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FOREWORD

For more than forty years, The Radio Amateur’s Handbook
has been a mainstay of the American Radio Relay League’s
program to provide its member-amateurs with up-to-date,
practical training and reference material. In that period it has
built up an international reputation as the basic reference
book for the radio amateur.

The Handbook had its rather modest beginnings in 1925
when F. E. Handy, W1BDI, for many years the League’s com-
munications manager, commenced work on a small manual of
amateur operating procedure in which it was deemed desir-
able to include a certain amount of “technical” information.
It was published in 1926 and enjoyed instant success. Increas-
ing in size and scope with the growth of amateur radio itself,
the Handbook soon required participation of numerous of the
skilled amateurs at ARRL Hq., and became a family affair,
the joint product of the staff. The need for coordinating the
results of this collaboration, as well as independently generat-
ing new material, eventually led to placing the primary re-
sponsibility for the Handbook on the shoulders of a full-time
editor. The present book was produced under the editorship
of Doug DeMaw, WICER.

Virtually continuous modification is a feature of the Hand-
book, but always with the objective of presenting the soundest
aspects of current practice rather than the merely new and
novel. Written with the needs of the practical amateur con-
stantly in mind, it has earned universal acceptance not only
among amateurs but by all segments of the technical radio
world. This wide dependence on the Handbook is founded on
its practical utility, its treatment of radio communications
problems in terms of how-to-do-it rather than by abstract dis-
cussion.

The Handbook has long been considered an indispensable
part of the amateur’s equipment. We earnestly hope that the
present edition will succeed in bringing as much inspiration
and assistance to amateurs and would-be amateurs as have
its predecessors.

Jou~n HunTOoON

General Manager, ARRL
Newington, Conn.
January, 1970
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The Anateurs Code

!

‘ N

: ONE “

i The Amateur is Centlemanly . 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.

C si o

b two
The Amateur is Loyal . . . He owes his amateur radio to the
American Radio Relay League, and he offers it his unswerv-
ing loyalty. i

D rHREE f |
The Amateur is Progresswe . He keeps his station abreast
of science. It is bu1lt well and efficiently. His operating prac-

: tice is clean and r‘egular

i (.

. ' FOUR | jq

The Amateur is F riendly . . . Slow and patient sending when

requested, frlendly advice and counsel to the beginner,

kindly assistance ‘and cooperation for the broadcast listener;

oL
i % these are marks o“_f the amateur spirit.

" FIVE .

The Amateur is }_?alanced ... Radio is his hobby. He never
allows it to interfere with any of the duties he owes to his
i~ horne, his job, his, school, or his community.
o o

SIX i

The Amateur is Patriotic . . . His knowledge and his station
‘ are always ready . for the service of hlS country and his com-
b ‘ v~mun1ty ‘)

[ i
: h

e

: —PauL M. SecAL

P



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 350,000 ama-
teur radio operators who perform a service de-
fined in international law as one of “self-training,
intercommunication and technical investigations
carried on by . .. duly authorized persons inter-
ested 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 fol-
lowers of amateur radio number over 250,000,
trained communicators from whose ranks will
come the professional communications special-
ists 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 or-
ganization now provides a bond between ama-
teurs and protects their interests; an interna-
tionally respected magazine is published solely
for their benefit. The military services seek the
cooperation of the amateur in developing com-
munications reserves. Amateur radio supports a
manufacturing industry which, by the very de-
mands of amateurs for the latest and best equip-
ment, 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, in-
deed, a magnificently useful institution.

Although as old as the art of radio itself, ama-
teur 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 mes-
sages 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 stations, and hundreds of amateurs;
regulation was needed, so laws, licenses and
wavelength specifications appeared. There was
then no amateur organization 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.”

Chapter 1

But as the ycars rolled on, amateurs found out
how, and DX (distance) jumped from local to
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 am-
ateur progress and short-wave development.
Conceived and formed by the famous inventor,
the late Hiram Pecrcy Maxim, ARRL was for-
mally 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
I not only marked the close of the first phase
of amateur development but came very near
marking its end for all time. The fate of amateur
radio was in the balance in the days immediately
following the signing of the Armistice. The

HIRAM PERCY MAXIM
President ARRL, 1914-1936
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Government, having had a taste of supreme au-
thority 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 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 or-
ganization, 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 maga-
zine 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 October 1, 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 sta-
tions 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 Amer-
ican calls were logged by European amateurs and
one French and two British stations were heard
on this side.

