 3-11 shows an clementary power-amplifier
circuit. 1t is simply a transformer-coupled amplifier
with the load connected to the secondary.
Although the load is shown as a rasistor, it actually
would be some device, such as a loudspeaker, that
employs the power usefully. Every power tube
requires a specific value of load resistance from
plate to cathode, usually some thousands of ohms,
for optimum operation. The resistance of the
actual load is rarely the right value for “matching”
this optimum load resistance, so the transformer
tumns ratio is chosen to reflect the power value of
resistance into the primary. The tumns ratio may be
either step-up or step-down, depending on whether
the actual load resistance is higher or lower than
the load the tube wants.

The power-amplification ratio of an amplifier is
the ratio of the power output obtained from the
plate circuit to the power required from the ac
signal in the grid circuit. There is no power lost in
the grid circuit of a Class A amplifier, so such an
amplifier has an infinitely large power-amplifica-
tion ratio. However, it is quite possible to operate a
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Class A amplifier in such a way that current flows
in its grid circuit during at least part of the cycle.
In such a case power is used up in the grid circuit
and the power amplification ratio is not infinite. A
tube operated in this fashion is known as a Class
Ao amplifier. It is necessary to use a power
amplifier to drive a Class Ag amplifier, because a
voltage amplifier cannot deliver power without
serious distortion of the wave shape.

Another term used in connection with power
amplifiers is power sensitivity, In the case of a
Class Ay amplifier, it means the ratio of power
output to the grid signal voltage that causes it. If
grid current flows, the term usuatly means the ratio
of plate power output to grid power input.

The ac power that is delivered to a load by an
amplifier tube has to be paid for in power taken
from the source of plate voltage and current. In
fact, there is always more power going into the
plate circuit of the tube than is coming out as
useful output. The difference between the input
and output power is used up in heating the plate of
the tube, as explained previously. The ratio of
useful power output to dc plate input is called the
plate efficiency. The higher the plate efficiency,
the greater the amount of power that can be taken
from a tube having a given plate-dissipation rating.

Parallet and Push-Pull

When it is necessary to obtain more power
output than one tube is capable of giving, two or
more similar tubes may be connected in parallel. In
this case the similar elements in all tubes are
connected together. This method is shown in Fig.
3-12 for a transformer-coupled amplifier. The
power output is in proportion to the number of
tubes used; the grid signal or exciting voltage
required, however, is the same as for one tube.

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

I

PUSH-PULL

Fig. 3-12 — Parallel and push-pull af amplifier
circuits.
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An increase in power output also can be
secured by connecting two tubes in push-pull. In
this case the grids and plates of the two tubes are
connected to opposite ends of a balanced circuit as
shown in Fig. 3-12. At any instant the ends of the
secondary winding of the input transformer, T,
will be at opposite polarity with respect to the
cathode connection, so the grid of one tube is
swung positive at the same instant that the grid of
the other is swung negative. Hence, in any
push-pull-connected amplifier the voltages and
currents of one tube are out of phase with those of
the other tube.

In  push-pull operation the even-harmonic
(second, fourth, etc.) distortion is balanced out in
the plate circuit. This means 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. If
the grids consume power, the driving power for the
push-pull amplifier is twice that taken by either
tube alone.

Cascade Amplifiers
It is readily possible to take the output of one
amplifier and apply it as a signal on the grid of a
second amplifer, then take the second amplifier’s
output and apply it to a third, and so on. Each
amplifier is called a stage, and stages used
successively are said to be in cascade.

Class B Amplifiers

Fig. 3-13 shows two tubes connected in a
push-pull circuit. If the grid bias is set at the point
where (when no signal is applied) the plate current
is just cut off, then a signal can cause plate current
to flow in cither tube only when the signal voltage
applied to that particular tube is positive with
respect to the cathode. Since in the balanced grid
circuit the signal voltages on the grids of the two
tubes always have opposite polarities, plate current
flows only in one tube at a time.
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The graphs show the operation of such an
amplifier. The plate current of tube B is drawn
inverted to show that it flows in the opposite
direction, through the primary of the output
transformer, to the plate current of tube A. Thus
each half of the output-transformer primary works
alternately to induce a half-cycle of voltage in the
secondary. In the secondary of T2, the original
waveform is restored. This type of operation is
called Class B amplification.

The Class B amplifier has considerably higher
plate efficiency than the Class A amplifier.
['urthermore, the dc plate current of a Class B
amplifier is proportional to the signal voltage on
the grids, so the power input is small with small
signals. The dc plate power input to a Class A
amplifier is the same whether the signal is large,
small, or absent altogether; therefore the maximum
dc plate input that can be applied to a Class A
amplifier is equal to the rated plate dissipation of
the tube or tubes. Two tubes in a Class B amplifier
can deliver approximately twelve times as much
audio power as the same two tubes in a Class A
amplifier.

A Class B amplifier usually is operated in such a
way as to secure the maximum possible power
output. This requires rather large values of plate
current, and to obtain them the signal voltage must
completely overcome the grid bias during at least
part of the cycle, so grid current flows and the grid
circuit consumes power. While the power require-
ments are fairly low (as compared with the power
output), the fact that the grids are positive during
only part of the cycle means that the load on the
preceding amplifier or driver stage varies in
magnitude during the cycle; the effective load
resistance is high when the grids are not drawing
current and relatively low when they do take
current. This must be allowed for when designing
the driver.

Certain types of tubes have been designed
specifically for Class B service and can be operated
without fixed or other form of grid bias (zero-bias
tubes). The amplification factor is so high that the
plate current is small without signal. Because there
is no fixed bias, the grids start drawing current
immediately whenever a signal is applied, so the
grid-current flow is continuous throughout the
cycle. This makes the load on the driver much
more constant than is the case with tubes of lower
U biased to plate-current cut off.

Class B amplifiers used at radio frequencies are
known as linear amplifiers because they are
adjusted to operate in such a way that the power
output is proportional to the square of the rf
exciting voltage. This permits amplification of a
modulated rf signal without distortion. Push-pull is
not required in this type of operation; a single tube
can be used equally well,

Class AB Amplifiers

A Class AB audio amplifier is a push-pull
amplifier with higher bias than would be normal
for pure Class A operation, but less than the
cut-off bias required for Class B. At low signal
levels the tubes operate as Class A amplifiers, and
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the plate current is the same with or without
signal. At higher signal levels, the plate current of
one tube is cut off during part of the negative cycle
of the signal applied to its grid, and the plate
current of the other tube rises with the signal. The
total plate current for the amplifier also rises above
the no-signal level with a large signal is applied.

In a properly designed Class AB amplifier the
distortion is as low as with a Class A stage, but the
efficiency and power output are considerably
higher than with pure Class A operation. A Class
AB amplifier can be operated ecither with or
without driving the grids into the positive region. A
Class AB; amplifier is one in which the grids are
never positive with respect to the cathode;
therefore no driving power is required — only
voltage. A Class ABg amplifier is onc that has
grid-current flow during part of the cycle if the
applied signal is large; it takes a small amount of
driving power. The Class ABg amplifier will deliver
somewhat more power (using the same tubes) but
the Class AB; amplifier avoids the problem of
designing a driver that will deliver power, without
distortion, into a load of highly variable resistance.

Operating Angle

Inspection of Fig. 3-13 shows that either of the
two vacuum tubes is working for only half the ac
cycle and idling during the other half. It is
convenient to describe the amount of time during
which plate current flows in terms of electrical
degrees. In Fig. 3-13 each tube has *‘180-degree”
excitation, a half-cycle being equal to 180 degrees.
The number of degrees during which plate current
flows is called the operating angle of the amplifier.
From the descriptions given above, it should be
clear that a Class A amplifier has 360-degree
excitation, because plate current flows during the
whole cycle. In a Class AB amplifier the operating
angle is between 180 and 360 degrees (in each
tube) depending on the particular operating
conditions chosen. The greater the amount of
negative grid bias, the smaller the operating angle
becomes,

An operating angle of less than 180 degrees
leads to a considerable amount of distortion,
because there is no way for the tube to reproduce
even a half-cycle of the signal on its grid. Using two
tubes in push-pull, as in Fig. 3-13, would merely
put together two distorted half-cycles. An
operating angle of less than 180 degrees therefore
cannot be used if distortionless output is wanted.

Class C Amplifiers

In power amplifiers operating at radio frequen-
cies distortion of the rf wave form is relatively
unimportant. For reasons described later in this
chapter, an rf amplifier must be operated with
tuned circuits, and the selectivity of such circuits
“filters out” the rf harmonics resulting from
distortion.

A radio-frequency power amplifier therefore
can be used with an operating angle of less than
180 degrees. This is called Class C operation. The
advantage is that the plate efficiency is increased,
because the loss in the plate is proportional, among
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other things, to the amount of time during which
the plate current flows, and this time is reduced by
decreasing the operating angle.

Depending on the type of tube, the optimum
load resistance for a Class C amplifier ranges from
about 1500 to 5000 ohms. It is usually secured by
using tuned-circuit arrangements, of the type
described in the chapter on circuit fundamentals,
to transform the resistance of the actual load to
the value required by the tube. The grid is driven
well into the positive region, so that grid current
flows and power is consumed in the grid circuit.
The smaller the operating angle, the greater the
driving voltage and the larger the grid driving
power required to develop full output in the load
resistance. The best compromise between driving
power, plate efficiency, and power output usually
results when the minimum plate voltage (at the
peak of the driving cycle, when the plate current
reaches its highest value) is just equal to the peak
positive grid voltage. Under these conditions the
operating angle is usually betwecen 120 and 150
degrees and the plate efficiency lies in the range of
60 to 80 percent. While higher plate efficiencies
are possible, attaining them requires excessive
driving power and grid bias, together with higher
plate voltage than is ‘“‘normal” for the particular
tube type.

With proper design and adjustment, a Class C
amplifier can be made to operate in such a way
that the power input and output are proportional
to the square of the applied plate voltage. This is
an important consideration when the amplifier is
to be plate-modulated for radiotelephony, as
described in the chapter on amplitude modulation.

FEEDBACK

1t is possible to take a part of the amplified
energy in the plate circuit of an amplifier and
insert it into the grid circuit. When this is done the
amplifier is said to have feedback.

If the voltage that is inserted in the grid circuit
is 180 degrees out of phase with the signal voltage
acting on the grid, the feedback is called negative,
or degenerative. On the other hand, if the voltage is
fed back in phase with the grid signal, the feedback
is called positive, or regenerative.

Negative Feedback

With negative feedback the voltage that is fed
back opposes the signal voltage. This decreases the
amplitude of the voltage acting between the grid
and cathode and thus has the effect of reducing the
voltage amplification. That is, a larger exciting
voltage is required for obtaining the same output
voltage from the plate circuit.

The greater the amount of negative feedback
(when properly applied) the more independent the
amplification becomes of tube characteristics and
circuit conditions. This tends to make the
frequency-response characteristic of the amplifier
flat — that is, the amplification tends to be the
same at all frequencies within the range for which
the amplifier is designed. Also, any distortion
generated in the plate circuit of the tube tends to
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Fig. 3-14 — Simple circuits for producing feedback.

“buck itself out.” Amplifiers with negative
feedback are therefore comparatively free from
harmonic distortion, These advantages are worth
while if the amplifier otherwise has enough voltage
gain for its intended use.

In the circuit shown at A in Fig. 3-14 rcsistor
R, is in series with the regular plate resistor, Rp
and thus is a part of the load for the tube.
Therefore, part of the output voltage will appear
across Ro. However, R, also is connected in series
with the grid circuit, and so the output voltage that
appears across R, is in serics with the signal
voltage. The output voltage across R, opposes the
signal voltage, so the actual ac voltage between the
grid and cathode is equal to the difference between
the two voltages.

The circuit shown At B in IFig. 3-14 can be used
to give cither negative or positive feedback. The
secondary of a transformer is connected back into
the grid circuit to insert a desired amount of
feedback voltage. Reversing the terminals of either
transformer winding (but not both simultaneously)
will reverse the phase.

Positive Feedback

Positive feedback increases the amplification
because the feedback voltage adds to the original
signal voltage and the resulting larger voltage on
the grid causes a larger output voltage. The
anplification tends to be greatest at one frequency
(which depends upon the particular circuit
arrangement) and harmonic distortion is increased.
If enough energy is fed back, a self-sustaining
oscillation in which energy at essentially one
frequency is generated by the tube itself — will be
set up. In such case all the signal voltage on the
grid can be supplied from the plate circuit; no
external signal is needed because any small
irregularity in the plate current and there are
always some irregularities — will be amplified
and thus give the oscillation an opportunity to
build up. Positive feedback finds a major
application in such ‘“‘oscillators,” and in addition is
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used for selective amplification at both audio and
radio frequencies, the feedback being kept below
the value that causes self-oscillation.

INTERELECTRODE CAPACITANCES

Each pair of elements in a tube forms a small
capacitor ‘‘plate.”” There are three such capaci-
tances in a triode — that between the grid and
cathode, that between the grid and plate, and that
between the plate and cathode. The capacitances
are very small — only a few picofarads at most —
but they frequently have a very pronounced effect
on the operation of an amplifier circuit.

Input Capacitance

It was explained previously that the ac grid
voltage and ac plate voltage of an amplifier having
a resistive load are 180 degrees out of phase, using
the cathode of the tube as a reference point.
However, these two voltages are in phase going
around the circuit from plate to grid as shown in
Fig. 3-15. This means that their sum is acting
between the grid and plate; that is, across the
grid-plate capacitance of the tube.

As a result, a capacitive current flows around
the circuit, its amplitude being directly proportion-
al to the sym of the ac grid and plate voltages and
to the grid-plate capacitance. The source of the
grid signal must furnish this amount of current, in
addition to the capacitive current that flows in the
grid-cathode capacitance. Hence the signal source
“sees” an effective capacitance that is larger than
the grid-cathode capacitance. This is known as the
Miller Effect.

The greater the voltage amplification the

greater the effective input capacitance. The input
capacitance of a resistance-coupled amplifier is
given by the formula

Cinput.= Cgk + Cgp (A+ 1)

where Cyy is the grid-to-cathode capacitance, Cep
is the grid-to-plate capacitance, and 4 is the voltage
amplification. The input capacitance may be as
much as several hundred picofarads when the
voltage amplification is large, even though the
interelectrode capacitances are quite small.

Fig. 3-15 — The ac voltage appearing between the
grid and pltate of the amplifier is the sum of the
signal voltage and the output voltage, as shown by
this simplified circuit. Instantaneous polarities are
indicated.



Screen-Grid Tubes

Qutput Capacitance

The principal component of the output
capacitance of an amplifier is the actual plate-to-
cathode capacitance of the tube. The output
capacitance usually need not be considered in
audio amplifiers, but becomes of importance at
radio frequencies.

Tube Capacitance at RF

At radio frequencies the reactances of even very
small interclectrode capacitances drop to very low
values. A resistance-coupled amplifier gives very
little amplification at rf, for example, because the
reactances of the interelectrode “capacitors’ are so
low that they practically short-circuit the input
and output circuits and thus the tube is unable to
amplify. This is overcome at radio frequencies by
using tuned circuits for the grid and plate, making
the tube capacitances part of the tuning capaci-
tances. In this way the circuits can have the high
resistive impedances necessary for satisfactory
amplification.

The grid-plate capacitance is important at radio
frequencies because its reactance, relatively low at
rf, offers a path over which energy can be fed back
from the plate to the grid. In practically every case
the feedback is in the right phase and of sufficient
amplitude to cause self-oscillation, so the circuit
becomes useless as an amplifier,

Special “neutralizing” circuits can be used to
prevent feedback but they are, in general, not too
satisfactory when used in radio receivers. They are,
however, used in transmitters.

SCREEN-GRID TUBES

The grid-plate capacitance can be reduced to a
negligible value by inserting a second grid between
the control grid and the plate, as indicated in Fig.
3-16. The second grid, called the screen grid, acts

CONTROL
SCREEN =
GRID T o GR
| CATHODE
PLATE —
—HEATER
Fig. 3-16 — Representative arrangement of ele-

ments in a screen-grid tetrode, with part of plate
and screen cut away. This is “single-ended’’ con-
struction with a button base, typical of miniature
receiving tubes. To reduce capacitance between
control grid and plate the leads from these ele-
ments are brought out at opposite sides; actual
tubes probably would have additional shielding
between these leads.
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as an electrostatic shield to prevent capacitive
coupling between the control grid and plate. It is
made in the form of a grid or coarse screen so that
electrons can pass through it.

Because of the shielding sction of the screen
grid, the positively charged plate cannot attract
electrons from the cathode as it does in a triode. In
order to get electrons to the plate, it is necessary to
apply a positive voltage (with respect to the
cathode) to the screen. The screen then attracts
electrons much as does the plate in a triode tube.
In traveling toward the screen the electrons acquire
such velocity that most of them shoot between the
screen wires and then are attracted to the plate. A
certain proportion do strike the screen, however,
with the result that some current also flows in the
screen-grid circuit.

To be a good shield, the screen grid must be
connected to the cathode through a circuit that has
low impedance at the frequency being amplified. A
bypass capacitor from screen grid to cathode,
having a reactance of not more than a few hundred
ohms, is generally used.

A tube having a cathode, control grid, screen
grid and plate (four elements) is called a tetrode.

Pentodes

When an electron traveling at appreciable velo-
city through a tube strikes the plate it dislodges
other electrons which *“splash” from the plate into
the interelement space. This is called secondary
emission. In a triode the negative grid repels the
secondary electrons back into the plate and they
cause no disturbance. In the screen-grid tube,
however, the positively charged screen attracts the
secondary electrons, causing a reverse current to
flow between screen and plate.

To overcome the effects of secondary emission,
a third grid, called the suppressor grid, may be
inserted between the screen and plate. This grid
acts as a shield between the screen grid and plate so
the secondary electrons cannot be attracted by the
screen grid. They are hence attracted back to the
plate without appreciably obstructing the regular
plate-current flow. A five-clement tube of this type
is called a pentode.

Although the screen grid in either the tetrode
or pentode greatly reduces the influence of the
plate upon plate-current flow, the control grid still
can control the plate current in essentially the
same way that it does in a triode. 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 corresponding
structure. On the other hand, since a change in
plate voltage has very little effect on the plate-cur-
rent flow, both the amplification factor and plate
resistance of a pentode or tetrode are very high. In
small receiving pentodes the amplification factor is
of the order of 1000 or higher, while the plate
resistance may be from 0.5 to | or more megohms.
Because of the high plate resistance, the actual
voltage amplification possible with a pentode is
very much less than the large amplification factor
might indicate. A voltage gain in the vicinity of 50
to 200 is typical of a pentode stage.
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In practical screen-grid tubes the grid-plate
capacitance is only a small fraction of a picofarad.
This capacitance is too small to cause an appreci-
able increase in input capacitance as described in
the preceding section, so the input capacitance of a
screen-grid tube is equal to the capacitance be-
tween the plate and screen.

In addition to their applications as radio-fre-
quency amplifiers, pentodes or tetrodes also are
used for audio-frequency power amplification. In
tubes designed for this purpose the chief function
of the screen is to serve as an accelerator 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 compared
with triodes of the same power output, although
harmonic distortion is somewhat greater.

Beam Tubes

A beam tetrode is a four-element screen-grid
tube constructed in such a way that the electrons
are formed into concentrated beams on their way
to the plate. Additional design features overcome
the effects of secondary emission so that a suppres-
sor grid is not needed. The ‘“‘beam” construction
makes it possible to draw large plate currents at
relatively low plate voltages, and increases the
power sensitivity.

For power amplification at both audio and
radio frequencies beam tetrodes have largely sup-
planted the non beam types because large power
outputs can be secured with very small amounts of
grid driving power.

Variable-ut Tubes

The mutual conductance of a vacuum tube
decreases when its grid bias is made more negative,
assuming that the other electrode voltages are held
constant. Since the mutual conductance controls
the amount of amplification, it is possible to adjust
the gain of the amplifier by adjusting the grid bias.
This method of gain control is universally used in
radio-frequency amplifiers designed for receivers.

The ordinary type of tube has what is known as
a sharp-cutoff characteristic. The mutual conduct-
ance decreases at a uniform rate as the negative
bias is increased. The amount of signal voltage that
such a tube can handle without causing distortion
is not sufficient to take care of very strong signals.
To overcome this, some tubes are made with a
variable-u characteristic — that is, the amplification
factor decreases with increasing grid bias. The
variable-i tube can handle a much larger signal
than the sharp-cutoff type before the signal swings
either beyond the zero grid-bias point or the
plate-current cutoff point.

INPUT AND OUTPUT IMPEDANCES

The input impedance of a vacuum-tube amplifi-
er is the impedance *“seen” by the signal source
when connected to the input terminals of the
amplifier. In the types of amplifiers previously
discussed, the input impedance is the impedance
measured between the grid and cathode of the tube
with operating voltages applied. At audio frequen-
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cies the input impedance of a Class A amplifier is
for all practical purposes the input impedance of
the stage. If the tube is driven into the grid-current
region there is in addition a resistance component
in the input impedance, the resistance having an
average value equal to E2/P, where E is the rms
driving voltage and P is the power in watts
consumed in the grid. The resistance usually will
vary during the ac cycle because grid current may
flow only during part of the cycle; also, the
grid-voltage/grid-current characteristic is seldom
linear.

The output impedance of amplifiers of this
type consists of the plate resistance of the tube
shunted by the output capacitance.

At radio frequencies, when tuned circuits are
employed, the input and output impedances are
usually pure resistances; any reactive components
are “‘tuned out” in the process of adjusting the
circuits to resonance at the operating frequency.

OTHER TYPES OF AMPLIFIERS

In the amplifier circuits so far discussed, the
signal has been applied between the grid and
cathode and the amplified output has been taken
from the plate-to-cathode circuit. That is, the
cathode has been the meeting point for the input
and output circuits. However, it is possible to use
any one of the three principal elements as the
common point. This leads to two additional kinds
of amplifiers, commonly called the grounded-grid
amplifier (or grid-separation circuit) and the cath-
ode follower.

These two circuits are shown in simplified form
in Fig. 3-17. In both circuits the resistor R
represents the load into which the amplifier works;
the actual load may be resistance-capacitance-
coupled, transformer-coupled, may be a tuned
circuit if the amplifier operates at radio frequen-
cies, and so on. Also, in both circuits the batteries
that supply grid bias and plate power are assumed
to have such negligible impedance that they do not
enter into the operation of the circuits.

Grounded-Grid Amplifier

In the grounded-grid amplifier the input signal
is applied between the cathode and grid, and the

Fig. 3-17 — In
the wupper cir-
cuit, the grid is
the junction
point between
the input and
output circuits
in the lower
drawing, the
plate is the junc-
tion. In either
case the output
is developed in
the load resistor,
R, and may be
coupled to a fol-
lowing amplifier
by the usual
methods.

(-
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Cathode Circuits and Grid Bias

output is taken between the plate and grid. The
grid is thus the common element. The ac compon-
ent of the plate current has to flow through the
signal source to reach the cathode. The source of
signal is in series with the load through the
plate-to-cathode resistance of the tube, so some of
the power in the load is supplied by the signal
source. In transmitting applications this fed-
through power is of the order of 10 percent of the
total power output, using tubes suitable for
grounded-grid service.

The input impedance of the grounded-grid
amplifier consists of a capacitance in parallel with
an equivalent resistance representing the power
furnished by the driving source of the grid and to
the load. This resistance is of the order of a few
hundred ohms. The output impedance, neglecting
the interelectrode capacitances, is equal to the
plate resistance of the tube. This is the same as in
the case of the grounded-cathode amplifier.

The grounded-grid amplifier is widely used at
vhf and uhf, where the more conventional amplifi-
er circuit fails to work properly. With a triode tube
designed for this type of operation, an rf amplifier
can be built that is free from the type of feedback
that causes oscillation. This requires that the grid
act as a shield between the cathode and plate,
reducing the plate-cathode capacitance to a very
low value.

Cathode Follower

The cathode follower uses the plate of the tube
as the common element. The input signal is applied
between the grid and plate (assuming negligible
impedance in the batteries) and the output is taken
between cathode and plate. This circuit is degener-
ative; in fact, all of the output voltage is fed back
into the input circuit out of phase with the grid
signal. The input signal therefore has to be larger
than the output voltage; that is, the cathode
follower gives a loss in voltage, although it gives the
same power gain as other circuits under equivalent
operating conditions.

An important feature of the cathode follower is
its low output impedance, which is given by the
formula (neglecting interelectrode capacitances)

r.
Zout = ﬁ%

where rp, is the tube plate resistance and U is the
amplification factor. Low output impedance is a
valuable characteristic in an amplifier designed to
cover a wide band of frequencies. In addition, the
input capacitance is only a fraction of the grid-to-
cathode capacitance of the tube, a feature of
further benefit in a wide-band amplifier. The
cathode follower is useful as a step-down imped-
ance transformer, since the input impedance is high
and the output impedance is low.

CATHODE CIRCUITS AND GRID BIAS

Most of the equipment used by amateurs is
powered by the ac line, This includes the filaments
or heaters of vacuum tubes. Although supplies for
the plate (and sometimes the grid) are usually
rectified and filtered to give pure dc — that is,
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direct current that is constant and without a
superimposed ac component — the relatively large
currents required by filaments and heaters usually
make a rectifier-type dc supply impracticable,

Filament Hum

Alternating current is just as good as direct
current from the heating standpoint, but some of
the ac voltage is likely to get on the grid and cause
a low-pitched “ac hum’ to be superimposed on the
output.

Hum troubles are worst with directly-heated
cathodes or filaments, because with such cathodes
there has to be a direct connection between the
source of heating power and the rest of the circuit,
The hum can be minimized by either of the
connections shown in Fig. 3-18. In both cases the
grid- and plate-return circuits are connected to the
electrical midpoint (center tap) of the filament
supply. Thus, so far as the grid and plate are
concerned, the voltage and current on one side of
the filament are balanced by an equal and opposite
voltage and current on the other side. The balance
is never quite perfect, however, so filament-type
tubes are never completely hum-free. For this
reason directly-heated filaments are employed for
the most part in power tubes, where the hum
introduced is extremely small in comparison with
the power-output level.

With indirectly heated cathodes the chief prob-
lem is the magnetic field set up by the heater.
Occasionally, also, there is leakage between the
heater and cathode, allowing a small ac voltage to
get to the grid. If hum appears, grounding one side
of the heater supply usually will help to reduce it,
although sometimes better results are obtained if
the heater supply is center-tapped and the center-
tap grounded, as in Fig. 3-18.

Cathode Bias

In the simplified amplifier circuits discussed in
this chapter, grid bias has been supplied by a
battery. However, in equipment that operates from
the power line, cathode bias is almost universally
used for tubes that are operated in Class A
(constant dc input).

The cathode-bias method uses a resistor (cath-
ode resistor) connected in series with the cathode,
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Fig. 3-18 — Filament center-tapping methods for
use with directly heated tubes.
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Fig. 3-19 — Cathode biasing. R is the cathode
resistor and C is the cathode bypass capacitor.

as shown at R in Fig. 3-19. The direction of
plate-current flow is such that the end of the
resistor nearest the cathode is positive. The voltage
drop across R therefore places a negative voltage
on the grid. This negative bias is obtained from the
steady dc plate current.

If the alternating component of plate current
flows through R when the tube is amplifying, the
voltage drop caused by the ac will be degenerative
(note the similarity between this circuit and that of
Fig. 3-14A). To prevent this the resistor is by-
passed by a capacitor, C, that has very low
reactance compared with the resistance of R.
Depending on the type of tube and the particular
kind of operation, R may be between about 100
and 3000 ohms. For good bypassing at the low
audio frequencies, C should be 10 to 50 micro-
farads (clectrolytic capacitors are used for this
purpose). At radio frequencies, capacitances of
about 100 pF to 0.1 UF are used; the small values
are sufficient at very high frequencies and the
largest at low and medium frequencies. In the
range 3 to 30 megahertz a capacitance of .01 uF
is satisfactory.

The value of cathode resistor for an amplifier
having negligible dc resistance in its plate circuit
(transformer or impedance coupled) can easily be
calculated from the known operating conditions of
the tube. The proper grid bias and plate current
always are specified by the manufacturer. Knowing
these, the required resistance can be found by
applying Ohm’s Law,

Example: It is found from tube tables that the tube to
be used should have a negative grid bias of 8 volts and that
at this bias the plate current will be 12 milliamperes (0.012
amp). The required cathode resistance is then

rR=£- 8

7 0]2~667 ohms

The nearest standard value, 680 ohms, would be close
enough, The power used in the resistor is

P=ElI=8X .012=0.096 watt

A 1/4-watt or 1/2-watt resistor would have ample rating.

The current that flows through R is the total
cathode current. In an ordinary triode amplifier
this is the same as the plate current, but in a
screen-grid tube the cathode current is the sum of
the plate and screen currents. Hence these two
currents must be added when calculating the value
of cathode resistor required for a screen-grid tube.
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Example: A receiving pentode requires 3 volts negative
bias. At this bias and the recommended plate and screen
voltages, its plate current is 9 mA and its screen current is 2
mA. The cathode current is therefore 11 mA (0.011 amp).
The required resistance is

R=%= —3“=2720hms

A 270-ohm resistor would be satisfactory. The power in the
resistor is

P=El=3X0.011= .033 watt

The cathode-resistor method of biasing is self-
regulating, because if the tube characteristics vary
slightly from the published values (as they do in
practice) the bias will increase if the plate current
is slightly high, or decrease if it is slightly low. This
tends to hold the plate current at the proper value.

Calculation of the cathode resistor for a resist-
ance-coupled amplifier is ordinarily not practicable
by the method described above, because the plate
current in such an amplifier is usually much smaller
than the rated value given in the tubg tables.
However, representative data for the tubes com-
monly used as resistance-coupled amplifiers are
given in the chapter on audio amplifiers, including
cathode-resistor values.

“Contact Potential” Bias

In the absence of any negative bias voltage on
the grid of a tube, some of the electrons in the
space charge -will have enough velocity to reach the
grid. This causes a small current (of the order of
microamperes) to flow in the external circuit
between the grid and cathode. If the current is
made to flow through a high resistance — a
megohm or so — the resulting voltage drop in the
resistor will give the grid a negative bias of the
order of one volt. The bias so obtained is called
contact-potential bias.

Contact-potential bias can be used to advantage
in circuits operating at low signal levels (less than
one volt peak) since it eliminates the cathode-bias
resistor and bypass capacitor. It is principally used
in low-level resistance-coupled audio amplifiers.
The bias resistor is connected directly between grid
and cathode, and must be isolated from the signal
source by a blocking capacitor.

Screen Supply

In practical circuits using tetrodes and pentodes
the voltage for the screen frequently is taken from
the plate supply through a resistor. A typical
circuit for an rf amplifier is shown in Fig. 3-20.
Resistor R is the screen dropping resistor, and C is
the screen bypass capacitor. In flowing through R,
the screen current causes a voltage drop in R that
reduces the plate-supply voltage to the proper
value for the screen. When the plate-supply voltage
and the screen current are known, the value of R
can be caluclated from Ohm’s Law.

Example: An rf receiving pentode has a rated screen
current of 2 milliamperes (0.002 amp) at normal operating
conditions. The rated screen voltage is 100 volts, and the
plate supply gives 250 volts. To put 100 volts on the screen,
the drop across R must be equal to the difference between
the plate-supply voitage and the screen voltage; that is,
250 - 100 = 150 volts, Then
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Fig. 3-20 — Screen-voltage supply for a pentode
tube through a dropping resistor, R. The screen
bypass capacitor, C, must have low enough react-
ance to bring the screen to ground potential for the
frequency or frequencies being amplified.
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=£=-150 -
R I 602 75,000 ohms

The power to be dissipated in the resistor is
P=El=150X .002=0.3 walt

A 1/2- or 1-watt resistor would be satisfactory.

The reactance of the screen bypass capacitor, C,
should be low compared with the screen-to-
cathode impedance. For radio-frequency applica-
tions a capacitance in the vicinity of .01 uF is
amply large.

In some vacuum-tube circuits the screen voltage
is obtained from a voltage divider connected across
the plate supply. The design of voltage dividers is
discussed at length elsewhere in this book.

OSCILLATORS

It was mentioned earlier that if there is enough
positive feedback in an amplifier circuit, self-sus-
taining oscillations will be set up. When an amplifi-
er is arranged so that this condition exists it is
called an oscillator.

Oscillations normally take place at only one
frequency, and a desired frequency of oscillation
can be obtained by using a resonant circuit tuned
to that frequency. For example, in Fig. 3-21A the
circuit LC is tuned to the desired frequency of
oscillation. The cathode of the tube is connected
to a tap on coil L and the grid and plate are
connected to opposite ends of the tuned circuit.
When an rf current flows in the tuned circuit there
is a voltage drop across L that increases progressive-
ly along the turns. Thus the point at which the tap
is connected will be at an intermediate potential
with respect to the two ends of the coil. The
amplified current in the plate circuit, which flows
through the bottom section of L, is in phase with
the current already flowing in the circuit and thus
in the proper relationship for positive feedback.

The amount of feedback depends on the
position of the tap. If the tap is too near the grid
end the voltage drop between grid and cathode is
too small to give enough feedback to sustain
oscillation, and if it is too near, the plate end of the
impedance between the cathode and plate is too
small to permit good amplification. Maximum
feedback usually is obtained when the tap is
somewhere near the center of the coil.

The circuit of Fig. 3-21A is parallel-fed, Cyp
being the blocking capacitor. The value of Cy, is
not critical so long as its reactance is low (not more
than a few hundred ohms) at the operating
frequency.

Capacitor Cg is the grid capacitor. It and Rg
(the grid leak) are used for the purpose of
obtaining grid bias for the tube. In most oscillator
circuits the tube generates its own bias. During the
part of the cycle when the grid is positive with
respect to the cathode, it attracts electrons. These
electrons cannot flow through L back to the
cathode because Cy “blocks™ direct current. They
therefore have to flow or “leak” through Rg to
cathode, and in doing so cause a voltage drop in Rg
that places a negative bias on the grid. The amount

of bias so developed is equal to the grid current
multiplied by the resistance of Ry (Ohm’s Law).
The value of grid-leak resistance required depends
upon the kind of tube used and the purpose for
which the oscillator is intended. Values range all
the way from a few thousand to several hundred
thousand ohms. The capacitance of Cg should be
large enough to have low reactance (a few hundred
ohms) at the operating frequency.

The circuit shown at B in Fig. 3-21 uses the
voltage drops across two capacitors in series in the
tuned circuit to supply the feedback. Other than
this, the operation is the same as just described.
The feedback can be varied by varying the ratio of
the reactance of C1 and C2 (that is, by varying the
ratio of their capacitances).

Another type of oscillator, called the tuned-
plate tuned-grid circuit, is shown in Fig. 3-22.
Resonant circuits tuned approximately to the same
frequency are connected between grid and cathode
and between plate and cathode. The two coils, L1

Cq RFC
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—0-

COLPITTS CIRCUIT

Fig. 3-21 — Basic oscillator circuits. Feedback
voltage is obtained by tapping the grid and cathode
across a portion of the tuned circuit. In the Hartley
circuit the tap is on the coil, but in the Colpitts
circuit the voltage is obtained from the drop across
a capacitor.
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Fig. 3-22 — The tuned-plate tuned-grid oscillato:.

and L2, are not magnetically coupled. The feed-
back is through the grid-plate capacitance of the
tube, and will be in the right phase to be positive
when the plate circuit, C2-L2, is tuned to a slightly
higher frequency than the grid circuit, L1-C1.The
amount of feedback can be adjusted by varying the
tuning of either circuit. The frequency of oscilla-
tion is determined by the tuned circuit that has the
higher Q. The grid leak and grid capacitor have the
sanie functions as in the other circuits. In this case
it is convenient to use series feed for the plate
circuit, so Cy, is a bypass capacitor to guide the rf
current around the plate supply.

There are many oscillator circuits (examples of
others will be found in later chapters) but the basic
feature of all of them is that there is positive
feedback in the proper amplitude and phase to
sustain oscillation.

Oscillator Operating Characteristics

When an oscillator is delivering power to a load,
the adjustment for proper feedback will depend on
how heavily the oscillator is loaded — that is, how
much power is being taken from the circuit. If the
feedback is not large enough — grid excitation too
small — a small increase in load may tend to throw
the circuit out of oscillation. On the other hand,

- too much feedback will make the grid current
excessively higher, with the result that the power
loss in the grid circuit becomes larger than
necessary. Since the oscillator itself supplies this
grid power, excessive feedback lowers the over-all
efficiency because whatever power is used in the
grid circuit is not available as useful output.

One of the most important considerations in
oscillator design is frequency stability. The princi-
pal factors that cause a change in frequency are (1)
temperature, (2) plate voltage, (3) loading, (4)
mechanical variations of circuit elements. Tempera-
ture changes will cause vacuum-tube elements to
expand or contract slightly, thus causing variations
in the interelectrode capacitances. Since these are
unavoidably part of the tuned circuit, the frequen-
cy will change correspondingly. Temperature
changes in the coil or the tuning capacitor will alter
the inductance or capacitance slightly, again caus-
ing a shift in the resonant frequency. These effects
are relatively slow in operation, and the frequency
change caused by them is called drift.

A change in plate voltage usually will cause the
frequency to change a small amount, an effect
called dynamic instability. Dynamic instability can
be reduced by using a tuned circuit of high
effective Q. The energy taken from the circuit to
supply grid losses, as well as energy supplied to a
load, represent an increase in the effective resist-
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ance of the tuned circuit and thus lower its Q. For
highest stability, therefore, the coupling between
the tuned circuit and the tube and load must be
kept as loose as possible. Preferably, the oscillator
should not be required to deliver power to an
external circuit, and a high value of grid leak
resistance should be used since this helps to raise
the tube grid and plate resistances as seen by the
tuned circuit. Loose coupling can be effected in a
variety of ways — one, for example, is by ‘“‘tapping
down’” on the tank for the connections to the grid
and plate. This is done in the ‘series-tuned”
Colpitts circuit widely used in variable-frequency
oscillators for amateur transmitters and described
in a later chapter. Alternatively, the L/C ratio may
be made as small as possible while sustaining stable
oscitlations (high C) with the grid and plate
connected to the ends of the circuit as shown in
Figs. 3-21 and 3-22. Using relatively high plate
voltage and low plate current also is desirable.

In general, dynamic stability will be at maxi-
mum when the feedback is adjusted to the least
value that permits reliable oscillation. The use of a
tube having a high value of transconductance is
desirable, since the higher the transconductance
the looser the permissible coupling to the tuned
circuit and the smaller the feedback required.

Load variations act in much the same way as
plate-voltage variations. A temperature change in
the load may also result in drift.

Mechanical variations, usually caused by vibra-
tions, cause changes in inductance and/or capaci-
tance that in turn cause the frequency to “‘wobble”
in step with the vibration.

Methods of minimizing frequency variations in
oscillators are taken up in detail in later chapters.

Ground Point

In the oscillator circuits shown in Figs. 3-21
and 3-22 the cathode is connected to ground. It is
not actually essential that the radio-frequency
circuit should be grounded at the cathode; in fact,
there are many times when an rf ground on some
other point in the circuit is desirable. The rf
ground can be placed at any point so long as
proper provisions arc made for feceding the supply
voltages to the tube elements.

Fig. 3-23 shows the Hartley circuit with the
plate end of the circuit grounded. The cathode and
control grid are *“‘above ground,” so far as the f is
concerned. An advantage of such a circuit is that
the frame of the tuning capacitor can be grounded.
The Colpitts circuit can also be used with the plate
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Fig. 3-23 — Showing how the plate may be
grounded for rf in a typical oscillator circuit
(Hartley).
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grounded and the cathode above ground; it is only
necessary to feed the dc to the cathode through an
rf choke.

A tetrode or pentode tube can be used in any
of the popular oscillator circuits. A common
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variation is to use the screen grid of the tube as the
anode for the Hartley or Colpitts oscillator circuit.
It is usually used in the grounded anode circuit,
and the plate circuit of the tube is tuned to the
second harmonic of the oscillator frequency.

CLIPPING CIRCUITS

Vacuum tubes are readily adaptable to other
types of operation than ordinary (without substan-
tial distortion) amplification and the generation of
single-frequency oscillations. Of particular interest
is the clipper or limiter circuit, because of its
several applications in receiving and other equip-
ment.

Diode Clipper Circuits

Basic diode clipper circuits are shown in Fig.
3-24. In the series type a positive dc bias voltage is
applied to the plate of the diode so it is normally
conducting. When a signal is applied the current
through the diode will change proportionately
during the time the signal voltage is positive at the
diode plate and for that part of the negative half of
the signal during which the instantaneous voltage
does not exceed the bias. When the negative signal
voltage exceeds the positive bias the resultant
voltage at the diode plate is negative and there is
no conduction. Thus part of the negative half cycle
is clipped as shown in the drawing at the right. The
level at which clipping occurs depends on the bias
voltage, and the proportion of signal clipping
depends on the signal strength in relation to the
bias voltage. If the peak signal voltage is below the
bias level there is no clipping and the output wave
shape is the same as the input wave shape, as
shown in the lower sketch. The output voltage
results from the current flow through the load
resistor R.

In the shunt-type diode clipper negative bias is
applied to the plate so the diode is normally
nonconducting. In this case the signal voltage is fed
through the series resistor R to the output circuit
(which must have high impedance compared with
the resistance of R). When the negative half of the
signal voltage exceeds the bias voltage the diode
of one tube increases when the plate current of the
other decreases.) Thus the circuit clips both posi-
tive and negative peaks. The clipping is symmetri-
cal, providing the dc voltage drop in R2 is small
enough so that the operating conditions of the two
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+ T A shunt diode clippers.
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Fig. 3-25 — Triode clippers. A — Single triode,
using shunt-type diode clipping in the grid circuit
for the positive peak and platecurrent cut-off
clipping for the negative peak. B — Cathode-
coupled clipper, using platecurrent cutoff clipping
for both positive and negative peaks.

conducts, and because of the voltage drop in R
when current flows the output voltage is reduced.
By proper choice of R in relationship to the load
on the output circuit the clipping can be made
equivalent to that given by the series circuit. There
is no clipping when the peak signal voltage is below
the bias level.

Two diode circuits can be combined so that
both negative and positive peaks are clipped.

Triode Clippers

The circuit shown at A in Fig. 3-25 is capable
of clipping both negative and positive signal peaks.
On positive peaks its operation is similar to the
shunt diode clipper, the clipping taking place when
the positive peak of the signal voltage is large
enough to drive the grid positive. The positive-
clipped signal is amplified by the tube as a
resistance-coupled amplifier. Negative peak clip-
ping occurs when the negative peak of the signal
voltage exceeds the fixed grid bias and thus cuts
off the plate current in the output circuit.

In the cathode-coupled clipper shown at B in
Fig. 3-25, V1 is a cathode follower with its output
circuit directly connected to the cathode of V2,
which is a grounded-grid amplifier. The tubes are
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biased by the voltage drop across R1, which carries
the dc plate currents of both tubes. When the
negative peak of the signal voltage exceeds the dc
voltage across R1 clipping occurs in V1, and when
the positive peak exceeds the same value of voltage
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V2’s plate current is cut off. (The bias developed in
R1 tends to be constant because the plate current
tubes are substantially the same. For signal voltages
below the clipping level the circuit operates as a
normal amplifier with low distortion.

UHF AND MICROWAVE TUBES

The Klystron

In the klystron tube the electrons emitted by
the cathode pass through an electric field establish-
ed by two grids in a cavity resonator called the
buncher. The hf electsic field between the grids is
parallel to the electron stream. This field acceler-
ates the electrons at one moment and retards them
at another with the variations of the rf voltage
applied. The resulting velocity-modulated beam
travels through a field-free “drift space,” where the
slower-moving electrons are gradually overtaken by
the faster ones. The electrons emerging from the
pair of grids therefore are separated into groups or
“bunched” along the direction of motion. The
velocity-modulated electron stream then goes to a
catcher cavity where it again passes through two
parallel grids, and the rf currcnt created by the
bunching of the electron beam reduces an rf
voltage between the grids. The catcher cavity is
made resonant at the frequency of the velocity-
modulated electron beam, so that an oscillating
field is set up within it by the passage of the
electron bunches through the grid aperture.

If a feedback loop is provided between the two
cavities, as shown in Fig. 3-26, oscillations will
occur. The resonant frequency depends on the
electrode voltages and on the shape of the cavities,
and may be adjusted by varying the supply voltage
and alterning the dimensions of the cavities.
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Fig. 3-26 — Circuit diagram of the klystron
oscillator, showing the feedback loop couptling the
frequency-controlling cavities.

Although the bunched beam current is rich in
harmonics the output wave form is remarkably
pure because the high Q of the catcher cavity
suppresses the unwanted harmonics.



Semiconductor

Materials whose conductivity falls approximate-
ly midway between that of good conductors (e.g.,
copper) and good insulators (e.g., quartz) are called
semiconductors, Some of these materials (primarily
germanium and silicon) can, by careful processing,
be used in solid-state electronic devices that
perform many or all of the functionsof thermionic
tubes. In many applications their small size, long
life and low power requirements make them
superior to tubes,

The conductivity of a material is proportional
to the number of free electrons in the material.
Pure germanium and pure silicon crystals have
relatively few free electrons. If, however, carefully
controlled amounts of “impurities’” (materials
having a different atomic structure, such as arsenic
or antimony) are added the number of free
electrons, and consequently the conductivity, is
increased. When certain other impurities are
introduced (such as aluminum, gallium or indium),
an electron deficiency, or hole, is produced. As in
the case of free electrons, the presence of holes
encourages the flow of electrons in the semicon-
ductor material, and the conductivity is increased.
Semiconductor material that conducts by virtue of
the free electrons is called n-type material; material
that conducts by virtue of an electron deficiency is

called p-type.

Electron and Hole Conduction

If a piece of p-type material is joined to a piece
of n-type material as at A in Fig. 4-1 and a voltage
is applied to the pair as at B, current will flow
across the boundary or junction between the two
(and also in the external circuit) when the battery
has the polarity indicated. Electrons, indicated by
the minus symbol, are attracted across the junction
from the n material through the p material to the
positive terminal of the battery, and holes,
indicated by the plus symbol, are attracted in the
opposite direction across the junction by the
negative potential of the battery. Thus current
flows through the circuit by means of electrons
moving one way and holes the other.

If the battery polarity is reversed, as at C, the
excess electrons in the n material are attracted
away from the junction and the holes in the p
material are attracted by the negative potential of
the battery away from the junction. This leaves the
junction region without any current carriers,
consequently there is no conduction.

In other words, a junction of p- and n-type
materials constitutes a rectifier. It differs from the

Typical silicon and germanium diodes of the
present era, The larger units are designed to handie
high current.
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Fig. 4-1 — A p-n junction (A) and its
behavior when conducting {(B) and
nonconducting {C).

tube diode rectifier in that there is a measurable,
although comparatively very small, reverse current.
The reverse current results from the presence of
some carriers of the type opposite to those which
principally characterize the material.

With the two plates separated by practically
zero spacing, the junction forms a capacitor of
relatively high capacitance. This places a limit on
the upper frequency at which semiconductor
devices of this construction will operate, as
compared with vacuum tubes. Also, the number of
excess electrons and holes in the material depends
upon temperature, and since the conductivity in
turn depends on the number of excess holes and
electrons, the device is more temperature sensitive
than is a vacuum tube,

Capacitance may be reduced by making the
contact area very small. This is done by means of a
point contact, a tiny p-type region being formed
under the contact point during manufacture when
n-type material is used for the main body of the
device.

SEMICONDUCTOR DIODES

Point-contact and junction-type diodes are used
for many of the same purposes for which tube

RN
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Fig. 4-2 — At A, a germanium point-contact diode.
At B, construction of asilicon junction-type diode.
The symbol at C is used for both diode types and
indicates the direction of minimum resistance
measured by conventional methods. At C, the
arrow corresponds to the plate (anode) of a
vacuum-tube diode. The bar represents the tube’s
cathode element.

diodes are used. The construction of such diodes is
shown in Iig. 4-2. Germanium and silicon are the
most widely used materials; silicon finds much
application as a microwave mixer diode. As
compared with the tube diode for rf applications,
the semiconductor point-contact diode has the
advantages of very low interelectrode capacitance
(on the order of 1 pF or less) and not requiring any
heater or filament power.

The germanium diode is characterized by
relatively large current flow with small applied
voltages in the “‘forward” direction, and small,
although finite, current flow in the reverse or
“back” direction for much larger applied voltages.
A typical characteristic curve is shown in Fig. 4-3.
The dynamic resistance in cither the forward or
back direction is determined by the change in
current that occurs, at any given point on the
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SEMICONDUCTOR DEVICES

curve, when the applied voltage is changed by a
small amount. The forward resistance shows some
variation in the region of very small applied
voltages, but the curve is for the most part quite
straight, indicating fairly constant dynamic resist-
ance. For small applied voltages, the forward
resistance is of the order of 200 ohms or less in
most such diodes. The back resistance shows
considerable variation, depending on the particular
voltage chosen for the measurement. It may run
from a few thousand ohms to well over a megohm.
In applications such as meter rectifiers for rf
indicating instruments (rf voltmeters, wavemeter
indicators, and so on) where the load resistance
may be small and the applied voltage of the order
of several volts, the resistances vary with the value
of the applied voltage and are considerably lower.

Junction Diodes

Junction-type diodes made of silicon are
employed widely as rectifiers. Depending upon the
design of the diode, they are capable of rectifying
currents up to 40 or 50 amperes, and up to reverse
peak voltages of 2500. They can be connected in
series or in parallel, with suitable circuitry, to
provide higher capabilities than those given above.
A big advantage over thermionic rectifiers is their
large surge-to-average-current ratio, which makes
them suitable for use with capacitor-only filter
circuits. This in tum leads to improved no-load-to-
full-load voltage characteristics. Some considera-
tion must be given to the operating temperature of
silicon diodes, although many carry ratings to 150
degrees C or so. A silicon junction diode requires a
forward voltage of from 0.4 to 0.7 volts to
overcome the junction potential barrier.

Ratings

Semiconductor diodes are rated primarily in
terms of maximum safe inverse voltage (PIV or
PRV) and maximum average rectified current.
Inverse voltage is a voltage applied in the direction
opposite to that which would be read by a dc
meter connected in the current path.,

It is also customary with some types to specify
standards of performance with respect to forward
and back current. A minimum value of forward
current is usually specified for one volt applied.
The voltage at which the maximum tolerable back
current is spccified varies with the type of diode.

Zener Diodes

The Zener diode is a special type of silicon
junction diode that has a characteristic similar to
that shown in Fig. 44. The sharp break from
non-conductance to conductance is called the
Zener knee; at applied voltages greater than this
breakdown point, the voltage drop across the diode
is cssentially constant over a wide range of
currents. The substantially constant voltage drop
over a wide range of currents allows this
semiconductor device to be used as a constant
voltage reference or control clement, in a manner
somewhat similar to the gaseous voltage-regulator
tube. Voltages for Zener-diode action range from a
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Fig. 44 — Typical characteristic of a Zener diode.
In this example, the voltage drop is substantially
constant at 30 volts in the {normally) reverse
direction. Compare with Fig. 4-3. A diode with this
characteristic would be called a ‘’30-volt Zener
diode.”
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few volts to several hundred and power ratings run
from a fraction of a watt to 50 watts.

Zener diodes can be connected in series to
advantage; the temperature coefficient is improved
over that of a single diode of equivalent rating and
the power-handling capability is increased.

Examples of Zener diode applications are given
in Fig. 4-5. The illustrations represent some of the
more common uses to which Zeners are put. Many
other applications are possible, though not shown
here.

Voltage-Variable Capacitor Diodes

Voltage-variable capacitors, Varicaps or varac-
tors, are p-n junction diodes that behave as
capacitors of rcasonable Q@ when biased in the
reverse direction. They are useful in many
applications because the actual capacitance value is
dependent upon the dc bias voltage that is applied.
In a typical capacitor the capacitance can be varied
over a 10-to-1 range with a bias change from 0 to

-100 volts. The current demand on the bias supply
is on the order of a few microamperes.

Typical applications include remote control of
tuned circuits, automatic frequency control of
receiver local oscillators, and simple frequency
modulators for communications and for sweep-
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Fig. 456 — Zener diodes have many practical uses. Shown at A, is a simple dc voltage regulator which
operates in the same manner as a gaseous regulator tube. Several Zener diodes can be connected in series
(B) to provide various regulated voltages. At C, the filament line of a tube is supplied with regulated dc
to enhance oscillator stability and reduce hum. In the circuit at D a Zener diode sets the bias fevel of an
rf power amplifier. Bias regulation is afforded the bipolar transistor at E by connecting the Zener diode
between base and ground. At F, the 18-volt Zener will clip peaks at and above 18 volts to protect 12-volt
mobile equipment. (High peaks are frequently caused by transients in the automotive ignition system.)
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tuning applications, Diodes used in these applica-
tions are frequently referred to as “Varicap” or
“Epicap” diodes.

An important transmitter application of the
varactor is as a high-efficiency frequency multipli-
er. The basic circuits for varactor doublers and
triplers are shown in I'ig. 46, at A and B. In these
circuits the fundamental frequency flows around
the input loop. Harmonics generated by the
varactor are passed to the load through a filter
tuned to the desired harmonic. In the case of the
tripler circuit at B, an idler circuit, tuned to the
second harmonic, is required. Tripling efficiencies
of 75 percent are not too difficult to come by, at
power levels of 10 to 25 watts.

Iig. 4-6C illustrates how a voltage-variable
capacitor diode can be used to tune a VI'O. These
diodes can be used to tune other f circuits also,
and are particularly useful for remote tuning such
as might be encountered in vehicular installations,
These diodes, because of their small size, permit
tuned-circuit assemblies to be quitc compact. Since
the Q@ of the diode is a vital consideration in
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Fig. 4-7 — Cross-sectional view of a hot-carrier
diode.
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Fig. 46 — Varactor frequency multipliers are
shown at A and B. In practice the tuned circuits
and impedance-matching techniques are somewhat
more complex than those shown in these
representative circuits. At C, a varactor diode is
used to vary the frequency of a typical JFET VFO.
As the dc voltage is changed by control R, the
junction capacitance of CR1 changes to shift the
resonant frequency of the tuned circuit.

such applications, this factor must be taken into
account when designing a circuit. Present-day
manufacturing processes have produced units
whose Qs are in excess of 200 at 50 MHz.

HOT-CARRIER DIODES

The hot-carrier diode is a high-frequency and
microwave semiconductor whose characteristics
fall somewhere between those of the point-contact
diode and the junction diode. The former is
comparable to the point-contact diode in high-
frequency characteristics, and exceeds it in
uniformity and reliability. The hot-carrier diode is
useful in high-speed switching circuits and as a
mixer, detector, and rectifier well into the
microwave spectrum. In essence, the hot-carrier
diode is a rectifying metal-semiconductor junction.
Typical metals used in combination with silicon of
either the n- or p-type are platinum, silver, gold or
palladium.

The hot-carrier diode utilizes a true Schottky
barrier, whereas the point-contact diode used a
metal whisker to make contact with the semicon-
ductor element. In a hot-carrier diode a planar area
provides a uniform contact potential and uniform
current distribution throughout the junction. This
geometry results in lower series resistance, greater
power capability, lower noise characteristics, and
considerably greater immunity to burnout from
transient pulses or spikes. A cross-sectional view of
a hot-carrier diode is shown in Fig. 4-7 (courtesy of
Hewlett Packard Associates). A comparison in
characteristics between a point-contact diode and a
hot-carrier diode is given in Fig. 4-8. Detailed
information on the characteristics of hot-carrier
diodes and their many applications is given in
Hewlett Packard Application Note 907,
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PIN Diodes

Another type of diode is the PIN diode. It
might more aptly be described as a variable resistor
than as a diode. In its intended application (at vhf
and higher) it does not rectify the applied signal,
nor does it generate harmonics. Its resistance is
controlled by dc or a low-frequency signal, and the
high-frequency signal which is being controlled by
the diode sees a constant polarity-independent
resistance. The dynamic resistance of the PIN
diode is often larger than 10,000 ohms, and its
junction capacitance is very low.

PIN diodes are used as variable shunt or series
resistive elements in microwave transmission lines,
and as agc diodes in the signal input lead to vhf and
uhf fm receivers. The PIN diode offers many
interesting possibilities.

IN21G
0 .1 3 5 7 3 10

FORWARD VOLTAGE
(REVERSE VOLTAGE = 10V /DIV.)

HPA2350

Fig. 4-8 — Curves showing the comparison in
characteristics between a 1N21G point-contact
diode and a Hewlett-Packard HPA2350 hot-carrier
diode.

TRANSISTORS

en cuc
AN ,}(L7 —A#H—

oEPLETION *EPLETIO

REGION SEGION

[\,II—VV:! ® ® = @ (,"E%YO.
=
L 'Y;m
—{r -+ H— J
Fig. 4-9 — lllustration of a junctionpnp transistor.

Capacitances Cbe and Cbc are discussed in the text,
and vary with changes in operating and signal
voltage.

Fig. 4-9 shows a “sandwich” made from two
layers of p-type semiconductor material with a thin
layer of n-type between. There are in effect two pn
junction diodes back to back. If a positive bias is
applied to the p-type material at the left, current
will flow though the left-hand junction, the holes
moving to the right and the electrons from the
n-type material moving to the left. Some of the
holes moving into the n-ty pe material will combine
with the electrons there and be neutralized, but
some of them also will travel to the region of the
right-hand junction.

If the pn combination at the right is biased
positively, as shown, there would normally be no
current flow in this circuit. However, there are now
additional holes available at the junction to travel
to point B and electrons can travel toward point 4,
so a current can flow even though this section of
the sandwich is biased to prevent conduction. Most
of the current is between A and B and does not
flow out through the common connection to the
n-ty pe material in the sandwich.

A semiconductor combination of this type is
called a transistor, and the three sections are
known as the emitter, base and collector,
respectively. The amplitude of the collector
current depends principally upon the amplitude of

the emitter current; that is, the collector current is
controlled by the emitter current.

Between cach p-n junction exists an arca known
as the depletion, or transition region. It is similar in
characteristics to a dielectric layer, and its width
varies in accordance with the operating voltage.
The semiconductor materials either side of the
depletion region consitute the plates of a capacitor.
The capacitance from base to emitter is shown as
Cpe (Fig. 4-9), and the collector-base capacitance is
represented as Cp. Changes in signal and operating
voltages cause a nonlinear change in these junction
capacitances, which must be taken into account
when designing some circuits. A base-emitter
resistance, rb’, also exists. The junction capaci-
tance, in combination with rb’ determines the
useful upper frequency limit (fT or fa) of a
transistor by establishing an RC time constant.

Power Amplification

Because the collector is biased in the back
direction the collector-to-base resistance is high.

This photo shows various modern-day bipolar and
fieldeffect transistors. Various case styles and
power classes are represented here.
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Fig. 4-10 — Schematic and pictorial representations
of junction-type transistors. In analogous terms the
base can be thought of as a tube’s grid, the
collector as a plate, and the emitter as a cathode.
(See Fig. 4-12.)

On the other hand, the emitter and collector
currents are substantially equal, so the power in
the collector circuit is larger than the power in the
emitter circuit (P = J2R, so the powers are
proportional to the respective resistances, if the
currents are the same). In practical transistors
emitter resistance is of the order of a few hundred
ohms while the collector resistance is hundreds or
thousands of times higher, so power gains of 20 to
40 dB or even more are possible.

Types

The transistor may be one of the types shown
in Fig. 4-10. The assembly of p- and n-types
materials may be reversed, so that pnp and npn
transistors are both possible.

The first two letters of the npn and pnp
designations indicate the respective polarities of
the voltages applied to the emitter and collector in
normal operation. In a pnp transistor, for example,
the emitter is made positive with respect to both
the collector and the base, and the collector is
made negative with respect to both the emitter and
the base.

Manufacturers are constantly working to
improve the performance of their transistors —
greater reliability, higher power and frequency
ratings, and improved uniformity of characteristics
for any given type number. Recent developments
provided the overlay transistor, whose emitter
structure is made pp of several emitters which are
joined together at a common case terminal. This
process lowers the basc-emitter resistance, rb’, and
improves the transistor’s input time constant,
which is determined by rb’ and the junction
capacitance of the device. The overlay transistor is
extremely useful in vhf and uhf applications, and is
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capable of high-power operation well above 1000
MHz. These transistors are quite useful as
frequency doublers and triplers, and are able to
provide an actual power gain in the process.

Another multi-emitter transistor has been
developed for use from hf through uhf, and should
be of particular interest to the radio amateur. It is
called a balanced-emitter transistor (BET), or
“ballasted” transistor. The transistor chip contains
several triode semiconductors whose bases and
collectors are connected in paraliel. The various
emitters, however, have built-in emitter resistors
(typically about 1 ohm) which provide a
current-limiting safety factor during overload
periods, or under conditions of significant
mismatch. Since the emitters are brought out to a
single case terminal the resistances are effectively
in parallel, thus reducing the combined emitter
resistances to a fraction of an ohm. (1f a significant
amount of resistance were allowed to exist it
would cause degeneration in the stage and would
lower the gain of the circuit.)

Most modern transistors are of the junction
variety. Various names have been given to the
several types, some of which are junction alloy,
mesa, and planar. Though their characteristics may
differ slightly, they are basically of the same family
and simply represent different physical properties
and manufacturing techniques.

Transistor Characteristics

An important characteristic of a transistor is its
beta (), or current-amplification factor, which is
sometimes expressed as hpg (static: forward-current
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Fig. 4-11 — Transit-time effects (in combination
with base-collector capacitance Cbc) can cause the
positive-feedback condition shown at A. Normally,
the phase of the collector signal of an amplifier is
the inverse of the base signal. Positive feedback can
be corrected by using unilateralization, feeding an
equal amount of opposite-phase signal back to the
base through Uc. Neutralization is shown at B, and
deals with negative feedback, as can be seen by the
phase relationships shown,
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transfer ratio) or hfe (small-signal forward-current
transfer ratio). Both symbols relate to the
grounded-emitter configuration. Beta is the ratio of
the basz current to the collector current. Thus, if a
base current of 1 mA causes the collector current
to rise to 100 mA the beta is 100. Typical betas for
junction transistors range from as low as 10 to as
high as scveral hundred.

A transistor’s alpha (@) is the ratio of the
emitter and collector currents. Symbols hppg (static
forward-current transfer ratio) and hfb (small-
signal forward-current transfer ratio), common-
base hookup, are frequently used in connection
with gain. The smaller the base current, the closer
the collector current comes to being equal to that
of the emitter, and the closer alpha comes to being
1. Alpha for a junction transistor is usually
between 0.92 and 0.98.

Transistors have frequency characteristics
which are of importance to circuit designers.
Symbol fp is the gain bandwidth product
(common-emitter) of the transistor. This is the
frequency at which the gain becomes unity, or |.
The expression ‘‘alpha cutoff” is frequently used
to express the useful upper-frequency limit of a
transistor, and this relates to the common-base
hookup. Alpha cutoff is the point at which the
gain is 0.707, its value at 1000 Hz.

Another factor which limits the upper frequen-
cy capability of a transistor is its transit time. This
is the period of time required for the current to
flow from emitter to collector, through the
semiconductor base material. The thicker the base
material, the greater the transit time. Hence, the
thicker the base material the more likelihood there
will be of phase shift of the signal passing through
it. At frequencies near and above fp or alpha
cutoff partial or complete phase shift can occur.
This will give rise to positive feedback because the
internal capacitance, Cy,, (Fig. 4-11) feeds part of
the in-phase collector signal back to the base. The
positive feedback can cause instability and
oscillation, and in most cases will interlock the
input and output tuned circuits of an rf amplifier
so that it is almost impossible to tune them
propetly. Positive feedback can be corrected by
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collector-voltage characteristic of a junction-type
transistor, for various emitter-current values. The
circuit shows the setup for taking such measure-

Fig. typical collector-current vs.

ments. Since the emitter resistance is low, a
current-limiting resistor, R, is connected in series
with the source of current. The emitter current can
be set at a desired value by adjustment of this
resistance.

=

COLLECTOR CURRENT-MA

0 20 30
COLLECTOR VOLTS

Fig. 4-13 — Collector current vs. collector voltage
for wvarious values of base current, for a
junction-type transistor. The values are determined
by means of the circuit shown.

using a form of neutralization called unilateraliza-
tion. In this case the feedback conditions are
balanced out. These conditions include a resistive
as well as a capacitive component, thus changing a
network from bilaterial to one which is unilateral.
Negative feedback caused by Cpe, on the other
hand, can be corrected by neutralization. Examples
of both techniques are given in Fig. 4-11.

Characteristic Curves

The operating characteristics of transistors can
be shown by a series of characteristic curves. One
such set of curves is shown in Fig. 4-12. It shows
the collector current vs. collector voltage for a
number of fixed values of emitter current.
Practically the collector current depends almost
entirely on the emitter current and is independent
of the collector voltage. The separation between
curves representing equal steps of emitter current is
quite uniform, indicating that almost distortionless
output can be obtained over the useful operating
range of the transistor.

Another type of curve is shown in Fig. 4-13,
together with the circuit used for obtaining it. This
also shows collector current vs collector voltage,
but for a number of different values of base
current. In this case the emitter element is used as
the common point in the circuit. The collector
current is not independent of collector voltage
with this type of connection, indicating that the
output resistance of the device is fairly low. The
base current also is quite low, which means that
the resistance of the base-emitter circuit is
moderately high with this method of connection.
This may be contrasted with the high values of
emitter current shown in Fig. 4-12.

Ratings

The principal maximum ratings for transistors
are collector dissipation, collector voltage, collect-
or current, and emitter current. Variations in these
basic ratings, such as maximum collector-to-base
voltage, are covered in the symbols chart later in
this chapter. The designer should study the
maximum ratings of a given transistor before
selecting it for use in a circuit.

The dissipation rating can be a troublesome
matter for an inexperienced designer. Techniques
must be employed to reduce the operating
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Fig. 4-14 — Basic transistor amplifier circuits. The
differences between modes is readily apparent.
Typical component values are given for use at
audio frequencies. The input and output phase
relationships are as shown,

temperature of power transistors, and this usually
requires that thermal-conducting materials (heat
sinks) be installed on the body of the transistor.
The specification sheets list the maximum
transistor dissipation in terms of case temperatures
up to 25 degrees €. Symbol T¢ is used for the case
temperature and P represents the total dissipa-
tion. Silicone grease is often used to assure proper
thermal transfer between the transistor and its heat
sink. Additional information on the use of heat
sinks is given in Chapter 18.

Excessive heat can lead to a condition known as
thermal runaway. As the transistor gets hotter its
internal resistance becomes lower, resulting in an
increase of emitter-to-collector and emitter-to-base
current. The increased current raises the dissipation
and further lowers the internal resistance. The
effects are cumulative, and eventually the tran-
sistor will be destroyed. It can be seen from this
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discussion that the use of heat sinks is important,
where applicable.

TRANSISTOR AMPLIFIERS

Amplifier circuits used with transistors fall into
one of three types, known as the common-base,
common-emitter, and common-collector circuits.
These are shown in I'ig. 4-14 in elementary form.
The three circuits correspond approximately to the
grounded-grid, grounded-cathode and cathode-
follower circuits, respectively, used with vacuum
tubes.

The important transistor parameters in these
circuits are the short-circuit current transfer ratio,
the cut-off frequency, and the input and output
impedances. The short-circuit current transfer ratio
is the ratio of a small change in output current to
the change in input current that causes it, the
output circuit being short-circuited. The cutoff
frequency was discussed earlier in this chapter. The
input and output impedances are, respectively, the
impedance which a signal source working into the
transistor would see, and the internal output
impedance of the transistor (corresponding to the
plate resistance of a vacuum tube, for example).

Common-Base Circuit

The input circuit of a common-base amplifier
must be designed for low impedance, since the
emitter-to-base resistance is of the order of 25/1
ohms, where [, is the emitter current in
milliamperes. The optimum output load impe-
dance, Ry, may range from a few thousand ohms
to 100,000, depending upon the requirements.

In this circuit the phase of the output
(collector) current is the same as that of the input
(emitter) current. The parts of these currents that
flow through the base resistance are likewise in
phase, so the circuit tends to be regenerative and
will oscillate if the current amplification factor is
greater than 1.

Common-Emitter Circuit

The common-emitter circuit shown in Fig. 4-14
corresponds to the ordinary grounded-cathode
vacuum-tube amplifier. As indicated by the curves
of Fig. 4-13, the base current is small and the input
impedance is therefore fairly high — several
thousand ohms in the average case. The collector
resistance is some tens of thousands of ohms,
depending on the signal source impedance. The
common-emitter circuit has a lower cutoff
frequency than does the common-base circuit, but
it gives the highest power gain of the three
configurations.

In this circuit the phase of the output
(collector) current is opposite to that of the input
(base) current so such feedback as occurs through
the small emitter resistance is negative and the
amplifier is stable.

Common-Collector Circuit

Like the vacuum-tube cathode follower, the
common-collector transistor amplifier has high
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input impedance and low output impedance. The
latter is approximately equal to the impedance of
the signal input source multiplied by (1 — a). The
input resistance depends on the load resistance,
being approximately equal to the load resistance
divided by (1 — @). The fact that input resistance is
directly related to the load resistance is a
disadvantage of this type of amplifier if the load is
one whose resistance or impedance varies with
frequency.
The current transfer ratio with this circuit is :
1
1-a

and the cut-off frequency is the same as in the
grounded-emitter circuit. The output and input
currents are in phase.

PRACTICAL CIRCUIT DETAILS

The bipolar transistor is no longer restricted to
use in low-voltage circuits. Many modem-day
transistors have voltage ratings as high as 1400.
Such transistors are useful in circuits that operate
directly from the 117-volt ac line, following
rectification. For this reason, battery power is no
longer the primary means by which to operate
transistorized equipment. Many low-voltage tran-
sistor types are capable of developing a consider-
able amount of af or rf power, hence draw amperes
of current from the power supply. Dry batteries
are seldom practical in circuits of this type. The
usual approach in powering high-current, high-
wattage transistorized equipment is to employ a
wet-cell storage battery, or operate the equipment
from a 117-volt ac line, stepping the primary
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voltage down to the desired level by means of a
transformer, then rectifying the ac with silicon
diodes.