Everything now was centered on one objec-
tive: two-way amateur communication across the
Atlantic! It must be possible—but somehow it
-couldn’t quite be done. More power? Many al-
ready were using the legal maximum. Better re-
ceivers? They had superheterodynes. Another
wavelength? What about those undisturbed
wavelengths below 200 meters? The engineering
world thought they were worthless—but they had

AMATEUR RADIO

said that about 200 meters. So, in 1922, tests be-
tween 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 am-
ateur ranks.

Finally, in November, 1923, after some months
of careful preparation, two-way amateur trans-
atlantic communication was accomplished, when
Fred Schnell, 1M O (now W4CF) and the late John
Reinartz, 1XAM (later K6BJ) worked for sev-
eral hours with Deloy, 8AB, in France, with all
three stations on 110 meters! Additional stations
dropped down to 100 meters and found that they,
too, could easily work two-way across the At-
lantic. 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,
wisely 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 Aus-
tralia, New Zealand and South Africa soon be-
came commonplace. Then how about 20 meters?
This new band revealed entirely unexpected pos-
sibilities when 1XAM worked 6TS on the West
Coast, direct, at high noon. The dream of ama-
teur 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 Gov-
ernment at international conferences. There are
other reasons. One of these is a thorough appre-
ciation by the military and civil defense author-
ities 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 coopera-
tive activities which resulted, in 1925, in the es-
tablishment of the Naval Communications Re-
serve and the Army-Amateur Radio System
(now the Military Afhliate Radio System). In
World War II 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. Altogether, more than
25,000 radio amateurs served in the armed forces
of the United States. Other thousands were en-
gaged in vital civilian electronic research, devel-
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opment and manufacturing. They also organized
and manned the War Emergency Radio Service,
the communications section of OCD.

The “public-service” record of the amateur is
a brilliant tribute to his work. These activities
can be roughly divided into two classes, expedi-
tions and emergencies. Amateur cooperation
with expeditions began in 1923 when a League
member, Don Mix, 1TS, of Bristol, Conn. (now
assistant technical editor of QST), 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 sub-
sequent years a total of perhaps two hundred
voyages and expeditions were assisted by ama-
teur radio, the several explorations of the Ant-
arctic being perhaps the best known.

Since 1913 amateur radio has been the prin-
cipal, and in many cases the only, means of out-
side communication in several hundred storm,
flood and earthquake emergencies in this coun-
try. The 1955 northeastern and west coast floods,
the great Alaskan earthquake of early 1964 and
the 1967 floods there, and Hurricane Camille

which hit the southeast and Gulf of Mexico in .

1969 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
resourcefulness in effecting communication where
all other means had failed. During 1938 ARRL
inaugurated a new emergency-preparedness pro-
gram, registering personnel and equipment in
its Emergency Corps and putting into effect a
comprehensive program of cooperation with the
Red Cross, and in 1947 a National Emergency
Coordinator was appointed to full-time duty at
League headquarters.

The amateur’s outstanding record of organized
preparation for emergency communications and
performance under fire has been largely respon-
sible for the decision of the Federal Government
to set up special regulations and set aside special
frequencies for use by amateurs in providing
auxiliary communications for civil defense pur-
poses in the event of war. Under the banner,
“Radio Amateur Civil Emergency Service,” am-
ateurs are setting up and manning community
and area networks integrated with civil defense
functions of the municipal governments. Should
a war cause the shut-down of routine amateur
activities, the RACES will be immediately avail-
able in the national defense, manned by amateurs
highly skilled in emergency communication.

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 con-
tinually overcrowds its frequency assignments,
spurring amateurs to the development and adop-
tion of new techniques to permit the accommoda-

A view of the ARRL laboratory.

tion of more stations.

During World War II, thousands of skilled
amateurs contributed their knowledge to the
development of secret radio devices, both in
Government and private laboratories. Equally as
important, the prewar technical progress by am-
ateurs 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.
The Project Oscar Association, an ARRL affiliate
with headquarters in Sunnyvale, California, has
designed and constructed the first two non-gov-
ernment satellites ever placed in orbit, Oscar I
on December 12, 1961, and Oscar II on June 2,
1962. Oscar III, a more sophisticated satellite
which received and retransmitted signals from the
ground, went into orbit on March 9, 1965. Oscar
IV, also a translator with input in the 144 MHz
band and output near 432 MHz, was launched on
December 21, 1965, The name Oscar is taken from
the initials of the phrase, “Orbital Satellite Carry-
ing Amateur Radio.”