Coupling and Impedance Matching

The methods used to couple the af or rf signal
into and out of transistor amplifier stages are
similar to those used with vacuum tubes. With
FETs the impedance values are similar to those of
tubes, but when working with bipolar transistors
the base and collector values can be as low as a few
ohms. This dictates a need for special techniques if
efficient power transfer is to be had. When working
with tubes the impedance of the input and output
elements is high because the voltages used are
relatively high, and the element currents are low.
To develop comparable power output from a
bipolar transistor it is necessary to have the device
draw high current, and since the transistor is
designed for low-voltage operation the impedance
of the circuit must therefore be low, assuming that
the stage is intended as a power amplifier, and that
it will be used in the common-emitter mode. The
input impedance can be increased, of course, by
using a common-collector hookup. Similarly, the
output impedance can be raised if one uses the
common-base configuration. However, most ampli-
fiers are connected for common-emitter operation,
and the discussion, therefore, will relate to that
mode.

When working with low-level audio amplifiers it
is common practice to employ standard RC
coupling techniques. The /R voltage drop across
the collector load resistors is tolerable in most
instances, and little attention is given to close
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Fig. 4-15 — Techniques for obtaining an impedance
match between the input port and its source, and
between the output port and its load. The circuits
shown here are used as rf amplifiers.
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Fig. 4-16 — An example of how the circuit polarity can be changed to accomodate either a positive or
negative power-supply ground. Npn transistors are shown here, but the same rules apply to pnp types.

matching of impedances. The simplicity of RC
coupling is desirable for reasons of cost and
compactness of assembly, and the loss in circuit
efficiency is an acceptable design tradeoff.
However, better efficiency is often a mandate in
circuit design, and the use of transformers for
impedance matching and coupling becomes an
important consideration. RC-coupling techniques
are seldom used at rf. Impedances are matched at
f by means of tuned transformers or networks
using LC constants. For obtaining the collector
load impedance in rf power amplifiers one must
use the formula

_ Vcc
RL = 35, (watts)

where Ry, = Collector load impedance at resonance
Vee = Dc operating voltage, collector to
emitter
P, = Desired or anticipated power output
in watts

Example: A PA or driver stage must deliver 8 watts to
its resistive load. The de voltage from collector to emitter is
12 (supply voltage). The Ry, is then

= Vec® 144
Ry, 2P, 16 9 ohms

Impedance matching between the collector of
the driver and the input circuit (base) of the driven
stage cannot so easily be solved. This is because the
input network must be able to tune out the input
capacitance (Cyn) of the transistor, which, in
combination with the package inductance of the
transistor presents a reactive impedance to the
driver stage. Unfortunately, this information is not
always given in the specifications for a particular
transistor. I'or this reason the matching network
must have a sufficient number of circuit variables
to permit the designer to adjust it for optimum
power transfer. The input reactance, plus the wide
range of input resistances (from a fraction of an
ohm to as much as several thousand ohms), makes
it difficult to offer a simple mathematical formula
to use for input-network design.

Practical methods for obtaining input and
output impedance matching are illustrated in Fig.
4-15. The circuits at A and C are quite basic, but
do not offer as much harmonic suppression as do
the circuits of B and D. Detailed information on
input- and output-network design is given in RCA

Power Circuits, Series SP-51, available from most
electronic stores.

Bias and Bias Stabilization

Transistors must be forward biased in order to
conduct significant current. In the npn design case
the collector and base must be positive with
respect to the emitter. The same is true when
working with a pnp device, but the base and
collector must be negative with respect to the
emitter. The required bias is provided by the
collector-to-emitter voltage, and by the emitter-to-
base voltage. These bias voltages cause two currents
to flow emitter-to-collector current and
emitter-to-base current. Either type of transistor,
pnp or npn, can be used with a negative- or
positive-ground power source by changing the
circuit hookup as shown in Fig. 4-16. Forward bias
is still properly applied in each instance. The lower
the forward bias, the lower the collector current.
As the forward bias is increased the collector
current rises and the junction temperature
increases. If the bias is continuously increased a
point will be reached where the transistor becomes
overloaded and burns out. This condition, called
thermal runaway was discussed earlier in the
chapter. To prevent damage to the transistor, some
form of bias stabilization should be included in the
design. Some practical bias-stabilization techniques
are given in Fig. 4-17. At A and B, R1 in series
with the emitter, is for the purpose of *‘swamping
out” the resistance of the emitter-base diode; this
swamping helps to stabilize the emitter current.
The resistance of R1 should be large compared
with that of the emitter-base diode, which is
approximately equal to 25 divided by the emitter
current in mA .

Since the current in R1 flows in such a
direction as to bias the emitter negatively with
respect to the base (a pnp transistor is assumed), a
base-emitter bias slightly greater than the drop in
R1 must be supplied. The proper operating point is
achieved through adjustment of voltage divider
R2R3, which is proportioned to give the desired
value of no-signal collector current.

In the transformer-coupled circuit, input signal
currents flow through R1 and R2, and there would
be a loss of signal power at the base-emitter diode
if these resistors were not bypassed by C1 and C2.
The capacitors should have low reactance com-
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Fig. 4-17 — Examples of bias-stabilization tech-

niques. A text discussion is given.

pared with the resistances across which they are
connected. In the resistance-coupled circuit R2
serves as part of the bias voltage divider and also as
part of the load for the signal-input source. As seen
by the signal source, R3 is in parallel with R2 and
thus becomes part of the input load resistance. C3
must have low reactance compared with the
parallel combination of R2R3 and the base-to-
emitter resistance of the transistor. The load
impedance will determine the reactance of C4.

The output load resistance in the transformer-
coupled case will be the actual load as reflected at
the primary of the transformer, and its proper
value will be determined by the transistor
characteristics and the type of operation (Class A,
B). The value of Ry, in the resistance-coupled
case is usually such as to permit the maximum ac
voltage swing in the collector circuit without
undue distortion, since Class-A operation is usual
with this type of amplifier.

Transistor currents are sensitive to temperature
variations, and so the operating point tends to shift
as the transistor heats. The shift in operating point
is in such a direction as to increase the heating,
leading to thermal runaway. The heat developed
depends on the amount of power dissipated in the
transistor, so it is obviously advantageous in this
respect to operate with as little internal dissipation
as possible; i.e., the dc input should be kept to the
lowest value that will permit the type of operation
desired and should never exceed the rated value for
the particular transistor used.

A contributing factor to the shift in operating
point is the collector-to-base leakage current
(usually designated /o) — that is, the current that
flows from the collector to base with the emitter

connection open. This current, which is highly
temperature sensitive, has the effect of increasing
the emitter current by an amount much larger than
Io itself, thus shifting the operating point in such
a way as to increase the collector current. This
effect is reduced to the extent that /oo can be
made to flow out of the base terminal rather than
through the base-emitter diode. In the circuits of
Fig. 4-17, bias stabilization is improved by making
the resistance of R1 as large as possible and both
R2 and R3 as small as possible, consistent with
gain and power-supply economy.

It is common practice to employ certain devices
in the bias networks of transistor stages to enhance
bias stability. Thermistors or diodes can be used to
advantage in such circuits. Examples of both
techniques are given in [ig. 4-17 at C and D.
Thermistors (temperature-sensitive resistors) can be
used to compensate the rapid increase in collector
current which is brought about by an increase in
temperature. As the temperature in that part of the
circuit increases, the thermistor’s resistance de-
creases, reducing the emitter-to-base voltage (bias).
As the bias is reduced in this manner, the collector
current tends to remain the same, thus providing
bias stabilization.

Resistors RS and R7 of Fig. 4-17D are selected
to give the most effective compensation over a
particular temperature range.

A somewhat better bias-stabilization method is
shown in Fig. 4-17C. In this instance, a diode is
used between the base of the transistor and
ground, replacing the resistor that is used in the
circuits at A and B. The diode establishes a fixed
value of forward bias and sets the no-signal
collector current of the transistor. Also, the diode
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bias current varies in direct proportion with the
supply voltage, tending to hold the no-signal
collector current of the transistor at a steady value.
If the diode is installed thermally close to the
transistor with which it is used (clamped to the
chassis near the transistor heat sink), it will provide
protection against bias changes brought about by
temperature excursions. As the diode temperature
increases so will the diode bias current, thus
lowering the bias voltage. Ordinarily, diode bias
stabilization is applied to Class B stages. With
germanium transistors, diode bias stabilization
reduces collector-current variations to approxi-
mately one fifth of that obtainable with thermistor
bias protection. With silicon transistors, the current
variations are reduced to approximately one-fif-
teenth the thermistor-bias value.

Frequency Stability

Parasitic oscillations are a common source of
trouble in transistor circuits. If severe enough in
magnitude they can cause thermal runaway and
destroy the transistor. Oscillation can’take place at
any frequency from just above dc to the f of the
device, and these parasitics can often pass
unnoticed if the waveforms are not examined with
an oscilloscope. In addition to posing a potential
danger to the device itself, the oscillations can
cause distortion and unwanted radiation of
spurious energy. In an amateur transmitter this
condition can lead to violation notices from the
FCC, interference to other services, and TVI. In
the case of receivers, spurious energy can cause
“birdies” and poor noise figures.

A transistor chosen for high-frequency opera-
tion (fp at least five times greater than the
proposed operating frequency) can easily oscillate
above the operating frequency if feedback
conditions are correct. Also, the device gain in the
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Fig. 4-18 — Various methods for assuring high- and

low-frequency circuit stability. (See text.)

spectrum below the operating frequency will be
very high, giving rise to low-frequency oscillation.
At vhf and uhf phase shifts come into play, and
this condition can encourage positive feedback,
which leads to instability. At these higher
frequencies it is wise to avoid the use of rf chokes
and coupling capacitors whenever possible. The
capacitors can cause shifts in phase (as can the base
semiconductor material in the transistor), and the
f chokes, unless of very low Q, can cause a
tuned-base tuned-collector condition. Some pre-
cautionary measures against instability are shown
in Fig. 4-18. At A, RFC1 has its Q lowered by the
addition of the 100-ohm series resistor. Alterna-
tively, RFCl could be shunted by a low-value
resistor, but at some sacrifice in driving power. One
or more ferrite beads can be slipped over the pigtail
of an rf choke to lower the Q of the inductor. This
method may be preferred in instances where the
addition of a low-value resistor might establish an
undesirable bias condition, as in the base return of
a Class C stage. Parasitic choke Z1 consists of three
ferrite beads slipped over a short piece of wire. The
choke is installed as close to the collector terminal
as possible. This low-Q choke will help prevent vhf
or uhf instability. RFC2 is part of the decoupling
network in the collector supply lead. It is bypassed
for the operating frequency by means of the
O1-UuF capacitor, but is also bypassed for low
frequencies by the addition of the 1-uF capacitor.
In the vhf amplifier at B, ZI and Z2 are
ferrite-bead chokes. They present a high impedance
to the base and collector elements, but because
they are low-Q chokes there is little chance for
them to permit a tuned-base tuned-collector
oscillation. At C, the stage operates Class A, a
typical arrangement in the low-level section of a
transmitter, and the emitter is above ground by
virtue of bias resistor R1. It must be bypassed to




Field-Effect Transistors

assure maximum stage gain. Here the emitter is
bypassed for the operating frequency and for vhf.
By not bypassing the emitter for low frequencies
the stage is degenerative at If. This will lessen the
chance of low-frequency oscillation. The supply
leads, however, are bypassed for the operating
frequency and for If, thus preventing unwanted
feedback between stages along the supply leads. Z1
is a ferrite-bead vhf/uhf parasitic choke. The
10-ohm resistor, R2, also helps suppress vhf
parasitics. The emitter lead should be kept as short
as possible in all three circuits to enhance stability
and to prevent degeneration at the operating
frequency. It is wise to use rf shields between the
input and output halves of the rf amplifier stage to
prevent unwanted coupling between the base and
collector tuned circuits. At operating frequencies
where toroid cores are suitable, the shields can
often be omitted if the tuned circuits use toroidal
inductors. Toroidal transformers and inductors
have self-shielding properties — an asset to the
designer.

FIELD-EFFECT TRANSISTORS

Still another semiconductor device, the field-
effect transistor, (FET) is superior to bipolar
transistors in many applications because it has a
high input impedance, its characteristics more
nearly approach those of a vacuum tube.

The Junction FET

Field-effect transistors are divided into two
main groups: junction FETs, and insulated-gate
FETs. The basic JFET is shown in Fig. 4-19.

The reason for the terminal names will become
clear later. A dc operating condition is set up by
starting a current flow between source and drain.
This current flow is made up of free electrons since
the semiconductor is n-type in the channel, so a
positive voltage is applied at the drain. This
positive voltage attracts the negatively charged free
electrons and the current flows (Fig. 4-20). The
next step is to apply a gate voltage of the polarity
shown in Fig. 4-20. Note that this reverse-biases
the gates with respect to the source, channel, and
drain. This reverse-bias gate voltage causes a
depletion layer to be formed which takes up part
of the channel, and since the electrons now have
less volume in which to move the resistance is
greater and the current between source and drain is
reduced. If a large gate voltage is applied the
depletion regions meet, causing pinch off, and
consequently the source-drain current is reduced
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Fig. 4-19 — The junction field-effect transistor.
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Fig. 4-20 — Operation of the JFET under applied
bias. A depletion region {light shading) is formed,
compressing the channel and increasing its
resistance to current flow.

nearly to zero. Since the large source-drain current
changed with a relatively small gate voltage, the
device acts as an amplifier. In the operation of the
JFET, the gate terminal is never foward biased,
because if it were the source-drain current would
all be diverted through the forward-biased gate
junction diode.

The resistance between the gate terminal and
the rest of the device is very high, since the gate
terminal is always reverse biased, so the JFET has a
very high input resistance. The source terminal is
the source of current carriers, and they are drained
out of the circuit at the drain. The gate opens and
closes the amount of channel current which flows
in the pinch-off region. Thus the operation of a
FET closely resembles the operation of the vacuum
tube with its high grid input impedance.
Comparing the JFET to a vacuum tube, the source
corresponds to the cathode, the gate to the grid,
and the drain to the plate.

Insulated-Gate FET

The other large family which makes up
fieldeffect transistors is the insulated-gate FET, or
IGFET, which is pictured schematically in Fig.
4-21. In order to set up a dc operating condition, a
positive polarity is applied to the drain terminal.
The substrate is connected to the source, and both
are at ground potential, so the channel electrons
are attracted to the positive drain. In order to
regulate this source-drain current, voltage is applied
to the gate contact. The gate is insulated from the
rest of the device by a layer of very thin dielectric
material, so this is not a p-n junction between the
gate and the device — thus the name insulated gate.
When a negative gate polarity is applied,
positive-charged holes from the p-type substrate

GATE
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Fig. 4-21 — The insulated-gate field-effect transis-
tor,
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Fig. 4-21 A—Typical JFET characteristic curves.

are attracted toward the gate and the conducting
channel is made more narrow; thus the source-
drain current is reduced. When a positive gate
voltage is connected, the holes in the substrate are
repelled away, the conducting channel is made
larger, and the source-drain current is increased.
The IGFET is more flexible since either a positive
or negative voltage can be applied to the gate. The
resistance between the gate and the rest of the
device is extremely high because they are separated
by a layer of thin dielectric. Thus the IGFET has
an extremely high input impedance. In fact, since
the leakage through the insulating material is
generally much smaller than through the reverse-
biased p-n gate junction in the JFET, the IGFET
has a much higher input impedance. Typical values
of R, for the IGFET are over a million megohms,
while Ri, for the JFET ranges from megohms to
over a thousand megohms. There are both
single-gate and dual-gate MOSFETs available. The
latter has a signal gate, Gate 1, and a control gate,
Gate 2. The gates are effectively in series making it
an casy matter to control the dynamic range of the
device by varying the bias on Gate 2. Dual-gate
MOSFETs are widely used as agc-controlled rf and
i-f amplifiers, as mixers and product detectors, and
as varigble attenuators. The isolation between the
gates is relatively high in mixer service. This helps
lessen oscillator “pulling” and reduces oscillator
radiation. The forward transadmittance (transcon-
ductance, or g,,,) of modern MOSFETs is as high as
18,000, and they are designed to operate
efficiently well into the uhf spectrum.

Characteristic Curves
The characteristic curves for the FETs des-
cribed above are shown in Figs.4-21A and 4-21B,
where  drain-source current is plotted against
drain-source voltage for given gate voltages.

40673
ORAIN
@ =
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Fig. 4-22 — Schematic presentation of a gate-
protected IGFET. Back-to-back Zener diodes are
bridged internally from gates 1 and 2 to the
source/substrate element.
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Classifications

Field-effect transistors are classed into two
main groupings for application in circuits, EN-
HANCEMENT MODE and DEPLETION MODE.
The enhancement-mode devices are those specific-
ally constructed so that they have no channel.
They become useful only when a gate voltage is
applied that causes a channel to be formed.
IGFETs can be used as enhancement-mode devices
since both polarities can be applied to the gate
without the gate becoming forward biased and
conducting,.

A depletion-mode unit corresponds to Figs.
4-19 and 4-21 shown earlier, where a channel exists
with no gate voltage applied. FFor the JFET we can
apply a gate voltage and deplete the channel,
causing the current to decrease. With the IGFET
we can apply a gate voltage of either polarity so
the device can be depleted (current decreased) or
enhanced (current increased).

To sum up, a depletion-mode FET is one which
has a channel constructed; thus it has a current
flow for zero gate voltage. Enhancement-mode
FETs are those which have no channel, so no
current flows with zero gate voltage.

Gate-Protected FETs

Most JI'ETs are capable of withstanding up to
80 volts pk-pk from gate to source before junction
damage occurs. Insulated-gate FETs, however, can
be damaged by allowing the leads to come in
contact with plastic materials, or by the simple act
of handling the leads with one’s fingers. Static
charges account for the foregoing, and the damage
takes the form of punctured dielectric between the
gate or gates and the remainder of the internal
clements. Devices of the MIFE3006 and 3N140
series are among those which can be easily
damaged.

Gate-protected IGFETs are currently available,
and their gates are able to withstand pk-pk voltages
(gate to source) of up to 10. Internal Zener diodes
are connected back to back from each gate to the
source/substrate element. The 40673 and 3N200
FETs are among the types which have built-in
Zener diodes. Dual-gate MOSFETs which are
gate-protected can be used as single-gate protected
FETs by connecting the two gate leads in parallel.
A gate-protected MOSFET is shown schematically
in Iig. 4-22,




Integrated Circuits

A coliection of modern ICs. Various case styles of
metal and epoxy materials are illustrated.

INTEGRATED CIRCUITS

Just as the term implies, integrated circuits
(ICs) contain numerous components which are
manufactured in such a way as to be suitably
interconnected for a particular application, and on
one piece of semiconductor base material. The
various elements of the IC are comprised of
bi-polar transistors, MOSFETs, diodes, resistances,
and capacitances. There are often as many as ten or
more transistors on a single IC chip, and frequently
their respective bias resistors are formed on the
chip. Generally speaking, ICs fall into four basic
categories — differential amplifiers, operational
amplifiers, diode or transistor arrays, and logic ICs.

IC Structures

The basic IC is formed on a uniform chip of
n-type or p-type silicon. Impurities are introduced
into the chip, their depth into it being determined
by the diffusion temperature and time. The
geometry of the plane surface of the chip is
determined by masking off certain areas, applying
photochemical techniques, and applying a coating
of insulating oxide. Certain arcas of the oxide
coating are then opened up to allow the formation
of interconnecting leads between sections of the
IC. When capacitors are formed on the chip, the
oxide serves as the dielectric material. Fig. 4-23
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shows a representative three-component IC in both
pictorial and schematic form. Most integrated
circuits are housed in TO-5 type cases, or in
flat-pack epoxy blocks. ICs may have as many as
12 or more leads which connect to the various
elements on the chip.

Ty pes of IC Amplifiers

Some ICs are called differential amplifiers and
others are known as operational amplifiers. The
basic differential-amplifier IC consists of a pair of
transistors that have similar input circuits. The
inputs can be connected so as to enable the
transistors to respond to the difference between
two voltages or currents. During this function, the
circuit effectively suppresses like voltages or
currents. For the sake of simplicity we may think
of the differential pair of transistors as a push-pull
amplifier stage. Ordinarily, the differential pair of
transistors are fed from a controlled, constant-
current source (Q3 in l'ig. 4-24A. Q! and Q2 are
the differential pair in this instance). Q3 is
commonly called a transistor current sink.
Excellent balance exists between the input
terminals of differential amplifiers because the
base-to-emitter voltages and current gains (beta) of
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Fig. 4-23 — Pictorial and schematic illustrations of
asimple IC device.
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Fig. 4-24 — At A, a representative circuit for a typical differential 1C. An Operational Amplifier IC is

illustrated at B, also in representative form,
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the two transistors are closely matched. The match
results from the fact that the transistors are formed
next to one another on the same silicon chip.

Differential ICs are useful as linear amplifiers
from dc to the vhf spectrum, and can be employed
in such circuits as limiters, product detectors,
frequency multipliers, mixers, amplitude modula-
tors, squelch, rf and i-f amplifiers, and even in
signal-generating applications. Although they are
designed to be used as differential amplifiers, they
can be used in other types of circuits as well,
treating the various IC components as discrete
units.

Operational-amplifier ICs are basically very-
high-gain direct-coupled amplifiers that rely on
feedback for control of their response characteris-
tics. They contain cascaded differential amplifiers
of the type shown in Fig. 4-24 A. A separate output
stage, Q6—Q7, Fig. 4-24B, is contained on the
chip. Although operational ICs can be successfully
operated under open-loop conditions, they are
generally controlled by externally applied negative
feedback. Operational amplifiers are most often
used for video amplification, as frequency-shaping
(peaking, notching, or bandpass) amplifiers, or as
integrator, differentiator, or comparator amplifiers.
As is true of differential ICs, operational ICs can be
used in circuits where they components are treated
as discrete units.

Diode ICs are also being manufactured in the
same manner as outlined in the foregoing section.
Several diodes can be contained on a single silicon
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wafer to provide a near-perfect match between
diode characteristics. The diode arrangement can
take the form of a bridge circuit, series-connected
groups, or as separate components. Diode ICs of
this kind are useful in balanced-modulator circuits,
or to any application requiring closely matched
diodes.

Fig. 4-25 demonstrates the versatility of just
one type of IC, an RCA CA3028A differential
amplifier. Its intemal workings are shown in Fig.
4-24A, permitting a comparison of the schematic
diagram and the block representations of Fig, 4-25.
The circuit at B in Fig. 4-25 is characterized by its
high input and output impedances (several
thousand ohms), its high gain, and its stability.
This circuit can be adapted as an audio amplifier
by using transformer or RC coupling. In the
circuits of B and C terminal 7 is used to manually
control the rf gain, but agc can be applied to that
terminal instead. In the circuit at D the CA3028A
provides low-noise operation and exhibits good
conversion gain as a product detector. The
CA3028A offers good performance from dc to 100
MHz.

PRACTICAL CONSIDERATIONS

Some modem-day ICs are designed to replace
nearly all of the discrete components used in
earlier composite equipment. One example can be
seen in the RCA CA3089E flat-pack IC which
contains nearly the entire circuit for an fm
receiver. The IC contains 63 bipolar transistors, 16
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diodes, and 32 resistors. The CA3089E is designed
for an i-f of 10.7 MHz and requires but one
outboard tuned circuit. The chip consists of an i-f
amplifier, quadrature detector, audio preamplifier,
age, afc, squelch, and a tuning-meter circuit.
Limiting of -3 dB takes place at the 12-uV input
level. When using an IC of this kind it is necessary
only to provide a frontend converter for the
desired frequency of reception, an audio amplifier,
and a power supply (plus speaker, level controls,
and meter).

Another complex IC, the CA3088E, is a nearly
complete a-m receiver chip (minus two i-f
transformers, tuned circuits for the mixer and
oscillator, audio power amplifier, gain control, and
power supply). The IC contains a converter, two i-f
amplifiers, a detector, and an audio preamplifier.
Terminals are available for sampling and using
internally developed agc, and delayed agc for use
with an outboard rf amplifier. A buffered output
signal is available for operating an S meter, and a
takeoff is provided for attachment of a tone
control. Operating voltage can be anything from 6
to 18 volts (positive), and an internal Zener diode
provides regulation of the operating voltages. With
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Fig. 4-27 — Transistor arrays offer unlimited
application because several circuit combinations
are possible. The CA3018A IC at A has a
Darlington<connected pair plus two separate
transistors. At B, two transistors are internally
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Fig. 4-26 — Complex modern ICs can be used to
advantage in miniature radio equipment. The
circuit at A is that of an fm module which needs
few additional components to complete a receiver.
Shown at B is an IC which contains the major
elements for building an a-m receiver.
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advances of this magnitude it becomes practical to
build miniature communications equipment which
can be made to operate as well as that which is
physically large and complex.

Block diagrams of the a-m and fm ICs are
shown in Fig. 4-26. The illustrations show how the
external components are connected. It becomes
apparent upon examination of Fig. 4-26 that either
IC could be used in combination with other
circuits to function as one section of a
double-conversion superheterodyne receiver. Al-
ternatively, both ICs could be employed in a single
receiver package to provide reception of a-m, fm,
cw, and ssb signals. A BFO circuit would, however,
be required to permit reception of ssb and cw
signals.
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connected in a differential amplifier fashion, Three
separate transistors are available for use in other
functions. The arrays shown here are useful into
the vhf spectrum.
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Other Uses for Complex 1Cs

There are a number of complicated opera-
tional-amplifier 1Cs that are suitable for use as
power-supply regulators. Terminals arc available
for detecting dc current overloading, thus provid-
ing automatic protection of the IC and any
external pass transistors that may be used.
Examples of power supplies which use regulator
ICs are given in Chapter 5.

TRANSISTOR ARRAYS

Transistor arrays (several bipolar npn transistors
on one chip, and with closely matched characteris-

DIGITAL-LOGIC

Digital logic is the term used to describe an
overall design procedure for electronic systems in
which *“on™ and “off” are the important words,
not “amplification,” *‘detection,” and other terms
commonly applied to most amateur equipment. It
is “digital” because it deals with discrete events
that can be characterized by digits or integers, in
contrast with linear systems in which an infinite
number of levels may be encountered. It is “logic™
because it follows mathematical laws, in which
“effect” predictably follows “cause.”

Just like linear integrated circuits, digital 1Cs
are manufactured in such a way that the internal
components are interconnected for particular
applications. Packaging of the digital ICs is the
same for their linear counterparts, with the full
package range pictured earlier being used. From
outward appearances, it would be impossible to tell
the difference between the two types of ICs except
from the identification numbers.

Linear ICs are constructed to respond to
continuously variable or analog signals, such as in
an amplifier. Digital devices, on the other hand,
generally have active components operating only in
either of two conditions — cutoff or saturation.
Digital ICs find much application in on-off
switching circuits, as well as in counting,
computation, memory-storage, and display circuits.
Operation of these circuits is based on binary
mathematics, so words such as “‘one™ and *‘zero”
have come into frequent use in digital-logic
terminotogy. These terms refer to specific voltage

SEMICONDUCTOR DEVICES

tics) should be of unlimited use to the
designer-experimenter. Types CA3018A and
CA304S5 represent inexpensive array-type ICs. The
former consists of two transistors arranged in a
Darlington configuration, plus two separate transis-
tors. The CA3045 is arranged to provide a
differential pair of transistors and three separate
transistors. Suggested uses for these devices are:
frequency multiplier, VIO multistage buffer,
wide-band amplifier, low-power transmitter, ampli-
fier/limiter, product detector/audio amplifier,
mixer-oscillator-buffer combinations. The circuits
for both arrays are given in Fig. 4-27.

INTEGRATED CIRCUITS

levels, and vary between manufacturers and
devices. Nearly always, a *“0” means a voltage near
ground, while *1” means whatever the manufactur-
er specifies. One must distinguish between
“positive logic™ and “negative logic.” In positive
logic, a 1 is more positive than a 0, though both
may be negative voltages. In negative logic, the
reverse is true. Often the terms “high™ and “‘low™
are used in reference to these voltage levels. The
definitions of these terms are the same for both
positive and negative logic. A “*high”™ is the most
positive or least negative potential, while a “‘low” is
the least positive or most negative.

For practical use in some applications it is
desirable to convert binary data into decimal
equivalents, such as in electronic counting and
display systems. In other applications, such as for
the graphic recording or metering of summations
or products of integers, it is convenient to convert
the digital data into analog equivalents. Specialized
integrated circuits designed to perform these
functions are also considered to be included in the
digital-1C category.

LOGIC SYMBOLS

With modern microcircuit technology, hun-
dreds of components can be packaged in a single
case. Rather than showing a forest of transistors,
resistors, and diodes, logic diagrams show symbols
based on the four distinctive shapes given in Fig.
4-28 at A through D. These shapes may be
“modified” or altered slightly, according to

From outward appearances, these three |Cs appear
to be identical. Although each is a J-K flip-flop,

there are differences in their characteristics.
Pictured at the left is a Texas Instruments
SN74H72N integrated circuit, called a J-K

master-slave flip-flop. {In single-unit quantities at
electronic mail-order houses, this device costs
approximately $4.50.) Shown in the center is a
Motorola MC1027P IC, which is a 120-MHz
ac-coupled J.K flip-flop (available for about $4.50
each). Both of these ICs might be considered
“universal’’ flip-flops, for they may be used in a
variety of ways. Shown at the right is a Motorola
MC726P, a simple J-K flip-flop (slightly more than
$1.00). (Price information is for late 1971.)
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specific functions performed. Examples are shown
at E through H of Fig. 4-28.

The square, Fig. 4-28D and H, may appear on
logic diagrams as a rectangle. This symbol is a
somewhat universal one, and thus must be
identified with supplemental information to
indicate the exact function. Internal labels are
usually used, Common identification labels are:

FF — Flip-flop

FL — Flip-flop latch
SS — Single shot

ST — Schmitt trigger.

Other logic functions may also be represented by
the square or rectangle, and the label should
adequately identify the function performed.
Unique identifying shapes are used for gates and
inverters, so these need no labels to identify the
function, Hardware- or package-identification in-
formation may appear inside any of the symbols
on logic diagrams.

TYPES OF DIGITAL ICs

Digital integrated circuits perform a variety of
functions, but these functions can generally be
cataloged into just a few categories: gates,
inverters, flip-flops, drivers and buffers, adders and
subtractors, registers, and memories, plus the
special-purpose ICs as mentioned carlier —
decoders and converters. Some of these types, such
as adders and subtractors, registers, and memories,
find use primarily in computer systems. More
universally used types of 1Cs are the inverters, gates
and flip-flops.

Inverters

A single chip in one IC package may be
designed to perform several functions, and these
functions can be independent of each other. One
example of an IC of this type is Motorola’s
MC789P, which bears the name, ‘hex inverter.”
This 1C contains six identical inverter sections. The
schematic diagram of one section is shown in Fig.
4-29A. In operation, 3.0 to 3.6 volts are applied
between +Vcc and ground. For this device in
positive-logic applications, a 0 is defined as any
potential less than approximately 0.6 volt, and a 1
is any voltage greater than about 0.8. With a logic 0
applied at the input, the transistor will be at or
near cutoff. Its output will be a potential near
+Vcc, or a logic 1. 1f the O at the input is replaced
by a 1, the transistor goes into saturation and its
output drops nearly to ground potential; a 0
appears at the output. The output of this device is
always the opposite or complement of the input
logic level. This is sometimes called a NOT gate,
because the input and output logic levels are not
the same, under any conditions of operation.

Shown at the right in Fig. 4-29A is the logic
symbol for the inverter. In all logic symbols, the
connections for +Vcc and the ground retumn are
omitted, although they are understood to be made.
The proper connections are given in the manufac-
turer’s data sheets, and, of course, must be made
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Fig. 4-28 — Distinctive symbols for digital fogic
diagrams. At A is shown an inverter, at B an AND
gate, at C an OR gate, and at D a flip-flop.
Additions to these basic symbols indicate specific
functions performed. A small circle, for example,
placed at the output point of the symbol, denotes
that inversion occurs at the output of the device.
Shown at E is an inverting AND or NAND gate,
and at F is an inverting OR or NOR gate. At G is
the symbol for an exclusive OR gate. The symbol
at H represents a J-K flip-flop.

before the device will operate properly. In the case
of all multiple-function ICs, such as the hex
inverter, a single ground connection and a single
+Vee connection suffice for all sections contained
in the package.

Gates

Another example of an IC containing several
independent functions in one package is Motorola’s
MC724P, a quad 2-input gate. Four gates are
contained in one chip. The schematic diagram and
logic symbols for a gate section are shown at B in
Fig. 4-29. As with the MC789P, a supply of 3.0 to
3.6 volts is used; for positive logic a 0 is a potential
less than 0.6 volt, and a 1 is a potential greater
than 0.8 volt. 1t may be seen from the schematic
diagram that the two transistors have an
independent input to cach base, but they share a
common collector resistor. Either transistor will be
saturated with a logic 1 applied at its input, and a 0
output will result. A O at the input of either
transistor will cause that transistor to be cut off,
but a 1 at the opposite input will hold the output
at 0. Thus, a 1 at either Input 1 or Input 2 will
cause a 0 (or a NOT 1) to appear at the output.
The NOT functions are usually written with a bar

over them, so 1 means the same thing as NOT 1,
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+Vee
640 ouTPUT
TP
INPUT _ INPUT t OUTPUT
450
INVERTER
(A)
GROUND
INPUT 1
+Vee ouTPUT
INPUT 2
640
OUTPUT = NOR GATE

(POSITIVE LOGIC)

INPUT 1
INPUT 1
450 ouTPUT
INPUT 2 = INPUT2
NAND GATE

(NEGATIVE LOGIC)

(8)

GROUND

Fig. 4-29 — Digital circuits and their equivalent
logic symbols. See text. Indicated resistor values
are typical.

and is expressed as NOT | when reading the term.
Logic-circuit operation can be expressed with
equations. Boolean algebra, a form of binary
mathematics, is used. These equations shouid not
be confused with ordinary algebraic equations. The
logic equation for the operation of the circuit in
IYig. 4-28A is 1 v 1 ="1. The little v means OR.
Sometimes “+” is used instead of “v.” In plain
words, the equation says that a 1 at Input 1 or
Input 2 will yield a NOT | at the output. This is
cquivalent of saying the circuit is an inverting OR
gate, or a NOT OR gate. This latter name is usually
contracted to NOR gate, the name by which the
circuit is known,

If the circuit of I'ig. 4-29B is used with negative
logic, circuit operation remains the same; only the
definitions of terms are changed. A logic 1, now, is
a voltage level less than 0.6, and a 0 is a level
greater than 0.8 volt. 1f a togic 1 is applied at both
inputs, 1 and 2, both transistors will be cut off.
The output is near +Vec, which is a logic 0 or NOT
1. The equation for this operation is 11 = 1,
where the dot mecans AND. In this way, with
negative logic, the circuit becomes an inverting
AND gate, or a NOT AND gatc or, more
commonly, a NAND gate. Manufacturers’ literature
frequently refers to this type of device as a
NAND/NOR gate, because it performs either
function.

Flip-Flops

1t is not necessary for the various functions on
a single chip to be identical. Motorola’s MC780P
IC, a decade up-counter, contains four flip-flops,
an inverter, and a 2-input gate, These functions are
interconnected to provide divide-by-10 operation,
with ten input pulses required for every output
pulse which appears. Intermediate outputs are also
provided (in binary-coded form) so that the
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number of pulses which have entered the input can
be determined at all times. These binary-coded
decimal (BCD) outputs, after decoding, may be
used to operate decimal-readout indicators.

The term, medium-scale integration (MSI) is
frequently applied to ICs such as this decade
up-counter, which contains the equivalent of 15 or
more gates on a single chip. Large-scale integration
(LS describes ICs containing the cquivalent of
100 or more gates on a single chip. These terms,
when applied to a particular 1C, convey an idea of
the complexity of the circuitry.

A flip-flop is a device which has two outputs
that can be placed in various 1 and 0 combinations
by various input schemes. Basically, one output is a
I when the other is a 0, although situations do
occur (sometimes on purpose) where both outputs
arc alike. One output is called the Q output, or
“set” output, while the other is the Q (NOT Q) or
“resct” output. If @ = 1 and Q = 0, the flip-flop is
said to be “set” or in the ““1 state,” while for the
reverse, the flip-flop is *‘reset,” or *‘cleared,” or in
the ““0 state.” A variety of inputs exist, from which
the flip-flops derive their names.

The R-S flip-flop is the simplest type. lts
outputs change dircctly as a result of changes at its
inputs. The type T flip-flop “toggles,” *“‘flips,”” or
changes its state during the occurrence of a T
pulse, called a clock pulse. The T tlip-flop can be
considered as a special case of the J-K flip-flop
described later. The type D flip-flop acts as a
storage clement. When a clock pulse occurs, the
complementary status of the D input is transferred
to the Q output. The flip-flop remains in this state
even though the input may change, as it can change
states only when a clock pulse occurs.

Although there is some disagreement in the
nomenclature, a J-K flip-flop is generally consi-
dered to be a toggled or clocked R-S flip-flop. It
may also be used as a storage element. The J input
is frequently called the “set” or S input; the K is
called the “‘clear” or C input (not to be confused
with the clock input). The clock input is called 7,
as in the type 7T flip-flop. A clear-direct or Cp
input which overrides all other inputs to clear the
flip-flop to O is provided in most J-K flip-flop
packages. The logic symbol for the J-K flip-flop is
shown in I’ig. 4-28H. A simple J-K flip-flop circuit
contains 13 or 14 transistors and 16 or 18 resistors.

There are essentially two types of flip-flop
inputs, the dc or level-sensitive type, and the “‘ac”
or transistion-sensitive type. It should not be
concluded that an ac input is capacitively coupled.
This was true for the discrete-component flip-flops,
but capacitors just do not fit into microcircuit
dimensions. The construction of an ac input uses
the “master-stave” principle, where the actions of a
master flip-flop driving a stave flip-flop are
combined to produce a shift in the output level
during a transit of the input.

DIGITAL-LOGIC IC FAMILIES

There are seven categories or families of which
nearly all scmiconductor digital 1Cs are members.



Digital-Logic IC Families

Each family has its own inherent advantages and
disadvantages. Each is geared to its own particular
market, meeting a specific set of needs.

Resistor-Transistor Logic — RTL

RTL is known primarily for its economy. It is
well named, since it contains resistors and
transistors exclusively. The circuits of Fig. 4-29 are
RTL. Advantages of the RTL family are economy,
ease of use in system designs, ease of interface with
discrete components, and high speed—power
product. There are a wide number of functions
available in this family. Disadvantages are low
immunity to voltage noise (transients, rf pickup,
and the like), and relatively low fanout (the
number of loads that may be connected to an
output before performance is degraded). The RTL
family requires a supply of 3.0 to 3.6 volts.

Diode-Transistor Logic — DTL

DTL ICs contain diodes, as well as resistors and
transistors. Early DTL ICs used design criteria
carried over from the use of discrete components,
where diodes were inexpensive compared to
transistors. These ICs required negative and
positive voltage sources. Later DTL ICs are of a
modified design which lends itself more easily to
IC processing. Performance characteristics are also
enhanced, with less input current being required,
and only a single voltage source nceded. Members
of the DTL family are limited generally to gates.
Advantages of this family are low power
dissipation, compatibility with TTL (see later
section), low cost, ease of use in system design,
ease of interface with discrete circuits, and
relatively high fanout. DTL disadvantages are low
noise immunity, especially in the high state where
the input impedance is relatively high, rapid change
in voltage thresholds with temperature, speed
slowdown with capacitive loading, and lower speed
capabilities than some other families. The DTL
family requires a supply voltage of 5.

High-Threshold Logic — HTL

HTL devices are designed for high noise
immunity. The circuit form is the same as DTL
except that breakdown (Zener) diodes are used at
the inputs. Higher supply voltages and higher
power dissipations accompany the HTL family.
These ICs find applications in industrial environ-
ments and locations likely to have high electrical
noise levels. Advantages are high noise immunity,
stable operation over very large temperature
ranges, interfaces easily with discrete components,
electromechanical components, and linear func-
tions (operational amplifiers and multipliers), and a
constant threshold-versus-temperature characteris-
tic. Disadvantages are higher cost than other
families, and relatively high power dissipation. The
HTL family requires a supply voltage of 15.

Transistor-Transistor Logic —TTL

TTL has characteristics that are similar to DTL,
and is noted for many complex functions and the
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highest available speed of any saturated logic. TTL
may be thought of as a DTL modification that
results in higher speed and driving capability. It is
noted for better noise immunity than that offered
by DTL, and is more effective for driving
high-capacitance loads because of its low output
impedance in both logic states. TTL ICs fall into
two major categories — medium speed and high
speed. Various manufacturing techniques are used
to increase the speed, including gold doping and
incorporation of high-spced Schottky diodes on
the chip. Another advantage of TTL is that it is
compatible with various other families. Multiple
sources and extensive competition have resulted in
low prices for TTL devices. Disadvantages are that
more care is required in the layout and mechanical
design of systems because of its high speed, and
additional capacitors are required for bypassing
because of switching transients. The TTL family
requires a supply of 5 volts.

Emitter-Coupted Logic — ECL

ECL has the highest speed of any of the togic
forms. It is sometimes called current-mode logic.
This family is different from standard saturating
logic in that circuit operation is analogous to that
of some linear devices. In this case, the transistors
do not saturate and the logic swings are reduced in
amplitude. Very high speeds can be attained
because of the small voltage swings and the use of
nonsaturating transistors. The input circuitry of
ECL devices is of the nature of a differential
amplifier, resulting in much higher input impe-
dances than saturated-logic devices. Emitter-fol-
tower outputs are of low impedance with high
fanout capabilities, and are suited for driving
50-ohm transmission lines directly. Disadvantages
are higher power dissipation, less noise immunity
than some saturated logic, translators are required
for interfacing with saturated logic, and slowed-
down operation with heavy capacitive loading. The
ECL family requires a supply of -5.2 volts.

Metal-Oxide Semiconductor (MOS)

Digitat MOS devices are gaining significance in
industrial applications, with p-channel or P-MOS
ICs being the most popular. Large, complex
repetitive functions, such as long shift registers and
high-capacity memories, have proved very practi-
cal. Gates and basic logic circuits have not become
as popular, because they exhibit lower drive
capability than other IC families. Input impedances
to these devices are essentially capacitive (an open
circuit for dc). This feature allows very high fanout
where speed is not a consideration. Bidirectional
devices give more flexibility to the circuit designer.
P-MOS technology results in the lowest cost per bit
for memories and long shift registers, because
many more functions can be contained on a given
chip size than in bipolar devices. Disadvantages are
that devices must be handled more carefully than
bipolar ICs because excessive static electricity can
destroy the narrow gate oxide, even with internal
breakdown-diode input protection. Drive capabili-
ty is limited because of the high output
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impedances characteristic of these devices. Two
power supplies are usually required. The P-MOS
family requires supplies of -13 and -27 volts.

Complementary Metal-Oxide
Semiconductor - CMOS

CMOS technology employs both p-channel and
n-channel devices on the same silicon substrate.
Both types are enhancement-mode devices; that is,
gate voltage must be increased in the direction that
inverts the surface in order for the device to
conduct. Only one of the two complementary
devices of a circuit section is turned on at a time,
resulting in extremely low power dissipation.
Dissipation is primarily from the switching of
devices through the active region and the charging
and discharging of capacitances. Advantages are
low power dissipation, good noise immunity, very
wide power supply voltage variations allowed, high
fanout to other CMOS devices, and full tempera-
ture-range capabilities. Disadvantages are restricted
interfacing capabilitics because of high output
impedance, and medium to high cost. The CMOS
family requires a supply of 1.5 to 16 volts, 10 volts
being nominal.

IC Family Groups

The popular digital-logic families have several
groups where basic designs have been modified
for medium speed, high speed, or low power
consumption. The TTL family ICs have single-
letter designators added to the part number to
identify the group: S — Schottky high speed, H
— medium speed, L — low power. ECL logic, as
yet, has no such simple identification system.
Manufacturers group their ECL products by pro-
pagation delay, an expression of the maximum
speed at which the logic device will operate.
Motorola, for example, calls the ECL group
with 8-ns delay MECL. MECL 1l has a speed of
4 ns; MECL 10,000, 2 ns; and MECL 11, 1.1
ns. With a propagation delay of | ns, operation
at 300 MHz is possible.

Special Digital ICs

In addition to the togic familics, many
special-purpose digital ICs are available to ac-
complish specific tasks. A divide-by-10 circuit,
such as the Fairchild U6B9519059X, operates
up to 320 MHz and is used as a prescaler to
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This 250-MHz prescaler uses the Fairchitd U6B95
H 9059X IC. A power supply and an output
amplifier complete the device.

extend the range of a frequency counter. This
IC has been designed to operate with low-tevel
input signals, typically 100 mV at 150 MHz.

Large MOS arrays are being used for a num-
ber of applications which require the storage of
logic instructions. These ICs are called memo-
ries. Instructions are stored in the memory by a
process named programming. Some memories
can be programmed only once; they are called
ROMs (Read-Only Memory). ROMs must be
read in sequence, but another group of devices
called RAMs (Random-Access Memory) can be
used a section at a time. Both ROMs and RAMs
are also made in reprogrammable versions, where
the information stored in the memory can be
changed as desired. These models are named
PROMs and PRAMs, respectively.

Large memory arrays are often used for the
gencration and conversion of information codes.
One IC can be programmed to convert the 5-
level RTTY code to the 8-level ASCIl code
popular in computer devices. National Semicon-
ductor manufactures a single 1C which generates
the entire S6-character 8-level code. Several ICs
are now available for character generation where
letters and numerals are produced for display on
an oscillograph screen.

OTHER DEVICES

THE UNIJUNCTION TRANSISTOR

Unijunction transistors (UJT) are being used by
amateurs for such applications as side-tone
oscillators, sawtooth generators, pulse generators,
and timers.

Structurally, the UJT is built on an n-type
silicon bar which has ohmic contacts — base one
(B1) and base two (B2) - at opposite ends of the
bar. A rectifying contact, the emitter, is attached
between Bl and B2 on the bar. During normal

operation Bl is grounded and a positive bias is
supplied to B2. When the emitter is forward biased,
emitter current will flow and the device will
conduct. The symbol for a UJT is given in lig.
4-30 at C. Circuits showing typical applications in
which UJTs are employed are shown in l'ig. 4-28.

SILICON CONTROLLED RECTIFIERS

The silicon controlled rectifier, also known as a
Thyristor, is a fourlayer (p-n-p-n or n-p-n-p)
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Fig. 4-30 Unijunction transistor and SCR
symbols are given at B and C. A neon famp is used
to trigger an SCR in the circuit at D. A UJT
triggers the SCR in example E.
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three-electrode semiconductor rectifier. The three
terminals are called anode, cathode and gate, Fig.
4-28B.

The SCR differs from the silicon rectifier in
that it will not conduct until the voltage exceeds
the forward breakover voltage. The value of this
voltage can be controlled by the gate current. As
the gate current is increased, the value of the
forward breakover voltage is decreased. Once the
rectifier conducts in the forward direction, the gate
current no longer has any control, and the rectifier
behaves as a low-forward-resistance diode. The gate
regains controls when the current through the
rectifier is cut off, as during the other half cycle.

The SCR finds wide use in power-control
applications and in time-delay circuits. SCRs are
available in various voltage and wattage ratings.

TRIACS

The triac, similar to the SCR, has three
electrodes — the main terminal (No. 1), another
main terminal (No. 2), and a gate. The triac
performs in the same manner as the SCR, but for
either polarity of voltage applied to its wmain

TERM 2

2
TRIAC @ SCR SCR
GATE
1
TERM 1 GATE

o ()

Fig. 4-31 — The symbol for a triac is given at A,
The illustration at B shows how a triac compares to
two SCRs connected for the same performance
offered by a triac, thus permitting conduction
during both halves of the cycle.

terminals. The SCR, as mentioned in the foregoing,
conducts only during one haif the sine-wave cycle.
When an SCR is used in a motor-speed control,
therefore, the motor cannot be brought up to full
speed. The triac, however, does trigger on both
halves of the cycle. Therefore, triacs are preferred
to SCRs in many control circuits. The triac can be
regarded as a device in which two SCRs are
employed in parallel and oriented in opposite
directions as shown in the drawing of Fig. 4-30. An
example of a motor-speed control which uses a
triac is given in the construction chapter of this
book.
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BIPOLAR TRANSISTOR SYMBOLS

Cibo
Cieo
Cobo

Coeo

fe
fr

£me
hFB

htb

hFE

hfe

hE
hie

Iv
Ic
Icso

ICEO
Ie
MAG
PcE

POE

Ry
Rs
VBB
VBC
VBE
Vce
VcBo

Input capacitance, open circuit
(common base)

— Input capacitance, open circuit
(common emitter)

— Output capacitance, open circuit
(common base)

— Output capacitance, open circuit
(common emitter)

Cutoff frequency

— Gain-bandwidth product (frequen-
cy at which small-signal forward
current-transfer ratio, common
emitter, is unity, or 1)

- Small-signal transconductance
(common emitter)

- Static forward-current transfer
ratio (common base)

- Small-signal forward-current trans-
fer ratio, short circuit (common
base)

— Static forward-current transfer
ratio (common emitter)
Small-signal forward-current trans-
fer ratio, short circuit (common
emitter)

— Static input resistance (common
emitter)

— Small-signal input impedance, short
circuit (common emitter)

— Base current

- Collector current

— Collector-cutoff current, emitter
open

- Collector-cutoff current, base open

~ Emitter current

— Maximum available amplifier gain
Total dc or average power input to
collector (common emitter)

— Large-signal output power (common
emitter)

- Load resistance

— Source resistance

Base-supply voltage

Base-to-collector voltage

— Base-to-emitter voltage

— Collector-to-base voltage

— Collector-to-base voltage (emitter
open)

|
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ABBREVIATED SEMICONDUCTOR SYMBOL LIST

Vce
VCE
VCcEO

Vc E(sat) -

VEB
VEBO

— Collector-supply voltage

— Collector-to-emitter voltage

— Collector-to-emitter voltage (base

open)

Collector-to-emitter saturation volt-

age

— Emitter-to-base voltage

— Emitter-to-base voltage (collector
open)

- Emitter-supply voltage

— Forward transconductance

— Input Admittance

— QOutput Admittance

FIELD-EFFECT TRANSFER SYMBOLS

A
Ce
Cds

Cgd
Ces
Ciss
Crss
&fs
&is

Los
Ip

— Voltage amplification

— Intrinsic channel capacitance
Drain-to-source capacitance (in-
cludes approximately 1-pF drain-
to-case and interlead capacitance)

— Gate-to-drain capacitance (includes
0.1-pF interlead capacitance)
Gate-to-source interlead and case
capacitance
Small-signal input capacitance,
short circuit
Small-signal reverse transfer capaci-
tance, short circuit

— Forward transconductance
Input conductance

— QOutput conductance

— Dc drain current

IDS(OFF)- Drain-to-source OFF current

IGss
re

r'DS(ON) —

rgd

Ies

VDB
Vps
4¢3:}
VGB
VGs
VGs

Gate leakage current

— Effective gate series resistance

Drain-to-source ON resistance

Gate-to-drain leakage resistance

— Gate-to-source leakage resistance

— Drain-to-substrate voltage
Drain-to-source voltage

— Dec gate-to-substrate voltage
Peak gate-to-substrate voltage

— Dc gate-to-source voltage

Peak gate-to-source voltage

VGS(OFF)- Gate-to-source cutoff voltage

Yis
YOS
YL

— Forward transadmittance =gfs
- Output admittance
— Load admittance



Chapter 5

Power Supply Theory and

Practice

Powerline voltages bave been “stan-
dardized” througbout the U.S. at 115
— 230 V in residential areas where a
single voltage pbase is supplied. These
figures represent nominal voltages,
bowever. “Normal” line voltage in a
particular area may be between ap-
proximately 110 and 125 volts, but
generally will be above 115 volts. In
many states, the service is governed by
the state’s public utilities commission.
The voltage average across the country
is approximately 117 volts. Source of
information: Edison Electric Company
(an association of power companies),
New York, NY.

The electrical power required to operate
amateur radio equipment is usually taken from the
ac lines when the equipment is operated where this
power is available; in mobile operation the prime
source of power is usually the storage battery.

The high-voltage dc for the plates of vacuum
tubes used in receivers and transmitters is derived
from the commercial ac lines by the use of a
transformer-rectifier-filter system. The transformer
changes the voltage of the ac to a suitable value,
and the rectifier converts it to pulsating dc. The
filter reduces the pulsations to a suitably low level,

and may have either a capacitor input or a choke
input, depending on whether a shunt capacitor or a
series inductor is the first filter element. Essentially
pure direct current is required to prevent hum in
the output of receivers, speech amplifiers, modula-
tors and transmitters. In the case of transmitters, a
pure dc plate supply is also dictated by government
regulations. If a constant supply voltage is required
under conditions of changing load or ac line
voltage, a regulator is used following the filter.

When the prime power source is dc (a battery),
the dc is first changed to ac, and is then followed
by the transformer-rectifier-filter system. Addi-
tional information on this type of supply is
contained in Chapter 10.

The cathode-heating power can be ac or dc in
the case of indirectly heated cathode tubes, and ac
or dc for filament-type tubes if the tubes are
operated at a high power level (high-powered audio
and f applications). Low-level operation of
filament-type tubes generally requires dc on the
filaments if undue hum is to be avoided.

Occasionally transformerless power supplies are
used in some applications (notably in the ac-dc
type of broadcast receiver). Such supplies operate
directly from the power line, and it is necessary to
connect the chassis or common-return point of the
circuit directly to one side of the ac line. This type
of power supply represents an extreme shock
hazard when the equipment is interconnected with
other apparatus in the amateur station, or when
the chassis is exposed. For safety reasons, an
isolation transformer should be used with such
equipment when it is present in an amateur station.

POWER-LINE CONSIDERATIONS

POWER LINE CONNECTIONS

In most residential systems, three wires are
brought in from the outside to the distribution
board, while in other systems there are only two
wires. In the three-wire system, the third wire is
the neutral which is grounded. The voltage
between the other two wires normally is 230, while
half of this voltage (115) appears between each of
these wires and neutral, as indicated in Fig. S-1A.
In systems of this type, usually it will be found
that the 115-volt household load is divided as
evenly as possible between the two sides of the
circuit, half of the load being connected between

one wire and the neutral, while the other half of
the load is connected between the other wire and
neutral. Heavy appliances, such as electric stoves
and heaters, normally arc designed for 230-volt
operation and therefore are connected across the
two ungrounded wires. While both ungrounded
wires should be fused, a fuse should never be used
in the wire to the neutral, nor should a switch be
used in this side of the line. The reason for this is
that opening the neutral wire does not disconnect
the equipment. It simply leaves the equipment on
one side of the 230-volt circuit in series with
whatever load may be across the other side of the
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Fig. 5-1 — Three-wire power-line circuits. A — Normal 3-wire-line termination. No fuse should be used in
the grounded (neutral) line. B — Showing that a switch in the neutral does not remove voltage from
either side of the line. C — Connections for both 115- and 230-volt transformers. D — Operating a
115-volt plate transformer from the 230-volt line to avoid light btinking. T1 is a 2-to-1 step<down

transformer.

circuit, as shown in Fig. 5-1B. Furthermore, with
the neutral open, the voltage will then be divided
between the two sides in inverse proportion to the
load resistance, the voltage on one side dropping
below normal, while it soars on the other side,
unless the loads happen to be equal.

The usual line running to baseboard outlets is
rated at 15 amperes. Considering the power
consumed by filaments, lamps, transmitter, re-
ceiver and other auxiliary equipment, it is not
unusual to find this 15-A rating exceeded by the
requirements of a station of only moderate power.
It must also be kept in mind that the same branch
may be in use for other household purposes
through another outlet. For this reason, and to
minimize light blinking when keying or modulating
the transmitter, a separate heavier line should be
run from the distribution board to the station
whenever possible. (A three-volt drop in line
voltage will cause noticcable light blinking.)

If the system is of the three-wire 230-V type,
the three wires should be brought into the station
so that the load can be distributed to keep the line
balanced. The voltage across a fixed load on one
side of the circuit will increase as the load current
on the other side is increased. The rate of increase
will depend upon the resistance introduced by the
neutral wire. If the resistance of the neutral is low,
the increase will be correspondingly small. When
the currents in the two circuits are balanced, no
current flows in the neutral wire and the system is
operating at maximum efficiency.

Light blinking can be minimized by using
transformers with 230-volt primaries in the power
supplies for the keyed or intermittent part of the
load, connecting them across the two ungrounded
wires with no connection to the neutral, as shown
in Fig. 5-1C. The same can be accomplished by the
insertion of a step-down transformer with its
primary operating at 230 volts and secondary
delivering 115 volts. Conventional 115-volt trans-
formers may be operated from the secondary of
the step-down transformer (see IFig. 5-1D).

When a special heavy-duty line is to be
installed, the local power company should be
consulted as to local requirements. In some
localities it is necessary to have such a job done by
a licensed electrician, and there may be special

requirements to be met. Some amateurs terminate
the special line to the station at a switch box, while
others may use electric-stove receptacles as the
termination. The power is then distributed around
the station by means of conventional outlets at
convenient points. All circuits should be properly
fused.

Three-Wire 115-V Power Cords

To meet the requirements of state and national
codes, electrical tools, appliances and many items
of electronic equipment now being manufactured
to operate from the 117-volt line must be equipped
with a 3-conductor power cord. Two of the
conductors carry power to the device in the usual
fashion, while the third conductor is connected to
the case or frame.

When plugged into a properly wired mating
receptacle, the 3-contact polarized plug connects
this third conductor to an earth ground, thereby
grounding the chassis or frame of the appliance and
preventing the possibility of electrical shock to the
user. All commercially manufactured items of
electronic test equipment and most ac-operated
amateur equipments are being supplied with these
3-wire cords. Adapters are available for usec where
older electrical installations do not have mating
receptacles. For proper grounding, the lug of the
green wire protruding from the adapter must be
attached underneath the screw securing the cover
plate of the outlet box where connection is made.

Fusing

All transformer primary circuits should be
properly fused. To determine the approximate
current rating of the fuse to be used, multiply each
current being drawn from the supply in amperes by
the voltage at which the current is being drawn.
Include the current taken by bleeder resistances
and voltage dividers. In the case of series resistors,
use the source voltage, not the voltage at the
equipment end of the resistor. Include filament
power if the transformer is supplying filaments.
After multiplying the various voltages and currents,
add the individual products. Then divide by the
line voltage and add 10 or 20 percent. Use a fuse
with the nearest larger current rating.



Line Voltage Adjustment
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Fig. 5-2 — Two methods of transformer primary
control. At A is a tapped toy transformer which
may be connected so as to boost or buck the line
voltage as required. At B is indicated a variable
transformer or autotransformer {(Variac) which
feeds the transformer primaries.

LINE-VOLTAGE ADJUSTMENT

In certain communities trouble is sometimes
experienced from fluctuations in line voltage.
Usually these fluctuations are caused by a variation
in the load on the line. Since most of the variation
comes at certain fixed times of the day or night,
such as the times when lights are turned on at
evening, they may be taken care of by the use of a
manually operated compensating device. A simple
arrangement is shown in Fig. 5-2A. A toy
transformer is used to boost or buck the line
voltage as required. The transformer should have a
tapped secondary varying between 6 and 20 volts
in steps of 2 or 3 volts and its secondary should be
capable of carrying the full load current.

The secondary is connected in series with the
line voltage and, if the phasing of the windings is
correct, the voltage applied to the primaries of the
transmitter transformers can be brought up to the
rated 115 volts by setting the toy-transformer tap
switch on the right tap. If the phasing of the two
windings of the toy transformer happens to be
reversed, the voltage will be reduced instead of
increased. This connection may be used in cases
where the line voltage may be above 115 volts.
This method is preferable to using a resistor in the
primary of a power transformer since it does not
affect the voltage regulation as seriously. The
circuit of 5-2B illustrates the use of a variable
autotransformer (Variac) for adjusting line voltage.

Constant-Voltage Transformers

Although comparatively expensive, special
transformers called constant-voltage transformers
are available for use in cases where it is necessary
to hold line voltage and/or filament voltage
constant with fluctuating supply-line voltage.
These are static-magnetic voltage regulating trans-
formers operating on principles of ferroresonance.
They have no tubes or moving parts, and require
no manual adjustments. These transformers are
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rated over a range of less than one VA at § volts
output up to several thousand VA at 1S or 230
volts. On the average they will hold their output
voltages within one percent under an input voltage
variation of +15 percent.

SAFETY PRECAUTIONS

All power supplies in an installation should be
fed through a single main power-ine switch so that
all power may be cut off quickly, either before
working on the equipment, or in case of an
accident. Spring-operated switches or relays are not
sufficiently reliable for this important service.
Foolproof devices for cutting off all power to the
transmitter and other equipment are shown in Fig.
5-3. The arrangements shown in Fig. 5-3A and B
are similar circuits for two-wire (115-volt) and
three-wire (230-volt) systems. S is an enclosed
double-throw switch of the sort usually used as the
entrance switch in house installations. J is a
standard ac outlet and P a shorted plug to fit the
outlet. The switch should be located prominently
in plain sight, and members of the household
should be instructed in its location and use. | is a
red lamp located alongside the switch. Its purpose
is not so much to serve as a warning that the power
is on as it is to help in identifying and quickly
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Fig. 5-3 — Reliable arrangements for cutting off alt
power to the transmitter. S is an enclosed
double-pole power switch, J a standard ac outlet, P
a shorted plug to fit the outlet and | a red lamp.

A is for a two-wire 115-voit line, B for a
three-wire 230-voit system, and C a simplified
arrangement for low-power stations.
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locating the switch should it become necessary for
someone else to cut the power off in an
emergency.

The outlet J should be placed in some corner
out of sight where it will not be a temptation for
children or others to play with. The shorting plug
can be removed to open the power circuit if there
are others around who might inadvertently throw
the switch while the operator is working on the rig.
If the operator takes the plug with him, it will
prevent someone from turning on the power in his
absence and either hurting themselves or the
equipment or perhaps starting a fire. Of utmost
importance is the fact that the outlet J must be
placed in the ungrounded side of the line.

POWER SUPPLY THEORY AND PRACTICE

Those who are operating low power and feel
that the expense or complication of the switch
isn’t warranted can use the shorted-plug idea as the
main power switch. In this case, the outlet should
be located prominently and identified by a signal
light, as shown in Fig. 5-3C.

The test bench should be fed through the main
power switch, or a similar arrangement at the
bench, if the bench is located remotely from the
transmitter.

A bleeder resistor with a power rating which
gives a considerable margin of safety should be
used across the output of all transmitter power
supplies, so that the filter capacitors will be
discharged when the high-voltage is turned off.

PLATE AND FILAMENT TRANSFORMERS

QOutput Voltage

The output voltage which the plate transformer
must deliver depends upon the required dc load
voltage and the type of filter circuit.

With a choke-input filter (see Fig. 5-4), the
required rms secondary voltage (each side of
center-tap for a center-tap rectifier) can be
calculated by the equation:

E = 1.1{Eg+1(Ry+Rp+Ry)

where £, is the required dc output voltage, / is the
load current (including bleeder current) in
amperes, R1 and R2 are the dc resistances of the
chokes, and Ry is the series resistance (transformer
and rectifier). £y is the open-circuit rms voltage.

With a capacitive-input filter system, the
approximate transformer output voltage required
to give a desired dc output voltage with a given
load can be caiculated with the aid of Fig. 5-5.

Example:
Required dc output volts
Load current to be drawn
Input capacitor - 10 ub
Series resistance — 200 ohms

500
100 mA (0.1 ampere)

c — € € ——
T

R

T I

Fig. 54 — Diagram showing
various voltage drops that must be
taken into consideration in deter-
mining the required transformer
voltage to deliver the desired
output voltage.

Load resistance = %L? = 5000 ohms
R¢ = 5000 X 10 = 50,000
Ry/R = 200/5000 = .04
Fig. 5-5 shows that the ratio of dc volts to the required
transformer peak voltage is 0.85. The ratio to the rms
voltage is 0.85 X 1.414 = 1.2,
The required transformer terminal voltage under load is
B ﬁm‘{%)( Rs

where [ is the load current in amperes.

20

=3520-
i 433 volts

Fig. 55 - Dc output
voltages from a full-wave
rectifier circuit as a func-
tion of the filter capaci-
tance and load resistance.
Rg includes transformer
winding resistance and rec-

DC VOLTAGE
PEAK A C VOLTAGE

tifier forward resistance.
For the ratio Rg/R, both
resistances are in chms; for
the RC product, R is in
thousands of ohms.

300 500

100

1000

RC (R in thousonds of ohms, C in uF)



Rewinding Transforrﬁers

The required transformer is one having an
866-V center-tapped secondary. An 850- or 900-V
secondary would be entirely satisfactory. Shouid
the filter section contain one or more filter chokes
connected between the input capacitor and the
load, the dc-resistance values of the chokes are
added to the value of Ry in the equation before
multiplying by the load-current value.

Volt-Ampere Rating

The number of volt-amperes delivered by a
transformer depends upon the type of filter
(capacitor or choke input) used, and upon the type
of rectifier used (full-wave center tap, or full-wave
bridge). With a capacitive-input filter the heating
effect in the secondary is higher because of the
high ratio of peak-to-average current. The voit-
amperes handled 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 inductance, the secondary
volt-amperes can be calculated quite closely by the
equation:

“ul- =107 ET
(Fuli-wave ct) Sec. VA 1000

(Full-wave bridge) Sec. VA

where E is the rotal rms voltage of the secondary
(between the outside ends in the case of a
center-tapped winding) and [ is the dc output
current in milliamperes (load current plus bleeder
current). The primary volt-amperes will be
somewhat higher because of transformer losses.

BROADCAST & TELEVISION
REPLACEMENT TRANSFORMERS

Small power transformers of the type sold for
replacement in broadcast and television receivers
are usually designed for service in terms of use for
several hours continuously with capacitor-input
filters. In the usual type of amateur transmitter
service, where most of the power is drawn
intermittently for periods of several minutes with
equivalent intervals in between, the published
ratings can be exceeded without excessive trans-
former heating.

With a capacitor-input filter, it should be safe
to draw 20 to 30 percent more current than the
rated value. With a choke-input filter, an increase
in current of about 50 percent is permissibie. If a
bridge rectifier is used, the output voltage will be
approximately doubled. In this case, it should be
possible in amateur transmitter service to draw the
rated current, thus obtaining about twice the rated
output power from the transformer.

This does not apply, of course, to amateur
transmitter plate transformers, which usually are
already rated for intermittent service.

REWINDING POWER TRANSFORMERS

Although the home winding of power trans-
formers is a task that few amateurs undertake, the

Core

CROSS-SECTIONAL AREA =
WIDTH X HEIGHT (WXH) OF CORE

Fig. 56 — Cross-sectional drawing of a typical
power transformer. Multiplying the height ({or
thickness of the laminations) times the width of
the central core area in inches gives the value to be
apptied to Fig. 5-7.

rewinding of a transformer secondary to give some
desired voltage for powering filaments or a
solid-state device is not difficuit. It involves a
matter of only a small number of turns and the
wire is large enough to be handled easily. Often a
receiver power transformer with a bumed-out
high-voltage winding or the power transformer
from a discarded TV set can be converted into an
entirely satisfactory transformer without great
effort and with little expense. The average TV
power transformer for a 17-inch or larger set is
capable of delivering from 350 to 450 watts,
continuous duty. If an amateur transmitter is being
powered, the service is not continuous, so the
ratings can be increased by a factor of 40 or 50
percent without danger of overloading the
transformer.

The primary volt-ampere rating of the trans-
former to be rewound, if known, can be used to
determine its power-handling capability. The
secondary volt-ampere rating will be ten to twenty
percent less than the primary rating. The power
rating may also be determined approximately from
the cross-sectional area of the core which is inside
the windings. Fig. 5-6 shows the method of
determining the area, and Fig. 5-7 may be used to
convert this information into a power rating.

Before disconnecting the winding leads from
their terminals, each should be marked for
identification. In removing the core laminations,
care should be taken to note the manner in which
the core is assembled, so that the reassembling will
be done in the same manner. Most transformers
have secondaries wound over the primary, while in
some the order is reversed. In case the secondaries
are on the inside, the turns can be pulled out from
the center after slitting and removing the fiber
core.

The turns removed from one of the original
filament windings of known voltage should be
carefully counted as the winding is removed. This
will give the number of turns per volt and the same
figure should be used in determining the number of
turns for the new secondary. For instance, if the
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Fig. 5-7 — Power-handling capability of a
transformer versus cross-sectional area of core.

old filament winding was rated at § volts and had
15 turns, this is 15/5 = 3 turns per volt. If the new
secondary is to deliver 18 volts, the required
number of turns on the new winding will be
18 X 3 =54 tums.

In winding a transformer, the size of wire is an
important factor in the heat developed in
operation. A cross-sectional arca of 1000 circular
mils per ampere is conservative. A value commonly
used in amateur-service transformers is 700 cmil/A.
The larger the cmil/A figure, the cooler the

POWER SUPPLY THEORY AND PRACTICE

transformer will run. The current rating in amperes
of various wire sizes is shown in the copper-wire
table in another chapter.If the transformer being
rewound is a filament transformer, it may be
necessary to choose the wire size carefully to fit
the small available space. On the other hand, if the
transformer is a power unit with the high-voltage
winding removed, there should be plenty of room
for a size of wire that will conservatively handle
the required current.

After the first layer of turns is put on during
rewinding, secure the ends with cellulose tape.
Each layer should be insulated from the next;
ordinary houschold waxed paper can be used for
the purpose, a single layer being adequate. Sheets
cut to size beforchand may be secured over each
layer with tape. Be sure to bring all leads out the
same side of the core so the covers will go in place
when the unit is completed. When the last layer of
the winding is put on, use two sheets of waxed
paper, and then cover those with vinyl electrical
tape, keeping the tape as taut as possible. This will
add mechanical strength to the assembly.

The laminations and housing are assembled in
just the opposite sequence to that followed in
disassembly. Use a light coating of shellac between
each lamination. During reassembly, the lamination
stack may be compressed by clamping in a vise. If
the last few lamination strips cannot be replaced, it
is better to omit them than to force the unit
together.

RECTIFIER CIRCUITS

Half-Wave Rectifier

IFig. 5-8 shows three rectifier circuits covering
most of the common applications in amateur
equipment. Fig. 5-8A is the circuit of a half-wave
rectificr. The rectifier is a device that will conduct
current in one direction but not in the other.
During one half of the ac cycle the rectifier will
conduct and current will flow through the rectifier
to the load. During the other half of the cycle the
rectifier does not conduct and no current flows to
the load. The shape of the output wave is shown in
(A) at the right. It shows that the current always
flows in the same direction but that the flow of
current is not continuous and is pulsating in
amplitude.

The average output voltage — the voltage read
by the usual dc voltmeter — with this circuit (no
filter connected) is 0.45 times the rms value of the
ac voltage delivered by the transformer secondary.
Because the frequency of the pulses is relatively
low (one pulsation per cycle), considerable filtering
is required to provide adequately smooth dc¢
output, and for this reason this circuit is usually
limited to applications where the current involved
is small, such as supplies for cathode-ray tubes and
for protective bias in a transmitter.

The peak reverse voltage (PRV), the voltage the
rectifier must withstand when it isn’t conducting,
varies with the load. With a resistive load it is the
peak ac voltage (1.4 Egpg) but with a capacitor

load drawing little or no current it can rise to 2.8
ErMs-

Another disadvantage of the half-wave rectifier
circuit is that the transformer must have a
considerably higher primary volt-ampere rating
(approximately 40 percent greater), for the same
dc power output, than in other rectifier circuits.

Full-Wave Center-Tap Rectifier

A commonly used rectifier circuit is shown in
Fig. 5-8B. Essentially an arrangement in which the
outputs of two half-wave rectifiers are combined, it
makes use of both halves of the ac cycle. A
transformer with a center-tapped secondary is
required with the circuit.

The average output voltage is 0.9 times the rms
voltage of half the transformer secondary; this is
the maximum voltage that can be obtained with a
suitable choke-input filter. The peak output
voltage is 1.4 times the rms voltage of half the
transformer secondary; this is the maximum
voltage that can be obtained from a capacitor-input
filter (at little or no load).

The peak reverse voltage across a rectifier unit
is 2.8 times the rms voltage of half the transformer
secondary.

As can be seen from the sketches of the output
wave form in (B) to the right, the frequency of the
output pulses is twice that of the half-wave
rectifier. Therefore much less filtering is required.



Rectifier Circuits and Ratings

Since the rectifiers work alternately, each handles
half of the load current, and the load-current rating
of each rectifier need be only half the total load
current drawn from the supply.

Two separate transformers, with their primaries
connected in parallel and secondaries connected in
series (with the proper polarity) may be used in
this circuit. However, if this substitution is made,
the primary volt-ampere rating must be reduced to
about 40 percent less than twice the rating of one
transformer.

Full-wave Bridge Rectifier

Another full-wave rectifier circuit is shown in
Fig. 5-8C. In this arrangement, two rectifiers
operate in series on each half of the cycle, one
rectifier being in the lead to the load, the other
being in the return lead. The current flows through
two rectifiers during one half of the cycle and
through the other two rectifiers during the other
half of the cycle. The output wave shape (C), to
the right, is the same as that from the simple
center-tap rectifier circuit. The maximum output
voltage into a resistive load or a properly-designed
choke-input filter is 0.9 times the rms voltage
delivered by the transformer secondary; with a
capacitor-input filter and a very light load the
output voltage is 1.4 times the secondary rms
voltage. The peak reverse voltage per rectifieris 1.4
times the secondary rms voltage. Each rectifier in a
bridge circuit should have a minimum load-current
rating of one-half the total load current to be
drawn from the supply.

RECTIFIER RATINGS

All rectifiers are subject to limitations as to
breakdown voltage and current-handling capability.
Some tube types are rated in terms of the
maximum rms voltage that should be applied to
the rectifier plate. This is sometimes dependent on
whether a choke- or capacitive-input filter is used.
Others, particularly mercury-vapor and semicon-
ductor types, are rated according to maximum
peak reverse voltage.

Rectifiers are rated also as to maximum dc load
current, and some may carry peak-current ratings
in addition. To assure normal life, all ratings should
be carefully observed.

HIGH-VACUUM RECTIFIERS

High-vacuum rectifiers depend entirely upon
the thermionic emission from a heated filament
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Fig. 5-8 — Fundamental rectifier circuits. A —
Half-wave (Epgy = 1.4 ERms with resistive load,
= 2.8 Egms with capacitor-input filter). B —
Full-wave. C — Full-wave bridge. Output voltage
values do not include rectifier voltage drops.

and are characterized by a relatively high internal
resistance. For this reason, their application usually
is limited to low power, although there are a few
types designed for medium and high power in cases
where the relatively high internal voltage drop may
be tolerated. This high internal resistance makes
them less susceptible to damage from temporary
overload and they are free from the bothersome
electrical noise sometimes associated with other
types of rectifiers.

Some rectifiers of the high-vacuum full-wave
type in the so-called receiver-tube class will handle
up to 275 mA at 400- to 500-volts dc output.
Those in the higher-power class can be used to
handle up to 500 mA at 2000 volts dc in full-wave
circuits. Most low-power high-vacuum rectifiers are
produced in the full-wave type, while those for
greater power are invariably of the half-wave type,
two tubes being required for a full-wave rectifier
circuit. A few of the lower voltage types have
indirectly heated cathodes, but are limited in
heater-to-cathode voltage rating.

SEMICONDUCTOR RECTIFIERS

Silicon rectifiers are being used almost exclu-
sively in power supplies for amateur equipment,
and they will eventually supplant high-vacuum and
mercury-vapor rectifiers. The semiconductors have
the advantages of compactness, low internal
voltage drop, low operating temperature and high
current-handling capability. Also, no filament
transformers are required.

Silicon rectifiers are available in a wide range of
voltage and current ratings. In peak reverse voltage
ratings of 600 or less, silicon rectifiers carry
current ratings as high as 400 amperes, and at 1000
PRV the current ratings may be 1.5 amperes or so.
The extreme compactness of silicon types makes
feasible the stacking of several units in series for
higher voltages. Standard stacks are available that

Epgax * 14 Enus
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will handle up to 10,000 PRV at a dc load current
of 500 mA, although the amateur can do much
better, economically, by stacking the rectifiers
himself.

PROTECTION OF SILICON
POWER DIODES

The important specifications of a silicon diode
are:
1) PRV (or PIV), the peak reverse (or peak
inverse) voltage,

2) I,, the average dc current rating.

3) Irgp, the peak repetitive forward current,
and

4) IsyrgEk, the peak one-cycle surge current.
The first two specifications appear in most
catalogs. The last two often do not, but they are
very important.

Since the rectifier never allows current to flow
more than half the time, when it does conduct it
has to pass at least twice the average direct current.
With a capacitor-input filter, the rectifier conducts
much less than half the time, so that when it does
conduct, it may pass as much as ten to twenty
times the average dc current, under certain
conditions. This peak current is /gpp, the peak
repetitive forward current.

Also, when the supply is first turned on, the
discharged input capacitor looks like a dead short,
and the rectifier passes a very heavy current. This is
Isyrgg. The maximum IgygGE rating is usually
for a duration of one cycle (at 60 Hz), or about
16.7 milliseconds.

If a manufacturer’s data sheet is not available,
an educated guess about a diode’s capability can be
made by using these rules of thumb for silicon
diodes of the type commonly used in amateur
power supplies:

Rule 1) The maximum /ggp rating can be
assumed to be approximately four times the
maximum [/, rating.

Rule 2) The maximum /gygrgEg rating can be
assumed to be approximately twelve times the
maximum [/, rating. (This should provide a
reasonable safety factor. Silicon rectifiers with
750-mA dc ratings, as an example, seldom have
l-cycle surge ratings of less than 15 amperes; some
are rated up to 35 amperes or more.) From this
then, it can be seen that the rectifier should be
selected on the basis of /IsyrgE and not on /,
ratings.

Thermal Protection

The junction of a diode is quite small, hence it
must operate at a high current density. The
heat-handling capability is, therefore, quite small.
Normally, this is not a prime consideration in
high-voltage, low-current supplies. When using
high-current rectifiers at or near their maximum
ratings (usually 2-ampere or larger stud-mount
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rectifiers), some form of heat sinking is necessary.
Frequently, mounting the rectifier on the main
chassis — directly, or by means of thin mica
insulating washers — will suffice. If insulated from
the chassis, a thin layer of silicone grease should be
used between the diode and the insulator, and
between the insulator and the chassis to assure
good heat conduction. Large high-current rectifiers
often require special heat sinks to maintain a safe
operating temperature. Forced-air cooling is
sometimes used as a further aid. Safe case
temperatures are usually given in the manufac-
turer’s data sheets and should be observed if the
maximum capabilities of the diode are to be
realized.

Surge Protection

Each time the power supply is activated,
assuming the input filter capacitor has been
discharged, the rectifiers must look into what
represents a dead short. Some form of surge
protection is usually necessary to protect the
diodes until the input capacitor becomes nearly
charged. Although the dc resistance of the
transformer secondary can be relied upon in some
instances to provide ample surge-current limiting, it
is seldom enough on high-voltage power supplies to
be suitable. Series resistors can be installed
between the secondary and the rectifier strings as
illustrated in Fig. 5-4, but are a deterrent to good

Ti
[
K1
K1A
RS
o:r/)
(o]
FUSE
1MSV.AC.

Fig. 59 — The primary circuit of T1 shows how a
115-volt ac relay and a series dropping resistor, Rg,
can provide surge protection while C charges. When
silicon rectifiers are. connected in series for
high-voltage operation, the inverse voltage does not
divide equally. The reverse voltage drops can be
equalized by using equalizing resistors, as shown in
the secondary circuit. To protect against voltage
"spikes’’ that may damage an individual rectifier,
each rectifier should be bypassed by a .01-uF
capacitor. Connected as shown, two 400-PRV
silicon rectifiers can be used as an 800-PRV
rectifier, although it is preferable to include a
safety factor and call it a “750-PRV"’ rectifier. The
rectifiers, CR1 through CR4, should be the same
type (same type number and ratings).
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Diodes in Series and Parallel
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Fig. 5-10 — Methods of suppressing line transients.
See text.

voltage regulation. By installing a surge-limiting
device in the primary circuit of the plate
transformer, the need for series resistors in the
secondary circuit can be avoided. A practical
method for primary-circuit surge control is
shown in Fig. 5-9. The resistor, Rg introduces a
voltage drop in the primary feed to T1 until C is
nearly charged. Then, after C becomes partially
charged, the voltage drop across Rg lessens and
allows K1 to pull in, thus applying full primary
power to T1 as K1A shorts out Rg Ry is usually a
25-watt resistor whose resistance is somewhere
between 15 and S0 ohms, depending upon the
power supply characteristics.

Transient Problems

A common cause of trouble is transient voltages
on the ac power line. These are short spikes,
mostly, that can temporarily increase the voltage
seen by the rectifier to values much higher than the
normal transformer voltage. They come from
distant lightning strokes, electric motors turning on
and off, and so on. Transients cause unexpected,
and often unexplained, loss of silicon rectifiers.

It’s always wise to suppress line transients, and
it can be easily done. Fig. 5-10A shows one way.
C1 looks like 280,000 ohms at 60 Hz, but to a
sharp transient (which has only high-frequency
components), it is an effective bypass. C2 provides
additional protection on the secondary side of the
transformer. It should be .01UF for transformer
voltages of 100 or less, and .00 14F for high-voltage
transformers.

Fig. 5-10B shows another transient-suppression
method using selenium suppressor diodes. The
diodes do not conduct unless the peak voltage
becomes abnormally high. Then they clip the
transient peaks. General Electric sells protective
diodes under the trade name, “Thyrector.”
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Sarkes-Tarzian uses the descriptive name, ‘‘Klip-
volt.”

Transient voltages can go as high as twice the
normal line voltage before the suppressor diodes
clip the peaks. Capacitors cannot give perfect
suppression either. Thus, itis a good idea to use
power-supply rectifiers rated at about twice the
expected PRV.

Diodes in Series

Where the PRV rating of a single diode is not
sufficient for the application, similar diodes may
be used in series. (Two 500-PRV diodes in series
will withstand 1000 PRV, and so on.) When this is
done, a resistor and a capacitor should be placed
across each diode in the string to equalize the PRV
drops and to guard against transient voltage spikes,
as shown in Fig. 5-9. Even though the diodes are of
the same type and have the same PRV rating, they
may have widely different back resistances when
they are cut off. The reverse voltage divides
according to Ohm’s Law, and the diode with the
higher back resistance will have the higher voltage
developed across it. The diode may break down.

If we put a swamping resistor across each diode,
R as shown in Fig. 5-9, the resultant resistance
across each diode will be almost the same, and the
back voltage will divide almost equally. A good
rule of thumb for resistor size is this: Multiply the
PRV rating of the diode by 500 ohms. For
example, a 500-PRV diode should be shunted by
500 X 500, or 250,000 ohms.

The shift from forward conduction to high
back resistance does not take place instantly in a
silicon diode. Some diodes take longer than others
to develop high back resistance. To protect the
“fast” diodes in a series string until all the diodes
are properly cut off, a .01-(F capacitor should be
placed across each diode. Fig. 5-9 shows the
complete series-diode circuit. The capacitors
should be noninductive, ceramic disk, for example,
and should be well matched. Use 10-percent-toler-
ance capacitors if possible.

Diodes in Parallel

Diodes can be placed in parallel to increase
current-handling capability. Equalizing resistors
should be added as shown in Fig. 5-11. Without the
resistors, one diode may take most of the current.
The resistors should be selected to have about a
1-volt drop at the expected peak current.

AM b}
A q]
R
AM- »
Fig. 5-11 — Diodes in parallel should have

equalizing resistors. See text for appropriate value.
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FILTERING

The pulsating dc waves from the rectifiers are
not sufficiently constant in amplitude to prevent
hum corresponding to the pulsations. Filters are
required between the rectifier and the load to
smooth out the pulsations into an essentially
constant dc voltage. Also, upon the design of the
filter depends to a large extent the dc voltage
output, the voltage regulation of the power supply,
and the maximum load current that can be drawn
from the supply without exceeding the peak-
current rating of the rectifier. Power supply filters
are low-pass devices using series inductors and
shunt capacitors.

Load Resistance

In discussing the performance of power-supply
filters, it is sometimes convenient to express the
load connected to the output terminals of the
supply in terms of resistance. The load resistance is
equal to the output voltage divided by the total
current drawn, including the current drawn by the
bleeder resistor.

Vottage Regulation

The output voltage of a power supply always
decreases as more current is drawn, not only
because of increased voltage drops on the
transformer, filter chokes and the rectifier (if
high-vacuum rectifiers are used) but also because
the output voltage at light loads tends to soar to
the peak value of the transformer voltage as a
result of charging the first capacitor. By proper
filter design the latter effect can be climinated. The
change in output voltage with load is called voltage
regulation and is expressed as a percentage.

Percent regulation =100 g é - E2

Example: No-load voltage = E1 = 1550 volts.
Full-load voltage = E2 = 1230 volts.

3 i 100 (1550 — 1230)
Percentage regulation = 1230

= 32,000 o e
1330 26 percent

A steady load, such as that represented by a
receiver, speech amplifier or unkeyed stages of a
transmitter, does not require good (low) regulation
as long as the proper voltage is obtained under load
conditions. However, the filter capacitors must
have a voltage rating safe for the highest value to
which the voltage will soar when the external load
is removed.

A power supply will show more (higher)
regulation with long-term changes in load resis-
tance than with short temporary changes. The
regulation with long-term changes is often called
the static regulation, to distinguish it from the
dynamic regulation (short temporary load
changes). A load that varies at a syllabic or keyed
rated, as represented by some audio and if

amplifiers, usually requires good dynamic regula-
tion (15 percent or less) if distortion products are
to be held to a low level. The dynamic regulation
of a power supply is improved by increasing the
value of the output capacitor.

When essentially constant voltage regardless of
current variation is required (for stabilizing an
oscillator, for example), special voltage-regulating
circuits described elsewhere in this chapter are
used.

Bleeder

A Dbleeder resistor is a resistance connected
across the output terminals of the power supply.
Its functions are to discharge the filter capacitors
as a safety measurc when the power is turned off
and to improve voltage regulation by providing a
minimum load resistance. When voltage regulation
is not of importance, the resistance may be as high
as 100 ohms per volt. The resistance value to be
used for voltage-regulating purposes is discussed in
later sections. From the consideration of safety,
the power rating of the resistor should be as
conservative as possible, since a burned-out bleeder
resistor is more dangerous than none at ali!

Ripple Frequency and Voltage

The pulsations in the output of the rectifier can
be considered to be the resultant of an alternating
current superimposed upon a steady direct current.
From this viewpoint, the filter may be considered
to consist of shunting capacitors which short-
circuit the ac component while not interfering with
the flow of the dc component, and series chokes
which pass dc readily but which impede the flow
of the ac component.

The alternating component is called the ripple.
The effectiveness of the filter can be expressed in
terms of percent ripple, which is the ratio of the
rms value of the ripple to the dc value in terms of
percentage. Any multiplier or amplifier supply in a
code transmitter should have less than 5 percent
ripple. A linear amplifier can tolerate about 3
percent ripple on the plate voltage. Bias supplies
for linear amplifiers, and modulator and modu-
lated-amplifier plate supplies, should have less than
1 percent ripple. VFOs, speech amplifiers and
receivers may require a ripple reduction to .0l
percent.

Ripple frequency is the frequency of the
pulsations in the rectifier output wave — the
number of pulsations per second. The frequency of
the ripple with half-wave rectifiers is the same as
the frequency of the line supply — 60 Hz with
60-Hz supply. Since the output pulses are doubled
with a full-wave rectifier, the ripple frequency is
doubled — to 120 Hz with a 60-Hz supply.

The amount of filtering (values of inductance
and capacitance) required to give adequate
smoothing depends upon the ripple frequency,
with more filtering being required as the ripple
frequency is lowered.




Capacitive-Input Filters

Type of Filter

Power-supply filters fall into two classifications,
capacitor input and choke input. Capacitor-input
filters are characterized by relatively high output
voltage in respect to the transformer voltage.
Advantage of this can be taken when silicon
rectifiers are used or with any rectifier when the
load resistance is high. Silicon rectifiers have a
higher allowable peak-to-dc ratio than do ther-
mionic rectifiers. This permits the use of
capacitor-input filters at ratios of input capacitor
to load resistance that would seriously shorten the
life of a thermionic rectifier system. When the
series resistance through a rectifier and filter
system is appreciable, as when high-vacuum
rectifiers are used, the voltage regulation of a
capacitor-input power supply is poor.

The output voltage of a properly designed
choke-input power supply is less than would be
obtained with a capacitor-input filter from the
same transformer.

CAPACITIVE-INPUT FILTERS

Capacitive-input filter systems are shown in Fig.
5-12. Disregarding voltage drops in the chokes, all
have the same characteristics except in respect to
ripple. Better ripple reduction will be obtained
when LC sections are added, as shown in Figs.
5-12B and C.

Output Voltage

To determine the approximate dc voltage
output when a capacitive-input filter is used,
reference should be made to the graph of Fig. 5-5.

Example:
Transformer rms voltage — 350
Peak ac voltage = 1.4 X 350 = 495
Load resistance - 2000 ohms

.o ) e

FROM -l— D.C.
(A) gecr. Tc' OUTPUT
-— —_— -
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(B) RECT. TCI CZT RS ouUTRUT
- O— i —_0 -

—_—

FROM
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Fig. 5-12 — Capacitive-input filter circuits. A —
Simple capacitive. B — Single-section, C —
Doublesection.
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Fig. 513 — Graph showing the relationship

between the dc load current and the rectifier peak
current with capacitive input for various values
of load and input resistance.

Series resistance -~ 200 ohms
200 <+ 2000 = 0.1
Input capacitor € = 20 pI°

R (thousands) X C =2 X 20 = 40

From curve 0.} and RC = 40, dc voltage = 495 X 0.75
= 370.

Regulation

If a bleeder resistance of 20,000 ohms is used in
the example above, when the load is removed and
R becomes 20,000, the dc voltage will rise to 470.
For minimum regulation with a capacitor-input
filter, the bleeder resistance should be as high as
possible, or the series resistance should be low and
the filter capacitance high, without exceeding the
transformer or rectifier ratings.

Maximum Rectifier Current

The maximum current that can be drawn from
a supply with a capacitive-input filter without
exceeding the peak-current rating of the rectifier
may be estimated from the graph of Fig. 5-13.
Using values from the preceding example, the ratio
of peak rectifier current to dc load current for
2000 ohms, as shown in Fig. 5-13, is 3. Therefore,
the maximum load current that can be drawn
without exceeding the rectifier rating is 1/3 the
peak rating of the rectifier. For a load current of
185 mA, as above (370 V = 2000 $§2), the rectifier
peak current rating should be at least
3 X 185 =555 mA.
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With bleeder current only, Fig. 5-13 shows that
the ratio will increase to 6.5. But since the bleeder
draws 23.5 mA dc, the rectifier peak current will
be only 153 mA.

CHOKE-INPUT FILTERS

With thermionic rectifiers better voltage regula-
tions results when a choke-input filter, as shown in
Fig. 54, is used. Choke input permits better
utilization of the thermionic rectifier, since a
higher load current usually can be drawn without
exceeding the peak current rating of the rectifier.

Minimum Choke Inductance

A choke-input filter will tend to act as a
capacitive-input filter unless the input choke has at
least a certain minimum value of inductance called
the critical value. This critical value is given by

. ) = E (volts)
L iy (henrys) T(mA)

where E is the output voltage of the supply, and /
is the current being drawn through the filter.

If the choke has at least the critical value, the
output voltage will be limited to the average value
of the rectified wave at the input to the choke (see
Iig. 5-8) when the current drawn from the supply
is small. This is in contrast to the capacitive-input
filter in which the output voltage tends to soar
toward the peak value of the rectified wave at light
loads.

Minimum-Load — Bleeder Resistance

From the formula above for critical inductance,
it is obvious that if no current is drawn from the
supply, the critical inductance will be infinite. So
that a practical value of inductance may be used,
some current must be drawn from the supply at all
times the supply is in use. From the formula we
find that this minimumn value of current is

I (mA) = E (volts)

Lerit

In the majority of cases it will be most
convenient to adjust the bleeder resistance so that
the bleeder will draw the required minimum
current. From the forinula, it may be seen that the
value of critical inductance becomes smaller as the
load current increases.

Swinging Chokes

Less costly chokes are available that will
maintain at least the critical value of inductance
over the range of current likely to be drawn from
practical supplies. These chokes are called swinging
chokes. As an example, a swinging choke may have
an inductance rating of 5/25 H and a current rating
of 200 mA. If the supply delivers 1000 volts, the
minimum load current should be 1000/25 = 40
mA. When the full load current of 200 mA is
drawn from the supply, the inductance will drop to
5 H. The critical inductance for 200 mA at 1000
volts is 1000/200 =35 H. Therefore the 5/25 H
choke maintains the critical inductance at the full
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current rating of 200 mA. At all load currents
between 40 mA and 200 mA, the choke will adjust
its inductance to the approximate critical value.

Output Voltage

Provided the input-choke inductance is at least
the critical value, the output voltage may be
calculated quite close by the following equation:

Eq=09Ey - (Ig+11) (R1+R2) — E,
where E, is the output voltage; E; is the rms
voltage applied to the rectifier (rms voltage between
center-tap and one end of the secondary in the case
of the center-tap rectifier); /g and /Iy, are the
bleeder and load currents, respectively, in amperes;
R and R, are the resistances of the first and
second filter chokes; and E} is the voltage drop
across the rectifier. The various voltage drops are
shown in Fig. 54. At no load Iy, is zero; hence the
no-toad voltage may be calculated on the basis of
bleeder current only. The voltage regulation may
be determined from the no-lload and full-load
voltages using the formula previously given.

OUTPUT CAPACITOR

Whether the supply has a choke- or capacitor-
input filter, if it is intended for use with a Class A
af amplifier, the reactance of the output capacitor
should be low for the lowest audio frequency; 16
MF or more is usually adequate. When the supply is
used with a Class B amplifier (for modulation or
for ssb amplification) or a cw transmitter,
increasing the output capacitance will result in
improved dynamic regulation of the supply.
However, a region of diminishing returns can be
reached, and 20 to 30 uF will usually suffice for
any supply subjected to large changes at a syllabic
(or keying) rate.

RESONANCE

Resonance effects in the series circuit across the
output of the rectifier, formed by the first choke
and first filter capacitor, must be avoided, since the
ripple voltage would build up to large values. This
not only is the opposite action to that for which
the filter is intended, but may also cause excessive
rectifier peak currents and abnormally high
peak-reverse voltages. For full-wave rectification
the ripple frequency will be 120 Hz for a 60-Hz
supply, and resonance will occur when the product
of choke inductance in henrys times capacitor
capacitance in microfarads is equal to 1.77. At
least twice this product of inductance and
capacitance should be used to ensure against
resonance effects. With a swinging choke, the
minimum rated inductance of the choke should be
used.

RATINGS OF FILTER COMPONENTS

In a power supply using a choke-input filter and
properly designed choke and bleeder resistor, the
no-load voltage across the filter capacitors will be
about ninc-tenths of the ac rms voltage. Neverthe-
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less, it is advisable to use capacitors rated for the
peak transformer voltage. This large safety factor is
suggested because the voltage across the capacitors
can reach this peak value if the bleeder should burn
out and there is no load on the supply.

In a capacitive-input filter, the capacitors
should have a working-voltage rating at least as
high, and preferably somewhat higher, than the
peak voltage from the transformer. Thus, in the
case of a center-tap rectifier having a transformer
delivering 550 volts each side of the center tap, the
minimum safe capacitor voltage rating will be
550 X 1.41 or 775 volts. An 800-volt capacitor
should be used, or preferably a 1000-volt unit.

Filter Capacitors in Series

Filter capacitors are made in several different
types. Electrolytic capacitors, which are available
for peak voltages up to about 800, combine high
capacitance with small size, since the dielectric is
an extremely thin film of oxide on aluminum foil.
Capacitors of this type may be connected in series
for higher voltages, although the filtering capaci-
tance will be reduced to the resultant of the two
capacitances in series. If this arrangement is used, it
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is important that each of the capacitors be shunted
with a resistor of about 100 ohms per volt of
supply voltage applied to the individual capacitors,
with an adequate power rating. These resistors may
serve as all or part of the bleeder resistance.
Capacitors with higher voltage ratings usually are
made with a diclectric of thin paper impregnated
with oil. The working voltage of a capacitor is the
voltage that it will withstand continuously.

Filter Chokes

Filter chokes or inductances are wound on iron
cores, with a small gap in the core to prevent
magnetic saturation of the iron at high currents.
When the iron becomes saturated its permeability
decreases, and 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 will usually be considerably higher
than the value when full load current is flowing.

NEGATIVE-LEAD FILTERING

For many years it has been almost universal
practice to place filter chokes in the positive leads
of plate power supplies. This means that the
insulation between the choke winding and its core
(which should be grounded to chassis as a safety
measure) must be adequate to withstand the
output voltage of the supply. This voltage
requirement is removed if the chokes are placed in
the negative lead as shown in Fig. 5-14. With this
connection, the capacitance of the transformer
secondary to ground appears in parallel with the
filter chokes tending to bypass the chokes.
However, this effect will be negligible in practical
application except in cases where the output ripple
must be reduced to a very low figure. Such
applications are usually limited to low-voltage
devices such as receivers, speech amplifiers and
VFOs where insulation is no problem and the
chokes may be placed in the positive side in the
conventional manner. In higher voltage applica-
tions, there is no reason why the filter chokes
should not be placed in the negative lead to reduce

% =

Fig. 5-14 — In most applicatiuis, the filter chokes
may be placed in the negative instead of the
positive side of the circuit. This reduces the danger
of a voltage breakdown between the choke winding
and core.

insulation requirements. Choke terminals, negative
capacitor terminals and the transformer center-tap
terminal should be well protected against acci-
dental contact, since these will assume full supply
voltage to chassis should a choke bum out or the
chassis connection fail.

THE “ECONOMY*' POWER SUPPLY

In many transmitters of the 100-watt class, an
excellent method for obtaining plate and screen
voltages without wasting power in resistors is by
the use of the ‘‘economy’ power-supply circuit.
Shown in Fig. 5-15, it is a combination of the
full-wave and bridge-rectifier circuits. The voltage
at E1 is the normal voltage obtained with the
full-wave circuit, and the voltage at E2 is that
obtained with the bridge circuit (see Fig. 5-8). The
total dc power obtained from the transformer is, of
course, the same as when the transformer is used in
its normal manner. In cw and ssb applications,
additional power can usually be drawn without
excessive heating, especially if the transformer has
a rectifier filament winding that isn’t being used.

o
AC.
LINE

o

Fig. 5-15 — The “‘economy’’ power supply circuit
is a combination of the full-wave and bridge-recti-
fier circuits.

Enus +E;
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VOLTAGE-MULTIPLYING CIRCUITS

Although vacuum-tube rectifiers can be used in
voltage-multiplying circuits, semiconductor rectifi-
ers are recommended.

A simple half-wave rectifier circuit is shown in
Fig. 5-16. Strictly speaking this is not a
voltage-multiplying circuit. However, if the current
demand is low (a milliampere or less), the dc
output voltage will be close to the peak voltage of
the source, or 14E,,,.. A typical application of
the circuit would be to obtain a low bias voltage
from a heater winding; the + side of the output can
be grounded by reversing the polarity of the
rectifier and capacitor. As with all half-wave
rectifiers, the output voltage drops quickly with
increased current demand.

The resistor R1 in Fig. 5-16 is included to limit
the current through the rectifier, in accordance
with the manufacturer’s rating for the diode. If the
resistance of the transformer winding is sufficient,
R1 can be omitted.

7 I

Fig. 5-16 — If the current demand is low, a simple
half-wave rectifier will deliver a voltage increase.
Typical values, for Egrms = 117 and a load current
of 1 mA:

C1 — B50-uF, 250-V electrolytic.

Eoutput — 160 volts.

R1 —22 ohms.

VOLTAGE DOUBLERS

Several types of voltage-doubling circuits are in
common use. Where it is not necessary that one
side of the transformer secondary be at ground
potential, the voltage-doubling circuit of Fig. 5-17
is used. This circuit has several advantages over the
voltage-doubling circuit to be described later. For a
given output voltage, compared to the full-wave
rectifier circuit (Fig. 5-8B), this full-wave doubler
circuit requires rectifiers having only half the PRV
rating. Again for a given output voltage, compared
to a full-wave bridge circuit (Fig. 5-8C) only half as
many rectifiers (of the same PRV rating) are
required.

Ry

Resistors R1 in Fig. 5-17 are used to limit the
surge currents through the rectifiers. Their values
are based on the transformer voltage and the
rectifier surge-current rating, since at the instant
the power supply is turned on the filter capacitors
look like a short-circuited load. Provided the
limiting resistors can withstand the surge current,
their current-handling capacity is based on the
maximum load current from the supply.

Output voltages approaching twice the peak
voltage of the transformer can be obtained with
the voltage-doubling circuit of Fig. 5-17. Fig. 5-18
shows how the voltage depends upon the ratio of
the series resistance to the load resistance, and the
product of the load resistance times the filter
capacitance.

When one side of the transformer secondary
must be at ground potential, as when the ac is
derived from a heater winding, the voltage-multi-
plying circuits of Fig. 5-19 can be used. In the
voltage-doubling circuit at A, Cl charges through
the left-hand rectifier during one half of the ac
cyle; the other rectifier is nonconductive during
this time. During the other half of the cycle the
right-hand rectifier conducts and C2 becomes
charged; they see as the source the transformer
plus the voltage in C1. By reversing the polarities
of the capacitors and rectifiers, the + side of the
output can be grounded.

VOLTAGE TRIPLING AND
QUADRUPLING

A voltage-tripling circuit is shown in Fig. 5-19B.
On one half of the ac cycle C1 is charged to the
source voltage through the left-hand rectifier. On
the opposite half of the cycle the middle rectifier
conducts and C2 is charged to twice the source
voltage, because it sees the transformer plus the
charge in C1 as its source. (The left-hand rectifier is
cut off on this half cycle.) At the same time the
right-hand  rectifier conducts and, with the
transformer and the charge in C2 as the source, C3
is charged to three times the transformer voltage.
The + side of the output can be grounded if the
polarities of all of the capacitors and rectifiers are
reversed.

The voltage-quadrupling circuit of Fig. 5-19C
works in substantially similar fashion.

In any of the circuits of Fig. 5-19, the output
voltage will approach an exact multiple (2, 3 or 4,
depending upon the circuit) of the peak ac voltage
when the output current drain is low and the
capacitance values are high.

Fig. 5-17 — Full-wave vol-
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tage-doubling circuit.
Values of limiting resistors,
R1, depend upon allowable
surge currents of rectifiers.
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Fig. 5-19 — Voltage-multiplying circuits with one
side of transformer secondary grounded. {(A)
Voltage doubler (B) Voltage tripler (C) Voltage
quadrupler.

Capacitances are typically 20 to 50 UF
depending upon output current demand. De ratings
of capacitors are related to Epeqay (1.4 Egc):

C1 — Greater than Egeak

C2 — Greater than 2Epe i
C3 — Greater than 3Epeak
C4 — Greater than 4Epeai

VOLTAGE DROPPING

Series Voltage-Dropping Resistor

Certain plates and screens of the various tubes
in a transmitter or receiver often require a variety
of operating voltages differing from the output
voltage of an available power supply. In most cases,
it is not economically feasible to provide a separate
power supply for each of the required voltages. iIf
the current drawn by an electrode (or combination
of electrodes operating at the same voltage) is
reasonably constant under normal operating
conditions, the required voltage may be obtained
from a supply of higher voltage by means of a
voltage-dropping resistor in series, as shown in Fig.
5-10A. The value of the series, resistor, R1, may be
obtained from Ohm’s Law,

where Eq is the voltage drop required from the
supply voltage to the desired voltage and / is the
total rated current of the load.

Example: The plate of the tube in one stage and the
screens of the tubes in two other stages require an operating
voltage of 250. The ncarest available supply voltage is 400
and the total of the rated plate and screen currents is 75
mA. The required resistance is

=400 250 150 -
R 075 075 2000 ohms

The power rating of the resistor is obtained from P
(watts) = I2R = (0.075)2 X (2000) = 11,2 watts. A 20-watt
resistor is the nearest safe rating to be used.
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Voltage Dividers

The regulation of the voltage obtained in this
manner obviously is poor, since any change in
current through the resistor will cause a directly
proportional change in the voltage drop across the
resistor. The regulation can be improved somewhat
by connecting a second resistor from the
low-voltage end of the first to the negative
power-supply terminal, as shown in Fig. 5-20B.
Such an arrangement constitutes a voltage divider.
The second resistor, R2, acts as a constant load for
the first, R1, so that any variation in current from
the tap becomes a smaller percentage of the total
current through R1. The heavier the current drawn
by the resistors when they alone are connected
across the supply, the better will be the voltage
regulation at the tap.

Such a voltage divider may have more than a
single tap for the purpose of obtaining more than
one value of voltage. A typical arrangement is

POWER SUPPLY THEORY AND PRACTICE

+ 00— O+E
FROM L 1
POWER ! +£ TO
SUPPLY ' LOAD
b I2
—0— O-

(8) ”

Fig. 5—~20 — A — Series voltage-dropping resistor,
B — Simple voltage divider,

R2=L1. gy E-E1
I2 n+ 2

12 must be assumed
C — Multiple divider circuit.
E2 E1-E2

R3 = —; R2= H
I3 12+1713

__E-E1
Nn+r2+3

I3 must be assumed

shown in Fig. 5-20C. The terminal voltage is E, and
two taps are provided to give lower voltages, E1
and E2, at currents 11 and 12 respectively. The
smaller the resistance between taps in proportion
to the total resistance, the lower is the voltage
between the taps. The voltage divider in the figure
is made up of separate resistances, R1, R2 and R3.
R3 carries only the bleeder current, 13; R2 carries
12 in addition to 13; R1 carries 11, 12 and 13. To
calculate the resistances required, a bleeder
current, 13, must be assumed; generally it is low
compared with the total load current (10 percent
or $0). Then the required values can be calculated
as shown in the caption of Fig. 5-20, I being in
decimal parts of an ampere.

The method may be extended to any desired
number of taps, each resistance section being
calculated by Ohm’s Law using the needed voltage
drop across it and the total current through it. The
power dissipated by each section may be calculated
by multiplying / and E or 12 and R.

VOLTAGE STABILIZATION

Gaseous Regulator Tubes

There is frequent need for maintaining the
voltage applied to a low-voltage low-current circuit
at a practically constant value, regardless of the
voltage regulation of the power supply or
variations in load current. In such applications,
gaseous regulator tubes (0B2/VR105, 0A2/VR150,
etc.) can be used to good advantage. The voltage
drop across such tubes is constant over a
moderately wide current range. Tubes are available
for regulated voltages near 150, 105, 90 and 75
volts.

The fundamental circuit for a gaseous regulator
is shown in Fig. 5-21. The tube is connected in
series with a limiting resistor, R1, across a source
of voltage that must be higher than the starting
voltage. The starting voltage is about 30 to 40
percent higher than the operating voltage. The load
is connected in parallel with the tube. For stable

operation, a minimum tube current of § to 10 mA
is required. The maximum permissible current with
most types is 40 mA; consequently, the load
current cannot exceed 30 to 35 mA if the voltage
is to be stabilized over a range from zero to
maximum load. A single VR tube may also be used
to regulate the voltage to a load current of almost
any value as long as the varigtion in the current
does not exceed 30 to 35 mA. If, for example, the
average load current is 100 mA, a VR tube may be
used to hold the voltage constant provided the
current does not fall below 85 mA or rise above
115 mA.

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:




Voltage Regulation
R=(Es— Ey)
7

where R is the limiting resistance in ohms, E is the
voltage of the source across which the tube and
resistor are connected, £ is the rated voltage drop
across the regulator tube, and / is the maximum
tube current in amperes (usually 40 mA, or .04 A).

Two tubes may be used in series to give a higher
regulated voltage than is obtainable with one, and
also to give two values of regulated voltage.
Regulation of the order of 1 percent can be
obtained with these regulator tubes when they are
operated within their proper current range. The
capacitance in shunt with a VR tube should be
limited to 0.1 UF or less. Larger values may cause
the tube drop to oscillate between the operating
and starting voltages.

ZENER DIODE REGULATION

A Zener diode (named after Dr. Carl Zener) can
be used to stabilize a voltage source in much the
same way as when the gaseous regulator tube is
used. The typical circuit is shown in Fig. 5-22A.
Note that the cathode side of the diode is
connected to the positive side of the supply. The
electrical characteristics of a Zener diode under
conditions of forward and reverse voltage are given
in Chapter 4.

Zener diodes are available in a wide variety of
voltages and power ratings. The voltages range
from less than 2 to a few hundred, while the power
ratings (power the diode can dissipate) run from
less than 0.25 watt to 50 watts. The ability of the
Zener diode to stabilize a voltage is dependent
upon the conducting impedance of the diode,
which can be as low as one ohm or less in a
low-voltage high-power diode to as high as a
thousand ohms in a low-power high-voltage diode.

Diode Power Dissipation

Unlike gaseous regulator tubes, Zener diodes of
a particular voltage rating have varied maximum
current capabilities, depending upon the power
ratings of each of the diodes. The power dissipated
in a diode is the product of the voltage across it
and the current through it. Conversely, the
maximum current a particular diode may safely
conduct equals its power rating divided by its
voltage rating. Thus, a 10-V 50-W Zener diode, if

UNREG

+

FROM POWER-
SUPPLY QUTPUT

Fig. 5-21 — Voltage stabilization circuit using a VR
tube. A negative-supply output may be regulated
by reversing the polarity of the power-supply
connections and the VR-tube connections from
those shown here.
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Fig. 5-22 — Zener-diode voltage regulation. The
voltage from a negative supply may be regulated by
reversing the power-supply connections and the
diode polarities.

operated at its maximum dissipation rating, would
conduct 5 amperes of current. A 10-V 1-W diode,
on the other hand, could safely conduct no more
than 0.1 A, or 100 mA. The conducting impedance
of a diode is its voltage rating divided by the
current flowing through it, and in the above
examples would be 2 ohms for the 50-W diode, and
100 ohms for the 1-W diode. Disregarding small
voltage changes which may occur, the conducting
impedance of a given diode is a function of the
current flowing through it, varying in inverse
proportion.

The power-handling capability of most Zener
diodes is rated at 25 degrees C, or approximately
room temperature. If the diode is operated in a
higher ambient temperature, its power capability
must be derated. A typical l-watt diode can safely
dissipate only 1/2 watt at 100 degrees C.

Limiting Resistance

The value of Ry in Fig. 5-22 is determined by
the load requirements. If Ry is too large the diode
will be unable to regulate at large values of Iy, the
current through Ry . If Rg is too small, the diode
dissipation rating may be exceeded at low values of
Iy,. The optimum value for Rg can be calculated
by:

- EDC (mm) = EZ
Rs = 111y (mavy

When Rg is known, the maximum dissipation
of the diode, Pp, may be determined by:

Pp = [EM%)—_EE -1 (min):l Eq

In the first equation, conditions are set up for
the Zener diode to draw 1/10 the maximum load
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current. This
maximum load.

assures diode regulation under

Example: A 12-volt source is to supply a circuit requir-
ing 9 volts. The load current varies between 200 and 350

mA.
E7 = 9.1 V (nearest available value).
12 91 _ 29
Rg = % j= -.ﬁ—s-*?.Sohms
PD=['2759~1 2] 9= ABSX90=17W

The nearest available dissipation rating above
1.7 W is 5; therefore, a 9.1-V 5-W Zener diode
should be used. Such a rating, it may be noted, will
cause the diode to be in the safe dissipation range
even though the load is completely disconnected
[ IL (mm) = 0]

Obtaining Other Voltages

Fig. 5-22B shows how two Zener diodes may be
used in series to obtain regulated voltages not
normally obtainable from a single Zener diode, and
also to give two values of regulated voltage. The
diodes need not have equal breakdown voltages,
because the arrangement is self equalizing.
However, the current-handling capability of each
diode should be taken into account. The limiting
resistor may be calculated as above, taking the sum
of the diode voltages as E5, and the sum of the
load currents as /.

ELECTRONIC VOLTAGE REGULATION

Several circuits have been developed for
regulating the voltage output of a power supply
electronically. While more complicated than the
VR-tube and Zener-diode circuits, they will handle
higher voltage and current variations, and the
output voltage may be varied continuously over a
wide range. In the circuit of Fig. 5-23, the 0B2
regulator tube supplies a reference of approximate-
ly +105 volts for the 6 AU6A control tube. When

+ O-

150 TO
250V REG.
C+

OUuTPUT

Fig. 5-23 — Electronic voltage-regulator circuit.
Resistors are 1/2 watt unless specified otherwise.
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the load connected across the output terminals
increases, the output voltage tends to decrease.
This makes the voltage on the control grid of the
6AUGA less positive, causing the tube to draw less
current through the 2-megohm plate resistor. As a
consequence the grid voltage on the 6L6GB
decreases, compensating for the reduction in
output voltage. With the values shown, adjustment
of R1 will give a regulated output from 150 to 250
volts, at up to 60 or 70 mA. The available output
current can be increased by adding tubes in parallel
with the series regulator tube. When this is done,
100-ohm resistors should be wired to each control
grid and plate terminal, to reduce the chances for
parasitic oscillations.

Solid-State Regulators

One of the simplest forms of solid-state
regulation is shown at Fig. 5-24. A bridge rectifier
supplies 25 volts dc to a series regulator transistor,
Q1, whose base bias is established by means of a
Zener diode, CRS, providing a voltage reference of
a fixed level. C1 is the input capacitor for the filter
and C2 filters out the ripple which appears across
CRS. R1 is chosen to establish a safe Zener-diode
current, which is dependent upon the wattage
rating of the diode. A Il-watt Zener diode is
adequate for the circuit of Fig. 5-24. R2 is a
bleeder resistor and C3 is an rf bypass. If several
output voltages are desired, say from 6 to 18 volts,
Zener diodes from 6 to 18 volts can be wired to S2
as shown. When a 2N1970 is used at QI, the value
of Rl will be 680 ohms. This value offers a
compromise for the 5 reference diodes used (6, 9,
12, 15 and 18 volts).

The output of the supply is equal to the Zener
voltage minus the emitter-to-base bias voltage of
Q1. Both the Zener voltage and bias voltage change
with load variations. The bias voltage will be
approximately zero with only R2 as a load, but
will rise to roughly 0.3 volt with a l-A load
connected to the output. An increase in load
current lowers the unregulated dc input voltage
which appears across CRS and R1. Zener current is
reduced, decreasing the voltage at which the diode
regulates. How much the voltage drops depends
upon the characteristics of the particular Zener
employed.

This power supply has very low output ripple.
The main limitation of this circuit is the possibility
of destroying Q1, the series-regulator transistor,
when a dead short or heavy overload is connected
across the output of the supply. To protect Q1
during normal operation, it should be mounted on
a fairly large heat sink which is thermally coupled
to the main chassis of the supply. The transistor
should be insulated from the sink by means of a
mica spacer and a thin layer of silicone grease. The
sink can then be bolted directly to the chassis.

An Improved Transistor Regulator

A versatile, yet simple, regulated low-voltage
supply is shown in the practical circuit of Fig.
5-25. A current-limiting resistor, RS, is connected
between the unregulated dc and Q1 to protect
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Fig. 5-24 — Schematic diagram of the power

supply. Capacitances are in UF; capacitors marked

with a polarity are electrolytic. Resistances are in

ohms; R1 and R2 are composition.

C1, C2 — 2000-UF 50 volts dc electrolytic (Mallory
CG23U50C1).

C3 — .01-UF disk ceramic.

CR1-CR4, incl. 50 PRV 3-A silicon diode
{Motorola 1N4719).

against current overloads. The addition of RS does
not have a significant effect upon the regulation of
the supply. R6 supplies current to CR1 and is set
to provide approximately 5 mA. Q1 and Q3 are
connected in what is called a Darlington pair. At
first approximation, Q3 can be regarded as a
current amplifier which also raises the base
impedance of Q1 as seen by the collector circuit of
Q2. C2 and R4 prevent high-frequency oscillation
from occurring. C3 helps to improve the transient
response and R2 has been made variable to provide
a means for adjusting the output voltage. C4
reduces ripple across CR1, thus greatly reducing
the ripple in the regulator output. R7 prevents Q3

9
) €
680 S,
2w 5 ‘-L
c Ry -
S, LL 1900 D.C.. oo
v Ton T, OUT
| el 0000y, T+
G
* z\oo/; *(-y)cr,
SOV, zENER

CRS — Voltage regulator diode.

11 — Neon lamp assembly with resistor (Leecraft
32-2111).

Q1 — 2N1970.

S1 — Spst toggle switch.

S2 — Phenolic rotary, 1 section, 2-pole (1 used},
6-position, shorting (Mallory 3126J).

T1 — Filament transformer, 26.2 V, 2 A (Knight
54 D 4140 or similar).

from being cut off at low output currents. As in
the supply of Fig. 5-24, Q1 should be mounted on
a fairly large heat sink, preferably above the
chassis, and RS should also be in the clear. These
two components should be spaced well away from
Q2, Q3 and CRI to prevent their heat from
affecting the latter three components. The
accompanying table shows typical operating
conditions for this regulator.

Integrated-circuit devices can be used in a
sold-state regulator circuit to replace many of the
discrete components shown in Fig. 5-25. See the
adjustable regulated transistor power supply in the
construction section of this chapter.

RS
- le n \ .
- b 25 | 2n44l
CR2- OW.
V. [ _1 CRS, -
A INC.
e R2
™ 1000
3w 1004
R7 Q3 c3| z5v.
51 2100 ¢ 2n241 =
o o i & 7.5 10 2.5
OLT.
RI 100 .02uf. "E) ov s
4700 2N241A a2
15V, AC. R6
100uF
gl | DHg 3x
== Cl A Aun 470
+ +|C4 'CR1
6.8V.

Fig. 5-25 —

Circuit of the improved regulator. Resistance is in ohms. Fixed-value resistors are 1/2-watt

composition unless otherwise noted. Polarized capacitors are electrolytic. CR1 is a 1N754 Zener diode,
or equa!. CR2-CRS, incl., are 1N191s or equiv. T1 is a 24-volt, 1-ampere transformer.
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Table of operating conditions for Fig. 5-25
Eo Ipl Eac2 E13 E34 1 Maximum load current with 117 V ac
input.
Volts mA - mVims mv mv 2 Output ripple voltage at maximumload
7.5 300 3.3 75 25 117 V ac input,
10.0 250 4.2 8s 30 Change in output voltage as output cur-
12.5 230 4.6 95 35 rent is varried from no load to full load with
15.0 170 5.0 100 45 constant 117 V ac input.
17.5 135 5.3 100 55 4 Change in output voltage with a con-
20.0 100 6.0 100 65 stant load corresponding to one half that of
22.5 90 8.0 110 90 Column 2 as the line voltage is varied from
. : 105 to 125 volts.
BIAS SUPPLIES

Bias supplies are used to provide grid voltage to
the PA and modulator stages of amateur
transmitters, to supply grid voltage to linear
amplifiers, and to provide control voltage for
cutting off receiver and transmitter output.
Negative bias voltage is also used for grid-block
keying in most modern amateur exciters.

Typical circuits for bias supplies are shown in
Fig. 5-26. At A, a simple half-wave rectifier (CR1)
provides dc voltage to R1, which is adjusted for the
desired output. If the bias is being fed to a Class C
amplifier, the circuit at B is preferred. R1 is used
to set the bias voltage at the desired level and R2 is
the value that would ordinarily be used as a
grid-leak resistor for the Class C stage. No other
grid resistor should be used.

A voltage-doubler bias supply is shown at C. T1
is chosen to provide the desired output voltage,
when doubled, while allowing for the voltage drop
across R4. Zener diodes are connected in series
(CR3 through CRS, incl.) to offer regulation and
to enable the user to obtain three different bias

voltage triplers can be used in bias supplies. The
full-wave rectifiers are easier to filter and may be
preferred for some applications.

T 1, CR1

R

0y

-O-
0 T0 125Y.
°+

PRI.

O -
0 TO 125v.
O+

——OEI

9 _ BIAS

§———O0E2 » OUTPUT

voltages. The Zener diodes are selected for the -

operating voltages required. Fewer, or more, Zener TAPS*

diodes can be connected in the string, or a single
Zencr diode can be used. R4 is adjusted to provide
the proper Zener-diode current for the string, and
its wattage must be sufficient to handle the current
flowing through it. R2 and R3 are current-limiting
resistors to protect CR1 and CR2.

Of course, full-wave center-tapped and full-
wave bridge rectifiers can be used in place of the
half-wave examples shown in Fig. 5-26. Similarly,

= cre @9 i

+——OE3

© CRS 9
A

Fig. 6-26 — Circuits of typical bias supplies using
solid-state rectifiers. The circuit at B is preferred if
the bias is to be supplied to a Class C amplifier
stage. Zener-diode regulation is shown at C.

CONSTRUCTION OF POWER SUPPLIES

The length of most leads in a power supply is
unimportant, so the arrangement of components
from this consideration is not a factor. More
important are the points of good high-voltage
insulation, adequate conductor size for filament
wiring — and most important of all — safety to the
operator. Exposed high-voltage terminals or wiring
which might be bumped into accidentally should
not be permitted to exist. They should be covered
with adequate insulation or made inaccessible to
contact during normal operation and adjustment of

the transmitter. Power-supply units should be
fused individually. All negative terminals of plate
supplies and positive terminals of bias supplies
should be securely grounded to the chassis, and the
chassis connected to a waterpipe or radiator
ground. All transformer, choke, and capacitor cases
should also be grounded to the chassis. Ac power
cords and chassis connectors should be arranged so
that exposed contacts are never “live.” Starting at
the conventional ac wall outlet which is female,
one end of the cord should be fitted with a male
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plug. The other end of the cord should have a
female receptacle. The input connector of the
power supply should have a male receptacle to fit
the female receptacle of the cord. The power-
output connector on the power supply should be a
female socket, never a male type. A male plug to
fit this socket should be connected to the cable
going to the equipment. The opposite end of the
cable should be fitted with a female connector, and
the series should terminate with a male connector
on the equipment. There should be no “live”
exposed contacts at any point, regardless of where
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a disconnection may be made.

Rectifier filament leads should be kept short to
assure proper voltage at the rectifier socket.
Through a metal chassis, grommet-lined clearance
holes will serve for voltages up to 500 or 750, but
ceramic feedthrough insulators should be used for
higher voltages. Blecder and voltage-dropping resis-
tors should be placed where they are open to air
circulation. Placing them in a confined space
reduces the rating. Other precautions are given
earlier in this chapter, in the section on power-line
considerations.

ADJUSTABLE REGULATED TRANSISTOR POWER SUPPLY

This power supply will develop from 3.5 to 21
volts at 1.5 amperes. These capabilities should
prove adequate for powering most solid-state
devices, or for general-purpose use as a bench
supply for solid-state projects. An RCA CA3055
integrated-circuit regulator and a 2N3055 pass
transistor are the only active components needed
beyond those of a simple unregulated supply. The
design includes short-circuit protection, so that a
dead short across the output terminals will cause
no damage to the supply, even though the
output-voltage control may be set for maximum.

The Circuit

A potential of approximately 26 volts is
delivered by the bridge rectifier and 3000-uF filter
capacitor to the regulator section of the circuit.
The conduction of Q1 is governed by the voltage
applied to its base from the output of U1, thereby
controlling the output voltage. Ul contains its own
Zener reference diode. The regulated output
voltage is adjusted with R2. R1, a 56-ohm fixed
resistor, establishes the limiting value for the
current delivered to the load. Increasing the value
of this shutdown resistor will decrease the
maximum available current, and vice versa. The
function is approximately linear in inverse
proportion — halving the resistance value doubles
the value at which the output current is limited.
The 56-ohm value of Fig. 2 was selected to
maintain a current level within the maximum
ratings of T1 and QI in the event a short circuit of
extended duration was connected across the
output. A variable control,such as a 1000-ohm
value, could be placed in series with R1 to provide
for adjustable current limiting at the regulated
output.

A 0- to 3-mA meter, M1, is used to monitor
either the output voltage or the output current,
with selection made at S2. R3 serves as the shunt
element for current measurements, and R4 plus RS
serve as the multiplier resistors for voltage
measurements. R3 is homemade from a 1 1/2-inch
length of No. 30 copper wire, wound over a
1-megohm 1/2 watt resistor. This shunt causes M1
to indicate at full scale with a load current of 1.5
amperes. With meter movements other than that
specified in the parts list, it may be necessary to

alter the length of wire for the desired current
range. In any event, the current readings should be
checked against an ammeter having reliable
calibration.

The meter is calibrated to read half scale at 15
volts with S2 in the VOLTAGE position.
Calibration adjustment is made with R4 against a
known standard.

Construction

The power supply is built into a two-picce
cabinet assembly. The bottom piece serves as the
main chassis, front panel, and rear panel. The top
piece serves also as the sides. Figs. 1 and 3 show
the arrangement of parts used in this model,
although the layout is not critical. Neither the
positive nor the negative side of the output

Fig. 1 — The regulated power supply is housed in a
homemade two-piece metal box. Binding posts are
used for the dc output, neither side of which is
grounded. The third jack is a ground connected to
the case. On-off and meter switches flank the
meter. The knob at the lower left is mounted on
the voltage-control potentiometer.
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2N3055 S0uF
+ Qi 25v R3
" o L AAA o+
il
T + /
BLK/VEL 1 ve CR3 5 1000
i Yo 3
550 R1 2uF
BLK Yol
pCR2 v
RED CR +
001 3000uF
) £ g=
-{T 5600
R2
10K
VOLTAGE
05A = t RS +| 500uF
St 10K T “25v
60
s 2500
VOLTAGE
EXCEPT AS INDICATED, DECIMAL VALUES OF CAL. -0
v CAPACITANCE ARE IN MICROFARADS { uF ) ;
Ac OTHERS ARE IN PICOFARADS { pF OR uyf);
RESISTANCES ARE IN OHMS Q' € /_ro

®=1000, M:1000 000,

Fig. 2 — Circuit of the transistor power supply.

Resistances are in ohms; resistors are 1/2 watt

10-percent tolerance unless otherwise noted.

Capacitors with polarity indicated are electrolytic;

others are ceramic,

CR1-CR4, incl. — 100 PRV 3 A (Motorola 1N4720
or equiv.)

M1 — 0-3 mA (Knight 701-0021 or equiv.)

Q1 — Siticon npn power transistor, 2N3055 (Radio
Shack Archer 276-592 suitable).

connections is grounded to the chassis. Instead,
three binding posts are used, the third being
connected to the chassis. By appropriate jumpering
at the front-panel binding posts, either a

negative-ground or a positive-ground output may
be used.

Most of the small circuit components are
mounted on a piece of etched circuit board which
is mounted vertically. This board is visible in Fig. 3

a € (cask)

BASING DIAGRAMS
(BOTTOM VIEW )

R1, R5 — For text reference.
R2 — Linear taper, panel mount.

R3 — See text.

R4 — Linear taper, printed-circuit type.

S1 — Spst.

S2 — Dpdt.

T1 — Primary 117 V; 21-V, 1.5-A secondary
(Stancor TP-4 or equiv.)

U1 — Integrated circuit voltage regulator, RCA
CA3055.

between the front panel and the homemade heat
sink for Q1. Components in the metering circuit
are mounted on tie-point strips located near the
front panel.

The case of Q1 must be insulated from the
chassis. A mica washer coated with silicone grease
and insulating sleeves for the mounting screws
should be used.

Fig. 3 — View of the regulated transistor supply
from the side. The transistor mounted in the
U-shaped heat sink is Q1. The rectifiers, CR1
through CR4, are mounted beneath the meter on a
tie point strip, and are partially hidden in this view.
The large capacitor sitting atop the etched circuit
board is the 3000-UF filter capacitor connected at
the rectifier output.
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A 700-VOLT GENERAL-PURPOSE SUPPLY FOR TRANSCEIVERS

This power supply is designed to be used with
many of the medium-power ssb transceivers that
are commercially available. It has variable bias and
low-voltage lines, making it adaptable to most
equipment needs. The high voltage is approximate-
ly the value that most sweep-tube and 6146 PA
stages require. In this model a discarded TV set
transformer provides the heart of the supply. The
filament circuit can be hooked up for 6.3- or
12.6-volt output.

Circuit Information

In Fig. 2, the primary circuit of T1 has a
diode-protection relay, K1, and a 25-ohm surge
resistor, R3, in one side of the line. When the
supply is first turned on, R3 drops the primary
voltage to T1 until the capacitor bank at the
output of the bridge rectifier is charged. Then, the
voltage drop across R3 lessens and enables K1 to
pull in, thus shorting out the limiting resistor until
the next time the supply is used. This form of
protection prevents high surge currents from
harming the diode bridge, CR1 through CR4,
inclusive.

A standard bridge-rectifier string changes the
secondary voltage of Tl to dc. Three 200-uF

Fig. 1 — A top-chassis view of the general-purpose
power suppty. T1, at the far left, is a transformer
from a discarded TV set. The high-wattage resistors
are housed in the perforated shield at the far right.
The bottom pf the chassis is enclosed and has four
rubber feet attached to the cover plate.
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{=700v - 250¥
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Fig. 2 — Schematic of the power supply. Capacitors are disk ceramic, 1000 volts, except those with
polarity marking, which are electrolytic. Resistance is in ohms, k = 1000.

CR1-CR4, incl. —
diode,

CR5 — 200 PRV, 500 mA silicon diode.

K1 — 115-V ac relay with spst 10-ampere contacts.

L1 — 2.5-H 130-mA filter choke (Allied-Knight
6X24HF or equiv.)

R1 — 2500-ohm, 50-watt adjustable resistor.

R2 — Wirewound, adjustable.

R3 — For text reference.

S1 — Spst toggle switch with 10-ampere contacts.

1000 PRV, 1-ampere silicon

T1 — TVset transformer, 350 or 375 volts each
side of center tap, with 6.3-volt winding (5-volt
winding not used). Use Stancor P-6315 as
alternate.

T2 — 6.3-volt, 6-ampere filament transformer.

T3 — 6.3-wolt, 1-ampere filament transformer.

Z1 — Thyrector assembly (for transient suppres-

sion). G. E. No. 6RS20SP4B4 suitable.
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capacitors are series-connected to filter the dc, thus
providing a 1350-volt 66-(F rating for the filter.
Voltage equalization across the capacitors is
effected by the three 50,000-ohm 5-watt resistors
shown. The resistor string doubles as a bleeder.

Filtered low voltage is taken from the
secondary center tap of T1, and is determined by
the setting of R1. With ordinary transceivers, R1
can be adjusted to provide anything from 200 volts
to as much as 300 volts. Its actual setting will
depend upon the current drawn by the low-voltage
circuit of the equipment. L1, in the filter section
of the low-voltage supply, was not used in the
model photographed. As a consequence, a fair
amount of ripple is present on the output voltage
with near-maximum current drain.

T2 supplies 6.3 volts for powering the filaments
of the transceiver. Alternatively, the 6.3-volt
winding of Tl can be used. If the equipment is

POWER SUPPLY THEORY AND PRACTICE

wired for 12-volt filament operation, points X and
Y can be joined and the output taken between Z
and chassis ground. The phasing of T1 and T2 must
be correct if the two voltages are to add, rather
than cancel. If 12 volts do not appear with the
filament string connected, merely reverse the
primary leads of one of the two transformers.

Bias is taken from T3, a 6.3-volt l-ampere
filament transformer which is connected back-to-
back with T2. CRS is a half-wave rectifier, and its
output is filtered by a 100-uF capacitor. The
required amount of bias is obtained by adjustment
of R2,

The supply is built on an 11 X 10 X 2 1/2-inch
aluminum chassis. R1 and the 150-ohm 10-watt
resistor at the ct of Tl are mounted atop the
chassis for cooling purposes. They are enclosed in a
perforated shield to prevent accidental shock to
the operator.

A 3000-VOLT POWER SUPPLY

This high-voltage power supply is designed for
use with linear amplifiers that are capable of
operating at maximum legal input power levels.
Typically, this supply can be used with amplifiers
which use two 3-500Z tubes, a single 4-1000A or
3-1000Z, or any tube or combination thereof
which calls for 3000 volts de at up to 700 mA.

Examples of such amplifiers can be found in
Chapter 6. The supply can be operated from either
115- or 230-volt ac mains. (From QST, Dec.,
1969.)

Though this power supply can be operated
from the 115-volt line, it is recommended that the
230- volt mains be used in the interest of best
regulation. The circuit breakers shown in Fig. 3C
can be eliminated if the equipment is to be
operated from mains which have their own circuit
breakers or fuses.

“Computer-grade” filter capacitors are used in
this circuit. Each capacitor is bridged by a
25k-ohm, 20-watt resistor. Each resistor serves as a
part of the bleeder string, while at the same time
functioning as a voltage equalizer for its respective
capacitor. The idling current of most linear
amplifiers further bleeds the power supply when
the equipment is turned on. A panel meter, M1, is
set to read 0 to 5000 volts, and should be observed
for a zero reading before working on the power
supply. The supply should be disconnected from
the mains before removing the protective covers
from it.

Fig. 1 — Top view of the assembled power supply,
cover removed. The circuit breakers are mounted
on an L-bracket at the top of the chassis. Their
reset buttons are accessible from outside the shield
cover, Lips are formed on the sides and tops of the
front and rear panels to facilitate mounting the
screen cover. Alternatively, angle bracket stock can
be used in place of the lips.



3000—Volt Power Supply

TO TI

| 223
SN

o

e L7

TO 24 T0 25
+

125

TO Ji AND 70 J2 AND
Z3 MINUS Z2 PLUS
t+ Sfoov) (-3000v)
[ $
by
R2
70 | STRING

1
TERMINALS FOR

C6-C9 ARE
To.2l ApRoX. /4% DiA,

Fig. 2 — Layouts for the circuit boards used at Z2
through 25. To assure good insulating properties
high-quality glass-epoxy board should be used.

Because silicon rectifiers are used in this supply,
provisions for their protection are included. Each
diode is bridged by a 0.01-4F capacitor and a
470k-ohm 1/2-watt resistor. A relay, K2, and a
series resistor are connected in the primary leg of
the supply to offer surge protection to the rectifier
diodes while the capacitor bank charges. The
resistor, R1, lowers the primary voltage to T1 until
the capacitors are nearly charged. Then, K2
energizes and shorts out RI1 to permit the
applications of full primary voltage. Assembly Z1
is a Thyrector diode which limits spikes that may
appear on the primary line, thus offering transient
protection to the rectifier diodes. For 230-volt
operation it is necessary to use two Thyrectors as
shown in the alternate primary circuit of Fig. 3D.

Metering of the high-voltage output line is
necessary to comply with FCC regulations. A 0- to
500-MA meter is used to read the voltage directly
off the 3000-volt bus. A string of ten 1-megohm,
1-watt resistors is connected in series between the
3000-volt line and M1 to provide the 0- to
5000-volt reading needed.! The combined value of
the resistors should be as close to 10 megohms as
possible to assure good accuracy. A well calibrated
ohmmeter can be used for selecting the resistors, or
if an impedance bridge is available it might be used
to provide better accuracy when selecting the
resistors.

Construction

A standard 12 X 17 X 3-inch aluminum chassis
is used for the foundation of this unit. The front
and back panels of the supply are fashioned from
sheet aluminum, and are 10 inches high and 17
inches wide. The top and sides of the completed
power supply are enclosed by means of a single
sheet of perforated aluminum which is held in
place by No. 6 sheet-metal screws. Casters can be
mounted to the bottom cover of the supply, if
desired, to facilitate easy moving of the unit when
required.

The filter capacitors are bolted to a sheet of
epoxy circuit board, S inches wide and 10 inches
long. The pattern of the copper foil is given in Iig.
2. The capacitors are held in place on the board by
their terminal screws. The diode board, also shown
in Fig. 2, is attached to the capacitor board by
means of three l-inch steatite insulators. The
circuit-board ‘‘sandwich” is then supported from
the walls of the cabinet by three aluminum
L-brackets (see Fig. 1). The tops of the filter
capacitors rest on a sheet of 1/8-inch-thick
Plexiglas which is bolted to the main chassis, thus

1 Do not use a single 10-megohm resistor for
the metering circuit. The number used are
necessary to insure against arc-over across the
bodies of the resistors,
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providing insulation between the chassis and the
cases of the capacitors.

The ten series resistors for the metering circuit
are mounted on a piece of perforated board and
bolted to the back side of the meter case as shown
in Fig. 1. In this model, Teflon hookup wire
connects the metering resistors to the 3000-volt
bus. The center conductor and its polyethylene
covering from a piece of RG-11/U (shield braid and

72,23 DETALS
R3—R7,INCL.

POWER SUPPLY THEORY AND PRACTICE

vinyl jacket removed) can be substituted for the
Teflon lead.

A 10-ohm resistor is connected between the
bottom resistor of the bleeder string and chassis
ground. This provides a metering point for the
amplifier plate current. An external voltmeter
reads the voltage drop across the 10-ohm resistor
to determine the current drawn.

€I —CS|INCL
CRI—CRS,INCL 24,25 DETAILS
C6—C9 INCL,
R8—RII, INCL.
+ + + +
+ - + ﬁmmmw—o—
(A} (B)
NG NC
k@ |svey k28 |cHARGE
4 OPERATE CBI T
y—OCr B+
o —d 0a
nsv -
AcC
o K24
NG z2 za
+ _L"
KiC t cB2 0-500
O
104
+

NC*NO CONNECTION

(0}

)

70
EARTH
GROUND
zs
- 2,5
]
2w
Kla
115V
REMOTE
CONT.
LINE

Fig. 3 — Schematic diagram of the 3000-volt power supply. Capacitors used in assemblies Z2 and Z3 are
1000-volt disk ceramic. The resistors in the two assemblies are 1/2-watt composition. Polarized

capacitors are electrolytic.

C1-C5, incl. — .01-uF disk.

C6-C9, Incl. 240-uF, 450-volt
{Mallory CG-241-T450D1).

CB1, CB2 — 10-A circuit breaker (Wood Electric
125-210-101 or equiv.).

CR1-CR5, incl. — Silicon rectifier diode, 1000
PRV, 2 A or greater,

11 — 115-volt ac neon panel lamp.

electrolytic

J1, J2 — High-voltage chassis connector (James
Milten 37001).
K1 — Dpst 115-volt ac relay, 25-A contacts

(Potter-Brumfield PR11AY suitable; two ter-
minals unused).
K2 — Dpst 115-volt ac relay, both sections in

parallel {Guardian 200-2 with 200-115A field

coil). Contacts rated at 8 A,

0-500 MA panel meter
suitable}.

R1, R2 — For text reference.

R3-R7, incl. — 0.47-megohm, 1/2-watt resistor.

R8-R11, incl. — 25,000-ohm, 20-watt resistor.

T1 — Dual 115-voit primary, 1100-V secondary,

M1

(Simpson 1227

600 VA (Berkshire BTC-6181: Berkshire
Transformer Corp, Kent, CT).
21 — Thyrectordiode assembly (GE No.

6RS20SP4B4).
22-7Z5, inct. — See drawings in this figure and in
Fig. 2.
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HF Transmitting

Regardless of the transmission mode — code,
a-m, fm, single sideband, radiotcletype, amateur
TV - vacuum tubes and semiconductors are
common clements in all transmitters, They are
uscd as oscillators, amplifiers, frequency multi-
pliers and frequency converters. These four
building blocks, plus suitable power supplies, are
basically all that is required to make any of the
popular transmission systems.

The simplest code transmitter is a keyed
oscillator working directly into the antenna; a
morc claborate (and practical) code transmitter,
the type popular with many beginners, will include
one or more frequency-multiplication stages and
onc or more powecr-amplifier stages. Any code
transmitter will obviously require a means for
keying it. The bare skeleton is shown in Figs. 6-2A
and B. The rf generating and amplifying scctions of
a double-sideband phone transmitter (a-m or fm)
are similar to those of a code transmitter.

The overall design depends primarily upon the
bands in which operation is desired and the power
output. A simple oscillator with satisfactory
frequency stability may be used as a transmitter at
the lower frequencies, but thc power output
obtainable is small. As a general rule, the output of
the oscillator is fed into one or more amplifiers to
bring the power fed to thc antenna up to the
desired level.

An amplifier whose output frequency is the
same as the input frequency is called a straight
amplifier. A buffer amplifier is the term sometimes
applied to an amplifier stage to indicate that its

Chapter 6

primary purposc is onc of isolation, rather than
power gain.