Another space-age field in which amateurs are
currently working is that of long-range communi-
cation using the moon as a passive reflector. The
amateur bands from 144 to 1296 MHz are being
used for this work. . . . Moonbounce communica-
tions have been carried out between Finland and
California on 144 MHz and between Massachu-
setts 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 noncommer-
cial and has no stockholders. The members of
the League are the owners of the ARRL and
OST.

The League is pledged to promote interest in
two-way amateur communication and experi-
mentation. It is interested in the relaying of mes-
sages by amateur radio. It is concerned with the
advancement of the radio art. It stands for the
maintenance of fraternalism and a high standard
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of conduct. It represents the amateur in legis-
lative matters.

One of the League’s principal purposes is to
keep amateur activities so well conducted that
the amateur will continue to justify his exist-
ence. Amateur radio offers its followers count-
less pleasures 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 dedi-
cation to its ideals and principles, so that the in-
stitution of amateur radio may continue to oper-
ate “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 Directors. 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 for-
mulate ARRL policies thereon. The directors
appoint a general manager to supervise the oper-
ations 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 me-
dium for the exchange of ideas and fosters ama-
teur 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 OST.

ARRL maintains a model headquarters ama-
teur station, known as the Hiram Percy Maxim
Memorial Station, in Newington, Conn. Its call
is W1AW, the call held by Mr. Maxim until his
death and later transferred to the League station
by a special government action. Separate trans-
mitters of maximum legal power on each ama-
teur band have permitted the station to be heard
regularly all over the world. More important,
WI1AW 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 Awmateur’s
Handbook. Among its other activities, the
League maintains a Communications Depart-
ment concerned with the operating activities of
League members. A large field organization is
headed by a Section Communications Manager
in each of the League’s seventy-four sections.
There are appointments for qualified members
in various fields, as outlined in Chapter 24. Spe-
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cial activities and contests promote operating
skill. A special place is reserved each month in
QST for amateur news from every section.

AMATEUR LICENSING IN THE
UNITED STATES

Pursuant to the law, the Federal Communi-
cations Commission (FCC) has issued detailed
regulations for the amateur service.

A radio amateur is a duly authorized person
interested in radio technique solely with a per-
sonal aim and without pecuniary interest. Ama-
teur operator licenses are given to U. S. citizens
who pass an examination on operation and ap-
paratus and on the provisions of law and regu-
lations 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. Ad-
vanced 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 50.0-50.50.1 MHz. Exams for Novice,
Technician and Conditional classes are taken by
mail under the supervision of a volunteer exam-
iner. Station licenses are granted only to licensed
operators. An amateur station may not be used for
material compensation of any sort nor for broad-
casting. Narrow bands of frequencies are allo-
cated exclusively for use by amateur stations.
Transmissions may be on any frequency within
the assigned bands. All the frequencies may be
used for c.w. telegraphy; some are available for
radiotelephone, others for special forms of trans-
mission such as teletype, facsimile, amateur tele-
vision 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
13) 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 ehecking
it regularly. A complete log of station operation
must be maintained, with specified data. The sta-
tion 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
condition. A fee of $4.00 (payable to the Fed-
eral Communications Commission) must accom-
pany applications for new and renewed licenses
(except Novices: no fee). The fee for license
modification is $2.00. 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
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serious thought to securing the Government
amateur licenses which are issued you, after ex-
amination by an FCC engineer (or by a volun-
teer, dependjng on the license class), through
the FCC Licensing Unit, Gettysburg, Pa., 17325.
A complete up-to-the-minute discussion of li-
cense requirements, the FCC regulations for the
amateur service, and study guides for those pre-
paring for the examinations, are to be found in
The Radio Amateur’s License Manual, available
from the American Radio Relay League, Newing-
ton, Conn. 06111, for $1.00, postpaid.

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 Op-
erator 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 c.w. 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 c.w. on frequencies below 29.7
MHz, the Canadian amateur may have his certif-
icate endorsed for phone operation on the 26.96-
27.0 MHz and 28.0-29.7 MHz bands. The amateur
may take a 15 w.p.m. code test and more-diffi-
cult 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 Opera-
tor’s Certificates 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 tech-
nical and operating requirements. A provisional
license is valid for a maximum of twelve con-
secutive months only; by then, a provisional li-
censee should have taken the regular examination.