Because it becomes increasingly difficult to
maintain oscillator frequency stability as the
frequency is increased, it is most usual practice in
working at the higher frequencies to operate the
oscillator at a low frequency and follow it with one
or more frequency multipliers as required to arrive
at the desired output frequency. A frequency
multiplicr is an amplifier that delivers output at a
multiple of the exciting frequency. A doubler is a
multiplier that gives output at twice the exciting
frequency; a tripler multiplies the exciting
frequency by three, etc. From the viewpoint of
any particular stage in a transmitter, the preceding
stage is its driver.

As a general rule, frequency multipliers should
not be used to feed the antenna system directly,
but should feed a straight amplifier which, in tum,
feeds the antenna system.

Good frequency .stability is most ecasily
obtained through the use of a crystal-controlled
oscillator, although a different crystal is needed for
each frequency desired (or multiples of that
frequency). A self-controlled oscillator or VFO
(variable-frequency oscillator) may be tuned to any
frequency with a dial in the manner of a receiver,
but requires great care in design and construction if
its stability is to compare with that of a crystal
oscillator.

Many transmitters usc tubes, but for low-power
hf and channelized vhf fm transmitters, transistors
arc dominant. New solid-state devices arc being
developed which allow dc inputs of 100 watts or
more with a low-level of IM distortion products. As
the cost of these transistors is reduced it can be
assumed that at some point in the future tubes will
be used only for high-power amplification.

The best stage or stages to key in a code
transmitter is a matter which is discussed in a later
chapter. The oscillator/multiplier/amplifier ty pe of
transmitter (Fig. 6-2B) has long been popular.
However, the excellent frequency stability and the
advantages of grid-block keying (which are
explained in the Code Transmission chapter) have

Fig. 6-1 — An amateur’'s transmitter is his
on-the-air voice. He is judged by the quality of that
‘‘voice,”’ whatever the mode that he chooses to
operate.

128



Crystal Oscillators

129

XTAL
0SC e
Fig. 6-2 — Block diagrams of the three basic types
of transmitters. (A)
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made the heterodyne exciter of Fig. 6-2C  which, in turn, is a function of the amount of

increasingly popular, in spite of the slightly more
complex circuitry required.

An fm transmitter can only be modulated in or
following the oscillator stage. An a-m phone
transmitter can only be modulated in the output
stage, unless the modulated stage is followed by a
linear amplifier. However, following an amplitude-
modulated stage by a linear amplifier is an
inefficient process, convenient as an expedient, but
not recommended for best efficiency.

Following the generation of a single-sideband
phone signal, its frequency can be changed only by
frequency conversion (not multiplication), in
exactly the same manner that signals in a receiver
arc heterodyned to a different frequency. Com-
plete details of ssb transmitter design and
construction are given in Chapter 13.

CRYSTAL OSCILLATORS

The frequency of a crystal-controlled oscillator
is held constant to a high degree of accuracy by the
use of a quartz crystal. The frequency depends
almost entirely on the dimensions of the crystal
(essentially its thickness); other circuit values have
comparatively negligible effect. However, the
power obtainable is limited by the heat the crystal
will stand without fracturing. The amount of
heating is dependent upon the rf cyrstal current

RFC
100 gyrpyT

(8)

* = GATF PROTECTED

100 ouTPUT

feedback required to provide proper excitation.
Crystal heating short of the danger point results in
frequency drift to an extent depending upon the
way the crystal is cut. Excitation should always be
adjusted to the minimum necessary for proper
operation.

The most stable type of crystal oscillator is that
which provides only a small voltage output (lightly
loaded), and which operates the crystal at a low
drive level. Such oscillators are widely used in
receivers and heterodyne transmitters. The oscilla-
tor/multiplier/amplifier type of transmitter usually
requires some power from the oscillator stage. For
either type of crystal oscillator, the active element
may be a tube or a transistor.

Oscillator Circuits

The simplest crystal-oscillator circuit is shown
in Fig. 6-3A. Feedback in this circuit is provided
by the gate-source and drain-source capacitance.
The circuit shown at B is the equivalent of the
tuned-grid, tuned-plate circuit discussed in the
chapter on vacuum-tube principles, using the
crystal to replace the tuned grid circuit. Although
JFETs are shown in the sample circuits at A and B,
MOSFETs or triodes may also be employed, using
the connections shown in 6-3C through F.

For applications where some power is required
from the crystal oscillator, the circuits shown in

b

40673

%

Fig. 6-3 — Simple crystal oscillator circuits. (A) Pierce, (B) FET, (C-F) other devices that can also be
used in the circuits of A and B with appropriate changes in supply voltage.
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PENTODE TUBE

BIPOLAR TRANSISTOR
Fig. 64 — Crystal-oscillator circuits that are designed to deliver power. L1/C1 resonate at the crystal

frequency, or a multiple thereof if the second, third

Fig. 64 may be employed. At A, a bipolar
transistor is used, while the tube circuits (B, C) are
somewhat more complicated. They combine the
functions of oscillator and amplifier or frequency
multiplier in a single tube. In these circuits, the
screen of a tetrode or pentode is used as the plate
in a triode oscillator. Power output is taken from a
separate tuned tank circuit in the actual plate
circuit. Although the oscillator itself is not entirely
independent of adjustments made in the plate tank
circuit when the latter is tuned near the
fundamental frequency of the crystal, the effects
can be satisfactorily minimized by proper choice of
the oscillator tube.

The oscillators of Iig. 6-4B and 64C are a
modification of the grid-plate circuit of Fig. 6-3B.
In Fig. 64C the ground point has been moved
from the cathode to the plate of the oscillator (in
other words, to the screen of the tube). Excitation
is adjusted by proper proportioning of 22- and
100-pF feedback capacitors.

When some types of tubes are used in the
circuits of Fig. 6-3B, oscillation will stop when the
output plate circuit is tuned to the crystal
frequency, and it is necessary to operate with the
plate tank circuit critically detuned for maximum
output with stability. However, when the 6GK®6,
12BY7A, 5763, or the lower-power 6 AH6 is used
with proper adjustment of excitation, it is possible
to tune to the crystal frequency without stopping
oscillation. These tubes also operate with less
crystal current than most other types for a given

+12V

+12v

FOR Y1

HF TRANSMITTING

100 f
oUTPUT
(d]
4]

ELECTRON COUPLED
(GRID-PLATE)

, or fourth harmonic is the desired output frequency.

power output, and less frequency change occurs
when the plate circuit is tuned through the cyrstal
frequency (less than 25 Hertz at 3.5 MHz).

Crystal current may be estimated by observing
relative brilliance of a 60-mA dial lamp connected
in series with the crystal. Current should be held to
the minimum for satisfactory output by careful
adjustment of excitation. With the operating
voltages shown, satisfactory output should be
obtained with crystal currents of 40 mA or less.

In these tube circuits, output may be obtained
at multiples of the crystal frequency by tuning the
plate tank circuit to the desired harmonic, the
output dropping off, of course, at the higher
harmonics. Especially for harmonic operation, a
low-C plate tank circuit is desirable.

Practical Considerations

The operation of a crystal oscillator is often
hampered because vhf parasitic oscillations also
occur in the circuit. An effective way of killing
parasitics is the use of a low-value composition
resistor or ferrite bead, as shown in Fig. 6-5. The
parasitic stopper can be located on the gate (grid or
base) lead, and it should bé placed as close as
possible to the transistor. The circuit at A may be
used for low-power applications. If a crystal above
I MHz is to be used it may be advisable to include
a trimmer capacitor across the crystal to allow the
crystal frequency to be set exactly.

It is often desirable in fm and ssb gear to use
several crystals, switch-selected in a single oscilla-

22K
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Fig. 6-5 — Two practical crystal-oscillator designs. (A) For low-power output applications such as a
conversion oscillator or BFO, (B) an example of diode switching of crystals. The rf choke on the base lead
of the transistor is a ferrite bead which prevents vhf parasitic oscillation.
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Fig. 6-6 — VFO circuits. The devices shown in Fig
component.

tor. If manual switching is used, the leads to the
switch may introduce sufficient additional capaci-
tance to upset the operation of the circuit.
Therefore, the use of diode switching, such as
shown in Fig. 6-5B, is now popular. Any
high-speed switching diode may be employed. The
use of diode switching for low-level tank circuits,
especially in receivers, has gained wide acceptance.
A special diode known as the PIN has been
developed for this purpose. In any diode-switching
circuit it is important to insure that the switching
bias is many times larger than the peak rf voltage
present.

VARIABLE-FREQUENCY
OSCILLATORS

The frequency of a VFO depends entirely on
the values of inductance and capacitance in the
circuit. Therefore, it is necessary to take careful
steps to minimize changes in these values not under
the control of the operator. As examples, even the
minute changes of dimensions with temperature,
particularly those of the coil, may result in a slow
but noticeable change in frequency called drift.
The effective input capacitance of the oscillator
tube, which must be connected across the circuit,
changes with variations in electrode voitages. This,
in turn, causes a change in the frequency of the
oscillator. To make use of the power from the
oscillator, a load, usually in the form of an
amplifier, must be coupled to the oscillator, and

HARTLEY
(GROUNDED CATHODE)

(E)

PENTODE
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(c)
COLPITTS
(GROUNDED DRAIN)

(F) -

BIPOLAR HARTLEY

. 6-2C through F may also be employed as the active

variations in the load may reflect on the frequency.
Very slight mechanical movement of the compon-
ents may result in a shift in frequency, and
vibration can cause modulation.

In the past different techniques have been used
to design the VIFOs for transmitters and receivers.
However, today the same circuits may be used for
either application. In receivers the VFO is usually
called an HFO.

VFO Circuits

Fig. 6-6 shows the most commonly used
circuits. They are all designed to minimize the
effects mentioned above. The oscillating circuits in
Figs. 6-6A and B are the Hartley type; those in C
and D are Colpitts circuits. (See chapter on
vacuum-tube principles.) In the circuits of A, B and
C, all of the above-mentioned effects, except
changes in inductance, are minimized by the use of
a high-Q tank circuit obtained through the use of
large tank capacitances. Any uncontrolled changes
in capacitance thus become a very small percentage
of the total circuit capacitance.

In the series-tuned Colpitts circuit of Fig. 6-6D
(sometimes called the Clapp circuit), a high-Q
circuit is obtained in a different manner. The tube
is tapped across only a small portion of the
oscillating tank circuit, resulting in very loose
coupling between tube and circuit. The taps are
provided by a series of three capacitors across the
coil. In addition, the tube capacitances are shunted
by large capacitors, so the effects of the tube -
changes in electrode voltages and loading — are still
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Fig. 6-7 — Isolating stages to be used between a
VFQ and the following amplifier or mixer stage.

further reduced. In contrast to the preceding
circuits, the resulting tank circuit has a high L/C
ratio and therefore the tank current is much lower
than in the circuits using high-C tanks. As a result,
it will usually be found that, other things being
equal, drift will be less with the low-C circuit.

For best stability, the ratio of C2 or C3 (which
are usually equal) to C4 should be as high as
possible without stopping oscillation. The permis-
sible ratio will be higher the higher the Q of the
coil and the mutual conductance of the tube. If the
circuit does not oscillate over the desired range, a
coil of higher @ must be used or the capacitance of
C2 and C3 reduced.

The pentode tube of 6-6E or any of the active
devices shown in Fig. 6-3 may be used in either the
Hartley or Colpitts circuits. Good results can be
obtained with both tubes and transistors, so the
choice of the active device is often a matter of
personal preference.

Load Isolation

In spite of the precautions already discussed,
the tuning of later stages in the transmitter may
causc a noticeable change in frequency. This effect
can be reduced considerably by designing a
pentode oscillator for half the desired frequency
and doubling frequency in the output circuit.

HF TRANSMITTING

It is desirable, although not a strict necessity if
detuning is recognized and taken into account, to
approach as closely as possible the condition where
the adjustment of tuning controls in the
transmitter, beyond the VFO frequency control,
will have negligible effect on the frequency. This
can be done by adding isolating stage or stages
whosc tuning is fixed between the oscillator and
the first tunable amplifier stage in the transmitter.

Fig. 6-7A shows such an arrangement that gives
good isolation. A pentode tube is operated with a
low-impedance resistive load, and regulated screen
voltage. At B a simple follower circuit is used. The
disadvantage of this circuit is that the level of the
output will be quite low, usually less than one volt.
Bipolar transistors are used in a dircct-coupled
follower arrangement in Fig. 6-7C, providing a
higher level of output (above 3 V) than was
possible with the design shown at C. The ability of
a buffer stage to isolate the VIFO from the load can
be tested simply. Use a receiver to monitor the
VFO, and listen as the buffer output is first left
open and then shorted. A good buffer will hold the
frequency change to less than 100 Hz. Often the
frequency change may be in the order of several
kHz when this test is made, an indication that the
buffer is not doing its job.

Chirp, Pulling and Drift

Any oscillator will change frequency with an
extreme change in plate screen voltages, and the
usc of stabilized sources for both is good practice.
But steady source voltages cannot alter the fact of
the extreme voltage changes that take place when
an oscillator is keyed or heavily amplitude-
modulated. Consequently some chirp or fm is the
inescapable result of oscillator keying or heavy
amplitude modulation.

A keyed or amplitude-modulated amplifier
presents a variable load to the driving stage. If the
driving stage is an oscillator, the keyed or
modulated stage (the variable load) may *“pull” the
oscillator frequency during keying or  modula-
tion. This may cause a “chirp” on cw or incidental
fm on a-m phone. In either case the cure is to
provide one or more ‘“‘buffer” or isolating stages
between the oscillator stage and the varying load.
If this is not done, the keying or modulation may
be little better than when the oscillator itself is
keyed or modulated.

Frequency drift is minimized by limiting the
temperature excursions of the frequency-determin-
ing components to a minimum. This calls for good
ventilation and a minimum of heat-generating
components.

Variable capacitors should have ceramic insula-
tion, good bearing contacts and should preferably
be of the double bearing type. Fixed capacitors
should have zcro-temperature coefficients. The
tube socket should have ceramic insulation.

Temperature Compensation

If, despite the observance of good oscillator
construction practice, the warm-up drift of an
oscillator is too high, it is caused by high-tempera-
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low-pass filter designs. The val-
ues given are for 1 MHz; they
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determine the value of the
components needed. For ex-
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pass design at A was to be
used at 10 MHz, the values of
C and L shown are divided by
10. The input and output im-
pedance remains at 600 ohms.
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ture operation of the oscillator. 1f the ventilation
cannot be improved (to reduce the ultimate
temperature), the frequency drift of the oscillator
can be reduced by the addition of a *‘temperature-
coefficient capacitor.” These are available in
negative and positive coefficients, in contrast to
the zero-coefficient “NPQ” types.

Most uncorrected oscillators will drift to a
lower frequency as the temperature rises. Such an
oscillator can be corrected (at a frequency f) by
adding an N750-type capacitor (-750 parts per
million per OC) of a value determined by making
two sets of measurements. Measure the drift f;
from cold to stability (e.g., 1 1/2 hours). To the
cold (cooled-off) oscillator, add a trial N750
capacitor (e.g., 50 pF) and retune the cold
oscillator to frequency f; (by retuning a padder
capacitor or the tuning capacitor). Measure the
new warm-up drift fo over the same period (e.g.,
11/2 hours). The required corrective N750
capacitor is then f

Corrective C = Ctnalf] T2
If the trial capacitor results in a drift to a higher
frequency, the denominator becomes f +f3.

Oscillator Coils

The Q of the tank coil used in the oscillating
portion of any of the circuits under discussion
should be as high as circumstances (usually space)
permit, since the losses, and thercfore the heating,
will be less. With recommended care in regard to
other factors mentioned previously, most of the
drift will originate in the coil. The coil should be
well spaced from shielding and other large metal
surfaces, and be of a type that radiates heat well,
such as a commercial air-wound type, or should be
would tightly on a threaded ceramic form so that
the dimensions will not change readily with
temperature. The wire with which the coil is
wound should be as large as practicable, especially
in the high-C circuits.

Mechanical Vibration

To eliminate mechanical vibraticn, components
should be mounted securely. The capacitor should
preferably have small, thick plates and the coil
braced, if necessary, to prevent the slightest
mechanical movement. Wire connections between
tank-circuit components should be as short as

1-MHz HIGH PASS

133

1-MHz LOW PASS
7.2uH

Z,y=500

yid T

T.2uH

#7 - s

1-MHz HIGH PASS

BPF 124oF 2o 5on oon 8400F
OUTDUT

57/4_/-/ aeoon T2uM 72/‘»-/

(D)

possible and flexible wire will have less tendency to
vibrate than solid wire. It is advisable to cushion
the entire oscillator unit by mounting on sponge
rubber or other shock mounting.

QOu tput Filtering

The output of an oscillator contains a good deal
of harmonic energy in addition to the desired
frequency. Often these harmonics can cause the
generation of spurious products in heterodyne
transmitters which result in signals being radiated
outside the amateur bands. In receivers, the
oscillator harmonics cause “birdies” and sprious
responses in the tuning range. In general, transistor
circuits generate a higher level of harmonic energy
than do tube designs. Thus, the output of a tube
VIFO often can be used without filtering, while
most solid-state VFOs require an output low-pass
filter.

W7ZOl has provided general-purpose filter
designs shown in Fig. 6-8. These designs have been
developed using computer-aided design (CAD),
where a digital computer models or “‘synthesizes”
the circuit. Not only filters, but models of tubes,
transistors and complete circuits may be developed
in this way, allowing a designer to optimize a
circuit without taking days of cut and try.
However, the CADs are just models, and often
once a circuit is built additional refinement is still
required.

The filter shown in Figs. 6-8A and B are
designed for 600-chm input and output impe-
dances, while C and D are for use in 50-ochm lines.
The values shown are for 1 MHz. A design for
higher frequencies may be obtained by dividing the
values shown by the desired frequency. For
example, if a VFO were to be used in tuning 5 to
5.5 MHz, the output filter of Fig. 6-8A might be
employed with a cut-off frequency of 6 MHz. The
LC values shown would be divided by 6. The result
will usually be an odd number, so the closest
standard value may be used.

A PRACTICAL VFO CIRCUIT

The circuit shown in Fig. 6-9 is for a solid-state
VFO covering 3.5 to 4 MHz. A number of
measures have been taken to prevent harmonic and
spurious outputs that so often plague transistor
designs. Examination of Fig. 6-9 will show that a
diode, CR2, is connected between the signal gate
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of QI and ground. This diode should be designed
for high-speed switching — a 1N914 is suitable
and should be connected with its anode toward
gate 1. It clamps on the positive-going half of the
cycle to prevent Q1 from reaching high peak
transconductance, the time period when the
output from the oscillator is rich in harmonic
energy. This technique should be applied to any
JIFET or MOSFET oscillator, but does not work
with bipolar-transistor oscillators. CR2 does not
impair the performance of the VFO. Additional
harmonics can be generated at Q2 and Q3, so
attention must be given to that part of the circuit
as well. Note that the collector of Q3 is tapped
well down on L3. The tap provides an impedance
match for the circuit, but still represents a high
impedance at the harmonic frequencies, if not
located too near the cold end of L3, thus
contributing to a cleaner output signal. However,
even though these precautions are taken, it is not
uncommon to find that the second and third
harmonics from a transistor output stage are only
down some 10 to 15 decibels in level from the
fundamental signal. By taking the VFO output at
low impedance, L4, a low-pass, double-section
filter can be used to diminish the harmonic to a
level that is some 30 decibels or more below that
of the desired output signal. FL1 is designed for
3.5 to 4-MHz use, and assures a clean output signal
from the VIFO.

VFO Output Level and Impedance

One of the things that perplexes many
first-time users of transistorized VI‘Os is the matter
of sufficient signal output to properly excite a
transmitter input stage, or to supply adequate
injection voltage to a receiver or transmitter mixer.
The rms output of a solid-state VFO is limited by
its low-impedance output port. In the circuits of
Iig. 6-9 the output would usually be taken across
the emitter resistor of Q2, the buffer. Typically,
the rms output voltage at that point in the cir-
cuit will be on the order of 0.5 to 2 volts.
Tubc mixers can require up to several volts of
oscillator signal in order to function properly. Most

Fig. 69 — A typical VFO
design showing extensive
use of buffering and filter-
ing to achieve a highly sta-
ble output with low spuri-
ous-frequency content.

solid-state transmitters need from 3 to 10 volts of
drive on the base of the first power stage, and a
reasonable amount of driving power is needed to
satisfy this requirement. Driving power is generally
required by the grid of the first stage of a tube
transmitter. The VFO should, therefore, be capable
of supplying from 0.5 to 1 watt of power output.
The Class-C amplifier, Q3, provides the needed
power output. Should the driven stage present a
low-impedance to the VFO, output can be taken
directly from the side of FL1 opposite Q3. If,
however, the driven stage of the transmitter or
receiver has a high input impedance, some method
must be used to provide the required impedance
transformation, low to high. A broad-band toroidal
step-up transformer, T1, is used for this purpose in
Fig. 6-9. The secondary of the transformer is
resonant somewhere in the operating range of the
VFO, and takes advantage of the stray circuit
capacitance, normally around 10 pF, to establish
resonance. The impedance-transformation ratio is
set by adjusting the number of turns on the
primary winding. Alternatively, T1 can be replaced
by a tuned circuit of conventional design. It can be
equipped with a fixed-value capacitor and a
slug-tuned inductor, or a fixed-value inductor can
be used with a variable capacitor to permit peaking
the output at the operating frequency. The use of a
tuned circuit will assure somewhat better efficien-
cy than will the broadband transformer, T1. Thus,
it can be seen that the circuit must be tailored to
the need.

Checking VFO Stability

A VFO should be checked thoroughly before it
is placed in regular operation on the air. Since
succeeding amplifier stages may affect the signal
characteristics, final tests should be made with the
complete transmitter in operation. Almost any
VFO will show signals of good quality and stability
when it is running free and not connected to a
load. A well-isolated monitor is a necessity.
Perhaps the most convenient, as well as one of the
most satisfactory, well-shielded monitoring ar-
rangements is a receiver combined with a harmonic
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from a frequency standard. (See the Measurements
chapter for suitable circuits.) The receiver BFO is
turned off and the VFO signal is tuned to beat
with the signal from the crystal oscillator instead.
In this way any receiver instability caused by
overloading the input circuits, which may result in
“pulling” of the hf oscillator in the receiver, or by
a change in line voltage to the receiver when the
transmitter is keyed, will not affect the reliability
of the check. Most crystals have a sufficiently low
temperature coefficient to give a check on drift as
well as on chirp and signal quality if they are not
overloaded.

Harmonics of the crystal may be used to beat
with the transmitter signal when monitoring at the
higher frequencies. Since any chirp at the lower
frequencies will be magnified at the higher
frequencies, accurate checking can best be done by
monitoring at a harmonic.

The distance between the crystal oscillator and
receiver should be adjusted to give a good beat
between the crystal oscillator and the transmitter
signal. When using harmonics of the crystal
oscillator, it may be necessary to attach a piece of
wire to the oscillator as an antenna to give
sufficient signal in the receiver. Checks may show
that the stability is sufficiently good to permit
oscillator keying at the lower frequencies, where
break-in operation is of greater value, but that
chirp becomes objectionable at the higher frequen-
cies. If further improvement does not seem
possible, it would be logical in this case to use
oscillator keying at the lower frequencies and
amplifier keying at the higher frequencies.

Premixing

It is difficult to build a variable-frequency
oscillator for operation above 10 MHz with drift of
only a few Hz. A scheme called premixing, shown
in Fig. 6-10A, may be used to obtain VFO output
in the 10- to 50-MHz range. The output of a highly
stable VFO is mixed with energy from a
crystal-controlled oscillator. The frequencies of the
two oscillators are chosen so that spurious outputs
generated during the mixing process do not fall
within the desired output range. A bandpass filter
at the mixer output attenuates any out-of-band
spurious energy. The charts given in Chapter 8 can
be used to choose oscillator combinations which
will have a minimum of spurious outputs. Also,
Chapter 8 contains a discussion of mixer-circuit
design.

PLL

Receivers and transmitters of advanced design
are now using phase-locked loops (PLLs) to
generate highly stable local oscillator energy up
into the microwave region. The PLL has the
advantage that no mixing stage is used in
conjunction with the output oscillator, so the
output energy is quite ‘““clean.” The Galaxy R-530,
the Collins 651S-1, and the National HRO-600
currently use PLL high-frequency oscillator sys-
tems.

The basic @gmm of a PLL is shown in Fig.
6-10B. Output from a voltage-controlled oscillator
(e
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Fig. 6-10 — Block diagrams of the (A} premixing
and (B) phase-ock-loop schemes.

(VCO) and a frequency standard are fed to a phase
detector which produces an output voltage equal
to the difference in frequency between the two
signals. The error voltage is amplified, filtered, and
applied to the VCO. The error voltage changes the
frequency of the VCO until it is locked to the
standard. The bandwidth of the error-voltage filter
determines the frequency range over which the
system will remain in phase lock.

Three types of phase-locked loops are now in
use. The simplest type uses harmonics of a crystal
standard to phase-lock an HFO, providing the
injection for the first mixer in a double-conversion
receiver. A typical circuit is given in Fig. 6-11.
Complete construction details on this PLL were
given in QST for January, 1972. A second type of
phase-locked loop uses a stable mf VFO as the
standard which stabilizes the frequency of an hf or
vhf VCO. This approach is used in the receiver
described by Fischer in QST, March, 1970.

The other PLL system also uses a crystal-
controlled standard, but with programmable
frequency dividers included so that the VCO
output is always locked to a crystal reference. The
frequency is changed by modifying the instructions
to the dividers; steps of 100 Hz are usually
employed for hf receivers while 10-kHz increments
are popular in vhf gear. The use of a PLL for fm
demodulation is covered separately in Chapter 14,

VFO DIALS

One of the tasks facing an amateur builder is
the difficulty of finding a suitable dial and drive
assembly for a VFO. A dial should provide a
sufficiently slow rate of tuning — 10- to 25-kHz
per knob revolution is considered optimum -
without backlash. Planetary drives are popular
because of their low cost; however, they often
develop objectional backlash after a short period of
use. Several types of two-speed drives are available.
They are well suited to homemade amateur
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Fig. 6-11 — A practical phase-locked oscillator
intended for application as the crystal-controlled
HFO in a transmitter or receiver. The crystal
frequency should be chosen so that the harmonic
content of the standard is sufficient at the desired

equipment. Several of the construction projects
described elsewhere in this book employ this type
of dial. The Eddystone 898 precision dial has long
been a favorite with amateurs, although the need
to elevate the VIFO far above the chassis introduces
some mechanical-stability problems. If a permea-
bility tuned oscillator (PTO) is used, one of the
many types of turn counters made for vacuum
variable capacitors or rotary inductors may be
employed.

Linear Readout

If linear-frequency readout is desired on the
dial, the variable capacitor must be only a small
portion of the total capacitance in the oscillator
tank. Capacitors tend to be very nonlinear near the
ends of rotation. A gear drive providing a 1.5:1
reduction should be employed so that only the
center of the capacitor range is used. Then, as a

Fig. 6-12 — A 5-digit readout using light-emitting
diodes.
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output frequency. A 200-kHz crystal is good to 40
MHz, 500-kHz crystal to 60 MHz, and 1-MHz
crystal to 80 MHz. L1 and L3 are chosen to
resonate at the desired output frequency.

final adjustment, the plates of the capacitor must
be filed until linear readout is achieved. In a PTO,
the pitch of the oscillator coil winding may be
varied so that linear frequency change results from
the travel of the tuning slug. Such a VFO was
described in QST for July, 1964. A different
approach was employed by Lee (OST, November,
1970), using a variable-capacitance diode (Varicap)
as the VFO tuning element. A meter which reads
the voltage applied to the Varicap was calibrated to
indicate the VFO frequency.

Electronic Dials

An electronic dial consists of a simplified
frequency counter which reads either the VFO or
operating frequency of a transmitter or receiver.
The advantage of an electronic dial is the excellent
accuracy (to one Hertz, if desired) and the fact
that VFO tuning does not have to be linear. The
readout section of the dial may use neon-glow
tubes called Nixies (a trade name of the Burroughs
Corp.), or a seven-segment display using incandes-
cent lamps, filament wires in a vacuum tube, or
LEDs (light-emitting diodes). A typical LED
display is shown in Fig. 6-12. The use of MSI and
LSI circuits, some containing as many as 200
transistors on a single chip, reduces the size
required for an electronic dial a few square
inches of circuit-board space.




Frequency Multipliers

ELECTRONIC DIAL

100 KHz
XTAL | RF AMP.
STANDARD DIVIDER —;t LIMITER
y
- DIVIDER Nlpur
R STORAGE )
ESET DiSPLAY DRIVER GATE

46 B

Fig. 6-13 — Block diagram of a frequency counter.

A typical counter circuit is given in Fig. 6-13.
The accuracy of the counter is determined by a
crystal standard which is often referred to as a
clock. The output from a 100-kHz calibration
oscillator, the type often used in receivers and
transceivers, may be employed if accuracy of 100
Hz is sufficient. For readout down to 1 Hz,a |- to
10-MHz AT-cut crystal should be chosen, because
this type of high-accuracy crystal exhibits the best
temperature stability. The clock output energy is
divided in decade-counter ICs to provide the pulse
which opens the input gate of the counter for a
preset time. The number of rf cycles which pass
through the gate while it is open are counted and
stored. Storage is used so that the readout does not
blink. At the end of each counting cycle the
information that has been stored activates the
display LEDs, which present the numbers counted
until another count cycle is complete. A complete
electronic dial arranged to be combined with an
existing transmitter or receiver was described in
QST for November 1970. Also, Macleish et al
reported an adapter which allows a commercially
made frequency counter to be mated with ham
gear so that the counter performs as an electronic
dial (QST, May, 1971).

FREQUENCY MULTIPLIERS
Single-Tube Multiplier

Output at a multiple of the frequency at which
it is being driven may be obtained from an
amplifier stage if the output circuit is tuned to a
harmonic of the exciting frequency instead of to
the fundamental. Thus, when the frequency at the
grid is 3.5 MHz, output at 7 MHz, 10.5 MHz, 14
MHz, etc., may be obtained by tuning the plate
tank circuit to one of these frequencies. The circuit
otherwise remains the same as that for a straight
amplifier, although some of the values and
operating conditions may require change for
maximum multiplier efficiency.

A practical limit to efficiency and output
within normal tube ratings is reached when the
multiplier is operated at maximum permissible
plate voltage and maximum permissible grid
current. The plate current should be reduced as
necessary to limit the dissipation to the rated value
by increasing w bias and decreasing the loading.

b
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Multiplications of four or five sometimes are
used to reach the bands above 28 MHz from a
lower-frequency crystal, but in the majority of
lower-frequency transmitters, multiplication in a
single stage is limited to a factor of two or three.
Screen-grid tubes make the best multipliers because
their high power-sensitivity makes them easier to
drive properly than triodes.

Since the input and output circuits are not
tuned close to the same frequency, neutralization
usually will not be required. Instances may be
encountered with tubes of high transconductance,
however, when a doubler will oscillate in t.g.t.p.
fashion.

Frequency multipliers using tubes are operated
Class C, with the bias and drive levels adjusted for
platecurrent conduction of less than 180 degrees.

MULTIPLIER 100
QUTPUT
TRIPLER
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F — RFC 3F  ouTPUT
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Fig. 6-14 — Frequency-multiplier circuits.
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Fig. 6-16 — Driver stages using (A) a pentode tube and (B) a bipolar power transistor,

For maximum efficiency, a doubler requires a
plate-conduction angle of about 110 degrees, while
a tripler needs 100 degrecs, a quadrupler 80
degrees, and a quintupler 65 degrees. For higher
orders of multiplication increased bias and more
drive are needed.

A typical circuit using a 6CL6 pentode tube is
shown in Fig. 6-14A. The input circuit is tuned to
the driving frequency while the output tank is set
for the desired harmonic. If such a multiplier were
to be operated directly into an antenna, additional
selectivity would be necessary to prevent the
radiation of harmonic energy (other than the
desired frequency).

Push-Push Multipliers

A two-tube circuit which works well at even
harmonics, but not at the fundamental or odd
harmonics, is known as the push-push circuit. The
grids are connected in push-pull while the plates
are connected in parallel. The efficiency of a
doubler using this circuit approaches that of a
straight amplifier.

This arrangement has an advantage in some
applications. If the heater of one tube is turned
off, its grid-plate capacitance, being the same as
that of the remaining tube, serves to neutralize the
circuit. Thus provision is made for either straight
amplification at the fundamental with a single
tube, or doubling frequency with two tubes.

Push-Pull Multiplier

A single- or paraliel-tube multiplier will deliver
output at either even or odd multiplies of the
exciting frequency. A push-pull stage does not
work as a doubler or quadrupler but it will work as
a tripler.

Transistor Multipliers

A transistor develops harmonic energy with
good efficiency, often causing harmonic-output
problems in straight-through amplifiers. Two
harmonic-generating modes are present, parametric
multiplication and multiplication caused by the
nonlinear characteristic presented by the base-
collector junction. Transistors may be used in
single-ended, push-pull, or push-push circuits. A
typical push-pull tripler is shown in Fig. 6-14B. A
small amount of forward bias has been added to
the bases of the 2N2102s to reduce the amount of

drive required. If a high level of drive is available,
the bias circuit may be omitted.

A number of integrated circuits can be
employed as frequency multipliers. The circuit at C
uses a Motorola MC1496G (or the Signetics
$5596, or Fairchild 4A796) as a doubler. The
input signal is balanced out in the IC, so only the
desired second harmonic of the input frequency
appears at the output. With suitable bypass
capacitors this doubler can be used from audio to
vhf.

DRIVERS

Pentode tubes are usually chosen for the driver
stages of tube transmitters because they provide
high amplification, often without requiring neutral-
ization. Many of the receiving-type pentodes and
smaller TV sweep tubes may be employed. The
6CL6, 6GK6, 12BY7A, 6BA6, 6AU6, and 6DC6
are often chosen. In cw and fm service the driver
stage is operated Class C, while for ssb operation
the Class-A mode is preferred to keep distortion to
a minimum (third-order products at least 50 dB
down). In ssb exciters alc voltage is often applied
to a driver stage, in which case a semiremote-cutoff
tube is desirable. Sharp-cutoff types are not
acceptable because of a rapid increase in distortion
as alc voltage drives the grid increasingly negative.

A typical tube driver stage is shown in Fig. 6-15
at A, The output load is a paraliel-resonant circuit.
Often a bandpass network is used so that the stage
does not have to be tuned by a panel control. Also,
coupling with a bandpass transformer provides a
higher order of attenuation of harmonic and
spurious signals. At Fig. 6-15B, a 2N3632
medium-power transistor serves as a Class<C driver.
Note that this circuit is not suitable for ssb service.

Broadband Driver

Transistor  circuits often require complex
interstage coupling networks, because of the low
input and output impedance characteristics of
bipolar devices. Designing a solid-state multiband
hf transmitter often requires some very complex
band-switch arrangements. To eliminate this
problem, the current trend is to use a broadband
multistage driver that covers 3.5 to 30 MHz, for
example, without switching or tuning adjustments.
A typical circuit, similar to that used in
Signal/One’s CX-7 transceiver, ia shown in Fig.

"t




Drivers

+

RFC

A W
AT Al

139

RFC

BIAS

4 @ L IIO IICZ
(0) G (F)

Fig. 6-16 — Interstage coupling networks for (A, B)
tubes, {C-E) transistor stages, and (F) a grounded-

grid amplifier.

6-17. Only a few millivolts of ssb or cw drive will
provide sufficient output to drive a 4CX250B
operating Class ABj. Interstage coupling is
accomplished with broadband toroidal transform-
ers. Feedback is added from the collector to the
emitter of each bipolar-transistor stage to improve
linearity. Output impedance of the broadband
driver is approximately 390 ohms.

Interstage Coupling

To achieve the maximum transfer of power
between the driver and the succeeding amplifier
stage, the output impedance of the driver must be
matched to the input impedance of the following
amplifier. Some form of rf coupling or impedance-
matching network is needed. The capacitive system
of Fig. 6-16A is the simplest of all coupling
systems. In this circuit, the plate tank circuit of the
driver, C1L1, serves also as the grid tank of the
amplifier. Although it is used more frequently than
any other system, it is less flexible and has certain
limitations that must be taken into consideration.

The two stages cannot be separated physically
any appreciable distance without involving loss in
transferred power, radiation from the coupling lead
and the danger of feedback from this lead. Since
both the output capacitance of the driver tube and
the input capacitance of the amplifier are across
the single circuit, it is sometimes difficult to obtain
a tank circuit with a sufficiently low Q to provide
an efficient circuit at the higher frequencies. The
coupling can be varied by altering the capacitance
of the coupling capacitor, C2. The driver load
impedance is the sum of the amplifier grid
resistance and the reactance of the coupling
capacitor in series, the coupling capacitor serving
simply as a series reactor. The driver load resistance

increases with a decrease in the capacitance of the
coupling capacitor.

When the amplifier grid impedance is lower
than the optimum load resistance for the driver, a
transforming action is possible by tapping the grid
down on the tank coil, but this is not
recommended because it invariably causes an
increase in vhf harmonics and sometimes sets up a
parasitic circuit.

So far as coupling is concemned, the Q of the
circuit is of little significance. However, the other
considerations discussed earlier in connection with
tank-circuit Q should be observed.

Pi-Network Interstage Coupling

A pi-section tank circuit, as shown in Fig.
6-16B, may be used as a coupling device between
screen-grid amplifier stages. The circuit can also be
considered a coupling arrangement with the grid of
the amplifier tapped down on the circuit by means
of a capacitive divider. In contrast to the
tapped-coil method mentioned previously, this
system will be very effective in reducing vhf
harmonics, because the output capacitor provides a
direct capacitive shunt for harmonics across the
amplifier grid circuit.

To be most effective in reducing vhf harmonics,
the output capacitor should be a mica capacitor
connected directly across the tube-socket ter-
minals. Tapping down on the circuit in this manner
also helps to stabilize the amplifier. Since the
coupling to the grid is comparatively loose under
any condition, it may be found that it is impossible
to utilize the full power capability of the driver
stage. If sufficient excitation cannot be obtained, it
may be necessary to raise the plate voltage of the
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Fig. 6-17 — A solid-state broadband driver for 3 to
30 MHz. The design of transformers T1, T2 and T3
is covered later in the chapter.

driver, if this is permissible. Otherwise a larger
driver tube may be required. As shown in Fig.
6-16B, parallel driver plate feed and amplificr grid
feed are necessary.

Coupling Transistor Stages

In stages using bipolar power transistors, the
input circuit must provide a match between the
driver collector and the PA base. The latter
exhibits a very low impedance. The input
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impedance of an rf power transistor is between
several tenths of an ohm and several ohms.
Generally, the higher the power rating of the
device, the lower the input impedance. The base
connection also has a reactive component which is
capacitive at low frequencies and inductive at
higher frequencies. At some frequency, usually
between 50 and 150 MHz, the base lead will be
self-resonant. The input impedance will vary with
drive level, which makes a cut-and-try adjustment
of the interstage network necessary.

An interstage network must provide the proper
impedance transformation while tuning out reac-
tance in the transistors. The reactive components
of the base and collectors of power transistors are
of such magnitude that they must be included in
any network calculations. Fig. 6-16 shows several
networks capable of interstage matching in a
multistage transistor amplifier. At C, a T network
is pictured. The value of the inductor is chosen so
that its reactance is much greater than the
capacitive reactance of the second transistor’s base
circuit. The capacitive divider provides the
impedance match between the collector and the
base.

The circuit of 6-16D is also basically a T
network in which both the inductor and second
capacitor are chosen to have reactance of a greater
magnitude than the base-cmitter capacitance of the
second transistor. The circuits of C and D require
that the collector of the driver transistor be shunt
fed through a high-impedance rf choke. Fig. 6-16E
shows a coupling network that climinates the need
for a choke. Here the collector of the driver
transistor is parallel-tuned and the base-emitter
junction of the following stage is series-tuned.

The remaining circuit, Fig. 6-161°, shows the
pi-section network that is often used to match the
50-ohm output of an exciter to a grounded-grid
power amplifier. A Q of 1 or 2 is chosen so that
the circuit will be broad enough to operate across
an amateur band without retuning. The network is
designed for a 50-ohm input impedance and to
match an output load of 30 to 150 ohms (the
impedance range of the cathode of typical
grounded-grid stages). Typical LC values are given
in the construction projects presented later in this
chapter.

RF POWER AMPLIFIER CIRCUITRY

Tube Operating Conditions

In addition to proper tank and output-coupling
circuits, an rf amplifier must be provided with
suitable operating voltages and an rf driving or
excitation voltage. All rf amplifier tubes require a
voltage to operate the filament or heater (ac is
usually permissible), and a positive dc voltage
between the plate and filament or cathode (plate
voltage). Most tubes also requirc a negative dc
voltage (biasing voltage) between control grid (grid
No. 1) and filament or cathode. Screen-grid tubes
require in addition a positive voltage (scrcen
voltage or grid No. 2 voltage) between screen and
filament or cathode.

Biasing and plate voltages may be fed to the
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tube either in series with or in parallel with the
associated rf tank circuit as discussed in the
chapter on electrical laws and circuits.

It is important to remember that true plate,
screen or biasing voltage is the voltage between the
particular electrode and filament or cathode. Only
when the cathode is directly grounded to the
chassis may the electrode-to-chassis voltage be
taken as the true voltage. The required rf driving
voltage is applied between grid and cathode.

Power Input and Plate Dissipation

Plate power input is the dc power input to the
plate circuit (dc plate voltage X dc plate current).
Screen power input likewise is the dc screen
voltage X the dc screen current.

Plate dissipation is the difference between the
f power delivered by the tube to its loaded plate
tank circuit and the dc plate power input. The
screen, on the other hand, does not deliver any
output power, and therefore its dissipation is the
same as the screen power input.

TRANSMITTING-TUBE RATINGS

Tube manufacturers specify the maximum
values that should be applied to the tubes they
produce. They also publish sets of typical
operating values that should result in good
efficiency and normal tube life.

Maximum values for all of the most popular
transmitting tubes will be found in the tables of
transmitting tubes in the last chapter. Also
included are as many sets of typical operating
values as space permits. However, it is recommend-
ed that the amateur secure a transmitting-tube
manual from the manufacturer of the tube or tubes
he plans to use.

CCS and ICAS Ratings

The same transmitting tube may have different
ratings depending upon the manner in which the
tube is to be operated, and the service in which it is
to be used. These different ratings are based
primarily upon the heat that the tube can safely
dissipate. Some types of operation, such as with
grid or screen modulation, are less efficient than
others, meaning that the tube must dissipate more
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heat. Other types of operation, such as cw or
single-sideband phone are intermittent in nature,
resulting in less average heating than in other
modes where there is a continuous power input to
the tube during transmissions. There are also
different ratings for tubes used in transmitters that
are in almost constant use (CCS — Continuous
Commercial Service), and for tubes that are to be
used in transmitters that average only a few hours
of daily operation (ICAS — Intermittent Commer-
cial and Amateur Service). The latter are the
ratings used by amateurs who wish to obtain
maximum output with reasonable tube life.

Maximum Ratings

Maximum ratings, where they differ from the
values given under typical operating values, are not
nomally of significance to the amateur except in
special applications. No single maximum value
should be used unless all other ratings can
simultaneously be held within the maximum
values. As an example, a tube may have a
maximum plate-voltage rating of 2000, a maximum
plate-current rating of 300 mA, and a maximum
plate-power-input rating of 400 watts. Therefore, if
the maximum plate voltage of 2000 is used, the
plate current should be limited to 200 mA (instead
of 300 mA) to stay within the maximum
power-input rating of 400 watts.

SOURCES OF TUBE ELECTRODE
VOLTAGES

Filament or Heater Voltage

The heater voltage for the indirectly heated
cathode-type tubes found in low-power classifica-
tions may vary 10 percent above or below rating
without seriously reducing the life of the tube. But
the voltage of the higher-power filament-type tubes
should be held closely between the rated voltage as
a minimum and 5 percent above rating as a
maximum. Make sure that the plate power drawn
from the power line does not cause a drop in
filament voltage below the proper value when plate
power is applied.

Thoriated-type filaments lose emission when
the tube is overloaded appreciably. If the overload

TO AMP
screen RFC
.

PROTECTING

Fig. 6-18 — {A-C) Various systems for obtaining protective and operating bias. {D) Screen clamper circuit

for protecting power tetrodes.
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has not been too prolonged, emission sometimes
may be restored by operating the filament at rated
voltage with all other voltages removed for a period
of 10 minutes, or at 20 percent above rated voltage
for a few minutes.

Plate Voltage

D¢ plate voltage for the operation of rf
amplifiers is most often obtained from a
transformer-rectifier-filter system (see power-
supply chapter) designed to deliver the required
plate voltage at the required current. However,
batteries or other dc-generating devices are
sometimes used in certain types of operation (sce
portable-mobile chapter).

Bias and Tube Protection

Several methods of obtaining bias are shown in
Fig. 6-18. At A, bias is obtained by the voltage
drop across a resistor in the grid dc return circuit
when rectified grid current flows. The proper value
of resistance may be determined by dividing the
required biasing voltage by the dc grid current at
which the tube will be operated. Then, so long as
the rf driving voltage is adjusted so that the dc grid
current is the recommended value, the biasing
voltage will be the proper value. The tube is biased
only when excitation is applied, since the voltage
drop across the resistor depends upon grid-current
flow. When excitation is removed, the bias falls to
zero. At zero bias most tubes draw power far in
excess of the plate-dissipation rating. So it is
advisable to make provision for protecting the tube
when excitation fails by accident, or by intent as it
does when a preceding stage in a cw transmitter is
keyed.

If the maximum cw ratings shown in the tube
tables are to be used, the input should be cut to
zero when the key is open. Aside from this, it is
not necessary that plate current be cut off
completely but only to the point where the rated
dissipation is not exceeded. In this case plate-
modulated phone ratings should be used for cw
operation, however.

With triodes this protection can be supplied by
obtaining all bias from a source of fixed voltage, as
shown in Fig. 6-18B. It is preferable, however, to
use only sufficient fixed bias to protect the tube
and obtain the balance neceded for operating bias
from a grid leak. The grid-leak resistance is
calculated as above, except that the fixed voltage is
subtracted first.

Fixed bias may be obtained from dry batteries
or from a power pack (see power-supply chapter).
If dry batteries are used, they shouid be checked
periodically, since even though they may show
normal voltage, they eventually develop a high
internal resistance.

In Fig. 16-8D, bias is obtained from the voltage
drop across a Zener diode in the cathode (or
filament center-tap) lead. Protective bias is
obtained by the voltage drop across VR as a result
of plate (and screen) current flow. Since plate
current must flow to obtain a voltage drop across
the resistor, it is obvious that cutoff protective bias
cannot be obtained.
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The voltage of the cathode biasing Zener
diode VRI should bechosen for the value which
will give the correct operating bias voltage with
rated grid, plate and screen currents flowing with
the amplifier loaded to rated input. When
excitation is removed, the input to most types of
tubes will fall to a value that will prevent damage
to the tube, at least for the period of time required
to remove plate voltage. A disadvantage of this
biasing system is that the cathode f connection to
ground depends upon a bypass capacitor.

Screen Voltage

For cw and fm operation, and under certain
conditions of phone operation (see amplitude-
modulation chapter), the screen may be operated
from a power supply of the same type used for
plate supply, except that voltage and current
ratings should be appropriate for screen require-
ments. The screen may also be operated through a
series resistor or voltage-divider from a source of
higher voltage, such as the plate-voltage supply,
thus making a separate supply for the screen
unnecessary. Certain precautions are necessary,
depending upon the method used.

It should be kept in mind that screen current
varies widely with both excitation and loading. If
the screen is operated from a fixed-voltage source,
the tube should never be operated without plate
voltage and load, otherwise the screen may be
damaged within a short time. Supplying the screen
through a series dropping resistor from a
higher-voltage source, such as the plate supply,
affords a measure of protection, since the resistor
causes the screen voltage to drop as the current
increases, thereby limiting the power drawn by the
screen. However, with a resistor, the screen voltage
may vary considerably with excitation, making it
necessary to check the voltage at the screen
terminal under actual operating conditions to make
surc that the screen voltage is normal. Reducing
excitation will cause the screen current to drop,
increasing the voltage; increasing excitation will
have the opposite effect. These changes are in
addition to those caused by changes in bias and
plate loading, so if a screengrid tube is operated
from a series resistor or a voltage divider, its
voltage should be checked as one of the final
adjustments after excitation and loading have been
set.

An approximate value for the screen-voltage
dropping resistor may be obtained by dividing the
voltage drop required from the supply voltage
(difference between the supply voltage and rated
screen voltage) by the rated screen current in
decimal parts of an ampere. Some further
adjustment may be necessary, as mentioned above,
so an adjustable resistor with a total resistance
above that calculated should be provided.

Protecting Screen-Grid Tubes

Considerably less grid bias is required to cut off
an amplifier that has a fixed-voltage screen supply
than one that derives the screen voltage through a
high value of dropping resistor. When a “‘stiff”
screen voltage supply is used, the necessary grid
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cutoff voltage may be determined from an
inspection of the tube curves or by experiment.

When the screen is supplied from a series
dropping resistor, the tube can be protected by the
use of a clamper tube, as shown in Fig. 6-18D. The
grid-leak bias of the amplifier tube with excitation
is supplied also to the grid of the clamper tube.
This is usually sufficient to cut off the clamper
tube. However, when excitation is removed, the
clamper-tube bias falls to zero and it draws enough
current through the screen dropping resistor
usually to limit the input to the amplifier to a safe
value. If complete screen-voltage cutoff is desired,
a Zener diode may be inserted in the screen lead.
The regulator diode voltage rating should be high
enough so that it will cease conducting when
excitation is removed.

Feeding Excitation to the Grid

The required rf driving voltage is supplied by an
oscillator generating a voltage at the desired
frequency, either directly or through intermediate
amplifiers, mixers, or frequency multipliers.

As explained in the chapter on vacuum-tube
fundamentals, the grid of an amplifier operating
under Class C conditions must have an exciting
voltage whose peak value exceeds the negative
biasing voltage over a portion of the excitation
cycle. During this portion of the cycle, current will
flow in the grid-cathode circuit as it does in a diode
circuit when the plate of the diode is positive in
respect to the cathode. This requires that the rf
driver supply power. The power required to
develop the required peak driving voltage across
the grid-cathode impedance of the amplifier is the
rf driving power.

The tube tables give approximate figures for the
grid driving power required for each tube under
various operating conditions. These figures, how-
ever, do not include circuit losses. In general, the
driver stage for any Class C amplifier should be
capable of supplying at least three times the driving
power shown for typical operating conditions at
frequencies up to 30 MHz and from three to ten
times at higher frequencies.

Since the dc grid current relative to the biasing
voltage is related to the peak driving voltage, the dc
grid current is commonly used as a convenient
indicator of driving conditions, A driver adjust-
ment that results in rated dc grid current when the
dc bias is at its rated value, indicates proper
excitation to the amplifier when it is fully loaded.

In coupling the grid input circuit of an
amplifier to the output circuit of a driving stage
the objective is to load the driver plate circuit so
that the desired amplifier grid excitation is
obtained without exceeding the plate-input ratings
of the driver tube.

Driving Impedance

The grid-current flow that results when the grid
is driven positive in respect to the cathode over a
portion of the excitation cycle represents an
average resistance across which the exciting voltage
must be developed by the driver. In other words,
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this is the load resistance into which the driver
plate circuit must be coupled. The approximate
grid input resistance is given by:

Input impedance (ohms)

_ driving power {watts)
dc grid current (mA)2 X 620,000

For normal operation, the driving power and grid
current may be taken from the tube tables. Since
the grid input resistance is a matter of a few
thousand ohms, an impedance step-down is
necessary if the grid is to be fed from a
low-impedance transmission line.

TRANSISTOR RATINGS

Transistor ratings are similar in some respects to
the maximum limits given for tubes. However,
solid-state devices are generally not so forgiving of
overload; they can quickly be ruined if a voltage or
current parameter of the device is exceeded. All
semiconductors undergo irreversible changes if
their temperature is allowed to go above a critical
limit.

Voltage Rating

In general, the higher the collector-emitter
voltage rating of a transistor the less the chance of
damage when used as an rf power amplifier. A
mismatched load, or the loss of the load entirely,
causes high voltages to appear between the
collector and emitter of the transistor. If the
maximum rating is exceeded, the transistor may
break down and pass reverse current. Transistor
manufacturers are now including a resistance in
series with the emitter lead of each of the many
junctions that make up the power transistor as
break-down protection. This technique is called
ballasting or balanced emitters. Another way to
protect a power transistor is to include a Zener
diode from collector to emitter. The break-down
voltage rating of the diode should be above the
peak 1f voltage to be developed in the circuit, but
below the maximum rating of the power device.

Current and Heat

The current that a power device can stand is
related to its ability to dissipate heat. A transistor
is physically small, so high-power models must use
effective heat radiators, called heat sinks, to insure
that the operating temperature is kept to a
moderate value even when large currents are
flowing through the device.

Cooling considerations for practical solid-state
amplifiers are outlined below, Manufacturer’s
specification sheets describe a safe operating area
for an individual power transistor. Also, transistors
are rated in terms of power output, rather than
input, so it should be remembered that a device
specified to deliver 80 watts of output power will
probably be running 160 watts or more input.
Transistor amplifiers pass an appreciable amount of
driver power to the output, as do grounded-grid
tube stages, and this fact must also be taken into
account by the circuit designer.
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Vacuum tubes must be operated within the
temperature range specified by the manufacturer if
long tube life is to be achieved. Tubes with glass
envelopes rated at up to 25 watts of plate
dissipation may be run without forced-air cooling,
if a moderate amount of cooling by convection can
be arranged. If a cane-metal enclosure is used, and
a ring of 1/4-inch diame ter holes are placed around
the tube socket, normal air flow can be relied upon
to remove excess heat at room temperatures.

For tubes with greater plate dissipation, or
those operated with plate currents in excess of the
manufacturer’s ratings (often the case with TV
sweep tubes) forced air cooling with a fan or
blower is needed. Fans, especially those designed
for cooling hi-fi cabinets, are preferred because
they operate quietly. However, all fans lose their
ability to move air when excessive back pressure
exists. For applications where a stream of air must
be directed through a tube socket, a blower is
usually required. Blowers vary in their ability to
work against back pressure, so this specification
should be checked when selecting a particular
model. Some air will always leak around the socket
and through other holes in a chassis, so the blower
chosen should have a capacity which is 30 to 50
percent beyond that called for by the tube
manufacturer.

An efficient blower is required when using the
external-anode tubes, such as the 4X150A. Such
tubes represent a trade-off which allows high-
power operation with a physically small device at
the expense of increased complexity in the cooling
system. Other types of external-anode tubes are
now being produced for conductive cooling. An
electrical insulator which is also an excellent
thermal conductor, such as AlSiMag, couples the
tube to a heat sink. Requirements for the heat
dissipator are calculated in the same way as for
power transistors, as outlined below. Similar tubes
are made with special anode structures for water or
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Transistor Cooling

Bipolar power transistors usually have the
collector connected directly to the case of the
device, as the collector must dissipate most of the
heat generated when the transistor is in operation.
However, even the larger case designs cannot
conduct heat away fast enough to keep the
operating temperature of the device functioning
within the safe area, the maximum temperature
that a device can stand without damage. Safe area
is usually specified in a device data sheet, often in
graphical form. Germanium power transistors may
be operated at up to 100 degrees C while the
silicon types may be run at up to 200 degrees C.
Leakage currents in germanium devices can be very
high at elevated temperatures; thus, for power
applications silicon transistors are preferred.

A thermal sink, properly chosen, will remove
heat at a rate which keeps the transistor junction
temperature in the safe area. For low-power
applications a simple clip-on heat sink will suffice,
while for 100-watts of input power a massive
cast-aluminum finned radiator will be necessary. In
general, the case temperature of a power transistor
must be kept below the point at which it will
produce a burn when touched.

Heat-Sink Design

Simple heat sinks, made as described in the
Construction Practices chapter, can be made more
effective (by 25 percent or more) by applying a
coat of flat-black paint. Finned radiators are most
effective when placed where maximum air flow can
be achieved — outside a case with the fins placed
vertically. The size of a finned heat sink required
to give a desired thermal resistance, a measure of
the ability to dissipate heat, is shown in Fig.
6-19A. Fig. 6-19B is a simplified chart of the
thermal resistance needed in a heat sink for
transistors in TO-5 and TO44 cases. These figures
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Fig. 6-20 — Typical (A) push-pull and (B) parallel amplifier circuits.

are based on several assumptions, so they can be
considered a worst-case situation. Smaller heat
sinks may be usable.

The thermal design of solid-state circuits has
been covered in QST for April, 1972. The
surface contact between the transistor case and the
heat sink is extremely important. To keep the sink
from being “hot” with dc, a mica insulator is
usually employed between the transistor case and
the heat dissipator. Newer types of transistors have
a case mounting bolt insulated from the collector
so that it may be connected directly to the heat
sink. Whatever the arrangement, the use of a
conductive compound such as silicone grease
(Coming PC-4) is recommended between the
transistor and the sink. For high-power designs, it
may be desirable to add a small cooling fan,
providing a stream of air across the heat sink, to
keep the size of the heat dissipator within
reasonable limits. Even a light air flow greatly
increases the radiator’s ability to dispose of excess
heat.

OUTPUT POWER FROM TRANSMITTERS

CWorFM: In a cw or fm transmitter, any
class of amplifier can be used as an output or
intermediate amplifier. (For reasonable efficiency,
a frequency multiplier must be operated Class C.)
Class-C operation of the amplifier gives the highest
efficiency (65 to 75 percent), but it is likely to be
accompanied by appreciable harmonics and conse-
quent TVI possibilities. If the excitation is keyed
in a cw transmitter, Class-C operation of
subsequent amplifiers will, under certain condi-
tions, introduce key clicks not present on the
keyed excitation (see chapter on Code Transmis-
sion). The peak envelope power (PEP) input or
output of any cw (or fm) transmitter is the
“key-down” input or output.

A-M: In an amplitude-modulated phone trans-
mitter, plate modulation of a Class-C output
amplifier results in the highest output for a given
input to the output stage. The efficiency is the
same as for cw or fm with the same amplifier, from
65 to 75 percent. (In most cases the manufacturer
rates the maximum allowable input on plate-
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modulated phone at about 2/3 that of cw or fm.)
A plate-modulated stage running 100 watts input
will deliver a carrier output of from 65 to 75 watts,
depending upon the tube, frequency and circuit
factor. The PEP output of any a-m signal is four
times the carrier output power, or 260 to 300
watts for the 100-watt input example.

Grid- (control or screen) modulated output
amplifiers in a-m operation run at a carrier
efficiency of 30 to 35 percent, and a grid-modu-
lated stage with 100 watts input has a carrier
output of 30 to 35 watts. (The PEP output, four
times the carrier output, is 120 to 140 watts.)

Running the legal input limit in the United
States, a plate-modulated output stage can deliver a
carrier output of 650 to 750 watts, while a screen-
or control-grid-modulated output amplifier can
deliver only a carrier of 300 to 350 watts.

SSB: Only linear amplifiers can be used to
amplify ssb signals without distortion, and this
limits the choice of output amplifier operation to
Classes A, ABj, ABg, and B. The efficiency of
operation of these amplifiers runs from about 20
to 65 percent. In all but Class-A operation the
indicated (by plate-current meter) input will vary
with the signal, and it is not possible to talk about
relative inputs and outputs as readily as it is with
other modes. Therefore linear amplifiers are rated
by PEP (input or output) at a given distortion
level, which indicates not only how much ssb signal
they will deliver but also how effective they will be
in amplifying an a-m signal.

LINEAR AMPLIFIERS FOR A-M: In consider-
ing the practicality of adding a linear output
amplifier to an existing a-m transmitter, it is
necessary to know the carrier output of the a-m
transmitter and the PEP output rating of the linear
amplifier. Since the PEP output of an a-m signal is
four times the carrier output, it is obvious that a
linear with a PEP output rating of only four times
the carrier output of the a-m transmitter is no
amplifier at all. If the linear amplifier has a PEP
output rating of 8 times the a-m transmitter carrier
output, the output power will be doubled and a
3-dB improvement will be obtained. In most cases
a 3-dB change is just discernible by the receiving
operator.
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By comparison, a linear amplifier with a PEP
output rating of four times an existing ssb, cw or
fm transmitter will quadruple the output, a 6-dB
improvement, It should be noted that the linear
amplifier must be rated for the mode (ssb, cw or
fm) with which it is to be used.

GROUNDED-GRID AMPLIFIERS: The pre-
ceding discussion applies to vacuum-tube amplifiers
connected in a grounded-cathode or grounded-grid
circuit. However, there are a few points that apply
only to grounded-grid amplifiers.

A tube operated in a given class (ABq, B, C)
will require more driving power as a grounded-grid
amplifier than as a grounded-cathode amplifier.
This is not because the grid losses run higher in the
grounded-grid configuration but because some of
the driving power is coupled directly through the
tube and appears in the plate load circuit. Provided
enough driving power is available, this increased
requirement is of no concermn in cw or linear
operation. In a-m operation, however, the fed-
through power prevents the grounded-grid ampli-
fier from being fully modulated (100 percent).

AMPLIFIER CIRCUITS
Parallel and Push-Pull Amplifiers

The circuits for parallel-tube amplifiers are the
same as for a single tube, similar terminals of the
tubes being connected together. The grid impe-
dance of two tubes in parallel is half that of a
single tube. This means that twice the grid tank
capacitance shown in Fig. 6-20B should be used for
the same Q.

The plate load resistance is halved so that the
plate-tank capacitance for a single tube (Fig. 6-24)
also should be doubled. The total grid current will
be doubled, so to maintain the same grid bias, the
grid-leak resistance should be half that used for a
single tube. The required driving power is doubled.
The capacitance of a neutralizing capacitor should
be doubled and the value of the screen dropping
resistor should be cut in half.

In treating parasitic oscillation, it is often
necessary to use a choke in each plate lead, rather
than one in the common lead to avoid building in a
push-pull type of vhf circuit, a factor in obtaining
efficient operation at higher frequencies.

Two or more transistors are often operated in
parallel to achieve high output power, because
several medium-power devices often cost less than
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a single high-power type. When parallel operation is
used, precautions must be taken to insure that
equal drive is applied to each transistor. Otherwise,
one transistor may “hog” most of the drive and
exceed its safe ratings.

A basic push-pull circuit is shown in Fig. 6-20A.
Amplifiers using this circuit are cumbersome to
bandswitch and consequently are not very popular
below 30 MHz. However, since the push-pull
configuration places tube input and output
capacitances in series, the circuit is often used at
50 MHz and higher.

In the circuit shown at A two 813s are used.
Cross neutralization is employed, with C1 connect-
ed from the plate of one tube to the grid of the
second, while C2 is attached in the reverse order.

GROUNDED-GRID AMPLIFIERS

Fig. 6-21A shows the input circuit of a
grounded-grid triode amplifier. In configuration it
is similar to the conventional grounded-cathode
circuit except that the grid, instead of the cathode,
is at ground potential. An amplifier of this type is
characterized by a comparatively low input
impedance and a relatively high driver power
requirement. The additional driver power is not
consumed in the amplifier but is “fed through” to
the plate circuit where it combines with the normal
plate output power. The total rf power output is
the sum of the driver and amplifier output powers
less the power normally required to drive the tube
in a grounded-cathode circuit.

Positive feedback is from plate to cathode
through the plate-cathode capacitance of the tube.
Since the grounded-grid is interposed between the
plate and cathode, this capacitance is small, and
neutralization usually is not necessary.

In the grounded-grid circuit the cathode must
be isolated for 1f from ground. This presents a
practical difficulty especially in the case of a
filament-type tube whose filament current is large.
In plate-modulated phone operation the driver
power fed through to the output is not modulated.

The chief application for grounded-grid ampli-
fiers in amateur work below 30 MHz is in the case
where the available driving power far exceeds the
power that can be used in driving a conventional
grounded-cathode amplifier.

Screen-grid tubes are also used sometimes in
grounded-grid amplifiers. In some cases, the screen

8877 4-1000A 3-5007
.01 ~ Fig. 6-21 — Input circuits for
o—f o i triode or triode-connected
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Grounded-Grid Amplifiers

=

Fig. 6-22 — A 30-A filament choke for a
grounded-grid power amplifier consisting of 28
turns of No. 10 enam. wire on a 1/2-inch diameter
ferrite rod 7 inches long.

is simply connected in parallel with the grid, as in
Fig. 6-21B and the tube operates as a high-4 triode.
In other cases, the screen is bypassed to ground
and operated at the usual dc potential, as shown at
C. Since the screen is still in parallel with the grid
for rf, operation is very much like that of a triode
except that the positive voltage on the screen
reduces driver-power requirements.

In indirectly-heated cathode tubes, the low
heater-to-cathode capacitance will often provide
enough isolation to keep rf out of the heater
transformer and the ac lines. If not, the heater
voltage must be applied through rf chokes.

In a directly-heated cathode tube, the filament
must be maintained above rf ground. This can be
done by using a pair of filament chokes or by using
the input tank circuit, as shown in Fig. 6-21C. In
the former method, a double solenoid (often
wound on a ferrite core) is generally used, although
separate chokes can be used. When the tank circuit
is used, the tamk inductor is wound from two
(insulated) conductors in parallel or from an
insulated conductor inside a tubing outer conduc-
tor. A typical filament choke is shown in Fig. 6-22.

The input impedance of a grounded-grid power
stage is usually between 30 and 150 ohms. For
circuits similar to those shown in Figs. 6-21A and
B some form of input tuning network is needed. A
high-C, low-Q nparallel-resonant or pi-section
network will suffice. The input network provides
benefit other than impedance matching — a
reduction in the IM distortion produced by the
stage when amplifying an ssb signal. A typical
input circuit is shown in Fig. 6-16F. When an
amplifier is built for single-band uperation, a tank
circuit similar to that shown in Fig. 6-21C may be
employed. Proper input matching is achieved by
tapping the input down on the coil.
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A transistor amplifier requires some means for
impedance matching at the input and output of the
stage. For conventional narrow-band amplifier
designs, impedance matching is achieved with
tuned networks (pi, L or T sections or
combinations thereof). To simplify band-switching
requirements, broadband amplifiers with four
octaves or more of bandwidth are desirable. Wide
bandwidths are achieved by using a special form of
transmission-line transformer for interstage and
output coupling that is described later in this
chapter.

Most solid-state Class-C amplifiers are operated
with both the base and emitter leads connected to
dc ground. Thus, the transistor is practically off
when no driving signal is present. The distortion of
the drive signal by such an amplifier is appreciable.
However, with cw, fm, or collector-modulated a-m,
the harmonics produced are removed from the
desired frequency by at least a factor of 2. Thus,
harmonic energy can be reduced or eliminated by
using appropriate filters.

Fig. 6-23A shows a basic Class-C transistor
amplifier. The base input is held at dc ground
through a radio-frequency choke. A second choke,
consisting of two ferrite beads (collector lead),
eliminates a tendency to vhf parasitic oscillation.
At B, parallel-connected transistors are operated
Class C. Adjustment of LI and L2 provide equal
levels of drive. The devices chosen for this circuit
are designed for 30- to 50-MHz operation. Below
14 MHz some form of degencrative feedback will
be needed to prevent self oscillation, as the gain of
the transistors is quite high at lower frequencies.

For ssb operation transistors must be forward
biased at the base. The lowest distortion results
with Class-A operation, but, efficiency is poor. The
best trade off between low distortion and high
efficiency is Class-B operation, even though
operation in this region introduces some severe
requirements for the bias circuit. Whenever a
transistor is forward biased, thermal runaway can
be a problem. Also, ssb drive varies in amplitude
causing large variations in the transistor base
current. For best linearity, the dc base-bias voltage
should remain constant as the rf drive level is
varied. This situation is in conflict with the
conditions needed to prevent thermal runaway.
Exotic schemes have been designed to provide the
proper base bias for Class-B ssb amplification.
However, a simple diode circuit such as shown in
Figs. 6-23C and D can provide the required dc
stability with protection against thermal damage.
The ballasted type of transistors are preferred for
these circuits. Typical choices for Class-B ssb
service are the 2N5941, 2N2942, 2N3375§,
2N5070, 2N5071, and the 2N5093. The design of
suitable broadband transformers for the circuits of
Fig. 6-29 is covered later in this chapter.

The circuits at 6-29C and D are similar except
for the choice of the active device. Both designs
were developed by K7QWR. The base-bias circuit
maintains a steady voltage while supplying current
that varies by a factor of 100 to 1 with drive. The
gain versus frequency of both circuits follows the
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power-output curves of the transistors used,
changing from 25 dB at 2 MHz to 13 dB at 30
MHz. IMD is typically 30 dB or more down with
either circuit.

RF POWER-AMPLIFIER TANKS
AND COUPLING

TANK Q

Rf power amplifiers used in amateur transmit-
ters are operated under Class-C or -AB conditions
(sce chapter on tube fundamentals). The main
objective, of course, is to deliver as much
fundamental power as possible into a load, R
without exceeding the tube ratings. The load
resistance R may be in the form of a transmission
line to an antenna, or the input circuit of another
amplifier. A further objective is to minimize the
harmonic energy (always gencrated by an ampli-
fier) fed into the load circuit. In attaining these
objectives, the Q of the tank circuit is of
importance. When a load is coupled inductively,

HF TRANSMITTING

28 MHz AMPLIFIER L3

Fig. 6-23 — Some typical trans-

istor power-amplifier circuits. At

C, R1 is adjusted for a collector

current of 40 mA with no drive,

T6 while R2 at D is set for 20 mA

collector current with no input.

Broadband transformers used

consist of the following:

T1, T3, TS — 6 turns of 2 twisted
pairs of No. 26 enam. wire on
a Stackpole 57-9322 No. 11
toroid core, connected for
4:1. (See table 6-A.)

T2,T4 — 4 turns of 4 twisted pairs of
No. 26 enam. wire on a Stack-
pole 57-9322 No. 11 toroid
core, connected for 4:1.

T6 — 10 turns of 3 twisted pairs
of No. 28 enam. wire on two
Stackpole 67-9074 No. 11

toroid cores, connected for

9:1

+28v

the Q of the tank circuit will have an effect on the
coefficient of coupling necessary for proper
loading of the amplifier. In respect to all of these
factors, a tank Q of 10 to 20 is usually considered
optimum. A much lower @ will result in less
efficient operation of the amplifier tube, greater
harmonic output, and greater difficulty in coupling
inductively to a load. A much higher Q will result
in higher tank current with increased loss in the
tank coil. Efficiency of a tank circuit is determined
by the ratio of loaded Q to unloaded Q by the
relationship:

= o
Eff. =100¢1 - 5o

where Qg is the loaded Q and Quy is the unloaded
Qo

The Q is determined (see chapter on electrical
laws and circuits) by the L/C ratio and the load
resistance at which the tube is operated. The tube
load resistance is related, in approximation, to the
ratio of the dc plate voltage to dc plate current at
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which the tube is operated and can be computed
from:

Class-A Tube:

- Plate Volts
R 1.3 X Plate Current

Class-B Tube:

Plate Volts

RL= 157X Plate Current

Class-C Tube:

- _ Plate Volts
iy 2 X Plate Current

Transistor:

R ___(Collector Volts)2
L = 3X Power Output (Watts)

1000
200 | T 1717

800 PN - T It

700 4
(e —
N

600
500

400

w
1=
o

100

w
o

JiaZavdn

~ @
o o

[- 3
o

/

3

8

W
o

TANK CAPACITANCE —/OF

1
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Fig. 6-24 — Chart showing plate tank capacitance
required for a Q of 10. Divide the tube plate
voltage by the plate current in milliamperes. Select
the vertical line corresponding to the answer
obtained. Follow this vertical line to the diagonal
line for the band in question, and thence
horizontally to the left to read the capacitance.
For a given ratio of plate voltage/plate current,
doubling the capacitance shown doubles the Q.
When a split-stator capacitor is used in a balanced
circuit, the capacitance of each section may be one
half the value given by the chart.
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Fig. 6-25 — Inductive-iink output coupling circuits.

C1 — Plate tank capacitor — see text and Fig. 6-24
for capacitance.

L1 — To resonate at operating frequency with C1.
See LC chart and inductance formula in
electrical-laws chapter, or use ARRL Lightning
Calculator.

L2 — Reactance equal to line impedance. See
reactance chart and inductance formula in
electrical-laws chapter, or use ARRL Lightning
Calculator.

R — Representing load.

Parallel-Resonant Tank

The amount of C that will give a Q of 10 for
various ratios is shown in I'ig. 6-24. IFor a given
plate-voltage/plate-current ratio, the Q will vary
directly as the tank capacitance, twice the
capacitance doubles the Q, etc. For the same @,
the capacitance of each section of a split-stator
capacitor in a balanced circuit should be half the
value shown.

These values of capacitance include the output
capacitance of the amplifier tube, the input
capacitance of a following amplifier tube if it is
coupled capacitively, and all other stray capaci-
tances. At the higher plate-voltage/plate-current
ratios, the chart may show values of capacitance,
for the higher frequencies, smaller than those
attainable in practice. In such a case, a tank Q
higher than 10 is unavoidable.

INDUCTIVE-LINK COUPLING
Coupling to Flat Coaxial Lines

When the load R in Fig. 6-25 is located for
convenience at some distance from the amplifier,
or when maximum harmonic reduction is desired,
it is advisable to feed the power to the load
through a low-impedance coaxial cable. The
shiclded construction of the cable prevents
radiation and makes it possible to install the line in
any convenient manner without danger of
unwanted coupling to other circuits.

If the line is more than a small fraction of a
wavelength long, the load resistance at its output
end should be adjusted, by a matching circuit if
necessary, to match the impedance of the cable.
This reduces losses in the cable and makes the
coupling adjustments at the transmitter independ-
ent of the cable length. Matching circuits for use
between the cable and another transmission line
are discussed in the chapter on transmission lines,
while the matching adjustments when the load is
the grid circuit of a following amplifier are
described elsewhere in this chapter.
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Fig. 6-26 — With flat transmission lines, power
transfer is obtained with Iooser coupling if the line
input is tuned to resonance. C1 and L1 should
resonate at the operating frequency. See table for
maximum usable value of C1. Hf circuit does not
resonate with maximum C1 or less, inductance of
L1 must be increased or added in series at L2.

Table 6-A

Capacitance in pF Required for Coupling to
Flat Coaxial Lines with Tuned Coupling Circuitl

Frequency Characteristic Impedance of Line

Band 52 75

MH:z ohms ohms
3.5 450 300
7 230 150
14 115 75
21 80 50
28 60 40

1 Capacitance values are maximum usable,
Note: Inductance in circuit must be adjusted to
resonate at operating frequency.

Assuming that the cable is properly terminated,
proper loading of the amplifier will be assured,
using the circuit of Fig. 6-26A, if

1) The plate tank circuit has reasonably higher
value of Q. A value of 10 is usually sufficient.

2) The inductance of the pickup or link coil is
close to the optimum value for the frequency and
type of line used. The optimum coil is one whose
self-inductance is such that its reactance at the
operating frequency is equal to the characteristic
impedance, Zg, of the line.

3) It is possible to make the coupling between
the tank and pickup coils very tight.

The second in this list is often hard to meet.
Few manufactured link coils have adequate

HF TRANSMITTING

inductance even for coupling to a 50-ohm line at
low frequencies.

If the line is operating with a low SWR, the
system shown in Fig. 6-26A will require tight
coupling between the two coils. Since the
secondary (pickup coil) circuit is not resonant, the
leakage reactance of the pickup coil will cause
some detuning of the amplifier tank circuit. This
detuning effect increases with increasing coupling,
but is usually not serious. However, the amplifier
tuning must be adjusted to resonance, as indicated
by the plate-current dip, each time the coupling is
changed.

Tuned Coupling

The design difficuities of using ‘‘untuned”
pickup coils, mentioned above, can be avoided by
using a coupling circuit tuned to the operating
frequency. This contributes additional selectivity
as well, and hence aids in the suppression of
spurious radiations.

If the line is flat the input impedance will be
essentially resistive and equal to the Z of the line.
With coaxial cable, a circuit of reasonable Q can be
obtained with practicable values of inductance and
capacitance connected in series with the line’s
input terminals. Suitable circuits are given in Fig.
6-26 at B and C. The Q of the coupling circuit
often may be as low as 2, without running into
difficulty in getting adequate coupling to a tank
circuit of proper design. Larger values of Q can be
used and will result in increased ease of coupling,
but as the Q is increased the frequency range over
which the circuit will operate without readjust-
ment becomes smaller. It is usually good practice,
therefore, to use a coupling-circuit Q just low
enough to permit operation, over as much of a
band as is normally used for a particular type of
communication, without requiring retuning.

Capacitance values for a Q of 2 and line
impedances of 52 and 75 ohms are given in the
accompanying table. These are the maximum
values that should be used. The inductance in the
circuit should be adjusted to give resonance at the

PI NETWORK

L1

OUTPUT

o 0
+S5.6. +H.V.

PI-L NETWORK
TJgE I L2 5! QUTPUT

C5

Fig. 6-27 — Pi and pi-L output-coupling networks.
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operating frequency. If the link coil used for a
particular band does not have enough inductance
to resonate, the additional inductance may be
connected in series as shown in Fig. 6-26C.

Characteristics

In practice, the amount of inductance in the
circuit should be chosen so that, with somewhat
loose coupling between L1 and the amplifier tank
coil, the amplifier plate current will increase when
the variable capacitor, C1, is tuned through the
value of capacitance given by the table. The
coupling between the two coils should then be
increased until the amplifier loads normally,
without changing the setting of Cl. If the
transmission line is flat over the entire frequency
band under consideration, it should not be
necessary to readjust Cl1 when changing frequency,
if the values given in the table are used. However, it
is unlikely that the line actually will be flat over
such a range, so some readjustment of C1 may be
needed to compensate for changes in the input
impedance of the line. If the input impedance
variations are not large, C1 may be used as a
loading control, no changes in the coupling
between L1 and the tank coil being necessary.

The degree of coupling between L1 and the
amplifier tank coil will depend on the coupling-
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circuit Q. With a Q of 2, the coupling should be
tight — comparable with the coupling that is
typical of *‘fixed-link” manufactured coils. With a
swinging link it may be necessary to increase the Q
of the coupling circuit in order to get sufficient
power transfer. This can be done by increasing the
L/C ratio.

Pl AND PI-L OUTPUT TANKS

A pi-section and pi-L tank circuit may also be
used in coupling to an antenna or transmission line,
as shown in Fig. 6-27. The optimum values of
capacitance and inductance are dependent upon
values of amplifier power input and output load
resistance.

Values for L and C may be taken directly from
the charts of Fig. 6-28 if the output load resistance
is the usual 52 ohms. It should be borne in mind
that these values apply only where the output load
is resistive, i.e., where the antenna and line have
been matched. Fig. 6-28 was provided by W6FFC.

Output-Capacitor Ratings

The voltage rating of the output capacitor will
depend upon the SWR. If the load is resistive,
receiving-type air capacitors should be adequate for
amplifier input powers up to 2 kW PEP when

TUBE L.OAD IMPE DANCE (OPERATING )
Mliz 1500(12) 2000012} 2500012) 3000012} 3500(12} 4000(12) 5000(13} 6000(14} 8000( 16}
C1 3.5 420 315 252 210 180 157 126 114 99
7 190 143 114 95 82 71 57 52 45
14 93 70 56 47 40 35 28 25 22
21 62 417 37 31 27 23 19 17 15
28 43 32 26 21 18 16 13 1) 10
Cc2 3.5 2117 1776 1536 1352 1203 1079 875 862 862
7 942 783 670 583 512 451 348 341 341
14 460 382 326 283 247 217 165 162 162
21 305 253 216 187 164 144 109 107 107
28 210 174 148 128 111 97 72 70 70
L1 3.5 5.73 7.46 9.17 10.86 12.53 14.19 17.48 19.18 21.98
7 3.14 4.09 5.03 5.95 6.86 7.7 9.55 10.48 12.02
14 1.60 2.08 2.56 3.03 3.49 3.95 4.85 5.33 6.11
21 1.07 1.39 .71 2.02 2.34 2.64 3.25 3.56 4.09
28 0.77 1.01 1.24 1.46 1.69 1.91 2.34 2.57 298
TUBE LOAD IMPEDANCE (OPERATING Q)
Miiz 1500(12) 2000(12) 2500(12) 3000(12) 3500(12) 4000(12} 5000/ 12} 6000(12 8000(12)
C3 3.5 406 305 244 203 174 1152 122 102 76
7 188 141 113 94 81 7 56 47 15
14 92 69 55 46 40 35 28 23 17
21 62 46 37 31 26 23 i8 15 12
28 43 32 26 21 18 16 13 11 8
C4 3.5 998 859 764 693 638 593 523 472 397
7 430 370 329 298 274 S5, 228 203 171
14 208 179 159 144 133 1223 109 98 83
21 139 19 106 96 89 82 73 65 89
28 95 81 72 66 60 56 50 45 38
L2 3.5 7.06 9.05 10.99 12.90 14.79 16.67 20.37 24.03 31.25
7 3.89 4.97 6.03 7.07 8.10 9.12 11.13 13.11 17.02
14 1.99 2.54 3.08 3.61 4.13 4.65 5.68 6.69 8.68
21 1.33 1.69 2.05 241 2.76 3.10 3.78 4.46 5.78
28 0.96 1.22 1.48 1.74 1.99 2.24 2.73 3.22 4.17
L3 3.5 4.45 4.45 4.45 4.45 4.45 445 445 4.45 4.45
7 2.44 2.44 2.44 2.44 2.44 244 2.44 244 2.44
14 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24
21 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83
28 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60

Fig. 6-28 — Chart to determine the values of L and C needed for a pi (A) and pi-L (B) network to match a

range of input impedances to a 50-ohm load.
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Fig. 6-29 — Typical transistorout-
put-matching networks.
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feeding 52- or 75-ohm loads. In
obtaining the larger capacitances
required for the lower frequen-
cies, it is common practice to
switch one or more fixed capaci-
tors in parallel with the variable
air capacitor. While the voltage
rating of a mica or ceramic capaci-
tor may not be exceeded in a
particular case, capacitors of these
types are limited in current-carry-
ing capacity. Postage-stamp sil-
ver-mica capacitors should be ade-
quate for amplifier inputs over
the range from about 70 watts at
28 MHz to 400 watts at 14 MHz
and lower. The larger mica capaci-
tors (CM-45 case) having voltage
ratings of 1200 and 2500 voits are
usually satisfactory for inputs
varying from about 350 watts at
28 MHz to | kW at 14 MHz and
lower. Because of these current
limitations, particularly at the
higher frequencies, it is advisable
to use as large an air capacitor as
practicable, using the micas only
at the lower frequencies. Broad-
cast-receiver replacement-type
capacitors can be obtained reason-
ably. Their voltage insulation
should be adequate for inputs of
1000 watts or more.

(©)

TRANSISTOR OUTPUT CIRCUITS

Since 1f power transistors have a low output
impedance (on the order of 5§ ohms or less), the
problem of coupling the transistor to the usual
50-ohm load is the reverse of the problem with a
vacuum-tube amplifier. The 50-ohm load must be
transformed to a low resistance.

Figs 6-29A and B show two types of
parallel-tuned circuits used to couple the load to
the collector circuit. The collector is tapped down
on the inductor in both cases. C1 provides tuning
for the collector and C2 adjusts the coupling to the
load to achieve the proper impedance transforma-
tion. The use of the tapped connection to the
inductor helps to maintain the loaded Q of the
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circuit while minimizing variations in tuning with
changes in the junction capacitance of the
transistor.

Circuits of Figs. 6-29C through E are not
dependent upon coupling coefficient of a tapped
coil for load-impedance transformation, making
them more suitable for use at hf than either A or
B. The collector-emitter capacitance (Cq) of the
transistor is a major factor in the calculations used
to design these circuits. Unfortunately C, is not
constant, so cut-and-try adjustments are usually
necessary to optimize a particular circuit.

Early tests of transistor rf power amplifiers
should be made with low voltage, a dummy load
and no drive. Some form of output indicator
should be included. When it has been established
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Fig. 6-30 — (A) A neutralizing
scheme may use either C1 or
C2 to cancet the effect of grid-
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to-plate capacitance in the tube
{B} Vhf parasitic circuit shown
with heavy lines.

that no instability exists, the drive can be applied
in increments and adjustment made for maximum
output. The amplifier should never be operated at
high voltage and no load.

BROADBAND COUPLING

The techniques of broadband-transformer con-
struction use transmission-line elements. A trans-
former consists of a short transmission line
(one-eighth wavelength or less) made from a
twisted-wire pair, coaxial or strip line, wound on a
high-permeability toroid core to improve the
low-frequency characteristics. At vhf the core may
be omitted. Only discrete impedance transforma-
tions are possible; typical ratios are 9/4:1,4:1,9:1,
16:1, and 25:1. The higher ratios are difficult to
achieve in practice, so several 4:1 transformers are
employed for a large transformation ratio as shown
in Fig. 6-23. Hybrid transformers, providing the
180-degree phase shift for input and output
matching to push-pull stages, may also be made
using broadband techniques.

Large toroid cores are not required for
moderate power levels. A onc-half inch diameter
core is sufficient for operation at 100 watts at the
low impedance levels found in transistor circuits.
Because the current is high it is important to kecp
the resistance of the conductors low. Muiticon-
ductor leads (3 or 4 strands of No. 26 enam.,
twisted) or the flat enam. strip used for
transformer windings) are suitable. Some typical
designs are shown in Table 6-A.

STABILIZING AMPLIFIERS

A straight amplifier operates with its input and
output circuits tuned to the same frequency.
Therefore, unless the coupling between these two
circuits is brought to the necessary minimum, the
amplifier will oscillate as a tuned-plate tuned-grid
circuit. Care should be used in arranging
components and wiring of the two circuits so that
there will be negligible opportunity for coupling
external to the tube or transistor itself. Complete
shiclding between input and output circuits usually
is required. All 1f leads should be kept as short as
possible and particular attention should be paid to
the rf return paths from input and output tank
circuits to emitter or cathode. In general, the best
arrangement using a tube is one in which the
cathode connection to ground, and the plate tank
circuit are on the same side of the chassis or other

shielding. The “hot” lead from the input tank (or
driver plate tank) should be brought to the socket
through a hole in the shielding. Then when the grid
tank capacitor or bypass is grounded, a return path
through the hole to cathode will be encouraged,
since transmission-line characteristics are simula-
ted.

A check on external coupling between input
and output circuits can be made with a sensitive
indicating device, such as the wavemeter shown in
the Measurements chapter. The amplifying device
is removed. With the driver stage running and
tuned to resonance, the indicator should be
coupled to the output tank coil and the output
tank capacitor tuned for any indication of rf
feedthrough. Experiment with shielding and
rearrangement of parts will show whether the
isolation can be improved. I‘or additional informa-
tion on transistor circuits see Chapter 4.

Screen-Grid Tube Neutralizing Circuits

The plate-grid capacitance of screen-grid tubes
is reduced to a fraction of a picofarad by the
interposed grounded screen. Nevertheless, the
power sensitivity of these tubes is so great that
only a very small amount of feedback is necessary
to start oscillation. To assure a stable amplifier, it
is usually necessary to load the grid circuit, or to
use a neutralizing circuit.

The capacitive neutralizing system for screen-
grid tubes is shown in Fig. 6-30A. C1 is the
neutralizing capacitor. The capacitance should be
chosen so that at some adjustment of C1,

Cl _ Tube grid-plate capacitance {or Cgp)
C3  Tube input capacitance (or Cyy)

The grid-cathode capacitance must include all
strays directly across the tube capacitance,
including the capacitance of the tuning-capacitor
stator to ground. This may amount to 5 to 20 pF.
In the case of capacitance coupling, the output
capacitance of the driver tube must be added to
the grid-cathode capacitance of the amplifier in
arriving at the value of C1.

Neutralizing a Screen-Grid Amplifier Stage

There are two general procedures available for
indicating neutralization in a screen-grid amplifier
stage. If the screen-grid tube is operated with or
without grid current, a sensitive output indicator
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Stabilizing Amplifiers

can be used. If the screen-grid tube is operated
with grid current, the grid-current reading can be
used as an indication of necutralization. When the
output indicator is used, both screen and plate
voltages must be removed from the tubes, but the
dc circuits from the plate and screen to cathode
must be completed. If the gridcurrent reading is
used, the plate voltage may remain on but the
screen voltage must be zero, with the dc circuit
completed between screen and cathode.

The immediate objective of the neutralizing
process is reducing to a minimum the rf driver
voltage fed from the input of the amplifier to its
output circuit through the grid-plate capacitance of
the tube. This is done by adjusting carefully, bit by
bit, the neutralizing capacitor or link coils until an
if indicator in the output circuit reads minimum,
or the reaction of the unloaded platecircuit tuning
on the grid-current value is minimized.

The wavementer shown in the Measurements
chapter makes a sensitive neutralizing indicator.
The wavemeter coil should be coupled to the
output tank coil at the low-potential or “‘ground”
point. Care should be taken to make sure that the
coupling is loose enough at all times to prevent
buring out the meter or the rectifier. The plate
tank capacitor should be readjusted for maximum
reading after each change in neutralizing.

When the grid-current meter is used as a
neutralizing indicator, the screcen should be
grounded for 1f and dc, as mentioned above. There
will be a change in grid current as the unloaded
plate tank circuit is tuned through resonance. The
neutralizing capacitor (or inductor) should be
adjusted until this deflection is brought to a
minimum. As a final adjustment, screen voltage
should be returned and the neutralizing adjustment
continued to the point where minimum plate
current, maximum grid current and maximum
screen current occur simultaneously. An increase in
grid current when the plate tank circuit is tuned
slightly on the high-frequency side of resonance
indicates that the neutralizing capacitance is too
small. If the increase is on the low-frequency side,
the neutralizing capacitance is too large. When
neutralization is complete, there should be a slight
decrease in grid current on either side of resonance.

Grid Loading

The use of a neutralizing circuit may often be
avoided by loading the grid circuit if the driving
stage has some power capability to spare. Loading
by tapping the grid down on the grid tank coil (or
the plate tank coil of the driver in the case of
capacitive coupling), or by a resistor from grid to
cathode is effective in stabilizing an amplifier.

VHF Parasitic Oscillation

Parasitic oscillation in the vhf range will take
place in almost every rf power amplifier. To test
for vhf parasitic oscillation, the grid tank coil (or
driver tank coil in the case of capacitive coupling)
should be short-circuited with a clip lead. This is to
prevent any possible t.g.t.p. oscillation at the
operating frequency which might lead to confusion
in identifying the parasitic. Any fixed bias should
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be replaced with a grid leak of 10,000 to 20,000
ohms. All load on the output of the amplifier
should be disconnected. Plate and screen voltages
should be reduced to the point where the rated
dissipation is not exceeded. If a Variac is not
available, voltage may be reduced by a 117-volt
lamp in series with the primary of the plate
transformer.

With power applied only to the amplifier under
test, a search should be made by adjusting the
input capacitor to several settings, including
minimum and maximum, and turning the plate
capacitor through its range for each of the
grid-capacitor settings. Any grid current, or any dip
or flicker in plate current at any point, indicates
oscillation. This can be confirmed by an indicating
absorption wavemeter tuned to the frequency of
the parasitic and held close to the plate lead of the
tube.

The heavy lines of Fig. 6-30B show the usual
parasitic tank circuit, which resonates, in most
cases, between 100 and 200 MHz. For each type of
tetrode, there is a region, usually below the
parasitic frequency, in which the tube will be
self-neutralized. By adding the right amount of
inductance to the parasitic circuit, its resonant
frequency can be brought down to the frequency
at which the tube is self-neutralized. However, the
resonant frequency should not be brought down so
low that it falls close to TV Channel 6 (88 MHz).
From the consideration of TVI, the circuit may be
loaded down to a frequency not lower than 100
MHz. If the self-neutralizing frequency is below
100 MHz, the circuit should be loaded down to
somewhere between 100 and 120 MHz with
inductance. Then the parasitic can be suppressed
by loading with resistance. A coil of 4 or 5 turns,
1/4 inch in diameter, is a good starting size. With
the tank capacitor turned to maximum capaci-
tance, the circuit should be checked with a GDO to
make sure the resonance is above 100 MHz. Then,
with the shortest possible leads, a noninductive
100-ohm 1-watt resistor should be connected
across the entire coil. The amplifier should be
tuned up to its highest-frequency band and
operated at low voltage. The tap should be moved
a little at a time to find the minimum number of
turns required to suppress the parasitic. Then
voltage should be increased until the resistor begins
to feel warm after several minutes of operation,
and the power input noted. This input should be
compared with the normal input and the power
rating of the resistor increased by this proportion;
i.e., if the power is half normal, the wattage rating
should be doubled. This increase is best made by
connecting l-watt carbon resistors in parallel to
give a resultant of about 100 ohms. Or, one of the
Globar surge-protection resistors may be used. As
power input is increased, the parasitic may start up
again, so power should be applied only momen-
tarily until it is made certain that the parasitic is
still suppressed. If the parasitic starts up again
when voltage is raised, the tap must be moved to
include more turns. So long as the parasitic is
suppressed, the resistors will heat up only from the
operating-frequency current. In grounded-grid
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circuits it is useful to locate the parasitic

suppressor in the cathode lead, as the rf power
level is less than at the plate terminal.

Since the resistor can be placed across only that
portion of the parasitic circuit represented by Ly,
the latter should form as large a portion of the
circuit as possible. Therefore, the tank and bypass
capacitors should have the lowest possible
inductance and the leads shown in heavy lines
should be as short as possible and of the heaviest
pratical conductor. This will permit L, to be of
maximum size without tuning the circuit below the
100-MHz limit.

Another arrangement that has been used
successfully in transistor and low-level tube stages
is to placc one or more ferrite beads over the input
or output leads, as close as possible to the
amplifying device. The beads have sufficient low-Q
inductance at vhf to discourage any tendency
toward parasitic oscillation.

Low-Frequency Parasitic Oscillation

The screening of most transmitting screen-grid
tubes is sufficient to prevent low-frequency
parasitic oscillation caused by resonant circuits set
up by rf chokes in grid and plate circuits. When rf
chokes are used in both grid and plate circuits of a
triode amplifier, the split-stator tank capacitors
combine with the rf chokes to form a low-frequen-
cy parasitic circuit, unless the amplifier circuit is
arranged to  prevent it. Often, a resistor is
substituted for the grid rf choke, which will
produce the desired result. This resistance should
be at least 100 ohms. If any grid-leak resistance is
used for biasing, it should be substituted for the
100-ohm resistor.

Transistor LF Parasitics

Using transistors with shunt feed often means
low-frequency parasitic trouble. A word about this
problem is in order as it usually doesn’t occur in
vacuum-tube circuits and is often a rough problem
for the newcomer to solid state. These parasitics
manifest themselves as a wide spectrum of white
noise (hash) around and below the operating
frequency. They can often be heard on a broadcast
receiver several feet away from a transmitter under
test. The desired signal may sound clean, so it is
necessary to check far below the operating
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Fig. 6-31 — Metering circuits
J;' for (A) tubes and (B) trans-
istors. TO measure current,
OUTPUT connect a meter at the point
shown in series with the lead.
For voltage measurements,
connect the meter from the
point indicated to the
i common or ground con-
nection.
E - BASE
F-EMITTER
G ~COLLECTOR

frequency. Two transistor characteristics combine
to cause this trouble. First, transistors have higher
gain at lower frequencies than they do at hf.
Second, interelement capacitances vary over a wide
range of changes in voltage, the result being
varactor action that causes spurious outputs. The
best way to avoid the problem is to use a minimum
of inductance in the collector circuit. Large chokes
arc unsatisfactory. Series feed is a good answer as
no choke is nceded. Bypass capacitors should be
the minimum value required. Decoupling on power
leads between stages should have at least two
capacitors, one effective at the operating frequency
and a second large capacitor that is good at low
frequencies.

METERING

Fig. 6-31 shows how a voltmeter and
milliammeter should be connected to read various
voltages and currents. Voltmeters are scldom
installed permancntly, since their principal use is in
preliminary checking. Also, milliammeters are not
normally installed permanently in all of the
positions shown. Those most often used are the
ones reading grid current and plate current, or grid
current and cathode current, or collector current.

Milliammeters come in various current ranges.
Current values to be expected can be taken from
the tube tables and the meter ranges selected
accordingly. To take care of normal overloads and
pointer swing, a meter having a current range of
about twice the normal current to be cxpected
should be selected.

Grid-current meters connected as shown in Fig.
6-31 and meters connected in the cathode circuit
need no special precautions in mounting on the
transmitter panel so far as safety is concerned.
However, milliammeters having metal zero-adjust-
ing screws on the face of the meter should be
recessed behind the panel so that accidental
contact with the adjusting screw is not possible, if
the meter is connected in any of the other
positions shown in Fig. 6-31. The meter can be
mounted on a small subpanel attached to the front
pancl with long screws and spacers. The meter
opening should be covered with glass or celluloid.
Illuminated meters make reading easier. Reference
should also be made to the TVl chapter of this
Handbook in regard to wiring and shielding of
meters to suppress TVI.



Component Ratings
COMPONENT RATINGS

Output Tank Capacitor Voltage

In selecting a tank capacitor with a spacing
between plates sufficient to prevent voltage
breakdown, the peak rf voltage across a tank
circuit under load, but without modulation, may
be taken conservatively as equal to the dc plate or
collector voltage. If the dc supply voltage also
appears across the tank capacitor, this must be
added to the peak rf voltage, making the total peak
voltage twice the dc supply voltage. If the amplifier
is to be plate-modulated, this last value must be
doubled to make it four times the dc plate voltage,
because both dc and rf voltages double with
100-percent amplitude modulation. At the higher
voltages, it is desirable to choose a tank circuit in
which the dc and modulation voltages do not
appear across the tank capacitor, to permit the use
of a smaller capacitor with less plate spacing.

Capacitor manufacturers usually rate their pro-
ducts in terms of the peak voltage between plates.
Typical plate spacings are shown in the following
table, 6-B.

Output tank capacitors should be mounted as
close to the tube as temperature considerations will
permit, to make possible the shortest capacitive
path from plate to cathode. Especially at the
higher frequencies where minimum circuit capaci-
tance becomes important, the capacitor should be
mounted with its stator plates well spaced from the
chassis or other shielding. In circuits where the
rotor must be insulated from ground, the capacitor
should be mounted on ceramic insulators of size
commensurate with the plate voltage involved and
— most important of all, from the viewpoint of
safety to the operator — a well-insulated coupling
should be used between the capacitor shaft and the
dial. The section of the shaft attached to the dial
should be well grounded. This can be done
conveniently through the use of panel shaft-bearing
units,
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Wire Sizes for Transmitting Coils
for Tube Transmitters

Power Input (Watts) Band (MHz) Wire Size
1000 28-21 6
14-7 8
3.5-1.8 10
500 28-21 "8
14-7 12
3.5-1.8 14
150 28-21 12
14-7 14
3.5—-1.8 18
75 28-21 14
14—-7 18
3.5-1.8 22
25 or less* 28-21 18
14-7 24
3.5-1.8 28

*QWire size limited principally by consideration of

Table 6-8
Typical Tank-Capacitor Plate Spacings

Spacing  Peak Spacing  Peak Spacing Peak

(ln.)  Voltage (In.) Voltage (In.)  Voltage

).O15 1000 0.07 3000 0.175 7000

).02 1200 0.08 3500 0.25 9000

).03 1500 0.125 4500 0.35 11000

).as 2000 0.15 6000 0.5 13000
Tank Coils

Tank coils should be mounted at least their
diameter away from shielding to prevent a marked
loss in Q. Except perhaps at 28 MHz it is not
important that the coil be mounted quite close to
the tank capacitor. Leads up to 6 or 8 inches are
permissible. It is more important to keep the tank
capacitor as well as other components out of the
immediate field of the coil. For this reason, it is
preferable to mount the coil so that its axis is
parallel to the capacitor shaft, either alongside the
capacitor or above it.

There are many factors that must be taken into
consideration in determining the size of wire that
should be used in winding a tank coil. The
considerations of form factor and wire size that
will produce a coil of minimum loss are often of
less importance in practice than the coil size that
will fit into available space or that will handle the
required power without excessive heating. This is
particularly true in the case of screen-grid tubes
where the relatively small driving power required
can be easily obtained even if the losses in the
driver are quite high. It may be considered
preferable to take the power loss if the physical
size of the exciter can be kept down by making the
coils small.

Transistor output circuits operate at relatively
low impedances because the current is quite high.
Coils should be made of heavy wire or strap, with
connections made for the lowest possible resis-
tance. At vhf stripline techniques are often
employed, as the small inductance values required
for a lumped inductance become difficult to
fabricate.

RF Chokes

The characteristics of any rf choke will vary
with frequency, from characteristics resembling
those of a parallel-resonant circuit, of high
impedance, to those of a series-resonant circuit,
where the impedance is lowest. In between these
extremes, the choke will show varying amounts of
inductive or capacitive reactance.

In series-feed circuits, these characteristics are
of relatively small importance because the rf
voltage across the choke is negligible. In a
parallel-feed circuit, however, the choke is shunted
across the tank circuit, and is subject to the full
tank rf voltage. If the choke does not present a
sufficiently high impedance, enough power will be
abosrbed by the choke to cause it to burn out.

To avoid this, the choke must have a
sufficiently high reactance to be effective at the
lowest frequency, and yet have no series
resonances near the higher-frequency bands.
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HF TRANSMITTING

A QRP RIG FOR 3.5 AND 7 MHz

This equipment is designed for low-power home
and field use. It can be powered by an ac-operated
supply, or from a battery pack. Power output is
approximately 2 watts, a sufficient level to work
stations hundreds of miles distant. This transmitter
was originally designed to use conventional
point-to-point construction methods. An etched-
circuit version is offered here as an alternate for
those builders wishing to use this newer method
of construction.

Circuit Details

Referring to Fig. 2, QI operates as an untuned
Pierce oscillator. It operates at low dc power level,
100 mW input. Any fundamental-type crystal from
1000 kHz to 14 MHz will oscillate readily when
plugged in at Y1. Keying is accomplished by
breaking the emitter circuit. Shaped keying results
from the emitter-bias resistor, R3, and related
bypass capacitors. The note is free of clicks.
Output from the oscillator is taken at low
impedance to match the input impedance of Q2,
the driver stage. A capacitive divider, C5 and C6,
provides the desired tap point for the base of Q2.
The 100-ohm resistor, RS, acts as a parasitic
suppressor to help stabilize Q2. A .05-uF capacitor
and a 100-ohm resistor are installed in the 12-volt
supply lead between Q1 and Q2 to help isolate the
two stages, thus preventing unwanted interstage
coupling and the instability it can cause.

A small amount of bias is used on the base of
the driver, Q2, to establish Class-B conditions. This
was done to make it easier to drive than if the stage
were operated Class C. The stage idles at
approximately 5 mA and draws roughly 40 mA
when the key is closed. A low value of inductance
is used in the collector rf choke, RFC2, to provide
a low value of dc resistance in that part of the
circuit. The current drawn by the collector in
power amplifier circuits may cause an excessive
voltage drop across most standard chokes, such as
the 2.5 mH type. The low value of inductance is
adequate in this type of circuit because of the low
collector load impedance — about 150 ohms in
Q2’s case. A reactance value of approximately 10
times the collector impedance was selected for use
at RFC2, and this is a good rule of thumb to
follow. A 10-ohm emitter-bias resistor is used at
Q2. It is not bypassed so that some degenerative
feedback will occur, thus enhancing the stability of
the driver stage. A toroidal inductor is used in the
collector of Q2. With S1A in the 7-MHz position it
is tuned to resonance by means of a 220-pF fixed
capacitor. On 80 meters, S1A adds an 820-pF
capacitor across L1 to provide mid-band resonance.
Uniform output is available across both bands, and
no tuning control is necessary. Since the toroidal
inductor is self-shielding, stray interstage coupling
is minimized — a further aid to transmitter
stability. Output to Q3 is taken from a link, L2,
wound over L1 and the toroidal core. Power-lead
decoupling is provided by RFC3 and a .05-uF
capacitor. The power output from Q2 is
approximately 100 mWw.

Fig. 1 — This version of the solid-state transmitter
is housed in a small recipe box. All controls and
jacks are accessible from the top panel.

Output Section

An RCA 2N2102 is used in the output stage of
the QRP transmitter, at Q3. A heat sink should be
attached to if tc prevent damage from excessive
heating.

A 1.5-ohm emitter-bias resistor is used at Q3 to
offer protection against thermal runaway. The
stage operates essentially Class C and uses no
forward bias. It was necessary to connect a 0.1-uF
bypass capacitor fram emitter to ground to clean
up a low-frequency oscillation which appeared.
Because of the low collector load impedance for
Q3, approximately 40 ohms, RFC4 neceds to be
only 25 uH to present sufficient reactance at the
lowest operating frequency. An iron-core choke
was sclected to obtairn the least amount of dc
resistance in the collector supply lead. Individual
double pi-section tanks are used in the collector of
Q3 to provide maximum harmonic rejection. Band
selection is accomplished by the remaining section
of S1 (S1B). Separate antenna connectors are used,
J2 and J3, to eliminate the need for switching in
that part of the circuit. Do not connect an antenna
to the unused jack during operation.

A Zener diode, CRI1, is used to prevent
destruction of the PA transistor during periods
when the antenna SWR is high, or when through
error no load is connectea to the output of the
transmitter. CR1 is shown in series with the dc at
the collector of Q3. It is rated at 39 volts, | watt.
It will conduct when the positive half of the rf
cycle rises to 36 volts or higher, and will also
conduct should a dc spike of 36 volts or greater




cs
100]
-~ RFC2
3 T wer
ceL '°
000 T
1000
R6
o0 h +i2v
W 25 44
[} R4 .08jC9
I.os I
Jl
EXT.
KEY c3l.03
f]; # R.MS. SIGNAL VOLTAGE 01,02
- EXCEPT AS INDICATED, DECIMAL VALUES OF ES
s CAPACITANCE ARE IN MICROFARADS (mf.); EB B
e OTHERS ARE IN PICOFARADS (pf ORwul);
RESISTANCES ARE IN OHMS; K + 1000,
s CR2 +12v (273 mA )
+2v.[i » ’
GND. HEP—134 k;zo | Q3 HEAT
+ MYG.~
|Iosocr HOLE SINK.

A QRP Rig for 35 and 7 MHz.

DRIVER

159

3.5-4MHz
7-7.3 MH2

-
{ALUM. OR g3
BRASS)
40-M
ANT.

Fig. 2 — Schematic diagram of the QRP transmitter. Except as specified, fixed-value capacitors are
low-voltage disk ceramic; polarized capacitors are electrolytic; SM = silver mica. Resistors are 1/2-watt
composition. Voltages marked with an asterisk are rms rf (see text). Component identifiers not
appearing in the parts list are for identification purposes on the etched-ircuit board layout.

C1 Feedback capacitor (value may require
changing for best results from transistor used,
depending on beta of Q1).

CS, C6 — For text discussion.

CR1 — 39-volt, 1-watt Zener diode (Sarkes Tarzian
VR-39 or equiv.).

CR2 — Silicon, 50 PRV at 2 amperes {Motorola
HEP-154 suitable).

J1 — Phone jack, open<ircuit type.

J2, J3 - Phono jack.

J4 — Two-terminal male connector {microphone
connector used here).

L1 — 2 UH; 25 turns No. 24 enam. space-wound to
occupy entire Amidon T-50-2 toroid core.l

L2 — 12 turns small-guage insulated hookup wire
wound over entire length of L1. Wind in same
sense as L1.

L3, L4 — 13 turns No. 20 enam. wire to occupy
entire Amidon T-68-2 toroid core (1 uH).

ride in on the 12-volt line. Under normal
conditions the peak rf swing on the collector will
not exceed twice the supply voltage value (24
volts), so the Zener diode will not conduct. The
heat sink on Q3 protects the transistor from
thermal damage.

Each PA tank is fixed-tuned for the center of
its band. No tuning controls are required since
uniform output can be expected across each of the
bands. The constants have been chosen for a
50-ohm transmitter output impedance, though

1 Amidon cores are available from Amidon
Slssa%c;ates. 12033 Otsego St., N. Hollywood, CA

LS, L6 — 2 uH; 18 turns No. 20 enam. to occupy
entire Amidon T-68-2 toroid core.

Q1, Q2 — 2N4124,

R2, R7 Bias resistor. (Value may require
modification for best results from transistor
used, depending upon beta of Q1 and Q2.)

RS — Parasitic-suppressor resistor. (May be omitted
if stable operation of Q2 exists without it.)

RFC1 — 1-mH rf choke {(Millen subminiature
J300-1000 suitable, James Millen Mfg. Co., 150
Exchange St., Malden, MA.)

RFC2 — S0-UH rf choke {Millen 34300-50).

RFC3, RFC4 25UH rf choke
J-300-25).

S1 — Momentary spst push-button switch{Switch-
craft 951 suitable).

S$2 — Dpdt slide switch,

Y1 — 3.5 or 7-MHz crystal.

{Milten

anything between 30 and 75 ohms can be used as a
load without significant loss in output. Silver-mica
capacitors are used in the tanks of Q2 and Q3 since
they are more stable than disk ceramic types. Disk
ceramic capacitors can be substituted, but their
values should be checked on a capacitance meter
before installing them in the circuit. Use only those
capacitors whose values are within 10 percent of
the values given in Fig. 2. The tumns on the toroidal
inductors can be spread or compressed slightly to
provide a peak in output at the center of the band.
Spreading the tumns decreases the inductance;
compressing them increases it. Collector current
for Q3, with excitation applied, will run between
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200 and 230 mA when a 50-ohm load is connected
to the antenna terminal. Since some transistors of a
given type number will have different beta values
than others, the actual current drawn will vary
accordingly. (The higher the beta of a particular
transistor, the higher will be the current.) Low
current readings will be the result of low base drive
to Q3, low supply voltage, or low beta at Q2 or
Q3.

A polarity-guarding diode, CR2, is connected in
series with the B plus from J4. Should the operator
inadvertently cross-polarize the supply voltage the
diode will prevent the current from flowing
through it. Only plus voltage will pass through
CR2. Supply voltage of the wrong polarity (minus)
will destroy the transistors almost immediately. A
100-ul° capacitor bypasses the [2-volt line. It
bypasses the battery pack when dry cells are used,
thus providing an ac ground for the circuit.

Construction Information

This equipment is housed in a recipe file box
which measures 3 X 3 1/2 X 5 inches. A home-
made chassis and panel were formed from
aluminum sheet. Copper, brass, or even galvanized
furnace ducting can also be used if available.
Point-to-point circuit wiring is used in this model,
but etched-circuit construction might be more
desirable to those who wish a neater layout.2
Terminal strips are used at various points on the
chassis for mounting the components. The circuits
for QI and Q2 are built on the bottom of the
chassis. Band switch S1 and the PA circuit are
above the chassis. This method was used to aid in
isolating the PA from the rest of the circuit. Q3
and its heat sink are mounted on a ceramic
insulating post, but phenolic or other low-loss
materials can be used instead.

S2 is a momentary push-button switch. It is
installed as an emergency keying device in the
event the operator forgets to take the regular key
along on a ficld trip.

Coils L1 through L6 arc wound on Amidon
toroidal cores.2 Each winding should have its turns
equally spaced, and each winding should occupy
the entire circumference of the core. L2 is wound
over L1 and also covers the entire core. The L1-L2
assembly is bolted to the chassis by means of a
440 X l-inch screw and flat washer. The covering

HF TRANSMITTING

on the wire used for L2 insulates the assembly
from the chassis and from the metal washer.
Tighten the screw only enough to hold the
assembly securely in place.

Checkout and Operation

Stage-by-stage testing is recommended for best
results. Temporarily disconnect Q2 and Q3 by
unsoldering their base and collector leads from the
circuit. Before doing this, however, it is a good idea
to make an ohmmeter check for short circuits of
the dc line. Using a VTVM, and measuring between
the circuit side of CR2 and the chassis, a reading of
8 ohms is typical. Reversing the test prods should
provide a reading of approximately 7000 ohms.
Severe departures from these readings will indicate
that a short circuit or an “open” exists. Next,
insert a crystal for straight-through operation at Y1
(Q2 and Q3 disconnected) and apply operating
voltage to the transmitter. With the key closed the
signal should be audible on a receiver tuned to the
crystal frequency. Keying should exhibit no clicks,
and the cw note should be free of hum and chirp.
Normal current for the oscillator is between 8 and
10 mA, key down,

After the oscillator is checked out the driver
stage can be connected to the circuit. A No. 49
lamp can be used as a load across L2. With
operating voltage applied, and with the key closed,
the lamp should light to nearly full brilliance.
Next, reinstate Q3 and connect a No. 47 lamp to
J2 or J3, depending upon the operating frequency.
When the transmitter is keyed the dummy should
light to normal brilliance, or slightly more. The cw
note should remain clean throughout all of the
tests. If it does not, chances are that instability
exists somewhere in the transmitter. Check for
defective ground connections or faulty bypass
capacitors if this happens. 1f the foregoing
conditions are not met check the points shown on
the schematic diagram (marked with an asterisk)
for proper rms rf voltage. The readings given were
obtained with a Heath VIVM and a Heath rf
probe. The probe diode was connected for minus
polarity. The voltage readings should provide the
clue needed for locating the trouble. Voltage

2 A scale template and parts location guide is
available from ARRL for 50 cents and a s.a.s.e.

Fig. 3 — Looking at the top of the
chassis, L3 and L4 are at the far
left, flanked by L5 and L6 to their
immediate right. RFC3 and RFC4
are mounted on a terminal strip in
the center foreground. Q3 (2N2102)
and its heat sink are mounted atop
a ceramic post at the center of the
chassis. S1 is visible behind Q3,
mounted on the back side of the
panel. J1 is at the far right. The
hole in the rear lip of the chassis is
for a sheet-metal screw which holds
the chassis to the bottom of the
file-box cabinet.




readings and transmitter performance should be
the same for both bands. Some crystals —
especially older war surplus types may be
somewhat sluggish. If so, the cw note may sound
chirpy.

If VFO operation is desired either of the two
solid-state VFOs described in this chapter followed
by an amplifier, could be used to excite the
transmitter. The socket for Y1 would become the
VFO jack. C1 would be removed from the circuit.
but no other changes should be required. If keying
the first stage of the transmitter causes the VFO to
chirp because of “pulling,” it may be necessary to
move the keying line to the emitter of Q2 to
provide further isolation between the keyed stage
and the VFO. The VFO output should be between
S and 10 volts (rms) for proper drive to Q1.

This transmitter can be powered by 10 size-D
flashlight cells — series-connected, from the
cigar-lighter receptacle of any negative-ground
12-volt auto, or from an ac-operated 12-volt supply
of the type described in the Power Supply chapter.
This circuit will perform satisfactorily using any
supply voltage from 9 to 15. At 15 volts, power
output will be approximately 3 watts.
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Fig. 4 — In this
bottom<hassis view
of the transmitter,
Q1, Q2 and their
associated  circuits
are grouped at the
right of the chassis.
The components are
mounted on termi-
nal strips. Assembly
L1L2 is near the
center of the chassis
and is held in place
by means of a nut,
screw and washer,
S2 is at the lower
center, and J4 is at

a8 s,
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Fig. 5 — The circuit of Fig. 2 can be built on an
etched-circuit board as shown here. Q1 and Q2 are
located at the far right of the board, Q3 is at the
top<center, and is crowned by a Motorola HEP-502
chassis-mount Reat sink. Assembly L1L2 is visible
at the lower center. Board dimensions are
4 5/8 X 2 3/4 inches, small enough to fit into the
recipe box shown in Fig. 1.

A 10-WATT ONE-TUBE TRANSMITTER

The transmitter shown was designed with two
objectives in mind: (1) to have good keying
characteristics; and (2) to be as simple to duplicate
as possible. The 6T9 is a dual tube consisting of a
triode and a pentode. In this circuit the triode
portion is the oscillator; the pentode half is the
amplifier. While the rig is primarily for the Novice
80- or 40-meter operator, the transmitter will also
work on 160 and 20 meters. Input power to the
amplifier is on the order of 10 watts, and the
measured rf output on the four bands is between 6
and 7 watts.

Circuit Details

A crystal-controlled Pierce oscillator circuit is
used with the triode portion of the tube. Outpus
from the oscillator is fed to the pentode section of
the 6T9. A pi-network PA tank, designed to work
into 50- and 70-ohm loads, is employed in the
output of the transmitter. Plug-in coils are used to
provide the desired band coverage. Fundamental-

Fig. 1 — This is the completed transmitter for 160-
to 20-meter operation. The plate tuning control is
at the upper right, and just below, the loading
capacitor, C2.
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frequency crystals are required with the transmit-
ter. The term “‘fundamental” means that the
crystal frequency is the same as the desired output
frequency. The transmitter will also cover 160 and
20 meters.

Cathode keying is used in the transmitter. When
the cathodes of the 6T9 are opened by the key, no
current flows through the tube; consequently, no
signal is generated. When the key is closed, the
cathodes are grounded, the tube conducts, and a
signal is generated and amplificd. Components C4
and R1 work together as a filter which shapes the
signal to eliminate clicks.

The power supply is shown in Fig. 3. It uses a
full-wave rectifier. Filtering is provided by C3, a
100-uF capacitor.

Construction Details

The transmitter is built on a 7 X 7 X l-inch
aluminum chassis. The panel measures S 1/4 X 7
inches. The top cover is 8 inches long, § 3/8 inches
high, and 7 inches wide. Both the panel and top
cover can be made from cookie-sheet aluminum. A
small opening is made in the top cover, directly
over the tube, to provide ventilation. This opening,
which is 1 1/2 inches in diameter, is covered with
perforated aluminum stock.

Layout of the components is not particularly
critical. However, if this is your first construction
project, study the Construction Techniques chap-
ter in this Handbook describing soldering and
wiring techniques.

Always keep this in mind when working on
radio gear: operating voltages in equipment can be
lethal. When working on the transmitter make sure
that the ac connector is unplugged from the power
line. Also, before reaching into the gear, take a

Fig. 2 — The plug-in coil is at the upper right. The
6T9 and the plate tuning capacitor, C1, are
immediately to the front of the coil.

HF TRANSMITTING

screwdriver with an insulated handle and short the
positive lead of C3 to chassis ground. Electrolytic
capacitors can hold a charge. The safest procuedre
is to discharge them each time you work on the rig.

The coils are mounted on Millen plugs, then
plugged into a Millen jack-bar. If one-band
operation is planned, it would be a simple matter
to wire the coil in place permanently, thus saving
the cost of the plug and jack bar. On 160 and 80
meters, more output capacitance is required at C2.
Fig. 3 shows the connections for these two bands
when using plug-in coils.

Testing

When the rig is ready for testing, use a 10-watt,
117-V lamp as a dummy load. Connect a short wire
from the screw-base shell of the lamp to the
transmitter chassis, and another short lead from
the bulb base terminal to J3. Plug a key and crystal
into the rig and turn on the power. Let the
transmitter warm up for three minutes. Tighten the
screw on C2 (maximum capacitance setting). Close
the key, then adjust C1 for a resonance indication
on M1. The indication will occur when the meter
current dips to a low value. Also, you should
observe a glow in the dummy-load lamp. Gradually
decrease the capacitance of C2 by loosening the
screw. The plate-current reading should increase.
Then, retunc CI1 for a dip. Altemately adjusting C1

T
== *
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Fig. 4 — This shows the component arrangement
below deck. The power supply rectifiers are
mounted on a terminal strip at the left. The tubutar
black units are rf chokes.
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Fig. 3 — Circuit diagram of the 6T9 transmitter. Resistors are 1/2 watt unless otherwise stated.

Capacitors marked with polarity are electrolytic.

C1 — 365-pF air variable (Miller No. 2111 or
similar).

C2 — 360 to 1000-pF padder {(Miller No. 160A or
similar).

C3 — 100-uF, 450-volt electrolytic.

C4 — 0.5-uF paper.

C5 — 1200-pF silver mica.

C6 — 470-pF silver mica.

CR1, CR2 — 1000-voit PRV, 750-mA silicon
rectifier.

F1 — 2-amp, 3AG fuse.

J1 — Open<ircuit key jack.

J2 — Crystal socket.

J3 — Coax chassis fitting, type SO-239 or phono
jack.

J4 — Coil jack bar (Miller 41305).

L1 — 160 meters, 48 turns No. 24, 32
turns-per-inch, 1 inch dia. (B&W Miniductor

and C2 should bring the plate current up to about
40 mA at dip, and the lamp should light nearly full
brilliance. The transmitter is designed to work into
50- and 70-ohm loads, but slightly higher or lower
impedances can be matched.

A simple antenna that will work with this rig is
an end-fed wire. Make the antenna one-quarter
wavelength long or an odd multiple of a quarter
wavelength (65 feet on 80 meters, or 33 feet on 40
meters). Any odd multiple of a quarter wavelength
will require low-impedance feed, and should work
with the pi-network tank in the transmitter. Bring
one end of the antenna directly to the output
connection on the rig and install the other end of

3016). 80 meters, 43 turns No. 20, 16
turns-per-inch, 3/4 inch dia. (B&W Miniductor
3011). 40 meters, 30 turns No. 20, 16
turns-per-inch, 3/4 inch dia. (B&W Minidcutor
3011). 20 meters, 19 turns No. 18, 8
turns-per-inch, 3/4 inch dia. (B&W Miniductor
3010).

M1 — 100-mA meter.

P1 — Coil plug (Milier 40305).

RFC1 — 1-mH rf choke (Miller 4652-E or

similar).

RFC2, RFC3 — 2.5-mH rf choke {Miller 4666-E or
similar),

S1 — Spst toggle.

T1 — Power transformer, 470 volt center-tapped,
40 mA, 6.3 volt, 2A, 5 volt, 2A (not used).

Z1 — 7 turns No. 16 wire, space-wound on a
100-ohm, 1-watt carbon resistor.

the antenna as high as possible. ldeally, however,
the antenna should be a half-wave dipole cut for
the band of operation, and erected as high above
ground as possible. Alternatively, a center-fed Zepp
antenna can be used with a tuner (Transmatch) to
provide multiband operation with a single antenna.
Information on numerous suitable antennas for the
hf bands is given in The ARRL Antenna Book and
in Chapter 21. The simple antenna described in the
foregoing text may not provide optimum results.

Many operators may feel that they need more
than 10-watts input to make contacts. However,
this little right will provide plenty of long-haul
action with practically any antenna system.
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A 75-TO 120-WATT CW TRANSMITTER

The transmitter shown in IFig. 1 is designed to
satisfy the cw requirements of either a Novice or
higher-class licensee. The PA stage will operate at
75-watts dc input for the Novice. The rig provides
station control and other operating fcatures.
Holders of General Class or higher licenses can run
up to 120-watts dc input. A SPOT position is
provided on the FUNCTION switch which permits
identifying the operating frequency in a band. The
transmitter has been designed for ease of assembly,
with the beginner in mind.

The circuit diagram of the transmitter (Fig. 2)
shows the oscillator tube, V1, to be a 6GK6. This
pentode works “straight through” on some bands
while multiplying in its plate circuit on others. An
80-meter crystal will develop cither 80- or
40-meter cnergy in the subsequent stage (6146B)
grid circuit, depending on the sctting of S2 and C1.
Similarly, a 40-meter crystal will permit the
oscillator to drive the final tube on 40, 20, 15 and
10 meters. The final amplifier is always operated
straight through for maximum power output. Since
the amount of excitation will vary with the degree
of frequency multiplication, a screen-voltage-
adjustment control, R1, is included.

To insure stability, the 6146B amplifier is
neutralized. This is done by feeding back a small
amount of the output voltage, (out of phase) to
the 6146B grid through C2. The adjustment of this
circuit is described later. Provision is included to
mcasure the grid and cathode current of the
amplifier stage. With the 6146B it is important to
insure that the grid current is kept below 3 mA at
all times; high grid currents will ruin the tube in
short order. The meter, which has a basic 0-1-mA
movement, uses appropriate multiplier and shunt
resistors to give a 0-10-mA scale for reading grid
current, and 0-250 mA for monitoring plate
current.

The plate tank for the final amplifier uses the
pi-scction configuration for simple band switching.
This network is tuned by C3, and C4 provides
adjustment of the antenna coupling. The pi-net-
work also assures cxcellent suppression of har-
monics when properly terminated, typically 35 to
45 dB. All connection points to the transmitter are
filtered to “bottle up” harmonic encrgy, which, if
radiated, could cause television interference.

Silicon rectifiers are used in the ‘“‘economy”
power supply. A center-tapped transformer with a
bridge rectifier provides all of the operating
voltages for the transmitter. Depending upon the
line voltage, the high-voltage supply will deliver
about 750 volts, key up, dropping to about 700
volts under load. If the linc voltage is above 120,
these figures will be increased by about 50 volts,
The screen supply to thc 6146B is regulated by
two OB2 VR tubes.

The FUNCTION switch turns the transmitter
on and sclects the spot, tune or operate modes.
Leads from this switch arc brought out to the rear
deck of the transmitter to mute the station receiver
and key the antenna rclay. Thus, S1 provides
one-switch transmit-reccive operation. In the
OPERATE position, the oscillator and amplifier
are keyed simultaneously by grounding the
common cathode circuit. A RC network across the
cathode line is included to shape the keying, thus
preventing key clicks.

Construction

An 11 X7 X 2-inch aluminum chassis (Bud
AC-407) is used as the basc for the transmitter. A
homemade aluminum U shield encloses the final
amplifier. The chassis is fitted with an 11 X 7-inch
front panel which is cut from sheet aluminum, The
panel is held to the chassis by the switches and
panel bushings common to both units. Correct
placement of the various parts can be determined
by viewing the photographs. Only an experienced
builder should try to relocate the major compo-
nents. The rf compartment has 3/4-inch mounting
lips bent along the back side and the ends to give a
finished size of 5 X 8 3/4 inches. This rear housing
is held to the chassis and front panel with 6-32
hardware, and a perforated metal cover is fastened
to it with No. 6 sheet-metal screws.

Fig. 1 — This 120-watt cw transmitter can be
operated at 75-watts dc input for Novice-band use.
The slide switch puts the meter in the grid or
cathode circuit of the 6146B amplifier. Directly to
the right of the slide switch is the FUNCTION
switch and crystal socket. Continuing at this fevel,
farther to the right is the GRID TUNING, grid
BAND SWITCH, and the DRIVE level control. The
controls to the upper right are the final BAND
SWITCH, FINAL TUNING, and FINAL LOAD-
ING.
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C1 — Air variable (Hammariund APC-50B).

C2 — Air variable (Johnson 160-104).

C3 — Air variable {(Hammariund MC250M).

C4 — Threesection broadcast variable, 365 pF per
section, all sections connected in parallel {Miller
2113).

CR1-CR4, incl. — 1000-PRV, 1-Assilicon.

CR5 — Transient suppressor (GE 6 RS20SP4B4).

J1 — Crystal socket.

J2 — S0-239-style connector, panel mount.

L4 -Lm

J3, J4 — Phono connector, panel mount.

L1 — 37 turns, No. 20, 16 tpi, 3/4-inch dia, tapped
at 4 turns from the tube end for 28 MHz, 6
turns for 21 MHz, 12 turns for 14 MHz, and
using the entire coil for 7 MHz (B&W 3011).

L2 -- 28 turns, No. 20, 32 tpi, 3/4-inch dia {(B&W
3012).

L3 — 12 turns, No. 18, 8 tpi, 1-inch dia, tapped at
3 turns from the tube end for 28 MHz, 6 turns
for 21 MHz, and using the entire coil for 14
MHz (B&W 3014).

J3
: - RFC6 T ANT.
BAND | SWITCH 4 25mH
c‘.vs 1 1095
RFC7
1000 N 4
SM Waanyg! r
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L4 — 21 turns, No. 20, 16 tpi, 1-inch dia, tapped at
9 turns in from the junction with L3 for 7
MHz, and using the entire coil for 3.5 MHz
{B&W 3015).

M1 — Milliammeter (Calectro D1-912).

P1 — Fused plug {use 3-A, 3AG fuses).

R1 — 25,000-ohm, 5-W wirewound control (Mal-
lory VW25K).

R2 — 10,000-0hm, 25-W wirewound.

RFC1, RFC2 — 2.2 mH (Miller 73F223AF).

RFC3 — 500 uH (Millen 34300-500).

RFC4 — 1 mH (Miller 34107).

RFCS5, RFC7, RFC8 — 1 mH (Miller 4527).

RFC6 — 2.5 mH (Miller 4532).

S1 — Ceramic rotary switch, 6 pole, 3 section, 6
position {5 used), nonshorting contacts (Cen-
tralab PA-2023).

§2 — Ceramic rotary switch, 2 pole (1 not used), 6
position {1 not used) section, nonshorting
contacts (Centralab PA-2003).

S3 — Ceramic rotary switch 1 pole, 6 position {1
not used), nonshorting contacts (Centralab
2501).

S4 — Dpdt slide switch.

T1 — Power transformer, 117-volt primary, secon-
dary 540 volts ct at 260 mA, and 6.3 volts at
8.8 A (Stancor P-8356).

21 — 7 turns of No. 16 wire on a 100-ohm, 1-W
composition resistor.
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Fig. 3 — Top view with the perforated metal cover
removed. The small capacitor beside the 6146B
provides the neutralizing adjustment, L3 and L4
are mounted one above the other, The smaller tube
inside the rf compartment is the 6GK6 oscillator.

The lead to RFC4 is routed through an
insulated bushing. A small bracket supports a picce
of Lucite which insulates C2, the neutralizing
capacitor, from ground. Another bracket supports
C1 and S2. C1 is above ground for rf and dc, so an
insulated coupling (Millen 39016) is to be used on
its shaft. Tie strips are used to support the small
capacitors, resistors, and rectifier diodes.

The S-volt winding of TI1 is not used.
Therefore, these leads should be cut and taped to
avoid accidental contact with the chassis. The filter
capacitors and bleeder resistors are mounted on tie
strips. Carc should be used in making all
high-voltage connections to prevent accidental
shorts from occurring. Also, don’t omit the “spike
prevention” Thyrector diode, CRS, as this unit
protects the supply from transient voltage surges.

HF TRANSMITTING

Adjustment

After the transmitter has been wired, check it a
second time for possible wiring errors. Next, the
two voitage-regulator tubes should be plugged in
their sockets. With S1 at off, plug the line cord
into a 117-volt outlet. When S1 is moved to
STANDBY, the VR tubes should glow. The high
voltage at RFC4 should measure about 750 volts.
The oscillator voltage, checked at pin 7 of the
6GK6, should be close to 300 volts. If it is not,
move the tap on R2 accordingly. Make all
measurements with care as these voltages are
dangerous. Then tum S1 to off and make certain
the voltage drops to zero at RFC4, and at the
6GK6 socket. Normally, it will take at least a
minute for the high voltage to drop to near zero (A
fact which should be remembered during subse-
quent tests.).

Remove the line cord from the outlet — never
work on a transmitter unless the ac power is
disconnected. Install the tubes and connect the
plate cap to the 6146B. Insert an 80-meter crystal
in J1 and set both band switches to the 80-meter
position. Set the FUNCTION switch to the tune
position, and plug the power cord into the mains.
After the tubes warm up, swing C1 through its
range. 1If the oscillator stage is working, grid
current will be read on M1. C1 should be used to
peak the grid current. The total current drawn
should be kept below 3 mA. Use the DRIVE
control, R1, to set the drive level. Change S2 to the
40-meter position and confirm that the second
harmonic of the crystal frequency can be tuned.
With a 40-meter crystal in J1, it should be possible
to obtain grid current with S2 set for 7, 14, 21 and
28 MHz. The maximum grid current obtainable on
the higher-frequency bands will be somewhat less
than on 80 and 40 meters (about 2.5 mA on 21
MHz, and 1.5 mA on 28 MHz). The latter value is
not enough for full drive on the 10-meter band.
The dc input power to the 6146B should be
limited to 90 watts on 10 meters, and this
operating condition will provide approximately 50
watts output. On the other bands 60 to 70 watts
ontnnt will be possible. If an absorption wavemeter
is available it is a good idea to check the setting of
C1 for each band to insure that the tuned circuits
are operating on the proper harmonic frequency. It
may be possible to tune to an incorrect harmonic
frequency, which can lead to out-of-band opera-
tion. Once the proper setting of C1 has been
determined, mark the front panel so that this point
can be rcturned to quickly when tuning up.
Lacking a wavemeter, a receiver (with the antenna
disconnected) can be used to check output on the
sarious bands.

Fig. 4 — Looking inside the bottom of the
transmitter, L1 and L2 are located at the center,
next to the grid-tuning capacitor. All of the output
jacks are spaced along the rear wall of the chassis.
The bottom cover has been removed in this
photograph. It should be kept in place during
operation,
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Fig. 5 — Circuit of an rf-powered keying monitor

that may be built into the transmitter as an

operating accessory. Point marked "'rf’* connects to

the antenna jack, J3 in Fig, 2. This circuit can be

used with any transmitter simply by selecting an

input resistor, R1, that gives about —6 volts at the

point shown, Only the desired output jacks need to

be included.

J1 — Phono jack for audio output from the
receiver.

J2, J3 — Tip jacks for headphones or receiver.

J4 — Phone jack for headphone connection.

Q1, Q2 — 2N406 or equivalent (pnp).

With S2 and S3 set for 15 meters, tune C1 for
maximum grid current. Then, set the indicated
value to about 2 mA with the DRIVE control. Set
C4 at half scale, and slowly tune C3 while watching
the grid-current meter. At the point which C3
tunes the tank through resonance, a dip in grid
current will be seen, unless by chance the amplifier
is already neutralized. A slow rate of tuning is
required, as the indication will be quite sharp.
When the dip has been found, adjust C2 until no
dip can be noted, or, at least, the dip is less than
0.1 mA. All preliminary tests should be made as
quickly as possible, as the transmitter is operating
without a load, and extended operation can
damage the final-amplifier tube.

When neutralization has been completed, and
all circuits appear to be operating normally,
connect a load to the transmitter. Preferably, this
should be a 50-ohm dummy load, but a 100-watt
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light bulb will do. If an output indicator or SWR
bridge is available, it should be connected between
the transmitter and the load. The lamp is a fair
output indicator on its own. Adjust the transmitter
as outlined above for 2 mA of grid current on the
desired band. With a key plugged in at J2, set C4 at
full mesh, and switch S4 to read plate current.
Watching the meter, close the key and adjust C3
for a plate-current dip. The dip indicates
resonance. If the plate current dips below 150 mA,
decrease the capacitance setting of C4, and again
tune C3 for a dip. This dip-and-load procedure
should be repeated until a plate current of 170 mA
is reached at resonance. If the Novice 75-watt
input limit is to be observed, the plate current at
resonance must be held to 100 mA. This can be
accomplished by using additional capacitance at
C4.

If extended operation is planned at 75 watts or
less input, it is advisable to reduce the screen
voltage on the 6146B to insure that the rated
screen dissipation rating of this tube is not
exceeded. This can be done by using an QA2 in
place of one OB2, jumpering the other VR-tube
socket, and readjusting R2 so that the single VR
tube draws about 25 mA. The OA2 will deliver 150
volts, regulated.

A HIGH-OUTPUT TRANSISTOR VFO

If a solid-state VFO is to be used with
tube-type transmitters, it must have sufficient
output to drive a crystal-oscillator stage as a
doubler or tripler. Most of the Novice-class
transmitters require 10-25 volts of rf to produce
sufficient drive to succeeding stages. The VFO
shown in Fig. 1 serves as a “‘crystal replacement”
for the type of transmitter that uses a 6GK6,
6AG7, 12BY7 or similar tube in the oscillator. To
provide sufficient output level, a two-watt
amplifier is added to the basic transistor VFO. To
reduce harmonic output and eliminate tuning o1
the amplifier stage, a fixed-value half-wave tank is
used as the output circuit, followed by broadband
f step-up transformers. The VFO will develop 20
volts or more across a 5000- to 50,000-ohm load.

The basic VFO design was originally described
in @ST, June, 1970.

Circuit Data

In the circuit of Fig. 2 are two completely
separate tuned circuits — one for 3.5 to 4.0 MHz,
and one for 7 to 7.35 MHz. A split-stator
broadcast-type variable, C3, is employed so that
there is no need to switch a single tuning capacitor
from one tuned circuit to the other. Also, the
arrangement shown places the tuning-capacitor
sections in different parts of the circuit for the two
bands. The 7-MHz tuned circuit uses C3A from the
junction of the feedback capacitor (C1 and C2) to
ground. This gives the desired amount of
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Fig. 1 — The two-band VFO. This unit operates on
35 to 4 and 7 to 7.3 MHz. Included is a 2-watt
amplifier and broad-band rf transformers so that
the VFO can drive tube-type transmitters directly.

bandspread for 40-meter operation, but, when
hooking the 80-meter tuned circuit up the same
way, only 200 kHz could be cevered with C3B. So,
for 3.5 to 3.8-MHz operation, C3B is connected
from the high-impedance point on L2 to ground.

It will be noted that a rather high value of Cis
used in parallel with cach of the inductors, L1 and
L2. This measurec was taken to enhance the
frequency stability of the VFQ. By using a high CL
ratio, small changes in the junction capacitance of
Q1 have a less pronounced effect on the tuned
circuit than would be experienced when using
smaller values of capacitance. Silver-mica capaci-
tors arc used in the interest of good stability. So
that the oscillator will start readily, despite the
high C to L ratio, Q1 was chosen to have high beta
and fp. However, the high gain and frequency
ratings caused the stage to be unstable at vhf —
approximately 150 MHz. As C3 was tuned, vhf
oscillations could be seen on the output waveform.
The vhf energy was tunable, and it was found that
the lead from Q1’s base-blocking capacitor, C6, to
the arm of S1A, was long enough to act as a vhf
inductance, which was being tuned by C3. The
addition of a 3-ferrite-bead choke, RFC1, mounted
right at the circuit-board terminal for C6, cured the
problem. Ideally, RFC1 would be mounted on the
base lead of Q1, with the beads up against the
transistor body. However, this is not always a
practical method of mounting, so one should
attempt to get the beads as close to the base
connection as possible, thus minimizing the
possibility of a vhf inductance being set up in that
part of the circuit. To further discourage parasitic
oscillations a collector resistor, R3, was included.
It would be connected as close to the collector
terminal of Q1 as possible, for the same reasons
given when discussing RFC1.

Output from Ql is taken across R4. Direct
coupling is used between the low-impedance

HF TRANSMITTING
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The bottom view of the VFO shows only
the two switches and the output transformers —
other components are mounted on the etched
circuit boards ‘“‘topside.”’

takeoff point of Q1 and the base of emitter-fol-
lower, Q2. Resistor R1 sets the forward bias of Q2
by picking some dc voltage off the emitter of Ql.
Sufficient rf passes through R5 to drive Q2.

The collector of Q2 is bypassed for high and
low frequencies to assure stability. A 100-ohm
collector resistor, R2, decouples the stages at rf.

The drive signal for Q3 is taken from the
emitter of Q2 through a small-value capacitor, C7.
The larger the capacitance, the greater will be the
available output voltage across a given load, but the
smaller the capacitance value used, the better will
be the VFO isolation from the succeeding circuit.
One should use only the amount of capacitance
that will provide adequate peak output voltage.

An RCA 2N2102 is used in the output
amplifier. This transistor has a power rating of 5
watts, so it can be safely operated at two-watts dc
input without a large heat sink. This stage operates
Class C, using no fixed forward bias. A Zener
diode, CR1, is used to prevent destruction of the
transistor if the load is inadvertently removed. The
PA tank is fixed tuned. The output is essentially
flat over the 80- and 40-meter bands. The
constants have been chosen for a 50-ohm output,
so it is necessary to transform this impedance up to
the high Z found at the transmitter tube grid.
Separate tuned circuits, L10 and L12, are used for
this purpose. The length of the connecting cable
will affect the tuning of the output stage; with the
values shown, a 36-inch length of RG-58/U should
be used.

Construction Information

The VFO is built on a 9 X 7 X 2-inch chassis
which is fitted with a 9 X 4 1/2 X 4 1/4-inch box
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Fig. 2 — Schematic diagram of the VFO. Resistors
are 1/2-watt compaosition; capacitors, except those
marked as silver mica, are disk ceramic. Parts not
listed below are marked for text reference. Layout

diagrams are available for the VFO, amplifier and QuTPUT

power-supply boards.* L

C3 — Dual-section air variable, 365 pF per section
{(Miller 2112).

CRt1 — Zener, 36 V, 1 W.

J1 — Phono connector, panel mount,

J2 — 4-terminal ceramic strip {Millen E-304).

L1 0.68-1.25 MH, slug tuned
42A106CBI).

L2 — 2.2-4.1 UH, slug tuned (Miller 42A336CBI).

L3 — 2 puH, 25 turns of No. 24 enam. wire on
Amidon T-50-2 toroid core {(Amidon Associ-
ates, 12033 Otsego Street, North Hollywood,
CA 91607).

L4 — 12 turns No. 22 hook-up wire over L3.

L5, L6 — 13 turns of No. 20 enam. wire on
Amidon T-68-2 core.

L7, L8 — 18 turns of No. 20 enam. wire on
Amidon T-68-2 core.

L9 — 7 turns of No. 26 enam. wire over L10.

L10 — Approx. 3 1H, Miller 4405 with slug and 4
turns removed.

L1t — 7 turns No 26 enam, wire over L12.

{Miller

fo house the 1f assemblies. The VFO circuit board
is mounted on two brackets (Fig. 3). The amplifier
etched-circuit board is mounted over a hole cut in
the chassis. All components for the power supply
(except the transformer) are mounted on a third
circuit board, which is mounted on short stand-off
pillars above the chassis. The power transformer is
positioned on the right-rear side of the chassis.

S1 is a homemade assembly built from
Centralab switch sections and parts. The mounting
bushing supports the front end of the switch, and
an aluminum L bracket supports the rear. The
ceramic spacers supplied with the PA272 kit are

220
S.M.

IN MICROFARADS [ yF 1,

L12 — 23 uH (Mitler 4407).

Q1 — HEP-55.
Q2 — HEP-758.
Q3 — 2N2102.

RFC1 — Three Amidon ferrite beads on a 1/2-inch
length of No. 22 wire. A 15-ohm resistor may
serve as a substitute.

RFC2 — Miniature choke (Milter J300-360).

RFC3 — Miniature choke {Millen 34300).

RFC4 — 2.5 UH rf choke (Millen J300-25).

S1 — Home-assembled switch made from a Centra-
lab PA272 kit and 3 Centralab RRD sections.
(See Fig. 6-5).

S2 — Ceramic rotary switch, 2 pole, 3 position, one
section, nonshorting contacts (Mallory 3223J).

* See QST for December, 1970,

used to separate the various wafers so that they are
as close as possible to the circuits that they switch.
A second switch, S2, turns the power supply on, as
well as activating the VFO alone for zero-beating
purposes. In operation, external connections are
required from the station transmitter to J2 so that
the VFO will come on simultaneously with the
transmitter.

Adjustment

The power supply section should be tested
before it is connected to the VFO. After the unit
has been checked against the schematic diagram to
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Fig. 3 — Top view, with the cover removed, of the
rf compartment. The VFO board is mounted on
two aluminum brackets. All leads from this circuit
board should be made with heavy wire to minimize
mechanical instability from vibration. The ampli-
fier board is flush-mounted on the chassis. The
dual-section broadcast variable is driven by a Miller
MD-4 dial. L1 and L2 are adjusted through holes
cut in the left side of the shielded compartment.

spot and correct any wiring errors, attach a
voltmeter (VOM or VTVM) to the power-supply
output. Plug P1 into a 117-volt outlet, and switch
S2 to SPOT. The voltmeter should read approxi-
mately 13.5 volts. Then connect a 47-ohm, 2-watt
resistor across the power supply output — the
meter should continue to read the same voltage,
even with the heavy load. If the power supply
checks out correctly, remove the 47-ohm resistor
and connect the supply to the VFO. With S1 set
for 80-meter operation, tune a receiver across 3.5

OFF

SPOT
Fi_s28
1A on T
P1 E o
-7-.01

[

EXCEPT A5 INDICATED, DECIMAL VALUES OF
CAPACITANCE ARE IN MICROFARADS { uF ) S
OTHERS ARE IN PICOFARADS [ pF OR wyf);
RESISTANCES ARE IN OHMS

k: 1000, M:1000 OCC,

Fig. 4 — Power supply for the solid-state VFO.
Capacitors with polarity marked are electrolytic,
others are disk ceramic. Resistors are 1/2-watt
composition.

CR1,CR2 — 100-PRV, 1-A silicon.

CR3 — Zener, 15V, 1 W.

1000 1 F

HF TRANSMITTING

to 4 MHz until the VFO signal is found. Then,
check the 7-MHz range to see that the VFO is also
operating in the 40-meter range. Connect a patch
cable between the transmitter and the VFO. If a
cable length other than the 36 inches is used, it
may be necessary to add or subtract turns from
L10 to achieve maximum drive to the transmitter.
The slug in L12 should be set for maximum
80-meter drive to the following transmitter
oscillator stage.

Once the entire VFO has been tested, the next
step is calibration of the dial. With the plates of C3
sct at about 95 percent of full mesh, adjust L1 for
7.0 MHz and L2 for 3.5 MHz. A receiver with a
crystal calibrator, or a BC-221 frequency meter can
be used during the dial calibration. When using a
VFO close to the band edge, always use some form
of secondary frequency standard to insure in-band
operation, in accordance with FCC regulations.
Once the calibration has been set, the VFO should
again be connected to the transmitter, and a
monitor receiver set up. In normal circumstances it
is necessary to ground the antenna terminal of the
receiver to prevent overload from the nearby
transmitter. Even so, the signal heard from the
receiver will be quite strong, so turn the rf gain
control back until a moderately-strong signal is
obtained. Then, key the transmitter and monitor
the output signal with the receiver. The signal
should be clean (free from hum, chirp and clicks).
The VFO-transmitter combination should be
checked on 80 through 10 meters in this manner.

It is also useful to zero beat the VFO against
the crystal calibrator in the receiver. The VFO
should be left on for 15 minutes or more, and the
drift, as evidenced by a change in the beat note,
should be less than 50 Hz on either fundamental
range. Drift will be most noticeable on the
10-meter band, as any drift at 7-MHz will be
multiplied by a factor of four in the transmitter. If
excessive drift is found, it can usually be traced to
a defective component. The process of finding such
a troublesome part is time consuming; more often
than not, a defective capacitor will be the cause.

25v

P1 — Fused plug {use 1-A, 3AG fuses).

Q1 — 40-watt npn power transistor {International
Rectifier TR-23C).

Q2 — Motorola HEP-24,

S2 — See Fig. 2.

T1 — Filament transformer, 24 V ctat 1 A.
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A 6-BAND TRANSMITTER FOR THE CW OPERATOR (T-9er)

Operating a transmitter and amplifier designed
with cw as an afterthought can make cw very dull.
Presented here is the T-9er, a hybrid circuit built
with cw as the prime mode of service. Included are
such features as full break-in, shaped keying, linear
VFOQO calibration, T-R switch, built-in power
supply, and a solid-state heterodyne conversion
scheme. The PA stage uses a pair of 6146Bs and is
capable of producing up to 240-watts input on 160
through 10 meters.

The Circuit

The VFO and buffer, Q1 and Q2 in Fig. 2, are
an adaptation of a unit previously described in
QST Q3, a second buffer, provides additional gain
to assure adequate current to drive the base of the
mixer, Q5. The VFO range is 5.0 to 5.2 MHz.

The heterodyne-frequency oscillator, Q4, oper-
ates at one of six crystalcontrolled frequencies
selected by the band switch. All of the crystals
chosen oscillate at a frequency above the operating
band. For this reason, the VFO dial tunes in the
same direction on each band. CR13 is included to
limit the oscillator voltage appearing at the mixer
to 0.6.

Voltage from the VFO and HFO are coupled to
the mixer, Q5, via C9 and CS5, respectively. A
tuned collector circuit operates at the difference
frequency and provides a low-level signal to the
driver stage, V1. The VFO actually tunes
backwards with respect to the mixer output signal.
The bottom edge of each amateur band corres-
ponds to a VFO setting of 5.2 MHz.

A conventional grid-block system provides
clickless, chirpless operation because neither
oscillator is keyed. Q6 activates the mixer only
when the key is depressed. The waveform
transmitted is determined by R2 and Cl11 in the
grid circuit of V1. Since the 6GK6 keys at a
slightly slower rate than the mixer, any clicks
generated in the earlier stages are not heard.

Voltage from the mixer is sufficient to power
the driver to nearly full output on all bands. The
plate circuit uses separate slug-tuned inductors for
160 through 20 meters. The 15- and 10-meter
bands are covered with one coil. Neutralization of
the 6GK®6 is not required.

Output Circuit

A pi-network output circuit is employed with a
pair of parallel-connected 6146Bs. Six 10-ohm
resistors are connected between the cathodes and
ground. Voltage developed across these resistors is
used to indicate cathode current on the meter.

The amount of screen voltage is determined by
the position of S3. When this switch is closed, the
screen voltage is 150. Releasing S3 places R13 in
series with the screen bus, lowering the voltage to
50. This lower voltage limits the transmitter input
to approximately 60 watts. A neon lamp, DS2, has
been included to indicate the position of §3. R15
and R16 form a voltage divider which allows

Fig. 1 — Front view of the cw transmitter. All met-
al work is done with sheet and cane-metal sections.

ignition of DS2 during high
conditions only.

A T-R switch, V4, permits using the same
antenna for transmitting and receiving. The theory
and operation of this unit was described in an
earlier QST.2 An antenna relzy is not required.

The aperating conditions of the final-amplifier
stage may be checked with the panel meter, M1. A
6-position switch allows monitoring of grid
current, relative output, sereen, plate and bias
voltages, and cathode current.

screen-voltage

The Power Supply

A silicon-diode full-wave bridge rectifier is used
in the secondary of T1 to produce slightly over
1000 V dc during no-load conditions. Although
this is somewhat high for 6146Bs, it has not
shortcned tube life. A choke-input filter is
connected in the transformer center-tup lead to
obtain 300 volts for powering the driver tube and
the T-R switch. Sixteen volts of dc for operating
the solid-state circuitry are obtained by rectifying
and filtering the combined output of the two
filament windings, which are connected in series. If
the windings buck each other, producing no
voltage, one set of leads should be reversed.

Final-amplifier screen and bias voltages are
developed by T2. This part of the supply uses one
half-wave rectifier for each voltage.

Construction

The transmitter is completely self-contained. It
is built on a 10X 17 X 3-inch chassis with an
8 1/2-inch-high front panel. Shielding is used
between each siage and betaveen each band-switch
wafer as shcwn in the photograph. The final-
amplifier section on top of the chassis is
completely enclosed in a perforated aluminum
shield. Small pieces of circuit board are soldered

1 peMaw, “Building a Simple Two-Band VFO,"
QS’lé. June, 1870, X
Myers, ‘“Stepping Ug T-R Switch Perform-
ance,” QST, December, 1967,



172

HF TRANSMITTING

001
56k b
5.0—5.2 MHz 1
1000 R11
SM. AMHz €9
74 S Soo
X io00 LAY
SM.
L2 2
oL ct 2 | SEC
SMTT 200
BUFFER .
VFO =L 100
TUNING .
1000
HET. |Q4
osc.
HEPBO1
120k
EXTERNAL T
ZERO 41 sa
BEAT 160
o
10 4 68, ©00 0 0
EHEELD -~ -~ - -~
’ 09 1o it G2 Jus L1
| 100
| =005
[ 77
%

v3
01
Ry3 0
o - X 7
CRID Sﬂé} A0uF_|+
— {CR1 1 250\1 5‘15 S3 A Y
PRI
=) c17 3 o SCREEN
40,1;/I 1 VOLTAGE ¢
.01 A0uF o 10
560 W SELECT T J
5W
X:KEY UP R4
#.KEY DOWN 10k —
S.M=SILVER MICA BIAS
NC'-NO CONNECTION ADJ.

L

Fig. 2 — Circuit diagram for the T-9er. Component designations not listed below are for text reference.

C1 — 200-pF air variable (Hammartund HFA-

200A).

C2 — 100-pF air variable (Hammarlund MAPC-
1008B).

C3 300-pF air variable (Hammarlund

RMC-325-S).
C4 ~ 1200-pF air variable (J. W. Miller 2113).

CR1-CR12, inct. — 100-PRV, 25-A (Mallory
M2.5A or equiv.).
CR13 — Silicon small-signal switching diode

(1N914 or equiv.).

DS1, DS2 — Neon indicator lamp, 117-V (Leecraft
32-211).

J1, J2 — Phono jack, single hole mount.

J3 ~ Coax chassis connector, type SO-239.

J4 — Open-<ircuit key jack.

L1 2.3-H filter choke (Stancor C-2304 or
equiv.).

L2 — 2.2- or 4,1-uH slug-tuned inductor (J. W.
Miller 42A336CBI).

L3, L16 — 1.0- to 4.1-UH stug-tuned inductor (J.
W. Miller 42A156CBI}. Both coils are rewound
with the wire supplied: 3 turns spaced over a
3/4-inch length,

L4, L9, L10, L11, L15 — 1.0-4H slug-tuned
inductor (J. W. Miller 21A106RBI).

L5 — 2.2- to 4.1-uH slug-tuned inductor (J. W,
Miller 42A336BCl).

L6 — 1.6- to 2.7-UH slug-tuned inductor {J. W.
Miller 21A226RBI).

L7, L8, L13, L14, L18, L19 — 6.8 to 8.5-uH
slug-tuned inductor (J. W. Miller 21 A686RBI).

L12, L17 — 1.5- to 1.8-4H slug-tuned inductor
(Miller 21A156RBI).

L20 - 91/2 turns, 8 tpi, 11/2-inch dia tapped
from tube end at 2 1/2 turns for 10 meters and
at 4 3/4 turns for 15 meters (B&W 3018).

L21 — 38 turns, 6 tpi, 2-inch dia tapped from J3
end at 18 turns for 40 meters (B&W 3027).
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DRIVER

M1 — 1-mA dc.

R1 — 100,000-ohm, linear-taper, 2-watt carbon
control {Allen Bradley).

R2, R4, R5, R6 — 10,000-ohm, linear-taper, 2-watt
carbon control {Alien Bradiey).

R3 - 20,000-ohm, linear-taper, 4-watt, wire-
wound control {Mallory M20MPK).

RFC1 — Three Amidon ferrite beads threaded on a
1/2-inch length of No. 22 wire. A 15-ohm
1/2-watt resistor may serve as a substitute.
{(Amidon Assoc., 12033 Otsego St., N. Holly-
wood, CA 91607).

RFC2 — 100-uH rf choke {Millen 34300-100}).

RFC3 — 500-(H rf choke {Millen J300-500).

RFC4 — 1000-MH rf choke (Millen 34300-1000).

RFC5 — 750-MH rf choke (Millen 34300-752).

RFC6 — 1-mH rf choke (E. F. Johnson 102-752).

RFC7 — 2.5-H rf choke (Millen 34300-2500).

RFC8, RFCY — 50-UH rf choke (Millen 34300-50).

S1-84, incl. — Spst push button {Calectro E2-144).

§5 — Ceramic rotary switch, 5 poles, 6 positions, 5
sections (Centralab PA-272 index with 5 type
XD wafers).

S6 — 2-pole, 6-position, singlesection rotary {Cen-
tralab PA-2003).

T1 — 117-volt primary; secondary 760 volts at
220-mA, center tapped; 5-V at 3-A; 6.3-V at
5-A (Stancor P-8170 or equiv.).

T2 — 117-volt primary; secondary 125 volts at 50
mA; 6.3-V at 2-A (Stancor PA-8421 or equiv.).

T3 — Primary: 8.2- to 8.9-MH slug-tuned inductor
{J. W. Miiler 46 A826CPC). Secondary: 2 turns
No. 22 enameled wire wound on the cold end of
the primary.

T4 — 20 turns No. 24 enameled wire wound on a 1-
inch long, 1/2-inch dia iron core from a slug-
tuned coil form. The secondary is 3 turns  No.
24 enameled wire wound over the cold end of
the primary.

U1 — Transient voltage suppressor, 120-volt (Gen-
eral Electric 6RS20SP4B4).

21 — 3 turns No. 22 wire space-wound on a
100-ohm, 1-watt composition resistor.

Z2, Z3 — 5 turns No. 18 wire space-wound on a
100-ohm, 2- watt composition resistor.
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Fig. 3 — Top view of the cw transmitter.

together to form a compartment for the slug-tuned
coils. The etched circuit board for the buffer, Q3,
and the mixer, QS5, is mounted vertically between
the slug-tuned coil compartment and the driver
tube, V1. An aluminum box measuring
21/2X21/4X13/4 inches is used as a meter
enclosure.

Most of the power-supply components arc
mounted on the rear quarter of the chassis. The
bracket located next to the power transformer
supports the three filter capacitors for the
high-voltage supply. Accidental contact with the
1000-volt line is prevented by the top lip.

The T-R switch, V4, is mounted inside a
Minibox attached to the rear of the amplifier shield
compartinent. The signal-input connection to V4 s
made through the shield. Five holes in the top of
the Minibox cover provide ventilation for the
6AH6.

The VIO is built on an etched circuit board
and is completely enclosed in the shield cover

ONE INCH
CENTER VSRR No.18
CONDUCTOR \\ HOOKUP WIR

R R

SHIELD

RG-59A/U

Fig. 4 — A high-voltage capacitor is constructed
from a 3-inch piece of RG-69A/U. A 1-inch overlap
between the braid and center conductor provides
the correct amount of coupling for the T-R switch.

behind the runing dial. In order to enhance
mechanical  stability. the cover is made of
3/16-inch-thick alumintm. A small hole is drilled
in the side of the cover to allow fer adjustment of
L.

All of the wiring between stages is done with
shiclded cabie. Additionally, all leads to the
meter-switch compartment are shictded.

A capacitor constructed from a short piece of
RG-59A/U is used for CS (Fig. 2). The shicld and
inner conductor overlap approximately 1 inch. If a
ceramic capacitor is used at this point it should
have a capacitance of roughly 3 pF, and a voltage
rating of 3 kV.

Adjustments

Before power is applied to the T-9er, -esistance
meast.rements should be made at several points to
assure there are no wiring errors which could cause
damage to the power supply.

A general-coverage receiver is used to check the
operation of the hetcrodyne oscillator on each
crystal frequency. Thenm, the recewver antenna is
coupled to pin 2 of V1 through a 100-pF
capacitor. By setting the bandswitch at 160 meters
and adjusting the VIO signal to 5.2 MHz, a signal
should appear at 1.8 MHz when the spotting switch
is depressed. Adjust L3 fcr maximum S-meter
reading. Tune L4 (80 meters) through L8 (10
meters) in a similar manner. All of the tubes should
be removed for these tests.

The biggest pitfall in zligning the mixer is
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Fig. 5 — Chassis bottom view. The opening next ta SSE is needed to make connections to L20 and L21.

tuning the output circuit to something other than
the desired frequency. For instar.ce, on 20 meters,
the mixer can be tuned to the third harmonic of
the VFO, producing output at 15.6 MHz! There
are a few similar combinations which might be
encounterec.

After determining that the selid-state circuitry
is functioning correctly on each band, the tubes are
installed and the driver coils are adjusted. To set
the final-amplifier bias, set the drive contral at
minimum (ccw), depress the key, and adjust R4 for
a PA cathode current of 5 mA,

The entire alignment must be “touched up”
under full-power output conditions. The hetero-
dyne oscillator coils should be detuned to a point
where the power output drops approximately 2
percent. This procedure assures proper oscillator
injection at the mixer. Wken the rf alignment is
completed, a receiver should be vonnected to J2. If
any backwave is heard under key-up conditions,
adjustment of R1 should eliminate it.

In a transmitter of this type, leads to the
bandswitch lugs contribute stray inductance and
capacitance. For this reason, the builder is advised
to “‘tack™ thc mica capaciters across the inductors
until it is determined that the various circuits will
resonate at the proper frequencies. Only then
should the capacitor leads te sokdered permanently
in place.

Performance

Power output from the T-9er is roughly 150
watts on 160 through 20 meters. On 15 meters the
output drops to 125 watts, and on 10 meters it is
slightly over 100 watts. The reduced output on the
higher bands is caused by rarginal drive to the
6GK6. It is not considered important enough to
add another buffer stage with its associated
bandswitch wafer coils.

The screen voltage (SV) switch is included to
provide a low-power tune-up function. lt is best
not to operate (on the air) in the low-voltage
position. If low power operation is desired, the
drive can be reduced during normal screen-voltage
conditions.

Every effort has been made to produce a
TVI-free transmitter. The addition of a low-pass
filter should make harnnonic radiation almost
immeasurable.

Keying Wave-Form Adjustment

A wide range of kering characteristics is
available. R2 should be adjusted while observing
the transmitted signal on an oscilloscope. Typical
patterns are shown in the Code Transmission
chapter. If an oscilloscope ix not available, keying
adjustment could be made an the air with the help
of a local amateur. These tests should be made on a
dead band, however, thus preventing needless
QRM.
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A SWEEP-TUBE LINEAR AMPLIFIER

Fig. 1 — Front view of the 800-watt amplifier. An
LMB CO-1 cabinet, Simpson 02640 meter, and
Kirsh-Kash $-649-70L knobs are used, giving a
modern appearance. Coils are changed through the
door in the top of the cabinet.

This simple 860-watt PLP sweep-tube amplificr
is designed for use on the 160-, 80-, 40-, and
20-meter bands. It is a sclf-contained unit,
complete with power supply and antenna relay.
Note that in some areas of the country this
amplifier cannot ke used at full input power on the
160-meter band. The amplifier is designed to be a
low-cost companion to any of the single- and
triband hf transceivers. (A 160-meter transverter is
described in Chapter 13.) Because only low-duty-
cycle transmission is suitable for sweep tubes
operated at high power levels, this amplifier cannot
be used for a-m, fm or RTTY service.

Circuit Data

Four 6KD6 calor-TV sweep tubes are used in
paraliel in the circuit of Fig. 2. This grounded-grid
amplifier operates in the Class-AB region.

The extremely low plate-load impedance of this
amplifier — apprcXimately 500 ohms — requires
that special measures be taken to match the plate
circuit to the load. A tapped-coil arrangement at
L1 aids in obtaining a suitable match. Individual
10-ohm resistors are used in each cathode lead to
aid in balancing the tubes for equal resting plate
currents. Bias is developed across Zener diode
VRI1.

K1 provides a “switch-through” feature which
permits the antenna to be used during receive.
Also, by not activating K1 the transceiver can be
used (bypassing the amplifier) while the amplifier
is kept ready for use. If the operator does not plan
ta use this amplifier with a transceiver, the relay
contacts can be rewired for antenna changeover —
the usual arrangement for scparate transmitter and
receiver setups.

Construction

The general layout can be seen in the
photographs. The equipment is built in an LMB

CO-1 cabinet. Any homemade or commercially
built cabinet of suitable size (more than
14 X 12 X 6-inch) may be employed.

Inductors RFCl, RFC2 and RFC3 are hand-
wound. RFC3, the plate rf choke, is wound for
operation at low impedance over the range from
3.5 to 30 MHz. It was designed with the aid of an
RX meter and “looks™ like 100,000 ohms on all
bands but 10 meters. On ten meters it looks like
25,000 ohms. RFC1 and RFC2 consist of 65 tums
of enameled wire on lengths of 1/2-inch diameter
ferrite rod. Homemade brass anchors, 1/8-inch
wide, are snapped onto each end of cach rod and
are used as tie points for the ends of the windings.
RFC1 and RFC2 are attached to chassis standoff
posts by means of plastic cable clamps. L1 is
mounted by means of bus-wire pigtails. RFC3
is wound on a picce of 3/4-inch diameter
polystyrene rod. A steatite rod can also be used.
(An H. H. Smith 2630 standoff would be suitable,
and it has a threaded hole at each end for attaching
terminals.)

L2 and L3 are made up as plug-in assemblies so
that the amplifier can be used as a single-band unit.
Band-switching arrangements would not be practi-
cal with the type of tank circuit used. A
pi-network tank could be used, and switched, but
because of the very low impedance of the plate
circuit, the amount of capacitance required for the
input and output capacitors of the pi-section tank
would be impractical if a satisfactory Q were to
result on 160, 80 and 40 meters. The plug-in coils
are mounted on James Millen 41305 jack-bar plugs.

C1 is a 160-pF transmitting-type variable taken
from a surplus TU tuning unit. Any variable
capacitor with similar capacitance and plate
spacing (approximately 1/8 inch) can be substitut-
ed.

A high-speed cooling fan is used to keep the
tube envclopes at a safe temperaturc. The
forced-air cooling also helps to prevent damage to
the plates of the tubes from excessive heating. The
fan blades should be mounted close to the tubes
and should be capable of providing 100 ft3/m or
better.

Power Supply

The primary side of T1 has a neon indicator
across the line, DS2, to serve as an on-off panel
indicator. K2 and the 25-ohm resistor are used
when the supply is first turned on (S2 open) to
provide protection to CR1 through CR8, inclusive,
while the filter capacitor bank charges. The relay
will remain open for a few seconds, gradually
closing and shorting as the capacitors become
charged. Ul, a G.E. Thyrector assembly, is bridged
across the primary of T1 to knock down any
transients above the normal primary level, thus
offering protection to the diode string in the
secondary circuit.

Eight diodes are used in a full-wave rectifier
circuit at the sccondary of T1. Each diode has a
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Fig. 2 — Schematic diagram of the linear amplifier. Fixedwvalue capacitors are disk ceramic unless
otherwise indicated. Resistors are 1/2-watt composition uless otherwise marked.

B1 — High-speed fan (Barber-Coleman DYAF
761-110 with AY FA-403 blades suitable).
C1 — 67-pF, 2000-V mica or ceramic transmitting

type.

C2 — Transmitting variable, 1/8-inch plate spacing
(see text).

C3 — 3=section broadcast variable, 365-pF per

section; all sections connected in paralliel {J. W.
Miller 2113 or equiv.).

CR1-CRS, incl. — Silicon diode, 1000 PRV, 1 A.

DS1, DS2 — Part of S1 and S2, respectively.

J1, J2 — SO-239-type chassis connector.

J3 — 2-circuit terminal strip.

K1 — 24-volt dc relay with 10-A contacts.

K2 — 117-volt ac relay with 20-A contacts

(double-pole unit with parallel-connected con-

tacts suitable).

— 160 meters — 40 turns, No. 14, 21/2-

inch dia, tap at 12 turns (B&W 3029).

80 meters — 18 turns No. 12 wire, 2 1/2-

inch dia, 3 inches long, made from Polycoils

1774 stock. Tap 6 turns down from C1 end.

40 meters — 12 turns No. 12 wire, 2 1/2 inch

dia, 3 inches long, made from Polycoil stock.

Tap 3 down from C1 end. 20 meters — 8 turns

No. 10 wire, 1 1/4-inch 1D, 3 inches long. Tap

3 turns from C1 end.

L2 — 160 meters — 11 turns No. 12, 3-inch dia,
over the ground end of L1 (Polycoil 1779). 80
meters — 5 turns No. 14 wire, 3-inch dia,
approx. 3/4 inch long. Mount over outside of
L2 at ground end. 40 meters — 3 turns No. 14
wire, 3-inch dia. Mount over ground end of L2.

L1

20 meters — 2 turns No. 12 wire, 2 inches dia.
Mount over ground end of L2.

M1 — O to 1-ampere dc meter (Simpson 1227
used).

RFC1 — 65 turns No. 20 enam. wire, close-wound
on a 4-inch length of 1/2-inch dia ferrite rod,
approx. 200 uH.

RFC2, RFC5 — 55 turns on Amidon T-130-2
toroid core. Core wrapped with 3M No. 27 glass
tape. Both windings on one core, using No. 16
enam. wire.

RFC3 — See text and Fig. 4.

RFC4 — 2.5 mH rf choke.

S1, S2 — Rocker switch with built-in neon indica-
tor.

T1 — 1540 V ct at 375 mA (Stancor P-8042
suitable. Available from Arrow Electronics,
Inc., 900 Route 110, Farmingdale, NY, 11735).

T2 — 25.2-V filament transformer {(Stancor
P-8388).

U1 — Thyrector transient suppressor {(G.E.
20SP4B4).

VR1 — 6.9-V, 50 watt Zener diode.

Z1-Z4, incl. — Parasitic choke. 8 turns No. 24

enam. wound on body of 56-ohm 1-watt
carbon resistor. Use resistor pigtails as solder
terminals for ends of windings. Mount near
plate caps.

1 The pilot lamps and the three rocket switches
used here are available from Carling Electric, Inc.,
5056 New Park Avenue, West Hartford, CT 06110.
Order direct if not locally available. Catalog
available if requested.

outeut
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Fig. 3 — The power supply is constructed along the
left-hand side. A flat sheet of aluminum is used as a
base. The four sweep tubes are mounted on a small
4 X 4 X 1 1/4-inch U-shaped bracket at the upper
right. The meter is mounted behind tae panel using
a Simpson 01253 bezel mounting kit.

resistor and a capacitor across it to offer protection
in the event the voltage division across the diodes is
unequal. S2 jis the HV ON switch and has a
transient suppressor across it to prevent damage to
the switch when it is cycled.

Three computer-grade capacitors are series-
connected at the output of the rectifier to provide
110-uFF at 1350 volts. Each capacitor has a
47,000-ohm resistor across it to assure equal
voltage drop. DS2 is the high-voltage ON indicator.
Output from T2 is for the filament supply.

Operation

Approximately 50 watts of peak driving power
are required to operate this amplifier at its rated
800 watts (PEP) input. If the transceiver being
used as a driver has more power output than 50
watts, merely turn the transceiver’s audio-gain
control down until the power output is correct.

With a 50-ohm dummy load attached to J2, and
with operating voltages applied, apply a small
amount of drive until an increase in plate current is
evident (approximately 100 mA). Adjust C2 until a

HF TRANSMITTING

Turns
-

25 Jurns
5

= 36 Turns

42 Jurns

Fig. 4 — Details for winding the plate choke,
RFC3.

dip in plate current occurs. Increase drive until 300
mA of plate current is indicated on M1. Quickly
dip the plate current and remove drive. Warning:
Do not allow continuous plate current in excess of
100 mA to flow for more than 30 seconds at one
time. Allow 30 seconds for cooling between tests.
Next, apply drive until approximately 800 mA of
plate current is obtained at dip. C3 should be
adjusted for proper loading, making the dip in
plate current somewhat broad and shallow. The
amplifier is now ready for use and will have a dc
input of 800 watts at this setting. Tests made with
a spectrum analyzer showed that the IMD
(intermodulation distortion) was very good at this
power level. The third-order products were down
some 27 decibels, and the fifth-order products
were down in excess of 50 dB. The second
harmonic product was measured at 35 dB down. If
the operator does not mind the risk of shortened
tube life, the power level can be 1000 watts PEP
input. The efficiency of the amplifier is approxi-
mately 65 percent.

Other types of tubes can be substituted in this
circuit, but few will permit the power Ievel
discussed in this amplifier. A good substitute might
be the 6LQ6.

THE SS-2000 AMPLIFIER

The S8-2000 linear amplifier is designed to
handle the legal maximum power inpu: on cw and
ssb. Because of the high plate-dissipation rating of
the tube there is plenty of safety margin to prevent
tube damage in the event of accidental mistuning.
This amplifier is carefully shielded and filtered for
the reduction of TVI. Though a 3-1090Z tube is
used, the popular 4-1000A can be substituted as
mentioned later. Both tubes have a maximum plate
dissipation of 1000 watts. A suitable power supply
for this amplifier (3000 volts) is described in the
chapter on power supplies.

Circuit Description

Referring to Fig. 2, the amplifier is connected
for grounded-grid operation. Excitation is applied
through a switchable pi-section input tuned circuit.
This network serves a twofold purpose: It reduces
the amount of drive needed, by virtue of proper
impedance matching between the exciter and the
amplifier. It improves the IMD of the amplifier by
providing the exciter with a better load than might
otherwise exist. Approximately 50 watts of drive
will be ample for the 3-1000Z. Roughly 125 watts
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of excitation will be needed if a 4-1000A is used in
this circuit.

A pi-network plate tank is used in the output
side of the amplifier. It uses homemade coils
wound with 1/4-inch diameter copper tubing. The
L-C ratio was chosen for operation at 3000 volts.
Lower plate voltages will permit power in excess of
1 kW, but a different set of coil taps will be
required if a suitable @ is to be maintained. The
lower plate voltages will necessitate the use of
more C and less L in the tank.

A tuning/loading-indicating circuit is connected
between the grid and plate terminals of the tube. It
samples the input and output waveforms, rectifies
them, and compares their different voltage by
means of a zero-center microampere meter, M2. If
the amplifier is mistuned, or is looking into an
improper load, the meter will deflect off zero and
indicate a nonlinear condition. Those not wishing
to use the linearity detector may omit it from the
circuit. Additional metering is provided for by M2
— plate voltage, grid current, and forward and
reflected power. The SWR metcring is made
possible by the bridge shown at the upper right of
Fig. 2. It is patterned after a design in the
Measurements chapter, and can be made to serve as
a zero to 2000-wattmeter by selecting the
proper-value resistors at R3 and R4. By substitut-
ing 25,000-ohm potentiometers for the fixed-value
calibrating resistors, the job should be a bit less
tedious. A power calibration scale can be plotted
for M2 by checking power output with an rf
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Fig. 1 — The front panel of the 2-kW PEP amplifier
has the controls grouped at the left. The panel has
been sprayed with gray enamel, and black decals
identify the controls. The hardware visible in this
photograph secures the TV shielding.

ammeter, or by comparing meter readings with a
commercial wattmeter. T2 is a toroidal transformer
consisting of 60 turns of No. 30 enameled wire,
close-wound on an Amidon T-68-2 form. The
bridge is built in a Minibox and is mounted on the
rear-outer wall of the amplifier case. A zero to
l-ampere panel meter, M1, monitors the plate
current of the 3-1000Z.

Fig. 2 — In this bottom view of the amplifier, the filament transformer is visible at the upper right, just
above the filament choke which runs along the right wall of the chassis. Relay K1 is located between the
transformer and the tube socket. The slug-tuned coils of the cathode network are at the left, with the
pi-section filters for the power leads just below. A ceramic feedthrough bushing is used to carry the

3000-volt lead up through the chassis.
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Construction Notes

The SS-2000 is built on a 13 X 17 X 4-inch
chassis (Bud AC-428), and uses surface-shield
panels for the front and rear walls of the enclosure.
The front panel is 15 3/4 inches high, and 19
inches wide (Bud SFA-1839). The rear panel
measures 14 X 19 inches (Bud SFA-1838). If a
4-1000A tube is to be used it is recommended that
the next size larger panels be used to allow
clearance inside the cabinet for the tube. (The
4-1000A is somewhat taller than the 3-1000Z.)

The input tuned circuit is housed on a bracket
near the center of the chassis bottom. Between this
cathode network and the tube itself, a parasitic
suppressor, Z1, is included to kill any tendency
toward vhf oscillation. Locating this choke in the
cathode lead eliminates the losses common in 21-
and 28-MHz operation when parasitic suppressor is
placed in the plate lead.

An Eimac SK-510 tube socket, and an Eimac
SK-506 chimney are used in this amplifier. Grid
grounding is effectively done by passing the leads
through the slots in the side of the tube socket
which were provided for this purpose. Grid-pin
connections are made to long solder lugs which are
bolted to the chassis at the tube socket. Short leads
of heavy-guage wire or copper strips are vital to
good amplifier stability.

Layout of the major components can be seen in
the photos. 1t is important that a good ground
connection be made between C2, C3, and the
panel. Similarly, the panels should be securely
grounded to the chassis. A heat-dissipating anode
connector is used as an aid to tube cooling.

A 100-ft3/m blower is mounted on the bottom
cover of the amplifier, slightly off center from the
tube base. Its final positioning should be set for
best air flow through the tube socket.

The terminal connections provided on T1 are
much too bulky to be easily handled. They were
replaced by smaller lugs that will accept No. 10
screws which thread into the ceramic pillars that
are used as standoff insulators for the filament tie
points.

The SWR  bridge is housed in a
4 X21/4 X21/4-inch Minibox. Lead lengths

, 28 turns of No.

10 enam. wire, close-wound on 1/2 X 7 1/2-
{Newark Electronics 59F 1521

ferrite rod suitable).
RFC13 — 2.5-mH rf choke (National R-100 or

— 1-mH rf choke {Miilen J300-1000}.

RFC11 — 1-mH rf choke (Miller 4652).

RFC9

RFC10,
(5 used), 2 pole, non-shorting contacts {Centra-

lab 2511).
S2 — Ceramic rotary power switch, 2 pole, 1

section, 8 position (5 used}, nonshorting con-

tacts {Centralab JV-9033).
T1 — Filament transformer, 7.5 volts, 21 A {Triad

100-ohm, 1-watt composition resistor.

inch ferrite rod

B&W 800).
RFC7 — 2.2-uH rf choke {(Miller 74F226AP or

F28U).
T2 — Toroidal transformer {see text).

equiv.).
S1 — Ceramic rotary switch, 2-section, 6 position

equiv.).
Z1 — Rf choke, 6 turns No. 16 on the body of a

RFC12 — Bifilar filament choke

RFC8,

coil is 3 1/4 inches tong. Tap at 5 turns for 28
MHz and 9 turns for 21 MHz.

L2 — 10 turns, 1/4-inch dia copper tubing, 3 1/2
inches 1D, space turns so that the entire coil is 4
inches long. Tap at 2 turns for 14 MHz, 7 turns
for 7 MHz, and use the entire coil for 3.5 MHz.
of eight 2-inch long, 1/2-inch dia ferrite rods
{cut from the stock specified for RFC12).

M1 — O to 1-A meter {Simpson 17565).

M2 — 50-0-50-UA meter (Simpson 17597).
{forward power) on M2 at 2000 watts. (See

Inside the 3.5-MHz end of the coil is a package
the body of a 1/2-watt composition resistor.
R3, R4 — Selected to give fullscale deflection
text for details.)

RFC1, RFC4, RFC5 — Rf choke, 18 turns No. 14
enam. wire, close-wound, 1/2-inch dia.

RFC2, RFC3, RFC14 — Rf choke, 24 turns No. 14

enam. wire, close-wound, 1/2-inch dia.
RFC6 — Rf choke {National Radio R-175A or

trol.

R1 — 50,000-ohm linear-taper composition con-
R2 — 0.36 ohms, 25 turns of No. 30 enam. wire on

£ § 5 o8 &8 & 5 gt h :
g 2 2 A P iGlc should be kept short anfi as symmetncal. as possible
= 3 8B =IO o 2 2° to assure proper operation. Good electrical balance
] =2 3 Eg @« 5 B = .g is essential if the unit is to be balanced properly,
= ‘Z‘ud w =27 = g ° as thus assuring that it is truly bilateral. The dashed
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:§w5§m58;|~-7£®§_> onBc s ceramic pillars.
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0 18 |0‘9°°,_N., 1Ty |UI’ - Amplifier Adjustment
& 3508 8 386 S S8 9745 Initial testing should be carried out with a

50-ohm dummy load connected to the output of
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the amplifier. 1f a Variac is available, gradually
increasc the high voltage to make certain that no
short circuits or wiring ecrrors are present, then
increase the B plus to 3000 volts. At this point
there should be no grid-current reading, but the
resting plate current should be roughly 110 mA.
Next, apply a small amount of driving power and
observe the SWR meter. Tune the plate tank for
maximum forward power, thus indicating reso-
nance. Now, increase single-tone or ¢w drive until
the resonant plate current is 330 mA. The grid
current will now be approximately 75 mA.
Operating in this manner the amplifier is adjusted
for 1-kW dc input. Peak platc current for 2-kW ssb
conditions will be 667 mA, and the grid current
will be approximately 220 mA. All amplifier
adjustments for arriving at the 2-kW PEP dc-input
level must be made while using a dummy load if
pulsed-tone or steady-carrier drive is applied to the
amplificr. Stay legal by not exceeding the legal
1 kW maximum dc input level when the antenna is
connected.

When adjusting the linearity detector the bottom
cover of the amplifier is removed (beware of high
voltage) and the amplifier is operated at an
intermediate power level. With a voltmeter, check

HF TRANSMITTING

between point B and ground. The voltage,
typically, will be between 0.5 and 1.5 volts. The
voltage is then checked at point A, and Cl is
adjusted to give the same voltage as is present at B.
R1 is then set (amplifier operating at 2-kW into a
dummy load) to give a reading of zero on M2. The
meter reading is maintained at zero, thercafter,
when  the amplifier is properly adjusted and
operating into a 50-ohm antenna.

In adjusting the SWR bridge, connect a dummy
load to JS and apply drive from the exciter to J4.
Set M2 to read reflected power and place a
shorting wire across R3. Adjust C6 for minimum
meter deflection. Now, reverse the connections to
J4 and J§, remove the short from R3 and place it
across R4. Adjust C5 for minimum meter reading.
Check for minimum reflected power at 28 and 3.5
MHz. It should be the same if the bridge is
properly nulled. The values of R3 and R4 will have
to be sclected to give best accuracy at the
2000-watt input level. If an accurate wattmeter is
available it can be used for calibrating the bridge.
Small *“trim pots” could be substituted for the
fixced-value resistors to make adjustment easier.
Their maximum resistance should be 50,000 ohms.

A ONE-KILOWATT AMPLIFIER USING A 3-500Z

Circuit design for high-power lincar amplifiers
hasn’t changed much in recent years. The
differences between various types of grounded-grid
units are usually more mechanical than electrical.
The degree of circuit complexity is determined
primarily by the number of features desired and if
the power supply and control circuits are included
on the same chassis as the amplifier. Described
below is a power amplifier designed to operate
break-in ¢w as the primary mode. A suitable
exciter is described earlier in the chapter. Other
cquipment combinations were shown in QST for
December 1971.

The Power Supply

A voltage-doubler circuit connected to the
secondary of T1 provides approximately 2600
volts dc. Sec Fig. 1. The primary of T1 can be
operated from either a 117-volt line or a 220-volt
source; the latter voltage is preferred. Ul and U2
are suppressors included to prevent transients from
damaging the high-voltage capacitor bank or the
rectifier diodes. Since T1 has two 117-volt primary
windings, a suppressor is connected across each.
The windings and suppressors are connected in
parallel for 117-volt operation, and they arc serics
connected for a 220-volt line.

A relay (K1) is necessary to switch the
high-current inrush when the supply is activated.
Ordinary toggle switches cannot be used to activate
the power supply directly. Surge protection is
accomplished by placing R1 in series with one lead
of the ac line. K3B shorts out this resistor a few
seconds after the main power switch (S1) is

actuated. A separate line cord for the power supply
allows this section to be operated on 220 volts
while permitting other circuits in the amplifier to
operate on 117 volts.

The Amplifier Circuit

A single 3-S00Z triode tube develops 1-kW
input on c¢cw and 1-kW PEP on ssb. The output
circuit is a conventional pi network which tunes
the hf amateur bands from 3.5 to 30 MHz. The
T-R switch, similar to the onc used in the T-9er, is
coupled to the tank circuit via C1. This capacitor is
constructed of RG-8A/U and is 3 inches long.

Filament voltage is applied to the 3-500Z
through a bifilar-wound rf choke. Drive power is
coupled to the filament circuit via C2, a
disk-ceramic capacitor.

Two Zener diodes are used to develop grid bias.
S3C selects either CR18 for 27 volts (cw) or CR19
for a 7.5-volt bias (ssb). Since thc lower bias
voltage increases the standing plate current to
approximately 80 mA, R7 is placed in series with
the cathode-return lead to cut off the tube during
standby periods. Protection for the power supply is
assured by placing a 1-ampere fuse in scries with
the Zener diodes. This procedure could save a tube
or a meter (not to mention power supply
components!) in the event a high current surge or
arc occurs in the output circuit.

The Multimeter

A 1-mA meter is used to measure grid current,
plate voltage, and power output. R4, mounted on
the rear chassis apron, allows adjustment of the




A One-Kilowatt Amplifier Using a 3-5002 183

Top view.

CAPACITOR RFC2

BANK

T2

Bottom view.



EXCEPT AS INOICATED, OECIMAL T-R SWITCH

VALUES OF CAPACITANCE ARE 6526
IN MICROFARADS { uF ) ; OTHERS

ARE IN PICOFARADS {pF OR ,pF);
RESISTANCES ARE IN OHMS,

X =1000 ., M+1000 000

3.5-30 MHz

10
REC. S$54

T9er
vé

TR
SWITCH

3]},
T

<pte
=
o
@
<
.01
(8)
e
220v 11+ -~
AC e
=
<l—te
NOTE® L

WHEN USING 220V AC WIRE TERMINAL BLOCK
AS SHOWN IN B ANO CHANGE [|5A (%) FUSES
TO 8aA,

IS 4

100
10w

{

N At0e

L1

L2

s

MP g4
ROL

Al
CONT

141}

ONILLINSNVHL 4H



A One-Kilowatt Amplifier Using a 3-500Z

Fig. 1 — Circuit diagram for the S-9er. Component
designations not listed are for text reference only.
Polarized capacitors are electrolytic.

B1 — 117-volt ac fan (Rotron Whisper).

C3 — 180-pF air variable, .07 7-inch air gap (Millen
16250 with 4 stator plates removed).

C4 — 1680-pF air variable, receiving type (R. W.
Efectronics, 4005 W. Belmont Ave., Chicago, IL
60641).

C5 — Transmitting capacitor, 1000-pF ceramic
{Centralab 858S-1000).

CR1-CR17, incl. — 1000-PRV, 2.5-A (Mallory
M2.5A or equiv.).

CR18 — Zener, 7.5-V, 50-watt.

CR19 — Zener, 27-V, 50-watt.

J1 — Coax chassic connector, type SO-239.

J2-J6, incl. — Phono jack, single-hole mount.

K1 — Power relay, dpdt, 117-volt coil {Potter and
Brumfield PR-11AY or equiv.}.

K2 — 4pdt, 5-A, 6-V dc coil (Potter and Brumfield
GPD coil and GO-17 contact arrangement).

K3 — Dpdt, 10-A, 120-V dc coil (Potter and
Brumfield KA11DG or equiv.).

L1 — 7 turns, 1/8-inch copper tubing, 1 1/4-inch
dia, tapped at 3 turns from tube end.

L2 — 23 turns, No. 14, 2 1/2-inch dia, tapped at
10 3/4 turns for 40 meters, 17 1/2 turns for 20
meters, as measured from the C4 end. (Coil
stock: Barker and Williamson 3029.)

M1 — 1-A dc (Simpson Model 2122-17400).

M2 — 1-mA dc (Simpson Model 2122-17430).

RFC1 — Transmitting rf choke (Barker and
Williamson Mode! 800).

RFC2 — Bifilar-wound filament choke (Amidon
10-A choke kit or equiv.}.

S1 — Spst push button (Calectro E2-144).

S2 — Single-pole, 3-position rotary (Calectro
E2-161).

S3 — 3-pole, 2-position, 2-section, rotary {Centra-
lab 2515).

S4 — Rf switch, single-pote, 6-position (Millen
51001).

S5 — 3-pole, 2-position, rotary (Calectro E2-165).

T1 — Dual 117-volt primary, 1100-V secondary,
600 VA (Berkshire BTC 6181).

T2 — 117-volt primary; secondary 125 volts at
50-mA; 6.3-V at 2-A (Stancor PA-8421 or
equiv.).

T3 - 20 turns, No. 24 enameled wire wound on a
1-inch long, 1/2 inch dia iron core from a slug-
tuned coil form. The secondary is 3 turns No.
24 enameled wire wound over the cold end of
the primary.

U1, U2 — Transient voltage suppressor, 120-volt
{General Electric 6RS20SP4B4).

Z1 — Parasitic suppressor, 3 turns No. 12 copper
wire, 1 1/4-inch dia wound over three 150-chm,
2-watt composition resistors.

relative-output circuit sensitivity. A voltage-drop-
ping resistor network, R3, provides a full-scale
reading of 5 kV. R2 maintains a load at the meter
end of R3 preventing full B+ from appearing across
S2 when it is in one of the two other positions. R3
consists of five l-megohm, l-watt composition
resistors connected in series thereby reducing the
voltage across any one resistor to less than 600.
Grid current is measured by placing the meter
in series with the grid (ground) and the cathode.
The meter shunt, R1, provides a full-scale reading
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of 500 mA. R1 is equal to the intemal resistance of
the meter divided by 500. The resistance of M1 is
43 ohms; therefore R1is 0.21 ohm. 1t is made by
winding 24 1/4 inches of No. 30 wirc on a
l-megohm, 2-watt composition resistor. The
resistance of various wire sizes can be found in the
construction practices chapter. R1 is in the
primary path for the high-voltage negative lead to
chassis ground. RS and R6 provide protection in
the event this meter shunt opens.

Construction

The amplifier, including the power supply, is
built on a 10 X 17 X 3-inch aluminum chassis. All
of the high-voltage power supply components are
mounted at the rear of the chassis. Location of the
various parts is shown in the photographs. All of
the circuits carrying rf are completely shielded to
reduce any instability or TVI generation. The
input-circuit shicld is mounted between S3 wafers
to keep the rf wiring inside the compartment.

Extreme care must be taken in the power
supply section to keep the high-voltage compo-
nents from coming in contact with the primary
wiring. This section of the amplifier is very
crowded. A sheet of 1/16-inch thick phenolic
insulating material is placed between the capacitor
bank and the chassis. The electrolytic capacitors,
along with the equalizing resistors, are mounted on
a piece of etched circuit board. This board is
“suspended” between several solder lugs attached
to ceramic standoff insulators. Rubber cement is
used to hold a 1/2-inch thick piece of phenolic
board to the capacitors to prevent them from
contacting the bottom plate when it is installed.

The rf-output circuit is completely shielded in a
compartment constructed of cane metal and sheet
aluminum. Perforated material is needed to allow
adequate air flow past the tube. The socket is
mounted 1/2 inch above the chassis, allowing air to
circulate around the base connections and seal. The
grid pins of the socket are soldered to lugs
mounted on the chassis.

When a standard Eimac plate cap is used with
the 3-500Z, the cap extends above the edge of the
cabinet. Therefore, a 1/4-inch thick aluminum
plate, 1 3/4-inches square, is used in place of the
Eimac unit.

The plate-tuning capacitor, C3, is vertically
mounted and is adjusted from the front panel using
a surplus right-angle drive. A Millen drive works
equally well. C4 has a shaft diameter of 3/8 inch,
requiring special attention. A standard 1/4-inch
coupling with one end drilled out to slightly over
3/8 inch is used as an adapter. Fine-mesh screen is
placed between the cabinet wall and the fan to
maintain an rf-tight enclosure. The screen does not
appear to reduce the air flow appreciably.

Operation

After the position of each tank-coil tap has
been determined, the relative-output sensitivity
control, R4, can be adjusted for 3/4 scale meter
reading at full power input.

In order to determine the plate current, the grid
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current must be subtracted from the cathode
current. When the amplifier is driven to a grid
current of 120 mA and the tuning controls are
adjusted for maximum power output, the cathode
current will be about S00 mA and the plate voltage
will be slightly over 2500. This represents an input
power of approximately 950 watts. After extended
periods of operating or tuning, the fan should be
left on for a few minutes to allow the tube to
conl,

HF TRANSMITTING

I'ig. 1 shows several methods for interconnect-
ing the station cquipment. The exciter INJOUT
function is performed by SSB which deenergizes
K2 to allow the exciter to feed through to the
antenna. The appropriate T-R switch output is
routed to the receiver by SSA. Caution: When S3 is
in the cw position, there is no load connected to
the ssb exciter input terminal. Likewise, there is no
load on the cw input connector when S3 is in the
ssb position.

A SOLID-STATE LINEAR AMPLIFIER

In this section a IS-watt solid-state lincar
amplifier for 3.5 to 30 MHz is described. A filter at
the amplifier output attenuates the harmonic
cnergy. With the proper filter in place, no tuning is
necessary for complete coverage of each band. The
circuit utilizes two transistors that are available
surplus for $2.99 each.! The amplifier delivers
I5-watts peak power for ssb operation, or 15 watts
on cw. The collector cfficiency from 3.5 to 30
MHz is no lower than 50 pereent, but is
approximately S7 percent on 80 meters. Inter-
modulation distortion products for a two-tone test
signal are down 30 dB from pep at all frequencies
of operation. The amplificr showed a minimum
gain of 16 dB. A maximum power of 375 mW is
required to drive the amplifier to 15-watts output.
This excitation power is easily obtainable with a
Class A driver.

A push-pull amplifier circuit is employed with
suitable forward base bias to eliminate cross-over
distortion (secc lig. l). The input and output
transformers are designed to match the base
impedance to a S0-ohm input impedance, and the
collector load impedance to the 50-ohm output
impedance. Since the gain of the transistors
decreases as the frequency of operation increases, a
compensating network is placed at the amplifier
input to attenuate the drive to the transistors as
the operating frequency is lowered. The maximum
SWR looking into the compensating circuit is
1.2:1, providing a constant 50-ohm load for the
exciter.

1 Poly Paks, P.O0. Box 942M, Lynnfield, MA
01940,

In a push-pull circuit there is inherent
cancelation of the even harmonics. Laboratory
measurements for the circuit in Fig. 1 show that all
harmonics are in excess of 20 dB below the
fundamental signal. This figure is not acceptabie
for harmonic rejection, so a low-pass filter design
(Fig. 5) is shown that does provide sufficient
attenuation of the harmonics. As long as the filter
output is terminated by a 50-ohm load, the filter
input looks like 50-ohms below the filter cutoff
frequency. No tuning is necessary when changing
frequency within any given band. A bank of four
filters can be constructed to cover the 80- through
[0-meter ham bands. (Only one filter is necded for
both the 10- and IS-meter bands.) Band changing
is accomplished simply by switching in the
appropriate filter for the band of operation. If the
builder is interested in only one band the
remaining filters nced not be constructed.

Construction of the input and output trans-
formers is somewhat unconventional although not
too difficult. The transformers are built by placing
two cylinders of 3E2A ferrite material side by side
and running the wires for the windings through the
two holes in the cylinders as shown in Fig. 2. The
wire running from A to A’ would be one turn on
the primary with the wire from B to B’ being one
turn on the secondary. Since the ferrite cylinders
aren’t available at a rcasonable price, they can be
constructed by stacking two toroids together for
each cylinder of the output transformer and four
toroids together for the input transformer. The
Ferroxcube serics 266 toroids are used for the

Topside view of the linear amplifier with the compensating network attached by means of BNC hardware.
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output transformer, and the series 1041 toroids are
used for the input transformer.2 In order to reduce
flux leakage the center winding of the primary of
the output transformer (and the secondary of the
input transforner) should be made of braid similar
to the shield-diameter of small coaxial cable. A
broadband match to a low-impedance termination
is readily achieved with these transformers.

Following is a step-by-step procedure for
fabricating the output transformer. [‘irst, slip a
I-inch-long piece of braid over a 2-inch-long 10-32
screw, preferably one that does not take solder
easily. Next, place two of the cores over the braid,
pushing the cores tightly against each other. Now,
flare out the ends of the braid on cach end of the
cores and flow solder in the flared portions of the
braid as shown in Fig. 3. After this step is
completed the excess braid can be clipped close to
the edge of the cylinders at onc end. When both
cylinders are constructed they can be individually
wrapped with tape and then taped together side by
side. On the end where the braid was left extending
over the edge of the core, a solder connection is
made to join the two cylinders electrically. Of
course, some pruning is necessary in order to get
the two cylinders mechanically close to each other.
When this step is completed, the point where the
braid from the two cylinders is joined is the center
tap of the transformer primary. If a total of 2 turns
is required on each side of the center tap, the braid
from the center tap to one end of one of the
cylinders is a half a tumn. Therefore, 1 1/2 more
turns of No. 22 enameled wire must be added by
tacking the wire with solder to the end of the braid
and running the wire through the holes left in the
cylinders after removing the 10-32 screws.
Similarly, 1 1/2 tums are added from the other
cylinder end. Fig. 4 shows the transformer. The
secondary is wound by running 4 turns of wire
through the same two holes in the cylinders but
with the leads extending out the opposite side of
the transformer.

The transformer at the input of the amplifier is
constructed in a similar manner with a 4:2 turns

2 Elna Ferrite Laboratories, Inc., 9 Pine Grove
St., Woodstock, NY 12498,
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Fig. 1 — Schematic diagram of the ampilifier.
Resistance is in ohms, resistors are 1/2 watt unless
otherwise indicated, except for R1 and R2 which
are 1/4 watt. SM = silver mica. Polarized capacitors
are electrolytic. C1, C2, and C3 are Aerovox Hi-Q
units, type CKOS5 (available from Newark Elec-
tronics, Chicago, IL, catalog No. 101). RFC1 and
RFC2 are small encapsulated chokes. See text for
discussion of other components shown here.

ratio. In this case the smaller Ferroxcube toroid
core, serics 1041, can be used. These cylinders are
made by stacking 4 cores on top of each other.
With a total of two turns required on the
seccondary, only 1/2 turn of cnameled wire is
needed to complete the winding once the braid is
through the cylinders. No. 28 wire is used on the
input transformer. Four more tumns of wire (with
the leads extending out the other end of the
transformer) make up the primary winding of the
input transformer.

The amplifier is constructed on a 1/8-inch-thick
aluminum plate, 4 inches long by 3 inches wide.
This plate should provide an adequate heat sink for
the duty cycle incurred with ssb or cw operation.
The transistors are mounted 2 inches from the end
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Fig. 2 — Ilustration of how the broadband
transformers are assembled.
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Fig. 3 — Drawing of end view of one cylinder of
the broadband transformers.

of the plate and 3/8 inch off the center line
running the length of the plate. Very short leads
arc  maintained for the emitter resistors to
minimize lead inductance. The two 1000-ohm
biasing resistors, the biasing diode, and the 6.8-ul-
capacitor are located on the bottom side of the
plate. The biasing diode used in the original circuit
is a Unitrode UT610S5 rectifier diode. This diode is
fairly expensive, but any silicon rectifier diode
rated at 3 A and SO volts PRV should work.

A circuit diagram of the filters is shown in I'ig.
S, and component values are given in Tabk 6C. LI
and C2 should be resonated at the proper
frequency before being placed in the rest of the
circuit. L1, L2, and L3 can be wound on toroid
cores available from Amidon3 when the inductance
values are too large for convenient air coils.

Before applying voltage to the amplifier, a

3 Amidon Associates, 12033 Otsego Street,
North Hollywood, CA 91607.

QUTPUT TO
50 OHM_LOAD
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check should be made with an ohmmeter to insure
there are no shorts between the primary and
secondary of the transformer. If all looks well at
that step, connect a 50-ohm load and apply dc
voltage. Always terminate the amplifier output
with a S50-ohm load before applying voltage;
otherwise instability may result. The amplifier
idling current, with no drive applied, should be
approximately 100 mA. If this value is not
obtained, there is probably a short in one of the
transformers. If the correct idling current is
present, apply drive (375 mW cw or peak ssb), and
IS watts of rf power should appear at the output.
If a two-tone signal is used for ssb tests, the output
level will indicate only 7.5 watts on an
averaging-type wattmeter. Now, the amplifier is
ready to connect to the antenna (one with an SWR
below 1.5:1). Operation in any part of any band is
acceptable, as long as the filter for that band is

used and the SWR is low.

Fig. 4 — Close-up view of the input transformer
used in the circuit of Fig. 1.
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TABLE 6C
Impedance 80M 40M 20M ISM & 10M
at fy fu=4MHz f,=8MHz f,=ISMHz f,=30MHz
C1 —j50 800 pF 400 pF 210 pF 105 pF
C2 —j60 680 pF 340 pF 180 pF 90 pF
C3 —j18 2200 pF 1100 pF 590 pF 300 pF
C4 —j14 2800 pF 1400 pF 750 pF 380 pF
C5 —j35 1150 pF 575 pF 300 pF 150 pF
L1 +j30 12 uH 0.59 uH 0.32 uH 0.16 uH
L2 +j42 1.6 uH 0.80 uH 0.45 uH 0.23 uH
L3 +j50 2.0 uH 1.0 uH 0.52 uH 0.26 uH
Resonant
Frequency 5.55 MHz 11.1 MHz 20.8 MHz 41,6 MHz
for L1 &
c2
Table of values for the filter shown schematicalty in Fig. 1.




CHAPTER 7

VHF and UHF Transmitting

Before planning operation on the frequencies
above 50 MHz, we should understand the IFCC
rules, as they apply to the bands we are interested
in. The necessary information is included in the
allocations table in the first chapter of this
Handbook and in The Radio Amateur’s License
Manual, but some points will bear emphasis here.

Standards governing signal quality in the
S0-MHz band are the same as for all lower amateur
frequencies. Frequency stability, modulation, key-
ing characteristics, and freedom from spurious
products must be consistent with good engineering
practice. Simultaneous amplitude and frequency
modulation is prohibited. These standards are not
imposed by law on amateur frequencies from 144
MHz up. This is not to say that we should not
strive for excellence on the higher bands, as well as
on 50 MHz, but it is important to remember that
we may be cited by FCC for failing to meet the
required standards in 50-MHz work.

A sideband signal having excessive bandwidth,
an a-m signal whose frequency jumps when modu-
lation is applied, an fm signal that is also ampli-
tude-modulated, a cw signal with excessive keying
chirp or objectionable key clicks — any of these is
undesirable on any band, but they are all illegal on
S0 MHz. Any of them could earn the operator an
FCC citation in 50-MHz work. And misinterpreta-
tion of these points in an FCC examination could
cost the would-be amateur his first ticket.

The frequencies above S0 MHz were once a
world apart from the rest of amateur radio, in
equipment required, in modes of operation and in
results obtained. Today these worlds blend increas-
ingly. Thus, if the reader does not find what he
needs in these pages to solve a transmitter problem,
it will be covered in the hf transmitting chapter.
This chapter deals mainly with aspects of trans-
mitter design and operation that call for different
techniques in equipment for 50 MHz and up.

DESIGNING FOR SSB AND CW

Almost universal use of ssb for voice work in
the hf range has had a major impact on equipment
design for the vhf and even uhf bands. Many
amateurs have a considerable investment in hf
sideband gear. This equipment provides accurate
frequency calibration and good mechanical and
electrical stability. It is effective in cw as well as
ssb communication. These qualities being attractive
to the vhf operator, it is natural for him to look for
ways to use his hf gear on frequencies above 50
MHz.

Thus increasing use is being made of vhf

accessory devices, both ready made and home-
built. This started years ago with the vhf converter,
for receiving. Rather similar conversion equipment
for transmitting has been widely used since ssb
began taking over the hf bands. Today the hf trend
is to one-package stations, called transceivers. The
obvious move for many vhf men is a companion
box to perform both transmitting and receiving
conversion functions. Known as transverters, these
are offered by several transceiver manufacturers.
They are also relatively simple to build, and are
thus likely projects for the home-builder of vhf
gear.

Transverter vs. Separate Units

It does not necessarily follow that what is
popular in hf work is ideal for vhf use. Our bands
are wide, and piling-up in a narrow segment of a
band, which the transceiver encourages, is less than
ideal use of a major asset of the vhf bands —
spectrum space. Separate ssb exciters and receivers,
with separate vhf conversion units for transmitting
and receiving, tend to suit our purposes better than
the transceiver-transverter combination, at least in
home-station service.

Future of Other Modes

It should not be assumed that ssb will monopo-
lize voice work in the world above 50 MHz in the
way that it has the amateur voice frequencies
below 29 MHz. Sideband is unquestionably far
superior to other voice modes for weak-signal DX
work, but where there is plenty of room, as there is
in all vhf and higher bands, both amplitude and
frequency modulation have merit. A low-powered
a-m transmitter is a fine construction project for a
vhf beginner, and fm has been gaining in popularity
rapidly in recent years. A reprint of a very popular
4-part QST series describing a complete two-band
vhf station for the beginner is available from
ARRL for 50 cents.

The decline in use of amplitude modulation has
been mainly in high-powered stations. The heavy-
iron modulator seems destined to become a thing
of the past, but this should not rule out use of a-m.
Many ssb transceivers are capable of producing
high-quality a-m, and one linear amplifier stage can
build as little as 2 watts a-m output up to 200
watts or so, with excellent voice quality, if the
equipment is adjusted with care. It should be
remembered that the transmitting converter (or
heterodyne unit as it is often called) is not a
sideband device only. It will serve equally well with
a-m, fm or cw drive.
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THE OSCILLATOR-MULTIPLIER
APPROACH

Where modes other than ssb are used, most vhf
transmitters have an oscillator, usually in the hf
range, one or more frequency multiplier stages, and
at least one amplifier stage. The basics of this type
of transmitter are well covered in the preceding
chapter, so only those aspects of design that are of
special concern in vhf applications will be discussed
here.

Oscillators

Because any instability in the oscillator is
multiplied along with the frequency itself, special
attention must be paid to both mechanical and
electrical factors in the oscillator of a vhf transmit-
ter. The power source must be pure dc, of
unvarying voltage. The oscillator should run at low
input, to avoid drift due to heating. Except where
fm is wanted, care should be taken to isolate the
oscillator from the modulated stage or stages.

Crystal oscillators in vhf transmitters may use
either fundamental or overtone crystals. The fund-
amental type is normally supplied for frequencies
up to 18 MHz. For higher frequencies the overtone
type is preferred in most applications, though
fundamental crystals for up to about 30 MHz can
be obtained on order. The fundamental crystal
oscillates on the frequency marked on its holder.
The marked frequency of the overtone type is
approximately an odd multiple of its fundamental
frequency, usually the third multiple for frequen-
cies between 12 and 54 MHz, the fifth for roughly
54 to 75 MHz, and the seventh or ninth for
frequencies up to about 150 MHz. Crystals are
seldom used for direct frequency control above
about 75 MHz in amateur work, though crystals
for 144-MHz oscillation can be made.

Most fundamental crystals can be made to
oscillate on at least the third overtone, and often
higher, with suitable circuits to provide feedback at
the desired overtone frequency. Conversely, an
overtone crystal is likely to oscillate on its funda-
mental frequency, unless the tuned circuit is
properly designed. An overtone crystal circuit
should be adjusted so that there is no oscillation at
or near one-third of the frequency marked on the
holder, nor should there be energy detectable on
the even multiples of the fundamental frequency.

It should be noted that the overtone is not
necessarily an exact multiple of the fundamental.
An 8000-kHz fundamental frequency does not
guarantee overtone oscillation on 24.000 MHz,
though it may work out that way in some circuits,
with some crystals. Overtone crystals can also be
made to oscillate on other overtones than the
intended one. A third-overtone 24-MHz crystal can
be used for its fifth overtone, about 40 MHz, or its
seventh, about 56 MHz, by use of a suitable tuned
circuit and careful adjustment of the feedback.

Variable-frequency oscillators are in great de-
mand for vhf-transmitter frequency control, but
except where heterodyning to a higher frequency is
used, as opposed to frequency multiplication, the
VFO is generally unsatisfactory. Small instabilities,
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hardly noticeable in hf work, are multiplied to
unacceptable proportions in the oscillator-
multiplier type of transmitter. The fact that many
such unstable VFO rigs are on the air, particularly
on 6 meters, does not make them desirable, or even
legal. Only careful attention to all the fine points
of VIO design and use can result in satisfactory
stability in vhf transmitters.

Frequency Multipliers

Frequency multiplication is treated in Chapter
6. The principal factor to keep in mind in
multipliers for the vhf bands is the probability that
frequencies other than the desired harmonics will
be present in the output. These can be sources of
TVL in vhf transmitters. Examples are the 9th
harmonic of 6 MHz and the 7th harmonic of 8
MHz, both falling in TV Channel 2. The 10th
harmonic of 8-MHz oscillators falling in Channel 6
is a similar problem. These unwanted multiples can
be held down by the use of the highest practical
degree of selectivity in interstage coupling circuits
in the vhf transmitter, and by proper shielding and
interstage impedance matching. This last is particu-
larly important in transistor frequency multipliers
and amplifiers. More on avoiding TVI will be found
later in this chapter, and in the chapter on
interference problems.

The varactor multiplier (see Chapter 4 ) is much
used for developing power in the 420-MHz band.
Requiring no power supply, it uses only driving
power from a previous stage, yet quite high orders
of efficiency are possible. Two examples are shown
later in this chapter. A 220-MHz exciter tuned
down to 216 MHz makes a good driver for a
432-MHz varactor doubler. More commonly used is
a tripler such as the one described in this chapter,
using 144-MHz drive. The output of a varactor
multiplier tends to have appreciable amounts of
power at other frequencies than the desired, so use
of a strip-line or coaxial filter is recommended,
whether the multiplier drives an amplifier or works
into the antenna directly.

AMPLIFIER DESIGN AND
OPERATION

Anplifiers in vhf transmitters all once ran Class
C, or as near thereto as available drive levels would
permit. This was mainly for high-efficiency cw, and
quality high-level amplitude modulation. Class C is
now used mostly for cw or fm, and in either of
these modes the drive level is completely uncritical,
except as it affects the operating efficiency. The
influence of ssb techniques is seen clearly in
current amplifier trends. Today Class AB; is
popular and most amplifiers are set up for linear
amplification, for ssb and — to a lesser extent —
a-m. The latter is often used in connection with
small amplitude-modulated vhf transmitters, having
their own built-in audio equipment. Where a-m
output is available from the ssb exciter, it is also
useful with the Class AB linear amplifier, for only
a watt or two of driver output is required.

There is no essential circuit difference between
the AB; linear amplifier and the Class-C amplifier;




Amplifier Design and Operation

only the operating conditions are changed for
different classes of service. Though the plate
efficiency of the-ABj linear amplifier is low in a-m
service, this type of operation makes switching
modes a very simple matter. Moving toward the
high efficiency of Class C from AB;, for cw or fm
service, is accomplished by merely raising the drive
from the low AB; level. In AB; service the
efficiency is typically 30 to 35 percent. No grid
current is ever drawn. As the grid drive is increased,
and grid current starts to flow, the efficiency rises
rapidly. In a well-designed amplifier it may reach
60 percent, with only a small amount of grid
current flowing. Unless the drive is run well into
the Class C region, the operating conditions in the
amplifier can be left unchanged, other than the
small increasing of the drive, to improve the
efficiency available for cw or fm. No switching or
major adjustments of any kind are required for
near-optimum operation on ssb, a-m, fm or cw, if
the amplifier is designed primarily for AB; service.
If high-level a-m were to be used, there would have
to be major operating-conditions changes, and very
much higher available driving power.

Tank-Circuit Design

Except in compact low-powered transmitters,
conventional coil-and-capacitor circuitry is seldom
used in transmitter amplifiers for 144 MHz and
higher frequencies. U-shaped loops of sheet metal
or copper tubing, or even copper-laminated circuit
board, generally give higher Q and circuit efficien-
cy at 144 and 220 MHz. At 420 MHz and higher,
coaxial tank circuits are effective. Resonant cavi-
ties are used in some applications above 1000 MHz.
Examples of all types of circuits are seen later in
this chapter. Coil and capacitor circuits are com-
mon in 50-MHz amplifiers, and in low-powered,
mobile and portable equipment for 144 and even
220 MHz.

Stabilization

Most vhf amplifiers, other than the grounded-
grid variety, require neutralization if they are to be
satisfactorily stable. This is particularly true of
AB; amplifiers, which are characterized by very
high power sensitivity. Conventional neutralization
is discussed in Chapter 6. An example is shown in
Fig. 7-1A.

A tetrode tube has some frequency where it is
inherently neutralized. This is likely to be in the
lower part of the vhf region, for tubes designed for
hf service. Neutralization of the opposite sense
may be required in such amplifiers, as in the
example shown in Fig. 7-1B.

Conventional screen by passing methods may be
ineffective in the vhf range. Series-tuning the
screen to ground, as in 7-1C, may be useful in this
situation. A critical combination of fixed capaci-
tance and lead length may accomplish the same
result. Neutralization of transistorized amplifiers is
not generally practical, at least where bipolar
transistors are used.

Parasitic oscillation can occur in vhf amplifiers,
and, as with hf circuits, the oscillation is usually at
a frequency considerably higher than the operating
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Fig. 7-1 — Representative circuits for neutralizing
vhf single-ended amplifiers. The same technigues
are applicable to stages that operate in push-pull.
At A, C1 is connected in the manner that is
common to most vhf or uhf amplifiers. The circuits
at B and C are required when the tube is operated
above its natural self-neutralizing frequency. At B,
C1 is connected between the grid and plate of the
amplifier. Ordinarily, a short length of stiff wire
can be soldered to the grid pin of the tube socket,
then routed through the chassis and placed
adjacent to the tube envelope, and paraliel to the
anode element. Neutralization is effected by
varying the placement of the wire with respect to
the anode of the tube, thus providing variable
capacitance at C1. The circuit at C is a variation of
the one shown at B. It too is useful when a tube is
operated above its self-neutralizing frequency. In
this instance, C1 provides a low-Z screen-to-ground
path at the operating frequency. RFC in all circuits
shown are vhf types and should be selected for the
operating frequency of the amplifier.

frequency, and it cannot be neutralized out.
Usually it is damped out by methods illustrated in
Fig. 7-2. Circuits A and B are commonly used in
6-meter transmitters. Circuit A may absorb suffi-
cient fundamental energy to burn up in all but
low-power transmitters, A better approach is to use
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Fig. 7-2 — Representative circuits for vhf parasitic suppression are shown at A,
B, and C. At A, 21 {for 6-meter operation) would typically consist of 3 or 4
turns of No. 14 wire wound ona 100-ohm 2-watt non-inductive resistor. Z1
overheats in all but very low power circuits. The circuit at B, also for 6-meter
use, is more practical where heating is concerned. Z2 is tuned to resonance at
the parasitic frequency by C. Each winding of Z2 consists of two or more
turns of No. 14 wire — determined experimentally — wound over the body of
a 100-ohm 2-watt (or larger) noninductive resistor. At C, an illustration of uhf
parasitic suppression as applied to a 2-meter amplifier. Noninductive 56-ohm
2-watt resistors are bridged across a short length of the connecting lead
between the tube anode and the main element of the tank inductor, thus
forming 23 and 24.

The circuit at D illustrates how bypassing for both the operating frequency
and lower frequencies is accomplished. Low-frequency oscillation is
discouraged by the addition of the 0.14UF disk ceramic capacitors. RFC1 and
RFC2 are part of the decoupling network used to isolate the two stages. This
technique is not required in vacuum-tube circuits.

the selective circuit illustrated at B. The circuit is
coupled to the plate tank circuit and tuned to the
parasitic frequency. Since a minimum amount of
the fundamental energy will be absorbed by the
trap, heating should no longer be a problem.

At 144 MHz and higher, it is difficult to
construct a parasitic choke that will not be
resonant at or near the operating frequency.
Should uhf parasitics occur, an effective cure can
often be realized by shunting a 56-ohm 2-watt
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resistor across a small section of the plate end of
the tuned circuit as shown in Fig. 7-2, at C. The
resistor should be attached as near the plate
connector as practical. Such a trap can often be
constructed by bridging the resistor across a
portion of the flexible strap-connector that is used
in some transmitters to join the anode fitting to
the plate-tank inductor.

Instability in solid-state vhf and uhf amplifiers
can often be traced to oscillations in the If and hf
regions. Because the gain of the transistors is very
high at the lower frequencies, instability is almost
certain to occur unless proper bypassing and
decoupling of stages is carried out. Low-frequency
oscillation can usually be cured by selecting a
bypass-capacitor value that is effective at the
frequency of oscillation and connecting it in
parallel with the vhf bypass capacitor in the same
part of the circuit. It is not unusual, for example,
to employ a 0.1-UF disk ceramic in parallel with a
.001-uF disk capacitor in such circuits as the
emitter, base, or collector return. The actual values
used will depend upon the frequencies involved.
This technique is shown in Fig. 7-2D. For more on
transmitter stabilization, see Chapter 6.

TIPS ON ABq LINEAR
AMPLIFIERS

As its name implies, the function of a linear is
to amplify an amplitude-modulated signal in a
manner so that the result is an exact reproduction
of the driving signal. (Remember, ssb is a form of
amplitude modulation.) The nature of the a-m
signal with carrier is such that linear amplification
of it is inherently an inefficient process, in terms of
power input to power output, which is the
conventional way of looking at amplifier efficien-
cy. But when all factors are considered, particular-
ly the very small exciter power required and
elimination of the cumbersome and expensive
high-level plate-modulation equipment, “efficien-
cy™ takes on a different meaning. Viewed in this
way, the Class-ABy a-m linear has only two
disadvantages: it is incapable of providing as much
power output (within the amateur power limit of 1
kW) as the high-level-modulated amplifier, and it
requires considerable skill and care in adjustment.

The maximum plate efficiency possible with an
ABy a-m linear is about 35 percent. The power
output in watts that is possible with a given
amplifier tube is roughly half its rated plate
dissipation. If the first factor is exceeded the result
is poor quality and splatter. If the second is
ignored, the tube life is shortened markedly.

There being no carrier to worry about in ssb
operation, the linear amplifier can run.considerably
higher efficiency.in amplifying ssb signals, and the
popularity of ssb has brought the advantages of the
linear amplifier for all classes of service into focus.
The difference between a-m with carrier and ssb
without carrier, in the adjustment of a linear, is
mainly a matter of the drive level. Drive can never
be run up to the point where the stage begins to
draw grid current, but it can run close with ssb,
whereas it must be held well below the grid-current
level when the carrier is present.
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With a-m drive the plate and screen currents
must remain steady during modulation. (The
screen current may be negative in some amplifiers,
so observation of it is simpler if the screen-current
meter is the zero-center type.) The plate, screen
and grid meters are the best simple indicator of
safe ABy operation, but they do not show whether
or not you are getting all you can out of the
amplifier. The signal can be monitored in the
station receiver, if the signal in the receiver can be
held below the point at which the receiver is
overloaded. Cutting the voltage from a converter
amplifier stage is a good way to do this. But the
only way to know for sure is to use an oscillo-
scope.

One that can be used conveniently is the Heath
Monitor Scope, any version. Some modification of
the connections to this instrument may be needed,
to prevent excessive rf pickup and resultant pattern
distortion, when using it for vhf work. Normally a
coupling loop within the scope, connected between
two coaxial fittings on the rear of the instrument,
is used. The line from the transmitter to the
antenna or dummy load runs through these two
fittings. For vhf service, a coaxial T fitting is
connected to one of these terminals, and the line is
run through it, only. With full power it may even
be necessary to remove the center pin from the T
fitting, to reduce the input to the scope still
further, particularly in 144-MHz service.

Really effective adjustment of the linear ampli-
fier, whether with ssb or a-m drive, involves many
factors. The amplifier must be loaded as heavily as
possible. Its plate and grid circuits must be tuned
carefully for maximum amplifier output. (Detun-
ing the grid circuit is not the way to cut down
drive.) If the power level is changed, all operating
conditions must be checked carefully again. Con-
stant metering of the grid, screen and plate
currents is very helpful. One meter, switched to the
various circuits, is definitely not recommended. A
relative-power indicator in the antenna line is a
necessity.

All this makes it appear that adjustment of a
linear is a very complex and difficult process, but
with experience it becomes almost second nature,
even with all the points that must be kept in mind.
It boils down to keeping the amplifier adjusted for
maximum power output, and the drive level low
enough so that there is no distortion, but high
enough so that maximum efficiency is obtained.
Practice doing this with the amplifier running into
a dummy load, and the process will soon become
almost automatic. Your amateur neighbors (and
perhaps TV viewers nearby, as well) will appreciate
your cooperation!

About Driver Stages

If the amplifier is capable of reproducing the
driving signal exactly, it follows that the driver
quality must be above reproach. This is quite
readily assured, in view of the low driving power
required with the ABjy linear. Only about two
watts exciter power is needed to drive a grounded-
cathode ABq linear of good design, so it is possible
to build excellent quality and modulation charac-
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Fig. 7-3 — The G-meter transverter, with shield
cover in place. Large knobs are for amplifier tuning
and loading. Small knob, lower right is for a meter
§ensitivity control. The meter switch is just above
it.

teristics into the a-m driver or ssb exciter. If this is
done, and the amplifier is operated properly, the
result can be a signal that will bring appreciative
and complimentary reports from stations worked,
on bath a-m and ssb.

VHF TVI CAUSES AND CURES

The principal causes of TVI trom vhf transmit-
ters are as follows:

1) Adjacent-channel interference in Channels 2
and 3 from 50 MHz.

2) Fourth harmonic of 50 MHz in Channels 11,
12 or 13, depending on the operating frequency.

3) Radiatior of unused harmonics of the oscil-
lator or nultiplier stages. Examples are 9th har-
monic of 6 MHz, and 7th harmonic of 8 MHz in
Chanrnel 2; 10th harmonic of 8 MHz in Channel 6;
7th harmonic of 25-MHz stages in Channel 7; 4th
harmonic of 48-MHz stages in Channel 9 or 10; and
many other combinations. This may include i-f
pickup, as in the cases of 24-MHz interference in
receivers having 21-MHz i-f systems, and 48-MHz
trouble in 45-MHz i-fs.

4) Fundamental blocking effects, including
modulation bars, usually found only in the lower
channels, from 50-MHz equipment,

5) Image interference in Channel 2 from 144
MHz, in receivers having a 45-MHz i-f.

6) Sound interference (picture clear in some
cases) resulring from rf pickup by the audio
circuits of the TV receiver.

There are other possibilities, but nearly all can
be corrected completely, and the rest can be
substantizlly reduced.

VHF AND UHF TRANSMITTING

Items 1,4 and 5 are receiver faults, and nothing
can be done at the transmitter to reduce them,
except to lower the power or increase separation
between the transmitting and TV antenna systems.
Item 6 is also a receiver fault, but it can be
alleviated at the transmitter by using fm or cw
instead of a-m phone.

Treatment of the various harmonic troubles,
Items 2 and 3, follows the standard methods
detailed elsewhere in this Handbook. It is suggested
that the prospective builder of new vhf equipment
familiarize himself with TVI prevention tech-
niques, and incorporate them in new construction
projects.

Use as high a starting frequency as possible, to
reduce the number of harmonics that might cause
trouble. Select crystal frequencies that do not have
harmonics in TV channels in use locally. Example:
The 10th harmonic of 8-MHz crystals used for
operation in the low part of the 50-MHz band falls
in Channel 6, but 6-MHz crystals for the same band
have no harmonic in that channel.

If TVI is a serious problem, use the lowest
transmitter power that will do the job at hand.
Keep the power in the multiplier and driver stages
at the lowest practical level, and use link coupling
in preference to capacitive coupling. Plan for
complete shielding and filtering of the rf sections
of the transmitter, should these steps become
necessary.

Use coaxial line to feed the antenna system,
and locate the radiating portion of the antenna as
far as possible from TV receivers and their antenna
systems.

50-MHZ TRANSVERTER

With the increase in use of ssb on the vhf bands,
there is much interest in adapting hf ssb gear to use
on higher frequencies. The transverter of Fig. 7-3
will provide transceiver-style operation on 50 MHz,
when used with a low-powered 28-MHz transceiver.
The output of the transmitter portion is about 40
watts, adequate for much interesting work. It can
be used to drive an amplifier such as the grounded-
grid 3-500Z unit described later in this chapter.
The receiving converter combines simplicity, ade-
quate gain and noise figure, and freedom from
overloading problems.

Circuit Details

The receiving front end uses a grounded-gate
JFET 1f amplifier, Q1 in Fig. 7-5, followed by a
dual-gate MOSFET mixer, Q2. Its 22-MHz injec-
tion voltage is taken from the oscillator and buffer
stages that also supply injection for transmitter
mixing. The difference frequency is 28 MHz, so the
transceiver dial reading bears a direct 28-50 rela-
tionship to the 50-MHz signal being received. For
more detail on the converter construction and
adjustment, see Fig. 9-9 and associated text. The
transverter uses the grounded-gate rf amplifier
circuit, while the converter referred to above has a
grounded source, but they are quite similar other-
wise.

The triode portion of a 6LN8, V1A, is a
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22-MHz crystal oscillator. The pentode, V1B, is a
buffer, for isolation of the oscillator, and increased
stability. Injection voltage for the receiving mixer
is taken from the buffer output circuit, L8,
through a two-turn link, L9, and small-diameter
coax, to gate 2 of the mixer, through a 10-pF
blocking capacitor.

The grid circuit of the 6EJ7 transmitting mixer,
V2, is tuned to 22 MHz and is inductively coupled
to the buffer plate circuit. The 28-MHz input is
applied to the grid circuit through a link around
L11, and small-diameter coax. The mixer output,
L12, is tuned to the sum frequency, 50 MHz, and
coupled to a 6GK6 amplifier, V3, by a bandpass
circuit, L12 and L13. The 6GK6 is bandpass-
coupled to the grid of a 6146 output stage, V4.
This amplifier employs a pi-network output stage.

The 6146 plate dissipation is held down during
the receiving periods by fixed bias that is switched
in by relay K1. The mixer and driver tubes have
their screen voltage removed during receiving, by
the same relay, which also switches the antenna
and 28-MHz input circuits for transmitting and
receiving. The relay is energized by grounding pin 7
of P1 through an external switch, or by the VOX
relay in the transceiver.

Construction

A 7 X 9 X 2-inch aluminum chassis is used for
the transverter, with a front panel 6 inches high,
made of sheet aluminum. The top and sides are
enclosed by a one-piece cover of perforated alumi-
num. The output-stage tuning control, CS, is on
the upper left of the panel, 2 inches above the
chassis. The loading control, C6, is immediately
below, under the chassis. The meter, upper right,
monitors either 6146 plate current or relative
output, as selected by the switch, S1, immediately
below it. A sensitivity control for calibrating the
output-metering circuit completes the front-panel
controls.

The output connector, J2, is centered on the
rear apron of the chassis, which also has the input
jack, J1, the 8pin connector, P1, and the bias-
adjusting control mounted on it.

The meter is a 1-mA movement, with multiplier
resistors to give a full-scale reading on a current of
200 mA. The front cover snaps off easily, to allow
calibration marks to be put on as desired.

An enclosure of perforated aluminum, 3 1/4
inches high, 4 inches wide and 4 3/4 inches long
shields the 6146 and its plate circuit. There is also
an L-shaped shield around the 6146 socket, under
the chassis.

The receiving converter is built on a
2 1/2 X4 1/4-inch etched board, and mounted
vertically in a three-sided shield of sheet aluminum.
Before mounting the converter shield, be sure to
check for clearance with the terminals on the
meter. Remember, the meter has full plate voltage
on it when the switch is set to read plate current,
even when the transverter is in the receiving mode.

Testing of the transverter was done with the
General-Purpose Supply for Transceivers, described
in the power supply chapter. Separate provision
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The
receiving converter is inside the shield at the left.
The 22-MHz crystal oscillator and buffer are in the
left rear portion of the chassis. In the right corner
is the transmitting mixer. Above it is the first
amplifier. The 6146 output amplifier is in the
shielded compartment at the left front.

Fig. 74 — Top view of the transverter.

must be made for 12 volts dc for the receiving
converter.

Injection voltage, signal input and if output
connections to the converter are made with small-
diameter coax. These and the 12-volt wiring are
brought up through small holes in the chassis,
under the converter. As seen in Fig. 9-11, the input
JFET, Q1, is on the left. The mixer is near the
center. The 28-MHz output coils, LS and L6, are
just to the right of Q2.

Note that there are two sets of relay contacts,
K1D and KI1F, in series in the receiver line. This
guarantees high isolation of the receiver imput, to
protect the rf amplifier transistor. Another protec-
tive device is the diode, CR1, across the coil of the
relay. If there are other relays external to this unit
that use the same 12-volt supply, it is advisable to
put diodes across their coils also. Spikes of several
volts can be induced with nmking and breaking of
the coil circuits.

Adjustment

A dip meter is very useful in the preliminary
tuning. Be sure that L7 and L8 are tuned to 22
MHz and L12 and L13 are tuned to 50 MHz. The
driver and output circuits should also be tuned to
50 MHz. Cheek to be sure that slug-tuned coils
really tune through the desired frequency. Quite
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often troubles are eventually traced to coils where
the circuit is only approaching resonance as the
core centers in the winding. Such a circuit will
appear to work, but drive will be low, and spurious
outputs will tend to be high. This is a common
trouble in overtone oscillators, with slug-tuned
coils.

Once the circuits have been set approximately,
apply heater and plate voltage to the oscillator, and
tune L7 for best oscillation, as checked with a
wavemeter or a receiver tuned to 22 MHz. Connect
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a 28-MHz receiver to the input, J1, and apply dc to
the converter. It should be possible to hear a strong
local station or test signal immediately. Peak all
coils for best reception, then stagger-tune LS and
L6 for good response across the first 500 kHz of
the band.

Before applying plate voltage to the 6146, it is
advisable to protect the tube during tuneup by
inserting a 1500- or 2000-ohm 25-watt resistor in
series with the plate supply. Connect a 50-ohm
load to the output jack, and energize K1. Adjust
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Fig. 7-6 — Schematic diagram and part information

for the 50-MHz transverter.

C1 — 10-pF subminiature variable {Hammarlund
MAC-10}).

C2 — 5-pF subminiature variable (Hammarlund
MAC-5).

C3 — 2 1/2-inch length No. 14 wire, parallel to and
1/4 inch away from tube envelope. Cover with
insulating sleeve.

C4 — 500-pF 3000-volt disk ceramic.

C5 — 10-pF variable (Johnson 149-3, with one
stator and one rotor plate removed).

C6 — 140-pF variable (Millen 22140).

CR1 — 1N128 diode.

CR2 — 1N83A diode.

J1 — Phono jack.

J2 — Coaxial jack, SO-239.

K1 — 6-pole double-throw relay, 12-voit dc coil.

L1 — 2 turns small insulated wire over ground end
of L2.

L2, L3, L4 — 10 turns No. 24 enamel closewound
on J. W. Miller 4500-4 iron-slug form.

LS, L6 — 12 turns No. 24 enamel on J. W. Miller
4500-2 iron-slug form,

L7, L8, L11 — Iron-slug coils adjusted for 4.1, 5.5
and 5.5 UH, respectively {Miller 4405).

L9, L10 — 2 turns smalt insulated wire over ground
ends of L8 and L11.

L12, L13 — 1-uH iron-slug coil J. W. Miller 4403, 3
turns removed.

L14 — 7 turns No. 20, 1/2-inch dia, 1/2 inch long
(B & W 3003).

L15 — Like L14, but 6 turns.

L16 — 6 turns No. 20, 5/8-inch dia, 3/4 inch long
(B & W 3006).

P1 — 8-pin power connector.

RFC1 — 68-UuH rf choke (Millen 34300).

RFC2 — 8.2-uH rf choke (Millen J-300).

RFC3 — 5 turns No. 22 on 47-ohm 1/2-watt
resistor.

RFC4 — 4 turns No. 15 on 47-ohm 1-watt resistor.

RFC5, RFC6 — 8.2-uH rf choke (Millen 34300).

S1 — Dpdt toggle.

Y1 — 22-MHz overtone crystal
Crystal Co., Type EX).

(International

the bias control for 25 to 30 mA plate current.
Apply a small amount of 28-MHz drive. A fraction
of a watt, enough to produce a dim glow in a No.
47 pilot lamp load, will do. Some output should be
indicated on the meter, with the sensitivity control
fully clockwise. Adjust the amplifier tuning and
loading for maximum output, and readjust all of
the 50-MHz circuits likewise.

After the circuits have been peaked up, adjust
the bandpass circuits by applying first a 28.1-MHz
input and then a 28.4-MHz input, and peaking
alternate coils until good operation is obtained
over the range of 50.0 to 50.5 MHz. Most ssb
operation currently is close to 50.1 MHz, so
uniform response across a 500-kHz range is not too
important, if only this mode is used. If the
10-meter transceiver is capable of a-m operation,
and you want to use this mode, coverage up to
50.5 with uniform output may be more desirable.
Adjust the position of the neutralizing wire, C3,
for minimum f in L16, with drive on, but no
screen or plate voltage on the 6146.
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Fig. 76 — Bottom of the transverter, with the
6146 socket inside the shield compartment at the
right. Three sets of inductively-coupled circuits are
visible in the upper-right corner. The first two, near
the top of the picture, are on 22 MHz. Next to the
right and down, are the mixer plate and
first-amplifier grid circuits. The self-supporting
6GK6 plate and 6146 grid coils are just outside the
amplifier shield compartment. The large variable
capacitor is the loading control.

Now apply full plate voltage. With no drive, set
the bias adjustment for a 6146 plate current of 25
to 30 mA. With the dummy load connected,
experiment with the amount of drive nesded to
reach maximum plate current. Preferably, use a
scope to check for flat-topping as the drive is
increased. An output of 40 watts, cw, should be
obtainable. The quality of the ssb signal is deter-
mined first by the equipment generating it, but it
can be ruined by improper operation. Over driving
the mixer or the 6146, and improper loadirg of the
amplifier will cause distortion and splatter. Contin-
uous monitoring with a scope is the best preventive
measure.

Because of the frequencies mixed, und the
bandpass coupling between stages, the output of
the transverter is reasonably clean. Still, use of an
antenna coupler or filter between the transverter
and antenna is good insurance. The same treatment
of the transverter output is desirable wher driving
a linear amplifier.
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Fig. 7-7 — Panel view of the 2-meter transverter.
This version is patterned after a transmitting
converter design by KQUIF. The on-off switches
for ac and dc sections of the power supply are
mounted on the front panel of the unit as are the
pilot lamps and plate meter for the PA stage. The
tuning controls for the various stages are accessible
from the top of the chassis.

A 2-METER TRANSVERTER

This transverter is designed to be used with any
14- or 28-MHz ssb exciter capable of delivering
approximately 20 watts peak output. It is stable
both in terms of frequency and general operating
conditions. It can provide up to 20 watts PEP
output at 144 MHz — sufficient, say, for driving a
pair of 4CX250 tubes in Class C for cw operation,
or the same pair of tubes can be operated AB; to
provide 1200 watts PEP input with this unit as a
driver. The output signal is clean and TVI should
not be experienced except where receiver faults are
involved.

It is not recommended that beginners attempt
this project since vhf ssb circuits require special
care in their construction and operation, some-
times a requirement that is a bit beyond the
inexperienced builder.

How It Operates

Starting with V1A, the oscillator, I'ig. 7-8, a
43.333-MHz or overtone crystal is used at Y1 to
provide the local-oscillator signal for the exciter.
Output from V1A is amplified by VIB to a
suitable level for driving the tripler, V2. 130-MHz
or 116-MHz energy is fed to the grids of V3, a
6360 mixer, by means of a bandpass tuned circuit,
L3,Cl, and L4,C2. The sclectivity of this circuit is
high, thus reducing unwanted spurious energy at
the mixer grids.

Output from the exciter is supplied through an
attenuator pad at J1 and is injected to the mixer,
V3, at its cathode circuit, across a 270-ohm
resistor. The attenuator pad can be eliminated if a
very low-power exciter is to be used. The values
shown in Fig. 7-8 were chosen for operation with a
Central Electronics 20A exciter operating at full
input, or nearly so. The amount of driving power
needed at the cathode of V3 is approximately 4 or
5 watts PEP.

VHF AND UHF TRANSMITTING

B1 — Small 15-volt battery.

C1 — 20-pF miniature variable {E. F. Johnson
160-110 suitable).

C2, C3, C5 — 10-pF per section miniature butterfly
{E. J. Johnson 167-21 suitable).

C4 — 5-pF per section miniature butterfly (E. F.
Johnson 160-205 suitable).

C6 — 20-pF miniature variable {same as C1).

11, 12 — 117-Vac neon panel lamp assembly.

J1-J3, incl. — SO-239-style coax connector.

J3 — Closed-circuit phone jack.

L1 — 15 turns No. 28 enam. wire, close-wound, on
1/4-inch dia slug-tuned form {(Millen 69058
form suitable).

L2 — 12 turns No. 28 enam. wire, close-wound, on
same type formas L1.

L3 — 5 turns No. 18 wire space-wound to 7/8-inch
length, 1/2-inch dia, center-tapped.

L4 — 3 turns No. 18 wire, 1/2-inch dia, 3/8-inch
long, center-tapped.

L5 — 5 turns No. 18 wire, 1/2-inch dia, 5/8-inch
long, center-tapped.

L6 — 3 turns No. 18 wire, 1/2-inch dia, 5/8-inch
long, center-tapped.

L7 — 4 turns No. 18 wire, 1/2-inch dia, 1/2-inch
long, center-tapped.

L8 — 1-turn link of insulated hookup wire,
1/2-inch dia, inserted in center of L7.

L9 — 2 turns of insulated hookup wire over L3.

M1 — 0 to 200-mA dc meter. .

P1 — 11-pin chassis-mount maie plug {Amphenol
86PM11).

R1 — 50,000-ohm linear-taper, 5-watt control.

RFC1-RFC3, incl. — 2.7-uH rf choke (Millen
34300-2.7).

S1, 82 — Spst rocker-type switch (Carling

TIGK60).

Y1 — 43.333-MHz third-overtone crystal for

14-MHz input. If a 28-MHz transceiver will be
used, a 38.667-MHz crystal is required.

After the 130-MHz and 14-MHz signals are
mixed at V3, the sum frequency of 144-MHz is
coupled to the grids of V4, the PA stage, by means
of another bandpass tuned circuit — further reduc-
ing spurious output from the exciter. PA stage V4
operates in the AB; mode. Its idling plate current
is approximately 25 mA. The plate current rises to
approximately 100 mA at full input.

If cw operation is desired, the grid-block keying
circuit in the mixer stage (J3) can be included. If
ssb operation is all that is contemplated, the minus
100-volt bias line can be eliminated along with J3,
R1, and the shaping network at J3. In that case the
15,000-ohm grid resistor from the center tap of L4
would be grounded to the chassis.

The receiving section uses a low-noise uhf
MOSFET as the rf amplifier and a second dual-gate
MOSFET as the mixer. See Fig. 7-10. The gate-1
and drain connections of the rf amplifier are
tapped down on the tuned circuits so that uncondi-
tional stability is achieved without neutralization.
Oscillator energy is sampled with a two-turn link
wound over L3. A short length of RG-58A/U
carries the injection energy to Q2. The converter is
built in a 5§ X 2 1/4 X 2 1/4-inch box constructed
from four pieces of double-sided circuit board that
have been soldered on all abutting edges. The unit
is mounted on the transverter front panel.



Fig. '{-8 - Schgmatic di_agram of the transmitting converter portion of the transverter. Fixed-value
capacitors are disk ceramic uniess noted differently. The polarized capacitor is electrolytic. Fixedwvalue
resistors are 1/2-watt carbon unless otherwise noted.
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Fig. 7-9 — Inside view of the converter. Shields are
used between the rf amplifier input and output
circuits, and between the latter and the mixer
input circuit. The cable entering the bottom side of
the enclosure carries the oscillator injection energy.
Qutput to the associated receiver or transceiver is
taken through the jack to the left.

Construction Notes

The photographs show the construction tech-
niques that should be followed for duplicating this
equipment. The more seasoned builder should have
no difficulty changing the prescribed layout to fit
his particular needs, but the shielding and bypass-
ing methods used here should be adhered to even if
changes are made.

An 8 X 12 X 3-inch aluminum chassis is used
for this equipment. An internal chassis, 5 inches

144 MHz

144 MHz

c?
15

J4

ANT

VHF AND UHF TRANSMITTING

wide, 3 inches deep, and 12 inches long, is made
from flashing copper and installed along one edge
of the main chassis. This method makes it possible
to solder directly to the chassis for making positive
ground connections rather than rely on mechanical
joints. Shield partitions are made of copper and are
soldered in place as indicated on the schematic
diagram and in the photo. An aluminum bottom
plate is used to enclose the underside of the chassis
for confining the rf.

Feedthrough capacitors are used to bring power
leads into the copper compartment. Though this
adds somewhat to the overall cost of the project, it
provides excellent bypassing and decoupling, thus
reducing unwanted interstage coupling. It also
contributes to TVI reduction. Most surplus houses
stock feedthrough capacitors, and offer them at
reasonable cost.

Tune-Up

An antenna-changeover relay and a set of
normally-open relay contacts, both operated by
the exciter, must be provided. The remote control
leads, from P2, should be connected to the relay
contacts, With power applied to the converter, L12
should be set for maximum noise input to the
transceiver. Then, using a signal generator or
off-the-air weak signal, peak L9, L10 and L11 for
best signal-to-noise ratio.

The transmitter section can be powered by the
circuit of Fig, 7-12, or the builder can design a
supply of his own choice. Regulated voltages are

116 OR 130 MHZ
Jé

5
M 28MHz
I > OR 14 MHz
TO TRANSCEIVER

o1V
S an
-0—O

Fig. 7-10 — Diagram of the converter section.
Resistors as 1/4-watt composition and capacitors
are disk ceramic, except as noted otherwise.

C7-C9, incl. — Air variable, pc mount (Johnson
189-0505-105).

C10 — Feedthrough type.

L9 — 4 1/2 turns, No. 18 tinned wire, 1/4-inch ID.
Tap at 1 1/2 turns up from the ground end for
the antenna connection, and at 3 turns for the
Q1 gate.

L10 — 4 1/2 turns, No. 18 tinned wire, 1/4-inch

EXCEPT AS INOICATEO, OECIMAL VALUES OF
CAPACITANCE ARE IN MICROFARAOS ( yF }
OTHERS ARE IN PICOFARADS (pF OR yyF),
RESISTANCES ARE IN OHMS |

k= 1000, M+1000 000.

S M:=SILVER MICA
% = GATE PROTECTED

iD. Tap at 3 turns up from the cold end for the
Q1 drain connection,

L11 — 5 turns No. 18 tinned wire, 1/4-inch 1D.

L12 =1.99-2.42-uH slug-tuned coil, pc mount, for
28-MHz output (J. W. Miller 46A226CPC); or,
for 14-MHz output, 7.3-8.9-uH (J. W. Miller
46A826CPC).

J4-J6, incl. — Phono type.

Q1, Q2 — RCA dual-gate MOSFET.

Z1 12-V miniature power supply, transistor
radio type.
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Fig. 7-11 — Looking
into the bottom of
the chassis, the rf
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section is enclosed
in a shield compart-
ment made from
flashing copper. Ad-
ditional divider sec-
tions isolate the in-
put and output
tuned circuits of the
last three stages of
the exciter. Feed-
through capacitors
are mounted on one
wall of the copper
compartment to
provide decoupling
of the power leads.

recommended for best operation.

With a dummy load connected to J2, apply
operating voltage. Couple a wavemeter to L1 and
tune the oscillator plate for maximum output.
Then, detune the slug of L1 slightly (toward
minimum inductance) to assure reliable oscillator
starting. Couple the wavemeter to L2 and tune for

and C4 for maximum indicated plate current at
M1, then adjust C5 and C6 for maximum power
output to the dummy load. C1, C2, C3 and C4
should be readjusted at this point for maximum
plate current of the PA stage. Use only enough
drive to bring the PA plate current up to 100 mA
at maximum dc input power.

A closed-circuit keying jack is used at J3 so that
the mixer stage is not biased to cutoff during voice
operation. Inserting the key permits full bias to be
applied, thus cutting off V3. R1 should be adjusted
for complete cutoff of V3 when the key is open.

peak output. With the wavemeter applied to L4,
adjust C1 and C2 for maximum indicated output.

The next step is to connect the transceiver to
J1 and supply just enough drive to cause a rise in
PA plate current of a few milliamperes. Tune C3

Yoo 2 woour
Sw A asov
st
CR1 =ll T
1004F | + 100K 7 |
m 4sov—L 2w 10
CR2 T n
2]
6.3v 082 4] T

e a EXCITER
{ J > |
e :
0A2 i
T2 i
PRI. - nl.
L -100V_BIAS 18]

cral” L 1oouF
+J, T50v
{1 T—
3A
lf‘@ FUSE

WIVAC

Fig. 7-12 — Schematic of the power supply section. On-off switches for the ac and dc circuits are
mounted in the rf deck along with the pilot lamps. Polarized capacitors are electrolytic, others are disk
ceramic. CR1 and CR2 are 1000-volt, 1-ampere silicon diodes. CR3 is a 200-PRV 600-mA silicon diode.
T1 is a power transformer with a 540-volt ct secondary at 120 mA. Filament windings are 5 volts at 3
A, and 6.3 volts at 3.6 A. T2 is a 6.3-volt, 1-ampere filament transformer connected back to back with
the 5-volt winding of T1. S1 is an 11-pin socket (female). A 10,000-ohm resistor and a .01-UF disk
capacitor are connected in series between the center tap of T1's secondary and ground for transient
suppression when S2 is switched to on. The suppressor is mounted at S2, in the rf deck.
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A 500-WATT FM AND CW
TRANSMITTER FOR 220 MHZ

This 220-MHz transmitter was designed and
built by R. B. Stevens, WIQWJ, and was first
described in May 1969 QST. It is capable of 300
watts output, cw or fm, or the exciter portion can
be used alone to deliver approximately 8 watts
output.

The RF Circuits

Looking at the schematic diagram, Fig. 7-15, it
will be seen that the first three stages of the
transmitter look very much like any vhf transmit-
ter using vacuum tubes. A conventional 6CL6
crystal oscillator, V1, uses 6-, 8- or 12-MHz
crystals, multiplying in its plate circuit to 24 MHz
(12 MHz crystals should be the fundamental type.)
A 6BQS, V2, triples to 73 MHz, and drives a 2E26
amplifier, V3, straight-through on this frequency.
A variable capacitor, C6, across the crystal, permits
a small adjustment of the frequency.

A varactor tripler, driven by the 2E26, is used
to get up to 220. Requiring no power supply of its
own, it is capable of more than enough power
output at 220 to drive our 500-watt amplifier.

The output of a varactor multiplier contains
harmonics other than the desired one, so a strip-
line filter is connected between the varactor output
and the final amplifier grid circuit. The filter is a
separate assembly mounted on the end of the
chassis, visible in two of the photographs. Full
details of the filter may be found in any edition of
the VHF Manual, and in this Handbook.

The final amplifier is a 4CX250 series external-
anode tube, with a coaxial tank circuit. The B
version is used here, but the R and F types have
the same mechanical design.

The coaxial plate circuit follows a standard
design. Such a tank has extremely high Q, and the

1 Brayley, “Coaxial-Tank Amplifier for 220 and

420 MHz,” "QST, May 1951, Also, VHF Manual,
Chapter 10.

VHF AND UHF TRANSMITTING

Fig. 7-13 — The 220-MHz transmitter is set up for
rack mounting on 8 3/4-inch panel. Meters at the
left can be switched to read driver plate, amplifier
screen and amplifier plate currents, and amplifier
plate volitage.

heavy copper (or brass) construction offers con-
siderable heat sinking. Probably its only disadvan-
tage is the necessity for feeding the high voltage in
through some kind of rf bypassing device. This and
the other mechanical features of a good coaxial
tank are not readily made with the simpler tools.
Details of the agsembly are given in Fig. 7-19.

The final grid circuit, visible in the end view
along with the varactor multiplier and the strip-line
filter, is a half-wave strip-line. The fan blows
cooling air into the grid compartment, up through
the 4CX250 socket, and out through the end of
the tank assembly, by way of the hollow inner
conductor, L10. The coaxial output fitting, J6, the
coupling loop, L11, and its series capacitor, C21,
are mounted on a small detachable plate bent to fit
the curvature of the coaxial assembly, and mount-
ed near the outer end. The varactor tripler is built
into the top of the amplifier grid assembly, and is
visible in the end view along with the final grid
circuit and the strip-line filter.

Generating the Frequency Modulation

Where only a small swing at the control
frequency is needed, as in a vhf or uhf transmitter
having a high order of frequency multiplication,
the modulation can be applied very easily. A
voltage-variable capacitor, CR1, changes capaci-
tance in relation to the audio voltage applied across
it, and this changing capacitance is used to “pull”
the frequency of the crystal oscillator slightly. A
good 8-MHz crystal can be pulled about 600 Hz in
this way. With 27-times frequency multiplication
this gives a maximum deviation in excess of 16 kHz

Fig. 7-14 — Rear view of the 220-MHz transmitter.
The exciter stages are on a circuit board in the
foreground. Chassis at the right side houses the
varactor tripler and the amplifier grid circuit. Air
blows into this compartment and out through the
center conductor of the coaxial plate-circuit
assembly.
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Fig. 7-15 — Schematic diagram and parts information for the W1 QWJ 220-MHz exciter and frequency
modulator. Capacitors with polarity marked are electrolytic. Components not specified below are
marked for text reference purposes. C1 through C5 are dipped mica or silver mica.

C6 — 30-pF miniature trimmer (Johnson 160-130). CR2, CR3 — Any silicon diode (Motorola 2105 or L3 — 7 turns No. 22, 1/2-inch dia, 3/8 inch long.

C7, C8 — 20-pF miniature trimmer (Johnson similar). Tap 4 turns from grid end.

160-110). J1 — Closed-circuit jack. L4 — 5 turns No. 16, 1/2-inch dia, 1 inch long.

C9 — 15-pF variable, double-spaced (Hammarlund J2 — BNC chassis fitting. Y1 — 8150-kHz crystal, HC-6/U holder preferred.
HF-15-X). L1 — 10 turns No. 22 enamel, closewound on 6112 kHz or 12223-kHz fundamental crystal

C10 — 140-pF variable {(Hammarlund HF-140). 1/4-inch slug-tuned form. also usable. Frequencies given are for low-fre-

CR1 — Varicap diode.

L2 — 4 turns No. 22, 1/2-inch dia, 7/16 inch long. quency end of the band. Use C6 for slight
frequency adjustment.
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Fig. 7-16 — Circuit of the varactor multiplier, 73 to 220 MHz.

C11, C13, C14, C16 — 15-pF miniature variable
{Johnson 160-107). Rotor of C11 must be
insulated from chassis.

C12 20-pF miniature
160-110).

C15 — 5-pF ceramic.

L5 — 8 turns No. 16, 1/2-inch dia, 7/8 inch long.

variable (Johnson

Fig. 7-17 — Schematic diagram and parts in-

1

]
formation for the 220-MHz final amplifier. :
Decimal values of capacitance are in micro- )
farads (UF); others in pF. |

1

L
C17 — 20pF miniature variable (Johnson

160-110). Stator supports end of L9.

C18 — 15-pF silver mica.

C19 — Capacitor built into socket assembly
{Johnson 124-109-1 socket, with 124-113-1
bypass ring and 124-111-1 chimney).

C20 — Disk-type tuning capacitor; see Fig. 7-19.

C21 — 15-pF miniature variable (Johnson
160-110).

C22 — Built-in bypass capacitor; see Fig. 7-19.

C23 — 500-pF, 5-kV or more.

J6 — N-type fitting.

L9 — Brass strip, 1/16 by 3/8 by 6 1/2 inches.
Bolts to grid terminal on socket. Tap C18 7/8
inch from grid.

L6 — 4 turns No. 16, 1/2-inch dia, 1/2 inch long.

L7 — 3 turns No. 16, 3/8-inch dia, 3/8 inch long.

L8 — 3 turns No. 16, 3/8-inch dia, 3/8 inch long,
tapped at 1 turn from grounded end.

CR8 — Varactor diode {Amperex H4A/1N4885).

J3, J4 — BNC fitting.

AMP

~S50V BIAS

L10 — Coaxial line inner conductor; see Fig. 7-19.

L11 — Output coupling loop made from3 1/4
inches No. 16. Cover with insulating sleeving
and bend to 3/4 inch high and 1 3/4 inch long.
See Fig. 7-1.

RFC4, RFC5 — 0.84 uH rf choke {Ohmite Z-235).

J5 — BNC fitting.

at the operating frequency, close to the optimum
for most of the fm receivers currently in use in
fixed-frequency service on 6 and 2. Lesser devia-
tion, for working into communications receivers,
most of them having about a 3-kHz bandwidth
today, is merely a matter of applying less audio.

Adjustment and Operation

This is not intended to be a beginner’s project,
so detailed discussion of the mechanical layout will
be omitted. The mechanical arrangement of the

components could be altered to suit one’s own
requirements, since the complete transmitter is
made up of many subassemblies. Adjustment for
best results may be somewhat strange to anyone
who has not had experience with varactor multipli-
ers.

The first step is to get a good 52-ohm load. For
the present, it will have to handle a maximum of
about 10 watts. A good SWR bridge is also needed
for the tests. The first step is to adjust the exciter.
Procedure here is like that for any similar lineup of
tubes, but the 2E26 must be adjusted for optimum
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CIRCUMFERENCE

Fig. 7-18 — Circuit details of the built-in power
supplies for amplifier bias (tower) and speech
amplifier-modulator (upper) for the 220-MHz
transmitter. Capacitors with polarity marked are
electrolytic. Al diodes are 200-volt PRV, 1A.
R1 and R2 are approximate values. Select for 12
and minus 50 volts output, respectively. Capa-
citance is in microfarads.
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Fig. 7-19 — Details of the
coaxial-line plate circuit of
the 220-MHz transmitter.

results when working into a 52-ohm load. Once an
output of 10 to 12 watts is obtained in this way,
leave the tuning of the 2E26 and preceding stages
alone thereafter.

Now connect the SWR bridge output to J3 of
the varactor multiplier, and tune C11 and C12 for
lowest SWR indication. Leave the 2E26 adjust-
ments alone.

Now connect a coaxial cable from J2 to J3, and
connect the bridge or wattmeter in a line from J4
to the dummy load. Adjust C13, C14 and C16 for

maximum output at 220 MHz. Adjustments in the
multiplier interlock, and several passes through all
adjustments may be needed for best output. But
remember that the 2E26 is set for a 52-ohm load.
Leave it alone, and make the multiplier adjust-
ments do the job. An indication of some 8 watts or
so of output should be obtained. Part of this will
be harmonic energy, however, so the SWR bridge
should now be connected between the strip-line
filter and the amplifier grid circuit, and the filter
adjusted for maximum forward power and the
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amplifier input circuit for minimum reflected. This
should result in maximum grid current in the final
amplifier.

It is likely that getting cnough grid current for
the 4CX250B will not be difficult, as the linecup
described gives more than ample drive. Up to 20
mA grid current has been obtained, but not this
much is needed. In fact, with fm or cw operation,
only a slight increase in efficiency is noted after
the drive is raised beyond the point where grid
current begins to flow.

VHF AND UHF TRANSMITTING

Fig. 7-20 — Looking
underneath the
chassis of the
220-MHz transmit-
ter, we see the
speech amplifier-
clipper at the lower
left, the exciter cir-
cuits across the top,
power supply com-
ponents at the up-
per left, and meter
switching, tower
right,

Adjustment of the coupling loop, L11, and the
loading capacitor, C21, will be fairly critical when
striving for the absolute maximum output. Follow-
ing the manufacturer’s recommendations as to
maximum plate voltage and current, 2000 volts at
250 mA, resulted in about 320 watts output.
Raising the plate current to 300 mA, by increasing
the screen voltage, netted 400 watts output. Even
at this input the tube secmed to be operating well
and the tank circuit did not indicate excessive
heating.

|

Fig. 7-21 — Looking
into the amplifier

grid compartment.
The varactor tripler
is in the upper left
portion. Below the
compartment is the
220-MHz  strip-line
filter.




A Simple Varactor Tripler for 432 MHz

A SIMPLE VARACTOR
TRIPLER FOR 432 MHZ

As pointed out in the chapter on semiconduc-
tors, a varactor tripler circuit requires the presence
of an “idler” circuit tuned to the second harmonic
of the fundamental frequency. The fundamental
frequency and the second harmonic beat together
to give the third harmonic output. This conversion
action (rather than distortion action as in a
vacuum-tube frequency multiplier) means that an
a-m signal can be used to excite a varactor tripler,
and the a-m will be maintained in the output at the
third harmonic. Thus a 144-MHz a-m signal can be
used to drive a varactor tripler to obtain an a-m
signal at 432 MHz.

The tripler shown in Fig. 7-22 will deliver about
14 watts at 432 MHz when driven with 20 watts at
144 MHz. It features a “strip line” output circuit
for good selectivity and efficiency. Referring to the
circuit diagram, Fig. 7-23,C1,C2 form a capacitive-
divider input circuit to provide a 50-ohm load for
the transmitter driving the tripler. These tune with
L1 to 144 MHz. The varactor is an Amperex H4A
(1N4885). L2 and C3 tune to 288 MHz to form
the idler circuit, and L3,C4 provide coupling
adjustment to the stripline circuit tuned to 432
MHz. LS and C6 provide output coupling.

The tripler is built in a 5 X 7 X 2-inch chassis.
A shield is formed to fit the length of the chassis 2
inches from one wall, forming a 2-inch square
trough inside the chassis. A National TPB polysty-
rene feedthrough connects the varactor to L3.

Details of the strip-line circuit construction are
shown in Fig. 7-25. The line is a S-inch brass strip
1/2 inch wide, having a 1/2-inch “‘foot” at the
bottom for bolting the strip to the chassis. The
input and output links are tuned with TV-type
ceramic trimmers. The low-potential ends of L3
and L5 are soldered directly to the tops of these
trimmers. C5 is made by cutting two l-inch disks
from sheet brass. One disk is soldered to the end of
L4, and a mount for the other disk is fashioned
from a Miller 4400 coil form. The ceramic form
itself is broken off the mount, and the slug
removed from the end of the threaded rod. The
disk is then soldered to the end of the rod. The
coil-form base is mounted on the chassis so that
the two disks are opposite each other. For better
mechanical stability of the tuning shaft, a 6-32
lock nut can be placed on the shaft.

Tuning Up

A varactor multiplier is simple to tune, pro-
vided one has the proper test equipment. But test
equipment for 432 MHz is not easy to come by.
Most constructors will find they have to spend
more time making test gear to check the varactor
than in building the multiplier itself. Fig. 7-26
shows two possible test setups for checking a
multiplier unit. The first requires a nonreactive
50-ohm dummy load, and the second uses a
transmtach with a 300-ohm load. Most of the
dummy loads available to amateurs are too reactive
at 432 to be any good. The constructor may make
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his own 50-ohm load from 100 feet of RG-58/U
coax. This length of coax, terminated with a
50-ohm, 2-watt composition resistor, will provide a
nonreactive load that will handle the power from
the varactor multiplier — and give the builder a
good lesson in the losses of coax lines!

Another approach is to make a dummy load
from carbon resistors and use a transmatch to tune
out any reactance in the load. This resonant load,
when used with an SWR indicator, will give a check
on the harmonic content of the varactor’s output.
(More about this later.) When the varactor multipli-
er is working, the transmatch can be used in the
station to match Twin-Lead feeders.

The 432-MHz transmatch circuit is shown in
Fig. 7-24. It is constructed from a 41/2
X 7 3/4-inch piece of sheet copper, with a 1 1/2-
inch lip bent on either end. Two hairpin loops are
used for L1 and L2. L2 is supported by a 3/4-inch
standoff insulator. A crystal socket is used as an
output connector as it has the proper pin size and
spacing for the popular Twin-Lead connectors. The
taps given in Fig. 7-24 for L2 should be good for
any low-reactance 300-ohm load. Other impe-
dances will require changing the position of the
taps.

In either test setup, a filter is used to insure
that the output you are measuring is 432-MHz
energy and not some other harmonic. A simple
strip-line filter like the unit described in the
chapter on Interference with Other Services will do
the job. A power indicator is the hardest item of all
to come up with. Bird wattmeters are very expen-
sive; it may, however, be possible to borrow one
from a local business-radio repairman. Several
models of Micromatch-type bridges that work on
432 are available on the surplus market.* One of
these units is a good investment for anyone
seriously interested in 432 work. If you are not
able to get a wattmeter, a simple relative indicator
such as a wavemeter can be used at the load.

The SWR bridge between the 144-MHz exciter
and the varactor multiplier indicates when the
varactor input circuit is properly tuned. The input
circuit of any of the varactor multipliers should be
adjusted for a minimum SWR reading. Then adjust
the idler and output circuits for maximum output
on 432 MHz. As the second-harmonic frequency is
approached, the idler adjustment will make the
output jump up.

The tuning adjustments will vary with changes
in the drive level. First adjustments should be made
with 10 or 15 watts from the exciter. After all the
tuned circuits are adjusted correctly at this power
level, the drive may be increased to about 30 watts
for the H4A. With higher-power varactors, higher
drive levels can be used. For any drive level, the
varactor circuits should be tuned for best power
output.

If you are using the 432-MHz transmatch, you
can get a check on the harmonic output by
adjusting the transmatch for a 1:1 SWR between
the multiplier and transmatch. Then remove the
strip-line filter and recheck the SWR. If the SWR

. *Try E. C. Hayden, Bay Saint Louis, Missis-
sippi.
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has gone up, you can be sure some harmonic
energy is getting out. Often these harmonics will
not cause any trouble even when the multiplier is
used directly into the antenna, but remember that
if they are there you will never see a 1:1 match to
your antenna.

Fig. 7-22 — The 432-MHz varactor tripler. The
input circuit is at the lower right and the varactor
with its biasing resistor is at the center. The
strip-line tank circuit in the trough is tuned by a
homemade capacitor described in the text.

VHF AND UHF TRANSMITTING
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C1 — 15-pF variable {(Hammarlund MAPC-15).

L, F’%Cs C2 — 25-pF variable (Hammarlund MAPC-25).
C3 — 15-pF variable (Johnsen 160-107).

A C4, C6 — 10-pF ceramic trimmer (Centralab

829-10).

288 | C5 — See text.
- L:" g J1, J2 — BNC coaxial receptacle, chassis-mounting.
@9 L1 — 6 turns No. 16, 3/8-inch dia, 1/2 inch long.
L2 — 3 turns No. 12, 3/8-inch dia, 3/4 inch long.
1
s S 104 Ce _@_}—(OUTPUT
— -«
92
A

output circuit is used
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]

Fig. 7-26 — 432-MHz 1ank-circuit details for the
varactor tripler, L3 and L5 are coupling loops
made from No. 14 wire, and L4 is a 1/2-inch wide
brass strip.
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Fig. 7-23 — Circuit diagram of the 432-MHz varactor tripler. A strip-line

for better attenuation of unwanted harmonics than is

possible with lumped-constant circuits.

Fig. 7-24 — 432-MHz transmatch diagram.

C1 — 15-pF variable {(Johnson 160-107).

Cc2 8-8-pF dual-section variable
160-208).

J1 — BNC coaxial receptacle, chassis mounting.

J2 — Crystal socket.

L1 — Hairpin loop No. 14 wire; see above.

L2 — Hairpin loop No. 10 wire; see above; tap as
shown.

{Johnson

Fig. 7-26 — Test setups for checking varactor
multipliers,
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GROUNDED-GRID 50-MHZ AMPLIFIER

Increasing use of 50-MHz transceivers and
transmitters having outputs of 25 watts or more
has created a demand for amplifiers to be used
with such equipment as the driver. The grounded-
grid amplifier of Fig. 7-27 is designed for this use.
With 30 watts or more of driving power it will
deliver 600 watts cw output. As a Class-B linear,
single-tone conditions, its rated PEP output is 750
watts.

Circuit

The Eimac 3-500Z triode is designed for
grounded-grid service. As may be seen from Fig.
7-30, driving power is applied to the filament
circuit, which must be kept above rf ground by
means of high-current bifilar rf chokes, RFC1 and
RFC2. These are a central feature of the bottom
view, Fig. 7-29. The input impedance is low, so the
input circuit,L1,C1, tunes broadly,and the 50-ohm
line from the exciter is tapped well up on L1. The
plate circuit is merely a coil of copper tubing, L2,
inductively tuned by means of a “‘shorted turn” of
copper strip, rotated inside its cold end. See Fig.
7-28. Tuning is smooth and the rotating loop
avoids many problems commonly encountered in
tuning high-powered amplifiers by conventional
methods. Plate voltage is shunt fed to the tube, to
prevent the high dc voltage from accidentally
appearing on the output coupling loop or on the
antenna line.

Most of the lower part of the schematic
diagram has to do with control and metering, and
is largely self-explanatory. The exciter voice-
control relay shorts out R1I, allowing grid current
to flow, and making the amplifier operative, if the
filament and primary-control switches, S1 and S2,
have been closed. Feeding ac voltage to the
plate-supply relay through J4, J5 and Pl makes
application of plate voltage without the filament
and blower being on impossible.

Construction

The amplifier chassis is aluminum, 10 X12X3
inches in size, with the tube socket centered 3 1/8
inches from the front edge. The sheet-aluminum
panel is 10 inches high. The decorative edging is
“cove molding,” used by cabinet makers for
counter tops. Sides and back are also sheet
aluminum. Where they need not be removable,
parts are fastened together by pop-riveting. Tools
and rivets for this work can be found in most
hardware stores. Perforated aluminum (cane metal)
is used for the top, and for covering the panel
viewing hole.

Stretch the wire for the bifilar rf chokes, before
winding. Then, with the wires side by side, under
tension, wind them on a form of wood or metal.
This is left in until the choke ends are soldered in
position. Then remove the form and coat the
windings with coil cement, to help maintain turn
alignment.

-~

Fig. 7-27 — Table-top 50-MHz amplifier of
grounded-grid design, only 10 X 12 inches in size.
Grid and plate current are monitored simultaneous-
ly. Knobs at thz right are for input tuning, bottom,
amplifier loading, center, and plate tuning, top.

Connections to the grid terminals (on opposite
sides of the socket) are made with short 1/4-inch
copper straps soldered to the pins and bolted to
the chassis with No. 6 screws, nuts and lock-
washers. Be sure that a clean, tight rf ground
results.

In Fig. 7-28 it will be seen that the hot end of
L2 is supported on the top of the two blocking
capacitors, C3 and C4, which in turn, are mounted
on the Teflon rod that serves as the form for
RFC3. The ground end of L2 is supported on a
vertical post made of 3/8-inch copper tubing, 1 3/8
inches high. The end of the coil can be fitted with
a heavy copper lug, or pounded flat. A hole is
drilled in the flat portion and a 2-inch brass bolt
runs through it and the post and chassis. Be sure
that there is a permanent solid rf ground at this
point.

The shunt-feed rf choke is effectively across the
tuned circuit, so it must be a good one. Hand-
winding as described below is strongly recom-
mended, as no ready-made choke is likely to be as
good. Teflon is slippery, so a light thread cut in the
form will help keep the winding in place. If this
cannot be done, prepare and wind two wires, as for
the filament chokes. Feed the wire ends through
one hole in the form, and wind a bifilar coil. Pull
the other ends through the finish hole, bending one

?

9
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Fig. 7-28 — Interior view of the 50-MHz amplifier
shows the shorted-turn tuning system, plate coil
and output coupling, upper right. The tuning and
loading controls are mounted on a bracket to the
right of the 3-500Z tube and chimney. Meter
shielding is partially visible in the left front corner.

back tightly at the hole edge. Remove the other
winding, which should leave a tight evenly-spaced
coil that makes an excellent vhf choke.

The blocking capacitors, C3 and C4, are mount-
ed between brass plates, one of which is fastened
to the top of the rf choke form with a sheet-metal
screw. The other plate is connected to the hot end
of LZ by means of a wrap-around clip of flashing
copper. The lead to the tube plate cap is made with
braid removed from a scrap of coax. A strip of
flashing copper about 1/4 inch wide is also good
for this. Use a good heat-dissipating connector
such as the Eimac HR6.

The shorted-turn tuning ring is centered be-
tween the first two turns of L2. The ring is
attached to a ceramic pillar, and that to a 1/4-inch
shaft, the end of which is tapped for 8-32 thread.
This shaft runs through a bearing mounted in a
bracket 4 inches high and 2 3/4 inches wide,
fastened to the chassis and the side of the
enclosure. The output loading capacitor, C6, is also
mounted on this bracket. 1t is one inch above the
chassis, and the tuning-ring shaft is 3 1/4 inches
above the chassis. The input tuning capacitor, C1,
is mounted under the chassis, with equal spacing
between the three, for symmetrical appearance.

The output coupling loop, L3, is just inside the
cold end of L2. It can be adjusted for optimum
coupling by “leaning” it slightly into or out of L2.
Be sure that it clears the shorted turn throughout
movement of the latter.

The coaxial output jack, J3, is on the rear wall
of the enclosure. A small bracket of aluminum
grounds it to the chassis, independent of the
bonding between the chassis and the enclosure.
Plate voltage enters through a Millen 37001 high-

VHF AND UHF TRANSMITTING

voltage connector, J2, on the rear wall, and is
bypassed immediately inside the compartment
with a TV “doorknob” high-voltage capacitor, CS.

The blower assembly in the left rear comer of
the chassis draws air in through a hole in the back
of the compartment, and forces it down into the
enclosed chassis. The only air path is then back up
through the socket and chimney (Eimac parts
SK-410 and SK406 recommended) and out
through the top of the enclosure. The data sheet
for the 3-500Z specifies an air flow of at least 13
cubic feet per minute, when the tube is operated at
500 watts plate dissipation. The ac leads for the
blower motor come into the enclosure on feed-
through capacitors.

The meters are enclosed in a shicld fastened to
the front and side panels. Meter terminals are
bypassed for rf inside the shield, and leads come
through the chassis on feedthrough capacitors. The
rocker-type switches just below the meters have
built-in illumination. The high-voltage switch is not
meant to control the plate supply directly, but
rather through a relay, as in the 3000-volt supply
shown in Chapter 5. The plate meter is in the
negative lead, so be surc that your supply is
compatible with this arrangement. Do not use this
system where a potential difference exists between
the amplifier and power supply chassis. All power
leads are made with shielded wire (Belden 8862)
and all exposed points are bypassed to ground.

Adjustment and Use

Do not apply drive to the 3-500Z without the
plate voltage being on. Also, it is recommended
that initial testing be done with low drive, and with
a plate voltage of 1500 or less. With a 50-ohm load

Fig. 7-29 — With the bottom cover removed, a look
into the chassis from the rear shows the input
circuit, L1,C1, right, the bifilar filament chokes,
foreground, filament transformer and control
switches. Opening in the rear wall is for air intake.
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Fig. 7-30 — Schematic diagram and parts

information for the 50-MHz grounded-grid ampli-

fier.

B1 — Blower, 15 ft3/min or more.

C1 — 75-pF variable (Johnson 167-4).

C2 — 1000-pF dipped mica.

C3, C4 — 500-pF 5-kV transmitting ceramic
{Centralab 858S-500).

C5 — 500-pF, 10-kV or more, TV “’Doorknob.”

C6 — 50-pF variable (Johnson 167-3).

J1 — BNC coaxial receptacle.

J2 — High-voltage connector (Millen 37001).

J3 — Type N coaxial receptacie.

J4 - 8-pin male power connector, chassis-mount-
ing.

J5 — AC receptacle, chassis-mounting.

L1 — 4 turns No. 12 enam, 1 inch long, 1inch dia.
Tap 2 1/2 turns from ground end.

L2 — 31/2 turns 1/4-inch copper tubing,
3 1/2-inch dia, 5 1/4 inches long. Diameter is
finished dimension, not that of form used for
winding. See text and photo for turn spacing.

connected to J3, apply 1000 to 1500 volts through
J2, and tumn on the driver. Adjust the tuning ring
inside L2 for a dip in plate current. Tune C1 for
maximum grid current. Tune C6 and adjust the
position of L3 with respect to L2 for maximum
output. If the amplifier seems to be running
properly, connect an SWR bridge between the
driver and J1, and check reflected power. It should
be close to zero. If otherwise, adjust the tap
position on L1.

Tuning range of the plate circuit can be
checked with a grid-dip meter, with the power off
the amplifier. The range is affected by turn spacing
overall, and at the cold end. The closer the first
two turns are together the greater the effect of the
tuning ring. No other tuning device is used, so

Tuning ring is closed loop of 1/2-inch copper
strip, 2 5/8-inch dia.

L3 — 1 turn, 3-inch dia, and leads, made from one
piece of 1/8-inch copper tubing or No. 8 wire.

M1 — DC meter, 0-1 ampere (Simpson Wide-Vue,
Model 1327).

M2 — 0-300 mA, like M1.

P1 — AC plug, on cable to power supply.

R1 — 47,000-0ohm 2-watt resistor.

RFC1, RFC2 — 21 turns each, No. 12 enam,
1/2-inch dia, bifilar.

RFC3 — 30 turns No. 20 enam, spaced wire dia, on
3/4-inch Teflon rod, 3 3/4 inches long. Drill
end holes 1/2 and 2 3/4 inches from top.

S1, S2 — Spst, rocker-type, neon-lighted (Carling
LT1L, with snap-in bracket).

T1 — Filament transformer, 5 V, 15 A (Stancor
P6433; check any electrical equivalent for fit
under 3-inch chassis).

some experimentation with diameter and length of
L2 may be needed if you want other than the 49.8
to 52.7 MHz obtained with the graduated tum
spacing visible in the interior view. The highest
frequency is reached with the ring in a vertical
plane. Dimensions that affect tuning range are as
follows: Grounded support for L2 — 1 1/8 inches
from right side of chassis, and 3 1/4 inches from
rear. RFC3 mounting position — 4 inches from rear
and S 1/2 inches from left. Shorted turn approxi-
mately centered between tumns 1 and 2 of L2. The
start of L3 bends from the stator of C6 to near the
start of L2. The end toward J2 passes between the
first two tumns of L2, clearing the tuning ring in
any position of the latter.

Once the amplifier seems to work normally at
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moderate plate voltages, apply higher, up to the
maximum of 3000. Plate current, with no drive,
should be about 160 mA. It can be lowered by
inserting 0.1 to 0.4 ohm in series with R1 and the
filament center-tap. A Zener diode, 2 to 9 volts, 10
watts, could do this job, as well.

Keep the amplifier tuned for maximum output.
Do not decouple to reduce output; cut down drive
and/or plate voltage instead. Adjustment for linear
operation requires a scope. Maximum output,
minimum plate current and maximum grid current
should all occur at the same setting of the plate
tuning. If they do not, the output loading is
over coupled, or there is regeneration in the ampli-
fier. The plate-current dip at resonance is notice-
able and smooth, but not of great magnitude.

VHF AND UHF TRANSMITTING

Typical operating conditions given by the man-
ufacturer, and in the tube-data section of the
Handbook, are guides to good practice. The ampli-
fier works well with as little as 1000 volts on the
tube plate, so varying the ac voltage to the
plate-supply transformer is a convenient way to
control power level. It is seldom necessary to run
the maximum legal power in vhf communication,
so some provision for this voltage control is
recommended. With just one high-voltage supply
needed and no critical tuning adjustments, power
variations from 100 to 600 watts output are
quickly and easily made. This amplificr was built
by Tom McMullen, WISL, and first described in
QST for November, 1970.

KILOWATT AMPLIFIER FOR 144 MHZ

The vast difference in design problems for the
two bands is highlighted in the nature of the 50-
and 144-MHz amplifiers described herewith. They
could hardly be more dissimilar, yet each is a
logical way to increase power. The 50-MHz amplifi-
er is a grounded-grid device, but a push-pull
amplifier of the grounded-cathode type is preferred
for 144-MHz service. External-anode tetrodes for
this application include the 4X150A, 4X250B,
4CX250B and R, and others having the same
basing. The 8122, 4CX300A, 4CX250K and others
have various basing arrangements. Except for heat-
er voltage and base design these types are much
alike. Early glass-insulated tubes of the 150-250
series (no C in the prefix) may have to run at
slightly lower maximum input than their ceramic-
insulated (CX) replacements.

Our 144-MHz amplifier, Fig. 7-31, can be mun in
Class ABj, for a-m or ssb linear service; or Class C,
for high-efficiency a-m, cw or fm. Driver power
output shouid be 2 or 3 watts for ABy, and 10
watts or more for Class C. For more on operating
conditions, see information on linear amplifiers
earlier in this chapter, the tube manufacturer’s data
sheets, or the tube data section of this Handbook.

Construction

The principal difference between this amplifier
and its many predecessors using similar tubes lies in
the plate-circuit design. The inductor is cut from
flat sheet brass, in the form of a U. The circuit is
tuned by a simple handmade variable capacitor
that avoids problems commonly encountered in
this part of a high-powered vhf amplifier. The
circuit is practically identical to several previously
described in QST, the VHF Manual and recent
editions of this Handbook.

The amplifier is built on a 17 X 8 X 3-inch
aluminum chassis, fitted with a bottom cover
which completes the shielding and directs the flow
of cooling air. The top portion of the enclosure is
of similar size, except that it is 3 3/4 inches high,
and it has a cane-metal top. It was made by
bending up the necessary sheet aluminum, but
angle stock and flat sheets could be used equally

Fig. 7-31 — The 144-MHz amplifier is built in
conventional rack-and-panel style, with the entire
top of cane metal, to provide free air flow.
Controls are grid-circuit tuning, C2, lower left;
output loading capacitor, C5, center; and plate-
circuit tuning, C4, with vernier dial, right. The
slotted end of the Teflon shaft on C1 is visible as a
white spot just below the loading control.

well. Angle stock along the back of the front panel
completes the enclosure. The gray-wrinkle alumi-
num panel is 7 inches high.

The tube sockets are mounted 2 inches in from
the right side, as seen in the photographs, and
2 5/8 inches apart, center to center. The Eimac
SK620A sockets, with their integral screen-ring
shielding, are recommended. Other sockets may
require slightly greater spacing, and some modifica-
tion of the platecircuit dimensions. The raised
screen-ring shield is also a great aid in neutralizing
the amplifier. Some form of shield should be added
if early flat sockets are used. This need is particu-
larly acute if the amplifier is to be operated in the
Class ABy mode, which is characterized by very-
high-power sensitivity.
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The half-wave-line grid circuit, L2, is tuned at
the end away from the tubes by the split-stator
variable, C2, and balanced to ground by means of
C3, a differential capacitor. This is supported on its
stator tabs, which are soldered directly to L2,
immediately adjacent to C2. A strap of 1/4-inch
copper connects the rotor of C3 to the chassis, in
the shortest practical manner. The slotted shaft of
C3 is reached through a hole in the bottom cover
of the chassis. This hole is sealed with black plastic
tape after the adjustment is completed, in order to
avoid air leakage.

Leads to the neutralizing tabs, C9 and C10, are
tapped on the grid lines at a point 1 3/4 inches
from the grid end. Feedthrough bushings (not
visible in the photographs) are under the lines. The
crossover is made by copper strips from the lines to
the bushings. Variable capacitance to the plate line
is provided by copper tabs 1/4 X 5/8 inch in size,
soldered to the top ends of the bushings, just
below the plate line, L3. Adjusting their position
with respect to L3 provides the required neutraliz-
ing capacitance.

Connections to the grid ends of L2 are wrap-
around copper clips slipped over the tubing ends
and fastened to the grid posts of the tube sockets
with screws. They are soldered to the line ends, for
permanence. The connections to C2 are made in
somewhat the same way, except that the tabs are
soldered to the stator lugs. Note that the rotor of
C2 is not grounded. It is supported on ceramic
standoffs 5/8 inch high.

The grid-circuit isolating resistors, R1 and R2,
are connected to L2 by means of spring clips which
are slid over the line before assembly. These can be
tube grid clips, if available. They are moved along
the line to the point of minimum rf voltage, using
the familiar lead-pencil test.

The shaft of C2 is rotated through an insulating
shaft, fitted with an insulating flexible coupling, to
minimize any tendency to unbalance the grid
circuit. The shaft from C1 is also insulating
material, and it has a flexible coupling. The
capacitor is not adjusted often, so the shaft end is
slotted, and is allowed to protrude through the
front panel. It is just visible in the front view,
below the output-loading control.

All power leads are made with shielded wire,
bonded together by frequent spot-soldering, and to
the chassis by means of grounding lugs. Exposed
terminals are bypassed wherever necessary, to
prevent rf pickup.

Each cathode pin on the socket is grounded
through a separate lug, and nothing else uses these
lugs for a ground path. Minimum cathode-lead
inductance is important. Even the shortest lead
shared with another circuit can cause unwanted
coupling in a vhf amplifier.

The plate inductor, L3, is made of sheet brass,
in the form of a U. Principal dimensions are given
in Fig. 7-35. The stator plates of the tuning
capacitor, C4, part A, are soldered to the plate line
with their right edges 5/8 inch from the tube
anodes. Connection to the latter is made with two
brass tabs, part B, at the tube ends of the line.
These were omitted from the drawing of the
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Fig. 7-32 — Interior of the 2-meter amplifier,
showing the brass plate-inductor and vane-tuning
system. Note the position of RFC1, at the far left,
out of the main rf field. The output coupling foop,
L4, just below the plate line and barely visible
here, is connected to the output jack, J4, on the
rear wall with a short section of coax, and to the
loading capacitor, C5, on the front ganel by means
of copper strip.

assembly in the interest of clarity, but their
position is clearly visible in the photographs. These
tabs are curved slightly after bending, to provide
more contact surface to the anode. Clamping rings
made of flashing copper wrap aroand the anode
structure and hold the tabs tightly to it. This is a
point of low rf current, so a large contact area is
not vital.

The plate line was made flat originally, but
when the amplifier was tested it was found that
this did not allow room to adjust the output
coupling loop, L4, to the optimum position. The
half-inch offset shown in Fig. 7-35 (but not in the
photographs) netted a marked fmprovment in
efficiency. The entire plate circuit was silver-plated
after the photography. Careful checks on perfor-
mance indicated no difference, before and after
plating. Plating may be desirable on a long-term
basis, as silver oxide is a good conductor, and other
oxides are not.

The “stators” and the tabs for the anode
connection were silver-soldered te L3. Ordinary
soldering will be adequate, but it might be well to
use screws to hold the tabs onto L3, as a
precautionary measure. The stator plates have
flat-head screws running through them and L3,
into the insulating supports for the latter. These
are l-inch ceramic pillars. The closed end of the
loop is supported on a 1 1/2-inch pillar.

The holes for these supports can be made
slightly oval, to position the assembly so that no
strain on tubes or sockets is caused when the anode
rings are tightened. The mounting hole in the
closed end of L3 is also elongated. The screw that
holds the line on its support has Teflon washers
above and below L3, to permit the line to move on
its support, if expansion and cantraction with
heating and cooling of the line should be appreci-
able.
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Fig. 7-33 — The principal feature of the bottom
view is the half-wave grid circuit. Its split-stator
capacitor, C2, is at the left end of the line, L2. The
differential balancing capacitor, C3, is also across
the line, just to the right of C2. Isolating resistors
in the grid circuit, R1, and R2, are near the middle
of the picture. The screen isolating resistors, R3
and R4, run to tie points on the right wall of the
chassis.

The rotor of C4 isin the form of a shallow box
made of flashing copper. It is shown in flat form in
Fig. 7-36, along with other copper parts of the
plate circuit. Its ends, 1 inch high, provide the
variable capacitance to the stator plates on L3.
After the box is bent to the desired form, its
adjoining surfaces are soldered for additional
strength and rigidity. The edge away from the tube
anodes is supported on a fiber glass rod with 4-40
screws, the rod surface having been filed flat in this
area previously. Reducing couplers at each end of
the rod permit use of a 1/4-inch shaft bearing at
the rear, and a National Velvet-Vernicr dial mecha-
nism at the front. Do not use heat-sensitive rod
such as Lucite or Plexiglas. Nylon and some types
of Bakelite are unstable in strong rf fields, and are
also unsatisfactory. Teflon is probably good, but
the fiber glass rod is stronger and easy to work. It
is 6 3/8 inches long, and may be 1/2 or 3/8 inch
in diameter.

Mechanical stops for the rotor are provided at
both ends of its normal travel. A 3/8-inch Teflon
rod 13/8 inches high, fastened to the chassis
between the neutralizing feedthrough bushings,
stops the rotor in the horizontal position. The
rotor is prevented from “going through the roof”
by a l-inch setscrew in the vernier-drive hub, and a
longer-than-normal screw for the lower left
mounting screw for the driver assembly.

The rotor in its horizontal position is approxi-
mately 1/4 inch above L3, and the spacing at the
end of the rotor is also 1/4 inch. The tubes are
fitted with Eimac SK626 chimneys. The under
surface of L3 should just clear these. If it does not,
raise it by putting washers on the screws that run
into the 1-inch pillars.

The output loop, L4, is supported under L3 by
two 1/2-inch ceramic insulators. If the threaded
holes go the whole length, be sure that the
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mounting screws do not ground the loop, or come
close enough to allow arcing to ground. Connec-
tion to the coaxial output jack, J2, is made with a
short piece of RG-8/U coax, using a shielding cone
at the J2 end. The coax shicld is grounded to
chassis with a copper strap at the L4 end also, to
make the rf path to ground independent of the
chassis bonding. The rotor of CS is also grounded
independently. A copper strap connects the stator
of C5 to the end of LA4. After the final form and
size of L4 have been determined, the connection to
the strap should be soldered, to maintain a good rf
bond. These circuits carry high rf currents, and
permanent low resistance connections are impor-
tant. The performance of many amplifiers falls off
with aging, because factors like this were
overlooked.

An adequate supply of cooling air must be
provided. The manufacturer stipulates 4.6 cubic
feet per minute, per tube, minimum, but much
more should be available. The blower used here has
a 3-inch diameter wheel, turning at 3300 rpm. It is
connected to the rear of the chassis by way of an
automotive defroster hose 2 1/8 inches in di-
ameter.

Adjustment

Heater voltage (at the socket) should be 6.0
volts. This is adjusted by means of the slider on
RS. Set the sliding clips on L2 at the approximate
midpoint. Now apply 1 to 2 watts drive to the grid
circuit, adjusting the position of L1 and the tuning
of Cl and C2 for minimum reflected power,
indicated on an SWR bridge connected between
the exciterand J1.

With enough drive so that grid current will be
measurable, meter cach grid separately, and adjust
the balancing capacitor, C3, for as near to the same
value for each grid as possible. Readjust C2 for
cach change. When the currents are approximately
cqual, the neutralization should be adjusted. With a
50-ohm load connected to J2, and with the screen
and plate circuits having some dc path to ground,
such as through power supply bleeders, couple a
sensitive rf indicator to L3. Still with no plate or
screen voltage applied, tune C2 and C4 for
maximum indication, then adjust the positions of
the neutralizing tabs, C9 and C10, carefully for
minimum 1f feedthrough. Recheck the grid circuit
balance and tuning cach time a tab setting is
changed.

The points of connection of the resistors R1
and R2 on the lines comprising L2 are not critical,
unless the exciter is low on output, but they
should be near the points of lowest f voltage on
the line. Check by running a pencil lead along the
line and watching the current. The point at which
there is no change in the meter indication is where
the clip should be. Recheck all adjustments.

The approximate tuning range of the plate cir-
cuit can be checked with a grid-dip meter, with no
power on the amplifier. It should tune more than
the width of the 2-meter band. Now, with an out-
put indicator and a good 50-ohm load connected to
J2, the amplifier is ready for power.
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Fig. 7-34 Schematic diagram and parts
information for the 144-MHz amplifier. Capacitors
not described are disk ceramic.

C1 — 25pF miniature variable (Hammarlund
MAPC-258).

C2 — 25-pF per section split-stator {(Hammarlund
HFD-25).

C3 — 1.5- to 5-pF differential {Hammarlund
MAC-5-5).

C4 — Vane-type tuning capacitor; see text and
photos.

C5 — 35-pF variable {Hammariund HF-35).

C6 — 500-pF 10-kV TV “doorknob.”

C7, C8 — Screen bypass; part of Eimac SK-620A
socket.

C9, C10 — Neutralizing tabs 1/4 X 5/8-inch sheet

B1AS  sCR.vA  1ITVAC l

GNQ.

J1 — BNC coaxial jack.

J2 — Type N coaxial jack.

J3 — 8-pin power connector, male.

4 High wvoltage power connector
37501).

L1 — Copper strip 1/4 X 4 inches. See Fig. 7-36.

L2 — 1/4-inch copper tubing 10 1/2 inches long,
15/16 inch center to center. Bend to Y shape 2
inches from tube end.

L3 — .065-inch sheet brass; see text and Fig. 7-35.

L4 — Copper strip 156/16 X 7 1/2 inches, bent to
roughly elliptical shape. See text and Fig. 7-36.

R1, R2 — 150-ohm composition, 1/2 watt.

R3, R4 — 150-ohm composition, 1 watt.

R5 — 20-ohm 10-watt, slider type.

RFC1 — 32 turns No. 24 enamel, closewound on
1/4-inch Teflon rod. See mounting position in
interior photo.

(Millen

copper, soldered to top of National FTB S1 — Spst toggle switch.
bushing. T1 — 6.3-V 6-A filament transformer (Merit
{1 — 117-volt neon pilot lamp. P-2947).
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Fig. 7-35 — Principal dimensions of the brass parts of the amplifier plate circuit. The U-shaped inductor
is shown in both top and side views, with the stator plates of C4 in place. These plates (A) are shown
before bending, at the upper right. The small brackets (B) make contact with the tube anodes. Slight
curvature, to fit tube anode, can be imparted by tapping with a small hammer, against a 1 1/2-inch pipe

or rod, used as an anvil.
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Fig. 7-36 — Flashing-copper parts used in the 2-meter amplifier. Broken lines indicate 90-degree bending
required. The surfaces of the C4 rotor are soldered together after bending, for rigidity. The anode
clamps, upper right, wrap around the tube cooling ring, and hold the brass tabs (Fig. 7-35) firmly in
place. L1 and L4 are shown in the approximate shape, after bending, at the right.

For initial tests, the plate voltage should be 800
to 1000 volts. Screen voltage should be no more
than 250, preferably regulated. There will be little
difference in tuning or output with the cover on or
off, so, with due regard for safety, leave it off, at
first. Never reach inside the plate compartment
when high voltage is applied. To be sure that it is
off, short the plate inductor to ground with an
insulated screwdriver or other safe shorting device.
Do this every time before touching anything inside
the compartment in any other way. Play it safe!

Apply plate and screen voltage, in that order.
Adjust bias so that the plate current is about 150
mA. Apply drive, and tune C4 and C5 for
maximum power output. With enough drive for
about 5 mA grid current per tube, the plate
efficiency should approach 70 percent, after the
position of L4 with respect to L3 is adjusted with
some care. Loop position and all tuning adjust-
ments change with plate voltage and drive level, so
in lincar service all adjustments should be made
under the conditions for which you want best
linearity.

The shape and position of L4 are quite critical.
Best efficiency was obtained with the loop roughly
elliptical in shape, and about 3 inches below L3.

Best results show at plate voltages between 1200
and 1800. The tube maker’s typical operating
conditions are the best guide to efficient operation,
but they are only typical. If safe levels of grid,
screen and plate dissipation are not exceeded,
many variations are possible. See *“Tips on Linears”
earlier in this chapter.

This amplifier was built by WISL,
described in February, 1971, QST.

and

References

The 50- and 144-MHz amplifiers described
incorporate features from many previous QST,
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Maer, “‘Perseids Powerhouse,” QST, Oct., 1959
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A RESONANT-CAVITY AMPLIFIER FOR 432 MHZ

This highly-efficient 4CX250 amplifier operates
at approximately 63-percent efficiency when used
with a plate supply of 1750 volts and a screen
supply of 255 volts. It can be operated with higher
voltage on its plate, but at reduced efficiency. It
provides power levels up to 500 watts input on cw
and fm.

The grid circuit of the amplifier is as shown in
Fig. 7-39 and is pretty much a duplication of the
one shown in the 2nd Edition of The Radio
Amateur’s VHF Manual (ARRL), page 257. The
plate side of the circuit is a resonant cavity and is
shown in representative form in Fig. 7-39. Detailed
information on how the plate circuit is built is
given in Fig. 740.



A Resonant Cavity Amphifier for 432 MHz

Fig. 7-37 — View of the top of the assembled
amplifier. Teflon bushings hold the square
capacitor plate in place on the wall of the cavity.
One bushing is not shown. The high voltage and rf
choke connect to that bushing’s screw when it is in
place. Plate-tuning adjustments are made from the
bottom of the cavity. The shaft for C3 is accessibte
on the bottom wall of the cavity. This amplifier
was designed and built by H. E. Holshouser, Jr.,
K4QlIF.

Construction

Much of the information concerning the way
the amplifier is built can be taken from the photos.
The dimensions of the plate cavity are given in Fig.
7-40. The cavity is constructed. cylndrical fashion,
from 1/8&inch thick copper or brass stock and has
an inside diameter of 6 1/4-inches. The wall height
of the cylinder is 1 1/2 inches. Both end plates are
fashioned from 1/8-inch thick copper or brass
stock. A firm bond is essential between the end
plates ard the cylinder to assure maximum
efficiency. It would be wise to have the cylinder
milled flat on each end to assure a good fit, then
use a libesal number of machine screws to hold the
end plates in place. Mechanical rigidity is
imperative with this type of strcture, thus

RFC3

CAVITY

s
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Fig. 7-38 — Inside view of the amplifier. The grid
circuit and filament transformer are inside the
chassis. Plate and output-tuning adjustments are
made from the bottom of the cavity (far right}.

assusing good continuity at the high-current points
of the cavity, and to enhance the tuning stability
of the plate cireuit.

The tube and socket are mounted 5/8 inch off
center from the center of the cavity. The hole in
the top plate of the cavity should be large enough
in diameter to assure a 3/16-inch clearance all
around the anode of the tube. Care should be
taken to smocth the edges of the hole lest arcing
occur during operation. The home-buili capacitor,
C6, is formed by making a 3 7/8-inch square
copoer or brass plate of 1/8-inch tkick stock and
placing a sheet of 10-mil teflon insulation between
it and the cavity top plate. The plate has a
clearance hole for the anode of the 4CX250 and s
ringed with finger stock so that it contacis the
tube’s anode. Insulating bushings of teflon are used
at cach corner of the capacitor plate to secure it to
the wall of the cavity, Fig. 7-37.

An Eimac SK-600 tube socket is used, and ro
chimney is needed. The socket has built-in bypass
capacitors on the screen and filament terminals.
These are noi shown on the schematic diagram.
The bottom of the tube socket profects into the
main chassis where the grid circuit is located. The
output link, L3, is a straight piece of 1/¥6-inch

Fig. 7-39 — Schematic of the amplifier. C1 and C2
are 9-pF miniature variables (Johnson 160G-1C4).
RFC1 and RFC2 are each 8 turns of No. 16, enam,
1/2 inch diameter and 1 inch lomg. RFC3 is a
1.4-UH choke. L1 is a brass strip, 1/16 inch thick,
3 7/8 inches long, and 1 1/4 inches wide. L2 is a
loop of No. 12 wire, 6 inches overal!. J1 and J2 are
type-N chassis connectors. B.M. = button mica.
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Fig. 7-40 — Mechanical layout of the plate cavity
and its dimensions.

thick brass or copper, 1/8 inch wide, shaped as
shown in Fig. 740.

Two fixed capacitors are shown in the
schematic diagram, C2 and C4. These capacitors
are not indicated on the mechanical drawing of
Fig. 740 as they were added as a modification
when some models of this amplifier showed a
tendency toward arcing between the disk of C3
and the cavity wall. C2 and C4 are disks of copper
which are 1 1/4 inches in diameter. They are
spaced approximately 1/8 inch from the top wall
of the cavity. They are supported from the bottom
wall of the cavity by means of 3/8-inch diameter
brass posts and are positioned generally as shown
in Fig. 741. A word of caution: The tuning shaft
of C3 should not pass through the grid
compartment of the amplifier. The cavity assembly
is offset on the main chassis so that the shaft is
accessible outside the grid compartment.

The output tuning capacitor, CS, is a glass
piston trimmer with a maximum capacitance of 10
pF. Do not try to use a plastic piston trimmer here
as it will be destroyed because of its poor dielectric
properties. Neutralization of this amplifier was not
found to be necessary as no tendency toward
instability was noted.

Operation

It is suggested that a 0.5-ampere fuse be used in
series with the high-voltage lead to protect the
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Fig. 741 — Inside view of the K4QIF amplifier
cavity. The stationary capacitors, C2 and C4, are
located on either side of the 4CX250 socket.

plate meter should an arc or short circuit occur.
The screen current should be metered so that at no
time an excessive amount of current will be
permitted to flow. Heed the manufacturer’s ratings
at all times.

The amplifier must always look into a
nonreactive load if damage is not to occur. It is
designed to work into a 50-ohm load, but a
75-ohm load will be acceptable if the SWR is kept
low. Warning: The anode of the 4CX250 should be
covered with a perforated box of some type to
prevent accidental contact with the high voltage. It
should allow the free passage of air from the
forced-air cooling system, which is piped into the
grid compartment. The grid compartment should
be made as air-tight as possible to assure a heavy
flow of air through the socket and the anode fins
of the tube.

The hcater voltage for this type of tube is 6.0
and not 6.3. It is satisfactory to use the 6-volt
figure at the low frequencies, but at 432-MHz, the
voltage should be reduced to 5.5 to compensate for
the back-bombardment that the cathode is
subjected to. The latter causes overheating, which
in turn causes drifting of operating conditions and
shortened tube life. Other operating voltages and
currents for this amplifier must be chosen for the
class of operation desired. It is best to consult the
manufacturer’s published ratings for this informa-
tion.

GROUNDED-GRID AMPLIFIER FOR 1296 MHZ

There are few tubes available that will provide
the radio amateur with low-cost construction while
at the same time delivering moderate power output
in the 1215-MHz region. One popular low-cost
tube is the 2C39. Also available are its newer

1 pescribed in January 1968 QST.

brothers the 2C39A, 2C39B, 3CX100AS, and
7289. All look pretty much alike, but only the
early versions have appeared on the surplus market.
This amplifier uses 2C39As in a cavity assembly
and is capable of delivering 100 watts or more as a
linear amplifier, with a gain of 6 to 10 decibels.1 It
can be built with simple hand tools.



Grounded-Grid Amplifier for 1296 MHz

Amplifier Details

Uhf circuits, particularly thosc involving cavi-
ties, do not lend themselves well to conventional
schematic presentation, but the circuit diagram,
Fig. 7-43, may aid the reader in identifying the
components and understanding their functions.
The structural features of the amplifier arc not all
apparent from the photographs, so are described in
some detail, using component designations of Fig.
7-45 in referring to the various parts.

This is a grounded-grid amplifier. The large
square box visible in the pictures houses the
cathode input circuit. The whole assembly is
shown from the top in Fig. 7-42, and from the
bottom in Fig. 744. Details of the principal metal
parts are given in Fig. 7-45. It will be secn that the
bottom cover of the cathode compartment (part D
in Fig. 745) is cut diagonally to permit access to
the cathode circuit for adjustment purposes. The
tuned circuit, L1-C2, is effectively ahalf-wave line,
tuned at the end opposite to the tubes. The
inductance, part E in Fig. 7-45, is tuned by means
of a beryllium copper spring finger, visible in the
lower left corner of Fig. 7-44. It is actuated by an
adjustment screw running through a shoulder nut
mounted in the removable cover plate. Input
coupling is capacitive, through Cl, a small glass
trimmer at the center of the line, between the
tubes. An approximate input match is established
by adjustment of this capacitor.

The plate circuit, L2-C3, is a squarc tuned
cavity not visible in the pictures. It is made by
bending part G into a square, and soldering it to
the top of part C and to the bottom of part B, with
all lined up on a common center. The outside of
the cavity is at rf ground potential. The tubes are
mounted on a diagonal, at cqual distances from the
center. The plate tuning capacitor, C3, is coaxial.
Its movable element is a 6-32 screw, running
through a shoulder nut in the top plate of the
bypass capacitor, C4, soon to be described. The
fixed portion is a metal sleeve 5/16 inch inside
diameter and 5/8 inch high, soldered to the top
side of part C. It is centered on a 6-32 binder-head
screw, threaded into the center hole in part C. This
screw also holds a 3/8-inch insulating spacer that
supports the cathode inductor, part E. Output
coupling is by means of a fixed loop, L3, on a BNC
or TNC coaxial fitting mounted in the 3/8-inch
hole in part G, the cavity wall.

The bypass capacitor, C4, consists of the top
cover of the plate cavity, part B, a layer of
0.02-inch Teflon sheet, and the top plate, part A.
This combination does not act as a pure
capacitance, because of the large size of the plates
in terms of wavelength at 1296 MHz. It is
important not to make substitutions here, as
variations in size of the plates or thickness of the
insulation may cause the capacitor to become
resonant. The plates are held together with nylon
screws. Metal screws with insulating sleeving, and
insulating shoulder washers, may also be used.
Nylon screws and other insulation, other than
Teflon, may melt if the bypass capacitor becomes
resonant. Nylon is very lossy at 1296 MHz.
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Fig. 742 — The 2-tube 1296-MHz amplifier. Two
2C39As are used in this grounded-grid setup. The
‘arge square base unit houses the cathode input
circuit. The plate cavity is not visible, as it is
obscured by the plate-bypass assembdy seen here.
(Built by W6IOM)

Construction

Major shect-metal parts arc cut from 0.04- or
0.05-inch sheet-brass. The cutting, bending and
soldering can be done with hand tools. The
soldering is done readily over a kitchen stove, or
with a 300-watt or larger soldering iron. Silver
plating is recommended, to assure good rf contact
throughout. Several methods usable in the home
arc outlined in The Radio Amateur’s VHF Marual.
All sheet-brass parts are shown in Fig. 745, with
dimensions and hole locations. Note that the
bottom plate of the cathode assembly, part D, is
cut diagonally, and fitted with spriny finger stock
to assure good electrical continuity when the
assembly is closed.

On the smaller part of D is a 632 screw that
runs through a shoulder nut soldered into the
sheet, with the head of the screw on the outside
when the cover is in place. The enc of the screw
bears om the beryllium copper spring finger, 5/8
inch wide, bent so that its position with respect to
the cathode circuit varies with the position of the
screw. Its position and approximate size should be
evident from Fig. 7-44. The bottom end is soldered
to the inside of part C. The free end should be
wrapped with smooth insulating tape, so that the
cathode bias will not be shorted out if the
capacitor is closed down too far.

Spring finger stock is used to provide flexible
low-inductance contact with the plate, grid and
cathode clements of the tubes. Finger stock
numbers are given for stock wobtained from
Instrument Specialty Co., Little Falls, N.J. The
material used for tube contact purposes is No.
97-380. That on the triangular cover plate is
97-134. If tubes with recessed gric rings are used
(example: the 7289) it is nccessary to solder a
small piece of brass against the bottom of the grid
finger stock, to prevent the tube from being
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pushed in too far. Otherwise it is impossible to
remove the tube without damage to either the
finger stock or the tube. The finger stock used in
the grid, plate and cathode holes should be
preformed to fit, and then soldered in with a
200-watt or larger iron. That on part D is soldered
to the outside of the plate. It may be necessary to
strengthen the cover plate with a strip of brass
soldered to the inside, opposite to the finger stock
to prevent bulging. This should protrude about
1/16 inch from the edge of the cover plate. Any
intermittent contact here will detune the input
circuit severely.

The finger stock in the plate bypass should be
flush with the sheet metal on the side facing the
cavity. With the grid and cathode connections the
stock may protrude somewhat. The soldering of
the cavity parts should be done first. The parts
should be lined up carefully, clamped together, and
then soldered in place over a gas flame for
preheating, doing the actual soldering with a small
iron. Check alignment prior to final cool-down.
The output BNC fitting can be soldered in at this
time, adding the coupling loop later. It is merely a
strip of copper or brass, 3/8 inch wide, soldered
between the center pin of J2 and the cavity
bottom. The strip should rest against the Teflon
shoulder of the fitting, and extend 1/4 inch
beyond the center pin before being bent 90 degrees
down to the cavity bottom. Solder solidly to part
A, and to the full length of the pin on J2. Now put
in the finger stock. If a small iron is used,
preheating with the gas flame, the heavy brass parts
wili not come loose. The top cover of the plate
cavity, part B, is then soldered in place, using a
clamp as before.

In cutting the Teflon insulation for the plate
bypass, make tube holes only just large enough to
clear the tube. There should also be some area of
insulation around the outer edges of the top plate.
These precautions are helpful in preventing

arc-over.
Connection to the tube heaters is made by
bending a U-shaped piece of beryllium copper or
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2C39A

1296 Mc. 1296 Mc.
Jt 1 J2
INPUT o OUTPU
Lt
c2 w2 +
1100V, (MAX)
6.0V.
(NO GND))
Fig. 7-43 — Representative circuit of the

1296-MHz cavity amplifier. The plate cavity and
tuning device are indicated by L2,C3, the cathode
inductance and tuning capacitor by L1,C2. Note
that the heater supply must not be grounded.

C1 — 5-pF glass trimmer.

C2 — Beryllium-copper spring finger; see text and
Fig. 744,

C3 — Coaxial plate capacitor (see text)

C4 — Plate bypass capacitor, composed of parts A
and B, Fig. 745 separated by 0.02-inch Teflon
sheet. See text,

CS, C6, C7 — Feedthrough bypass, 500 pF.

J1,J2 — Coaxial jack, BNC or TNC type.

L1 — Cathode inductor, part E, Fig. 7-45. See text
and Fig. 744,

L2 — Plate cavity, composed of parts C, B and G of
Fig. 7-45. See text.

L3 — Copper strap 3/8 inch wide, from pin of J2
to top side of part C.

RFC1, RFC2, RFC3 — 10 turns No. 22 enamel,
1/8-inch dia, 1 inch long.

R1 — 50 to 100 ohms, 2 watts (see text).

spring bronze to make a snug fit in the heater cup
at the end of the tube. The air-wound rf choke is
connected directly to this, with the other end
running to the feedthrough bypasses. The heaters
being brought out separately permits a check on
condition of tubes, by tuming off the heaters one
at a time. Leaving the tube in place, but cold, does
not detune the system, and a comparison of the
tubes may be made in this way. Note that neither
side of the heater circuit can be grounded.

Fig. 744 — Bottom (or back) view of the cathode
circuit and housing showing the divided cover
plate, part D in Fig. 745, Inside are the cathode
inductance, part E, and the spring-finger tuning
capacitor plate, C2. The heater and cathode
feedthrough bypasses and the input coaxial fitting
are on the cover plate, near the center. The outside
surface of the removable cover plate is shown.
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sheet-metal

1296-MHz amplifier:

—  Principal
parts of the
top

two-piece bottom cover, D.
The long strip F forms the
side walls of the cathode

plate of the bypass capaci-
tor, A; its bottom plate
and top cover of the plate
cavity, B; top plate of the
cathode assembly, C; and

assembly, and G forms the
side walls of the plate cavi-
ty, both before bending in-
to their square shape.

Tuning and Operation

When construction is completed and checked
out, apply heater power to the tubes. Connect a
milliammeter in series with the cathode resistor.
Set the input glass trimmer at the middle of its
range, and place the cover plate in position, but
without putting in the screws as yet. Keep some
pressure on it by hand to insure uniform contact.
Apply 10 to 20 watts of driving power, tune C2,
and observe the cathode current. Open the cathode
compartment, move the input trimmer, replace the
cover, and observe the current again. Repeat until
highest current is achieved, but do not go over 120
mA. Reduce driving power, if necessary, to keep
below this level. Fasten the cover plate in place,
and recheck cathode current.

Supply cooling air, if this has not already been
done. Be sure that adequate air flow is provided,
especially if the plate input is to be near maximum
ratings. 1f there is to be no cowling around the
tube fins an air stream of some 150 ft3/min from a
low-pressure blower across the area of the tube fins
is required. With an enclosure confining the air
flow to a path through the fins a 30 ft3/min high-
pressure blower should suffice. In either case it
does no harm to have more. If you have a quiet
blower it probably is not enough!

Connect a 50-ohm termination to J2 and apply

plate power, preferably at a lower voltage than the
maximum that will be used eventually. Apply
drive, and tune the input circuit for maximum
plate current, and the output circuit for maximum
output. A suitable indicator is an incandescent
lamp connected at the end of a 50-foot length of
RG-58 cable. This will be so lossy that it will look
like 50 ohms, regardless of the termination, and
the lamp will show relative output. Maximum
output may not coincide with minimum plate
current.

Once the amplifier appears to be working
normally, plate voltage may be increased. Recheck
the tuning adjustnients for each change in plate
voltage. Use a value of cathode resistance that will
result in about 50 mA plate current with no drive.
With 1000 volts on the plates do not operate the
amplifier for more than a few seconds at a time
under key-down conditions. With a normal cw
keying duty cycle you can run up to 400 mA plate
current. With ssb you may run up to 600 mA peak
current, or a 300-mA indicated meter reading
during normal voice operation. With the expected
100 watts output, with 300 to 400 in, the RG-58
cable should melt in a few minutes. This is not a
very satisfactory method of measuring output, and
some reliable power-indicating meter should be
used for at least an intermittent check, if at all
possible.
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500-WATT AMPLIFIER FOR 432 MHz

One of the best tuned circuits, other than a
resonant cavity, for an amplifier in the 420-MHz
band is a coaxial line. To build a good one requires
some metal work, but the assembly described here
should not be difficult for the advanced worker.
Amplifiers of this ty pe have been built and used by
WIQWJ and WIRVW, with excellent results. They
run up to 500 watts input on fm and cw, and the
amplifiers operate very much as they would on
much lower frequencies.

Input circuit details are given for both 144 and
432 MHz, permitting the stage to be set up for
tripling or straight-through operation. An inexpen-
sive 4X150A running as a tripler will drive any of
the 250-series tubes with ease,

Construction

The basic design should be clear from the
photographs, Figs. 7-46, 47 and 49. Structural
details may be obtained from Fig. 7-50. The
straight-through amplifier and the 144-MHz grid
circuit are shown schematically in Fig. 7-48. In the
amplifier photographed, WIRVW used two separ-
ate 8 by |2-inch chassis, with their 8-inch surfaces
fastened to a standard rack panel, 1 inch apart.
They are held in firm alignment by an aluminum
plate fastened at the back. One chassis carries the
amplifier, the other a regulated screen supply.

Fig. 7446 — Looking down at the coaxial plate
circuit of the 500-watt uhf amplifier. Air fed into
the screened intake, lower edge of the picture
flows
through the tube socket and out through the hole
at the end of the plate line.

’

through the enclosed chassis below, up

A

Fig. 7-47 — Interior of the plate circuit assembly,
showing the center conductor with its ring of
finger stock, the output-coupling loop, left, and
the disk-type tuning capacitor, right.

The amplifier plate circuit is built in a 3 3/4-
inch section of 4-inch copper tubing. This is
mounted on a S-inch square brass base plate. The
top is a copper disk with a 1 3/8-inch air hole at
the center. Inside the cover is a teflon-insulated
capacitor plate, soldered to the inner conductor of
the plate circuit, L3 in Fig. 7-48. The latter is
I 1/2-inch copper tubing, 2 3/16 inch long. A ring
of finger stock extends 5/8 inch below the end of
L3, for making contact to the 7203/4CX250B
anode. Eimac CF-300 Finger Stock, 31/32 inch
wide, is used.

The line is tuned by means of a brass-disk
capacitor, C3, details of which are shown in Fig.
7-50. The method of keeping tension on the
lead-screw may be of interest, since this is often a
problem with this type of tuning device. Two
methods have been used by the builders. The
amplifier shown has a piece of brass 1/2 inch
square and 3/4 inch long fastened to the outer
wall. The screw passes through this, and the lower
part of the block is slotted, up to the 1/4-inch
hole. A tension screw threaded into the block
makes it possible to pull the sides together slightly,
as required. The other tension system is shown in
Fig. 7-50. Here a springy piece of metal is threaded
onto the lead-screw, and then put under tension
slightly by screws at either end.

The capacitor plate, CS, at the top of the line is
insulated from the cover with teflon sheet, the
thickness of which is determined by the type of
operation intended. If the amplifier is to be
plate-modulated this sheet should be 1/32 inch.
For c¢w or fm 0.01 inch is satisfactory. Four
ceramic buttons insulate the screws that hold the
capacitor together. Dimensions are not given for
the holes required, as they will depend on the
insulators available.
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Fig. 7-48 — Schematic diagram of the 432-MHz amplifier, as set up for straight-through operation. An
alternate 144-MHz input circuit for tripling is shown at the left.

C1, C2, C4 — 9-pF miniature trimmer {Johnson
160-104 or 9M11).

C3 — Disk-type tuning capacitor, 1 1/2-inch dia
brass.

C5 — Teflon-insulated high-voltage bypass. See
text.

C6 — 500-pF 20-kV TV-type capacitor.

C7, C8 — Built into socket.

J1, J2 — Coaxial fitting.

L1 — No. 12 wire loop, 6 inches overall. See Fig.
749-7-50.

L2 — 1/16-inch brass, 1 1/4 by 3 7/8 inches. See
Fig. 749.

Note that the high voltage is on these screws
when the amplifier is in operation. It is fed into
one of them through a small rf choke, RFC2, the
outer end of which is supported on a TV-type
500-pF high-voltage capacitor, C6. The lower end
of C6 is supported on a brass angle bracket
fastened to the side of the line assembly.

Output coupling from the line is by means of a
small loop of wire, L4, mounted in a vertical
position near the top of the line. 1t is series-tuned
by C4, directly below it.

Details of the 432-MHz grid circuit and its
input coupling are given in Fig. 7-50. The input
capacitance of these tubes is high, so a half-wave
line must be used. Even with this type of grid
circuit, the inductance must be very low to tune to
432 MHz. Note that L1 is less than 4 inches long,
despite its I 1/4-inch width.

Operation

Because of the high-efficiency coaxial plate
circuit, the amplifier operates almost as it would
on lower frequencies. The manufacturer’s ratings
may be followed, using the maximum figures if
desired. It is usually desirable to make provision
for lowering the plate voltage in some way,
however, as the difference between the maximum
rating and something perhaps 25 to 50 percent
lower will make only a trifling difference in results,
except where contact is being maintained under
marginal conditions.

L3 — 1 1/2-inch copper tubing, with finger stock.
See Fig. 7-50.

L4 — No. 16 wire toop, 1/4 inch wide. Top is 1/4
inch from C5.

L5 — 2 turns No. 16 enam., 1/2-inch dia, coupled
to L6.

L6 — 4 turns No. 14 enam., 1/2-inch dia, 1 inch
long, ct.

RFC1 — 8 turns No. 16 enam., 1/4-inch ID, 7/8
inch long.

RFC2 — 8 turns No. 20 enam., on 1-watt 1-meg-
ohm resistor.

RFC3 — 1.4-uH rf choke.

About the only variation from lower-frequency
practice is the need for keeping the heater voltage
low. The rated voltage for these tubes is 6.0, not
6.3, and at frequencies above 300 MHz it should be
reduced. At 432 MHz the voltage should be §.5.
With higher voltages the back-bombardment that
the cathode is subjected to raises the overall tube
temperature and shortened tube life results. The
drifting of operating conditions often observed in
vhf and uhf amplifiers is likely to be traceable to
excessive heater voltage.

Be sure to use plenty of air flow through the
socket and tube anode. In the amplifier shown, air

Fig. 749 — Bottom view of the amplifier, showing
the strip of brass used for the grid circuit induc-
tance, L2.
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is fed into an opening in the top of the chassis. The
bottom has a tight-fitting cover, so that the only
air route open is through the socket and out
through anode and L3.

Adjustment of the position of the output
coupling loop, L4, with respect to the inner
conductor of the line is fairly critical, if maximum
efficiency is to be achieved. In one of the
amplifiers the coupling loop, the coaxial fitting and
the series capacitor were made into a single
assembly on a curved plate of copper or brass. This
could be removed at will, to permit adjustment of
the shape and position of the coupling loop. It is
fastened to the outside of the main cylinder with
small brass screws, covering a rectangular hole in
the cylinder cut for this purpose.
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Fig. 7-60 — Principal mechanical details of the "'i_“ﬁ—‘ = ﬁ}m
432-MHz amplifier. The coaxial tank circuit is i ey altn L2 C.
shown in cut-away form at the lower left,.and in 4 — 'z 1

outline, center. The top view of the assembly and
the capacitor plate for C5 are the other views.
Details of the strip-line grid circuit are at the lower
right,



CHAPTER &

Receiving Systems

The performance of a communications receiver
can be measured by its ability to pick up weak
signals and separate them from the noise and
interference while at the same time holding them
steady at the same dial settings. The difference
between a good receiver and a poor one can be the
difference between copying a weak signal well, or
perhaps not copying it at all.

Whether the receiver is of home-made or
commercial origin, its performance can range from
excellent to extremely poor, and high cost or
circuit complexity cannot assure proper results.
Some of the simplest of receivers can provide
excellent results if careful attention is given to
their design and properse. Conversely, the most
expensive of receivers can provide poor results if
not operated in a competent manner. Therefore,
the operator’s success at sorting the weak signals
out of the noise and interference is dependent
upon the correct use of a properly designed,
correctly operated receiver.

Communications receivers are rated by their
sensitivity (ability to pick up weak signals), their
selectivity (the ability to distinguish between
signals that are extremely close together in terms
of frequency), and by their stability. The latter
trait assures that once a stable signal is tuned in it
will remain tuned without periodic retuning of the
receiver controls (especially the main tuning and
BFO controls).

A well-designed modern receiver must be able
to receive all of the popular modes of emission if it
is to be truly versatile. It should be capable of
handling cw, ssb, a-m, fm, and RTTY signals.

The type of detection to be used will depend
on the job the receiver is called upon to do. Simple
receivers consisting of a single stage of detection
(regenerative detector) followed by a one- or
two-stage audio amplifier are often adequate for
portable and emergency use over short distances.
This type of receiver can be quite compact and
light weight and can provide many hours of
operation from a dry-battery pack if transistorized
circuitry is used. Similarly, superregenerative
detectors can be used in the same way, but are

Fig. 81 —
operation
receiver. A good receiver, mated with a good pair
of ears, is an unbeatable combination.

The success of amateur on-the-air
is, in a large part, determined by a

suitable for copying only a-m and wide-band tm
signals. Superheterodyne receivers are the most
popular and are capable of better performance
than the foregoing types. Heterodyne detectors are
used for ssb and cw reception in the latter. If a
regenerative detector is made to oscillate and
provide a steady signal, it is known asan autodyne
detector. A beat-frequency oscillator, or BFO, is
used to generate a steady signal in the superhetezo-
dyng receiver. This signal is applied to the detectar
stage to permit the reception of ssb and cw
signals.

Commuunications receivers should have a slow
tuning rate and a smooth-operating tuning-dial
mechanism if any reasonable degree of selectivity is
used. Without these features cw and ssb signals arz
extremely hard to tune in. In fact, one might easilv
tune past a weak signal without knuwing it was
theie if a fast tuning rate were used.

RECEIVER CHARACTERISTICS

Sensitivity

In commercial circles “sensitivity”’ is defined as
the signal at the input of the receiver required to
give a signal-plus-noise output some stated ratio
(generally 10 dB) above the noise output of the
receiver. This is a useful sensitivity measure for the

amateur, since it indicates how well a weak signal
will be heard. However, it is not an absolnte
method, because the bandwidth of the receiver
plays a large part in the result.

The random motion of the molecules in 1he
antenna and receiver circuits gererates small
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Fig. 8-2 — Typical selectivity curve of a modern
superheterodyne 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.

voltages called thermal-agitation noise. Thermal-
agitation noise is independent of frequency and is
proportional to the (absolute) temperature, the
resistive component of the impedance across
which the thermal agitation is produced, and the
bandwidth. Noise is generated in vacuum tubes and
semiconductors by random irregularities in the
current flow within them; it is convenient to
express this shot-effect noise as an equivalent
resistance in the grid circuit of a noise-free tube.
This equivalent noise resistance is the resistance (at
room temperature) that placed in the grid circuit
of a noise-free tube will produce plate-circuit noise
equal to that of the actual tube. The equivalent
noise resistance of a vacuum tube increases with
frequency.

An ideal receiver would generate no noise in its
tubes or semiconductors and circuits, and the
minimum detectable signal would be limited only
by the thermal noise in the antenna. In a practical
receiver, the limit is determined by how well the
amplified antenna noise overrides the other noise
of the input stage. (It is assumed that the first stage
of any good receiver will be the determining factor;
the noise contributions of subsequent stages should
be insignificant by comparison.) At frequencies
below 20 or 30 MHz the site noise (atmospheric
and man-made noise) is generally the limiting
factor.

The degree to which a practical receiver
approaches the quiet ideal receiver of the same
bandwidth is given by the noise figure of the
receiver. Noise figure is defined as the ratio of the
signal to noise power ratio of the ideal receiver to
the signal-to-noise power ratio of the actual
receiver output. Since the noise figure is a ratio, it
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is usually given in decibels; it runs around 5 to 10
dB for a good communications receiver below 30
MHz. Although noise figures of 2 to 4 dB can be
obtained, they are of little or no use below 30 MHz
except in extremely quiet locations or when a very
small antenna is used. The noise figure of a receiver
is not modified by changes in bandwidth.

Selectivity

Selectivity is the ability of a receiver to
discriminate against signals of frequencies differing
from that of the desired signal. The overall
selectivity will depend upon the selectivity and the
number of the individual tuned circuits.

The selectivity of a receiver is shown
graphically by drawing a curve that gives the ratio
of signal strength required at various frequencies
off resonance to the signal strength at resonance,
to give constant output. A resonance curve of this
type is shown in Fig. 8-2. The bandwidth is the
width of the resonance curve (in Hz or kHz) of a
receiver at a specified ratio; in the typical curve of
Fig. 8-2 the bandwidths for response ratios of 2
and 1000 (described as *-6 dB” and **-60 dB”) are
2.4 and 12.2 kHz respectively.

The bandwidth at 6 dB down must be sufficient
to pass the signal and its sidebands if faithful
reproduction of the signal is desired. However, in
the crowded amateur bands, it is generally
advisable to sacrifice fidelity for intelligibility. The
ability to reject adjacent-channel signals depends
upon the skirt selectivity of the receiver, which is
determined by the bandwidth at high attenuation.
In a receiver with excellent skirt selectivity, the
ratio of the 6-dB bandwidth to the 60-dB
bandwidth will be about 0.2 for code and 0.3 for
phone. The minimum usable bandwidth at 6 dB
down is approximately 150 Hz for code reception
and approximately 2000 Hz for phone.
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Fig. 8-3 — Block diagrams of three simple receivers.



Detection and Detectors

Stability

The stability of a receiver is its ability to “stay
put” on a signal under varying conditions of
gain-control setting, temperature, supply-voltage
changes and mechanical shock. The term ‘‘un-
stable” is also applied to a receiver that breaks into
oscillation or a regenerative condition with some
settings of its controls that are not specifically
intended to control such a condition.

SIMPLE RECEIVERS

The simplest receiver design consists of a
detector followed by an audio amplifier, as shown
in Fig. 8-3A. Obviously, the sensitivity of the
detector determines how well this receiver will
work. Various schemes have been developed to
increase detector sensitivity, including the regenet-
ative and superregenerative detectors described
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later in this chapter. Another way to increase
receiver sensitivity is to add one or more
rf-amplifier stages before the detector. This
approach is called the tuned-radio-frequency, or
TRF receiver, Fig. 8-3B.

Another design which has become popular for
use in battery-powered equipment is the direct-
conversion receiver, Fig. 8-3C. Here, a detector is
employed along with a variable-frequency oscilla-
tor which is tuned just slightly off the frequency of
the incoming signal to produce a beat note. A
narrow-bandwidth audio filter located between the
detector and the aduio amplifier provides selectiv-
ity. However, the lack of automatic gain control
limits the range over which the receiver can handle
strong signals unless a manual rf-gain control is
employed. FETs and ICs can be used as detectors
to provide up to 90 dB of dynamic range
typically 3 4V to 100 mV of input signal.

DETECTION AND DETECTORS

Detection (demodulation) is the process of
extracting the signal information from a modulated
carrier wave. When dealing with an a-m signal,
detection involves only the rectification of the rf
signal. During fm reception, the incoming signal
must be converted to an a-m signal for detection.
See Chapter 14.

Detector sensitivity is the ratio of desired
detector output to the input. Detector lincarity is a
measure of the ability of the detector to reproduce
the exact form of the modulation on the incoming
signal. The resistance or impedance of the detcctor
is the resistance or impedance it presents to the
circuits it is connected to. The input resistance is
important in receiver design, since if it is relatively
low it means that the detector will consume power,
and this power must be furnished by the preceding
stage. The signal-handling capability means the
ability to accept signals of a specified amplitude
without overloading or distortion.

Diode Detectors

The simplest detector for a-m is the diode. A
germanium or silicon crystal is an imperfect form
of diode (a small current can usually pass in the
reverse direction), but the principle of detection in
a semiconductor diode is similar to that in a
vacuum-tube diode.

Circuits for both half-wave and full-wave diodes
are given in Fig. 8-4. The simplified half-wave

Fig. 8-4 — Simplified and practical diode detector
circuits, A, the elementary half-wave diode
detector; B, a practical circuit, with rf filtering and
audio output coupling; C, full-wave diode detector,
with output coupling indicated. The circuit, L2C1,
is tuned to the signal frequency; typical values for
C2 and R1 in A and C are 250 pF and 250,000
ohms, respectively; in B, C2 and C3 are 100 pF
each; R1, 50,000 ohms; and R2, 260,000 ohms. C4
is 0.1 UF and R3 may be 0.5 to 1 megohm.

circuit at Fig. 8-4A includes the rf tuned circuit,
L2C1, a coupling coil, L1, from which the rf
energy is fed to L2C1, and the diode, CR 1, with its
load resistance, R1, and bypass capacitor, C2.
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Fig. 8-5 — Diagrams showing the detection process.

The progress of the signal through the detector
or rectifier is shown in Fig. 8-5. A typical
modulated signal as it exists in the tuned circuit is
shown at A. When this signal is applied to the
rectifier, current will flow only during the part of
the rf cycle when the anode is positive with respect
to cathode, so that the output of the rectifier
consists of half-cycles of rf. These current pulses
flow in the load circuit comprised of R1 and C2,
the resistance of Rl and the capacitance of C2
being so proportioned that C2 charges to the peak
value of the rectified voltage on each pulse and
retains enough charge between pulses so that the
voltage across R1 is smoothed out, as shown in C.
C2 thus acts as a filter for the radio-frequency
component of the output of the rectifier, leaving a
dc component that varies in the same way as the
modulation on the original signal. When this
varying dc voltage is applied to a following
amplifier through a coupling capacitor (C4 in Fig.
84), only the variations in voltage are transferred,
so that the final output signal is ac, as shown in D.

In the circuit at 84B, Rl and C2 have been
divided for the purpose of providing a more
effective filter for rf. It is important to prevent the
appearance of any rf voltage in the output of the
detector, because it may cause overloading of a
succeeding amplifier stage. The audio-frequency
variations can be transferred to another circuit
through a coupling capacitor, C4. R2 is usually a
“potentiometer” so that the audio volume can be
adjusted to a desired level.

Coupling from the potentiometer (volume
control) through a capacitor also avoids any flow
of dc through the moving contact of control. The
flow of dc through a high-resistance volume
control often tends to make the control noisy
(scratchy) after a short while.

The full-wave diode circuit at 8-4C differs in
operation from the half-wave circuit only in that

RECEIVING SYSTEMS

both halves of the rf cycle are utilized. The
full-wave circuit has the advantage that rf filtering
is easier than in the half-wave circuit. As a result,
less attenuation of the higher audio frequencies
will be obtained for any given degree of rf filtering.

The reactance of C2 must be small compared to
the resistance of R1 at the radio frequency being
rectified, but at audio frequencies must be
relatively large compared to R1. If the capacitance
of C2 is too large, response at the higher audio
frequencies will be lowered.

Compared with most other detectors, the gain
of the diode is low, normally running around 0.8 in
audio work. Since the diode consumes power, the
Q of the tuned circuit is reduced, bringing about a
reduction in selectivity. The loading effect of the
diode is close to one half the load resistance. The
detector linearity is good, and the signal-handling
capability is high.

Plate Detectors

The plate detector is arranged so that
rectification of the rf signal takes place in the plate
circuit of the tube or the collector of an FET.
Sufficient negative bias is applied to the grid to
bring the plate current nearly to the cutoff point,
so that application of a signal to the grid circuit
causes an increase in average plate current. The
average plate current follows the changes in the
signal in a fashion similar to the rectified current in
a diode detector.

In general, transformer coupling from the plate
circuit of a plate detector is not satisfactory,
because the plate impedance of any tube is very
high when the bias is near the plate-current cutoff
point. The same is true of a JFET or MOSFET.
Impedance coupling may be used in place of the

AUDIO
QUTPUT

DETECTOR
HEP802

Fig. 8-6 — Circuits for plate detection. A, triode; B,
FET. The input circuit, L2C1, is tuned to the
signal frequency. Typical values for R1 are 22,000
to 150,000 ohms for the circuit at A, and 4700 to
22,000 ohms for B.



Heterodyne and Product Detectors

resistance coupling shown in Fig. 8-6. Usually 100
henrys or more of inductance are required.

The plate detector is more sensitive than the
diode because there is some amplifying action in
the tube or transistor. It will handle large signals,
but is not 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 so does not
affect its Q and selectivity.

Infinite-Impedance Detector

The circuit of Fig. 8-7 combines the high
signal-handling capabilities of the diode detector
with low distortion and, like the plate detector,
does not load the tuned circuit it connects to. The
circuit resembles that of the plate detector, except
that the load resistance, 27k§2, is connected between
source and ground and thus is common to both
gate and drain circuits, giving negative feedback for
the audio frequencies. The source resistor is
bypassed for rf but not for audio, while the drain
circuit is bypassed to ground for both audio and
radio frequencies. An rf filter can be connected
between the cathode and the output coupling capa-
citor to eliminate any rf that might otherwise ap-
pear in the output.

The drain current is very low at no signal,
increasing with signal as in the case of the plate
detector. The voltage drop across the source resis-
tor consequently increases with signal. Because of
this and the large initial drop across this resistor,
the gate usually cannot be driven positive by the sig-
nal.

HETERODYNE AND PRODUCT
DETECTORS

Any of the foregoing a-m detectors becomes a
heterodyne detector when a local-oscillator (BFO)
is added to it. The BFO signal amplitude should be
5 to 20 times greater than that of the strongest
incoming cw or ssb signal if distortion is to be
minimized. These heterodyne detectors are fre-
quently used in receivers that are intended for a-m
as well as cw and ssb reception. A single detector
can thus be used for all three modes, and elaborate
switching techniques are not required. To receive
a-m it is merely necessary to disable the BFO
circuit.

The name product detector has been given to
heterodyne detectors in which special attention has

DETECTOR
2N5459

AUDIO
’LGAIN OUTPUT

Fig. 8-7 — The infinite-impedance detector. The
input circuit, L2C1, is tuned to the signal
frequency.
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been paid to minimizing distortion and intermodu-
lation (IM) products. Product detectors have been
thought of by some as a type of detector whose
output signal vanishes when the BFO signal is
removed. Although some product detectors func-
tion that way, such operation is not a criterion. A
product js something that results from the
combination of two or more things, hence any
heterodyne detector can rightfully be regarded as a
product detector. The two input signals (i-f and
BFO) are fed into what is essentially a mixer stage.
The difference in frequency (after filtering out and
removing the i-f and BFO signals from the mixer
output) is fed to the audio amplifier stages and
increased to speaker or headphone level. Although
product detectors are intended primarily for use
with cw and ssb signals, a-m signals can be copied
satisfactorily on receivers which have good i-f
selectivity. The a-m signal is tuned in as though it
were an ssb signal. When properly tuned, the
heterodyne from the a-m carrier is not audible.

A triode product-detector circuit is given in Fig.
8-8A. The i-f signal is fed to the grid of the tube,
while the BFO energy is supplied to the cathode.
The two signals mix to produce audio-frequency
output from the plate circuit of the tube. The BFO
voltage should be about 2 V rms and the signal
should not exceed 0.3 V rms for linear detection.
The degree of plate filtering required will depend
on the frequency of operation. The values shown
in Fig. 8-8A are sufficient for 450-kHz operation.
At low frequencies more elaborate filtering is
needed. A similar circuit using a JFET is shown at
B.

In the circuit of Fig. 8-8C, two germanium
diodes are used, though a 6ALS tube could be
substituted. The high back resistance of the diodes
is used as a dc return; if a 6ALS is used the diodes
must be shunted by 1-megohm resistors. The BFO
signal should be at least 10 or 20 times the
amplitude of the incoming signal.

At Fig. 8-8D a two-diode circuit, plus one
transistor, provides both a-m and product detec-
tion. This circuit is used in the Drake SPR-4
receiver. Balanced output is required from the
BFO. The a-m detector is forward biased to
prevent the self-squelching effect common to
single-diode detectors (caused by signals of low
level not exceeding the forward voltage drop of the
diode). The IC detector given in Fig. 8-8E has
several advantages. First, the BFO injection only
needs to be equal to the input signal, because of
the additional amplification of the BFO energy
which takes place within the IC. Also, output
filtering is quite simple, as the double-balanced
design reduces the level of i-f signal and BFO
voltage appearing in the output circuit. Motorola’s
MC1496G has a dynamic range of 90 dB and a
conversion gain of about 12 dB, making it a good
choice for use in a direct-conversion receiver.

A multipurpose 1C i-f amplifier/detector/agc
system, the National Semiconductor LM373, is
shown in I'ig. 8-81°. A choice of a-m, ssb, cw, and
fm detection is available, as well as a 60-dB-range
agc system and i-f amplification of 70 dB.
Recovered audio is typically 120 mV. L1Cl tune to
the i-f frequency.
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Regenerative Detectors

REGENERATIVE DETECTORS

By providing controllable rf feedback (regenera-
tion) in a triode, pentode, or transistorized-detec-
tor circuit, the incoming signal can be amplified
many times, thereby greatly increasing the
sensitivity of the detector. Regeneration also
increases the effective Q of the circuit and thus the
selectivity. The grid-leak type of detector is most
suitable for the purpose.

The grid-leak detector is a combination diode
rectifier and audio-frequency amplifier. In the
circuit of Fig. 8-9A, the grid corresponds to the
diode plate and the rectifying action is exactly the
same as in a diode. The dc voltage from
rectified-current flow through the grid leak, R1,
biases the grid negatively, and the audio-frequency
variations in voltage across R1 are amplified
through the tube as in a normal af amplifier. In the
plate circuit, R2 is the plate-load resistance and C3
and RFC a filter to eliminate rf in the output
circuit.

A gridleak detector has considerably greater
sensitivity than a diode. The sensitivity is further
increased by using a screen-grid tube instead of a
triode. The operation is equivalent to that of the
triode circuit. The screen bypass capacitor should
have low reactance for both radio and audio
frequencies.

The circuit in Fig. 8-9B is regenerative, the
feedback being obtained by feeding some signal
from the drain circuit back to the gate by inductive
coupling. The amount of regeneration must be
controllable, because maximum regenerative ampli-
fication is secured at the critical point where the
circuit is just about to oscillate. The ciritical point
in turn depends upon circuit conditions, which
may vary with the frequency to which the detector
is tuned. An oscillating detector can be detuned
slightly from an incoming cw signal to give
autodyne reception. The circuit of Fig. 8-9B uses a
control which varies the supply voltage to control
regeneration. If L2 and L3 are wound end to end
in the same direction, the drain connection is to
the outside of the ‘‘tickler” coil, L3, when the gate
connection is to the outside end of L2.

Although the regenerative detector is more
sensitive than any other type, its many disadvan-
tages commend it for use only in the simplest
receivers. The linearity is rather poor, and the
signal-handling capability is limited. The signal-
handling capability can be improved by reducing
R1 to 0.1 megohm, but the sensitivity will be
decreased. The degree of antenna coupling is often
critical.

A bipolar transistor is used in a regenerative
detector hookup at C. The emitter is returned to
dc ground through a 1000-ohm resistor and a
50,000-ohm regeneration control. The 1000-ohm
resistor keeps the emitter above ground at rf to
permit teedback between the emitter and collector.
A 5-pF capacitor (more capacitance might be
required) provides the feedback path. C1 and L2
comprise the tuned circuit, and the detected signal
is taken from the collector return through Ti. A
transistor with medium or high beta works best in
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circuits of this type and should have a frequency
rating which is well above the desired operating
frequency. The same is true of the frequency rating
of any FET used in the circuit at B.

Superregenerative detectors are somewhat more
sensitive than straight regenerative detectors and
can employ either tubes or transistors. Anin-depth
discussion of superregencrative detectors is given in
Chapter 9.

Fig. 89 — (A) Triode grid-leak detector combines
diode detection with triode amplification, Al-
though shown here with resistive plate load, R2, an
audio choke coil or transformer could be used.

(B) Feeding some signal from the drain circuit
back to the gate makes the circuit regenerative.
When feedback is sufficient, the circuit will
oscillate. The regeneration is adjusted by a
10,000-chm control which varies the drain voltage.

{C) An npn bipolar transistor can be used as a
regenerative detector too. Feedback occurs be-
tween collector and emitter through the 5-pF
capacitor. A 50,000-chm control in the emitter
return sets the regeneration. Pnp transistors can
also be used in this circuit, but the battery polarity
must be reversed.
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Tuning

For cw reception, the regeneration control is
advanced until the detector breaks into a “hiss”
which indicates that the detector is oscillating.
Further advancing of the regeneration control will
result in a slight decrease in the hiss.

Code signals can be tuned in and will give a
tone with each signal depending on the setting of
the tuning control. A low-pitched beat note cannot
be obtained from a strong signal because the
detector “pulls in” or “‘blocks.”

The point just after the detector starts

TUNING

Tuning

The resonant frequency of a circuit can be
shifted by changing either the inductance or the
capacitance in the circuit. Panel control of
inductance (permeability-tuned oscillator, or PTO)
is used to tune a few commercial receivers, but
most receivers depend upon  panel-mounted
variable capacitors for tuning,

Tuning Rate

For ease in tuning a signal, it is desirable that
the receiver have a tuning rate in keeping with the
type of signal being received and also with the
selectivity of the receiver. A tuning rate of 500
kHz per knob revolution is normally satisfactory
for a broadcast receiver, but 100 kHz per
revolution is almost too fast for easy ssb reception

around 25 to 50 kHz being more desirable.

Band Changing

The same coil and tuning capacitor cannot be
used for, say, 3.5 to 14 MHz because of the
impracticable maximum-to-minimum capcitance
ratio required. It is necessary, therefore, to provide
a means for changing the circuit constants for
various frequency bands. As a matter of conveni-
ence the sume tuning capacitor usually is retained,
but new coils are inserted in the circuit for each
band.

One method of changing inductances is to use a
switch having an appropriate number of contacts,
which connects the desired coil and disconnects
the others. The unused coils are sometimes
short-circuited by the switch, to avoid undesirable
self-resonances.

Another method is to use coils wound on forms
that can be plugged into suitable sockets. These
plug-in coils are advantageous when space is at a
premium, and they are also very useful when
considerable experimental work is involved.

(A) c. " (8)

8-10 Essentials of the

Fig.
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oscillating is the most sensitive condition for code
reception. Further advancing the regeneration
control makes the receiver less prone to blocking,
but also less sensitive to weak signals.

If the detector is in the oscillating condition
and an a-m phone signal is tuned in, a steady
audible beat-note will result. While it is possible to
listen to phone if the receiver can be tuned to
exact zero beat, it is more satisfactory to reduce
the regeneration to the point just before the
receiver goes into oscillation. This is also the most
sensitive operating point.

METHODS

Bandspreading

The tuning range of a given coil and variable
capacitor will depend upon the inductance of the
coil and the change in tuning capacitance. To cover
a wide frequency range and still retain a suitable
tuning rate over a relatively narrow frequency
range requires the use of bandspreading. Mechani-
cal bandspreading utilizes some mechanical means
to reduce the tuning rate; a typical example is the
two-speed planetary drive to be found in some
receivers. Electrical bandspreading is obtained by
using a suitable circuit configuration. Several of
these methods are shown in Fig. 8-10.

In A, a small bandspread capacitor, Cl (15- to
25-pF maximum), is used in parallel with capacitor
C2, which is usually large enough (100 to 140 pF)
to cover a 2-to-1 frequency range. The setting of
C2 will determine the minimum capacitance of the
circuit, and the maximum capacitance for band-
spread tuning will be the maximum capacitance of
Cl plus the setting of C2. The inductance of the
coil can be adjusted so that the maximum-mini-
mum ratio will give adequate bandspread. It is
almost impossible, because of the nonharmonic
relation of the various band limits, to get full
bandspread on all bands with the same pair of
capacitors. C2 is variously called the bandsetting or
main-tuning capacitor. It must be reset each time
the band is changed.

If the capacitance change of a tuning capacitor
is known, the total fixed shunt capacitance (Fig.
8-10A) for covering a band of frequencies can be
found from Fig. 8-11.

Example:  What fixed shunt capacitance will allow a ca-
pacitor with a range of 5to 30 pF to tune 3.45t0 4.05
MH2?

(4.05 - 3.45) - 4.05=0.148

From Fig. 8-11, the capacitance ratio is 0.38, and hence
the minimum capacitance is (30 - §) + 0.38 = 66 pI'. The
5-pF minimum of the tuning capacitor, the tube capadtance
and any stray capacitance must be included in the 66 pF.

=
]

three basic bandspread tuning systems.
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Fig. 8-11 — Minimum circuit capacitance required
in the circuit of Fig. 8-10A as a function of the
capacitance change and the frequency change.
Note that maximum frequency and minimum
capacitance are used.

The method shown at Fig. 8-10B makes use of
capacitors in series. The tuning capacitor, C1, may
have a maximum capacitance of 100 pF or more.
The minimum capacitance is determined principal-
ly by the setting of C3, which usually has low
capacitance, and the maximum capacitance by the
setting of C2, which is in the order of 25 to 50 pF.
This method is capable of close adjustment to
practically any desired degree of bandspread.
Either C2 or C3 must be adjusted for each band or
separate preadjusted capacitors must be switched
in.

The circuit at Fig. 8-10C also gives complete
spread on each band. C1, the bandspread capacitor,
may have any convenient value; 50 pF is
satisfactory. C2 may be used for continuous
frequency coverage (‘‘general coverage”) and as a
bandsetting capacitor. The effective maximum-
minimum capacitance ratio depends on C2 and the
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point at which C1 is tapped on the coil. The nearer
the tap to the bottom of the coil, the greater the
bandspread, and vice versa. For a given coil and
tap, the bandspread will be greater if C2 is set at
higher capacitance. C2 may be connected perma-
nently across the individual inductor and preset, if
desired. This requires a separate capacitor for each
band, but eliminates the necessity for resetting C2
each time.

Ganged Tuning

The tuning capacitors of the several rf circuits
may be coupled together mechanically and
operated by a single control. However, this
operating convenience involves more complicated
construction, both electrically and mechanically. It
becomes necessary to make the various circuits
track — that is, tune to the same frequency for a
given setting of the tuning control.

True tracking can be obtained only when the
inductance, tuning capacitors, and circuit induc-
tances and minimum and maximum capacitances
are identical in all ‘*“ganged” stages. A small
trimmer or padding capacitor may be connected
across the coil, so that various minimum
capacitances can be compensated. The use of the
trimmer necessarily increases the minimum circuit
capacitance but is a necessity for satisfactory
tracking. Midget capacitors having maximum
capacitances of 15 to 30 pF are commonly used.

The same methods are applied to bandspread
circuits that must be tracked. The inductance can
be trimmed by using a coil form with an adjustable
brass (or copper) core. This core material will
reduce the inductance of the coil, raising the
resonant frequency of the circuit. Powdered-iron
or ferrite core material can also be used, but will
lower the resonant frequency of the tuned circuit
because it increases the inductance of the coil.
Ferrite and powdered-iron cores will raise the Q of
the coil provided the core material is suitable for
the frequency being used. Core material is now
available for frequencies well into the vhf region.

The Superheterodyne

In a superheterodyne receiver, the frequency of
the incoming signal is heterodyned to a new radio
frequency, the intermediate frequency (abbrevi-
ated “i-f”’), then amplified, and finally detected.
The frequency is changed by modulating the
output of a tunable oscillator (the high-frequency,
or local oscillator) by the incoming signal in a
mixer or converter stage to produce a side
frequency equal to the intermediate frequency.
The other side frequency is rejected by selective
circuits. The audio-frequency signal is obtained at
the detector. Code signals are made audible by
heterodyne reception at the detector stage; this
oscillator is called the “beat-frequency oscillator”
or BFO. Block diagrams of typical single- and
double-conversion receivers are shown in Fig. 8-12,

As a numerical example, assume that an
intermediate frequency of 455 kHz is chosen and

that the incoming signal is at 7000 kHz. Then the
high-frequency oscillator frequency may be set to
7455 kHz in order that one side frequency (7455
minus 7000) will be at 455 kHz. The high-frequen-
cy oscillator could also be set to 6545 kHz and give
the same difference frequency. To produce an
audible code signal at the detector of, say, 1000
Hz, the heterodyning oscillator would be set to
either 454 or 456 kHz.

The frequency-conversion process permits rf
amplification at a relatively low frequency, the i-f.
High selectivity and gain can be obtained at this
frequency, and this selectivity and gain are
constant. The separate oscillators can be designed
for good stability and, since they are working at
frequencies considerably removed from the signal
frequencies, they are not normally “‘pulled” by the
incoming signal.
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Fig. 8-12 — Block diagrams of a (A} single- and (B) double-conversion superheterodyne receiver.

Images

Each hf 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 kHz to tune to a 7000-kHz
signal, for example, the receiver can respond also
to a signal on 7910 kHz, which likewise gives a 455-
kHz beat. The undesired signal is called the image.
It can cause unnecessary interference if it isn’t
eliminated.

The radio-frequency circuits of the receiver
(those used before the signal is heterodyned to the
i-f) normally are tuned to the desired signal, so that
the selectivity of the circuits reduces or eliminates
the response to the image signal. 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.

The image ratio depends upon the selectivity of
the rf tuned circuits preceding the mixer tube.
Also, the higher the intermediate frequency, the
higher the image ratio, since raising the i-f increases
the frequency separation between the signal and
the image and places the latter further away from
the resonance peak of the signal-frequency input
circuits.

The Double-Conversion Superheterody ne

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 kHz.
To reduce image response the signal frequently is
converted first to a rather high (1500, 5000, or
even 10,000 kHz) intermediate frequency, and
then — sometimes after further amplification -
converted to a lower i-f where higher adjacent-
channel selectivity can be obtained. Such a receiver
is called a double-conversion superheterodyne (IFig.
8-12B).

Other Spurious Responses

In addition to images, other signals to which
the receiver is not 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 frequency;
such spurious responses can be reduced by
adequate selectivity before the mixer stage, and by
using sufficient sluelding to prevent signal pickup
by any means other than the antenna. When a
strong signal is received, the harmonics generated
by rectification in the detector may, by stray
coupling, be introduced into the rf 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 desired signal, and are
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 by careful
mechanical design.

MIXER PRODUCTS

Additional spurious products are generated
during the mixing process, and these products are
the most troublesome of all, as it is difficult indeed
to eliminate them unless the frequencies chosen for
the mixing scheme are changed. The tables and
chart given in Fig. 8-13 will aid in the choice of
spurious-free frequency combinations, and they
can be used to determine how receiver “birdies”
are being generated. Only mixer products that fall
close to the desired frequency are considered, as
they are the ones that normally cause trouble. The
horizontal axis of the chart is marked off in steps
from 3 to 20, and the vertical axes from 0 to 14.
These numbers can be taken to mean either
kilohertz or megahertz, depending on the frequen-
cy range used. Both axes must use the same
reference; one cannot be in kHz and the other in
MHz.
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Spurious Response Chart
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Fig. 8-13 — Chart to aid in the calculation of
spurious frequencies generated during the mixing

process.

To demonstrate the use of the chart,
sugpose an amateur wanted to mix a 6- to
6.5-MHz VFO output with a 10-MHz ssb
signal to obtain out{mt in the 80-meter
band (the same problem as with a receiver
that tunes 3.5 to 4 MHz, using a 6- to
6.5-MHz VFO to heterodyne to a 10-MHz
i-f?{. Thus, F1 is 10 MHz and F2 is 6 t0 6.5
MHz, Examination of the chart shows the
intersection of these frequencies to be near
the lines marked 2/3 and 3/5. In the case of
the transmitter, difference (subtractive)
mixing is to be used. The order of the
products that will be close to the desired
mixer output frequency is given on each line
in parentheses. A plus sign in front of the
parentheses indicates the product order in a
sum (additivez mix, and a minus sign the
order of a difference mix. For this example
the chart indicates the 3rd-, 7th-, an
8th-order products in a 2/3 relationship are

going to be near the 80-meter band, plus the
th-order product of the 3/5 relationship.
The exact frequencies of these products
can be found with the help of the two small
tables in Fig. 8-13. The product orders from
1 to 9 are given for all the product lines on
the chart. The first digit of each group in a
box is the harmonic of the lower frequency
F2, and the second digit is the harmonic o
the larger frequency, F1. The dot indicates
sum mixing and no dot indicates products in
a difference mix. In the example, the chart
shows that the 2/3 relationship will yield a
3rd-order product 2F2-F1, a_ 7th-order
;(‘)Zd‘:;‘]:?tl“? -3F1, and an 8th-order product

(Continued on next page)
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(2X6)—10
(2X6.5—10

(4X6)—(3X10) =6
(4X6.5) —(3X10)=-4

(5X6)—(3X10) =0
(56 X 6.5) — (3 X 10) = 2.5 (8th order)

: g (3rd order)

(7th order)

The 3/4 relationship produces a 6th-order
product 4F2-2F1.

(4X6)—(2X10) =4
(4X6.5—(2X10)=6

Thus, the ranges of spurious signals near the
desired output band are 2 to 3 MHz, 6 to 4
MHz, 0 to 2.5 MHz, and 4 to 6 MHz. The
negative sign u!dacales that the 7th-order
product moves in the opposite direction to
the normal output frequency, as the VFO is
tuned. In this example ~proper mixer
operation and sufficient selectivity follow-
ing the mixer should keep the unwanted
products sufficiently down in level without
the use of filters or traps. Even-order
groducts can be reduced by employing a

alanced or doubly balanced mixer circuit,
such as shown in Fig. 8-16.

The level of spurious products to be found in
the output of a 12AU7 have been calculated by V.
W. Bolie, using the assumption that the oscillator
injection voltage will be 10 times (20 dB) greater
than the input signal. This information is given in
Fig. 8-14 for Ist- to Sth-order products. It is

RECEIVING SYSTEMS

+80

+40
S o
~
N A @at sty 4af, |
3y v ®3atfs k5t
. Sfptafs ot ’2f,<b4f°:fs
1o
é 80 @3, 2fs
3ty @f23fs
é 24,2365
© ats |
= —W,:#,
00 l
IST  2ND  3RD  4TH  5TH
ORDER

Fig. 8-14 — Chart showing the relative levels of
spurious signals generated by a 12AU7A mixer.

evident from the chart that multiples of the
oscillator voltage produce the strongest of the
undesired products. Thus, it follows that using a
balanced-mixer design which reduces the level of
oscillator signal in the output circuit will decrease
the strength of the unwanted products.

MIXERS

A circuit tuned to the output frequency is
placed in the plate circuit of the mixer, to offer a
high impedance load for the output current that is
developed. The signal- and oscillator-frequency
voltages appearing in the plate circuit are rejected
by the selectivity of this circuit. The output tuned
circuit should have low impedance for these
frequencies, a condition ecasily met if neither is
close to the output frequency.

The conversion efficiency of the mixer is the
ratio of output voltage from the plate circuit to rf
signal voltage applied to the grid. High conversion
efficiency is desirable. The device used as a mixer
also should be low noise if a good signal-to-noise
ratio is wanted, particularly if the mixer is the first
active device in the receiver.

A change in oscillator frequency caused by
tuning of the mixer grid circuit is called pulling.
Pulling should be minimized, because the stability
of the whole receiver or transmitter depends
critically upon the stability of the hf oscillator.
Pulling decreases with separation of the signal and
hf-oscillator frequencies, being less with higher
output frequencies. Another type of pulling is
caused by lack of regulation in the power supply.
Strong signals cause the voltage to change, which
in turn shifts the oscillator frequ