Licenses are available to citizens of Canada,
to citizens of other countries in the British Com-
monwealth, and to non-citizens who qualify as
“landed immigrants” within the meaning of
Canadian immigration law. The latter status
may be enjoyed for only six years, incidentally.
A U.S. citizen who obtained a Canadian license
as a “landed immigrant” 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 in
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other places where publications of the Queen’s
Printer are available. An extract of the amateur
rules, Form AR-5-80, is available at DOC offices.
A wealth of additional information on amateur
radio in Canada can be found in the Radio Am-
ateur Licensing Handbook, by Jim Kitchin,
VE7KN, published by R. Mack & Co. Ltd., 1485
S.W. Marine Dr., Vancouver 14, B.C,, for $2.50.

RECIPROCAL OPERATING

U.S. amateurs may operate their amateur sta-
tions while visiting in Argentina, Australia, Aus-
tria, Barbados, Belgium, Bolivia, Canada, Chile,
Colombia, Costa Rica, Dominican Republic, Ec-
uador, El Salvador, Finland, France, Germany,
Guatemala, Guyana, Honduras, India, Indonesia,
Ireland, Israel, Kuwait, Luxembourg, Monaco,
Netherlands, Netherlands Antilles, New Zealand,
Nicaragua, Norway, Panama, Paraguay, Peru,
Portugal, Sierre Leone, Surinam, Sweden, Switz-
erland, Trinidad & Tobago, the United Kingdom
and Venezuela and vice versa. For the latest in-
formation, write to ARRL headquarters.

LEARNING THE CODE

In starting to learn the code, you should con-
sider it simply another means of conveying in-
formation. 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: didididi-
dit! Stress each “dak” equally; they are under-
lined 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 re-
quirement 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 Radiotele-
graph Code, 50¢ 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 Proficiency.”
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A d:dah N dahlt

B ahd]dldlt (6] dahdahdah

C dahdldahdlt P dldahdahdlt

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 dedahdah

K dahdidah X dahdldxdah

L mahdl—dlt Y dahdldahdah

M dahdah Z dahdahdidit

1 c!ldahdahcla_hdah 6 dahdldldldlt

2 qlad;}:iahdah 7 dahdahdldldlt
3 didididahdah 8 dahdahdahdidit
4 dididididah 9 dahdahdahdahdit
5 dididididit 0 dahdahdahdahdah

Period: dxdahdldahdldah Comma: dahdahdldl-
dahdah. Questlon ‘mark : dldldahdahdldlt “Error:
didididididididit. Double dash: dahdxdldldah

Colon: dahdahdahdididit. Semicolon ;- dahdxdah-
didahdit. Parenthesis: dahd_ld_abda_hcpd_a_h 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.

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 pro-
vide room volume, making the oscillator useful
for group code-practice sessions.

The circuit can be built on a 274 x 214-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
galvanized-iron channel which is 6 inches long,
234 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. Al-
though a battery holder is used at BT, the bat-
tery could be taped to the chassis, or used out-
board, reducing the total cost. The circuit connec-
tions are made with short lengths of insulated
hookup wire. A phono jack is used at J,, 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 34 inch thick,
6 inches long, and is 4 inches wide. The key lever
is a piece of 34-inch wide brass strip, No. 16

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

gauge. It is 5 inches long and is bent slightly near
the center to raise the operating end approxi-
mately 14 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.

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 1l-inch
screw is placed under the finger end of the lever
(about 4 inch in from the end of the lever) and
serves as the contact element when the key is de-
pressed. The remaining key lead connects to this
screw, again under the base board. The spacing
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Fig. 1—2—Schematic diagram of the code oscillator.
Resistance is in ohms. K = 1000. The 0.01-uf. capacitor
is disk ceramic. BTy is a 1.5-volt size-D flashlight cell.
J1 is a phono connector. Q; is an RCA 40309 (a
2N2102 is suitable also). Q. is an RCA 2N2869/2N301.
(An RCA 40022 is suitable, also). The cases of Q. and
Q: should be insulated from the chassis.
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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.

INTRODUCTION TO RADIO THEORY

As you start your studies for an amateur li-
cense, 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 sim-
ple receiver and transmitter.

Another aid is A Course tn Radio Fundamen-
tals ($1.00), a study guide using this Handbook
as its text. There are experiments, discussions,
and quizzes 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 06111.
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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. Modifi-
cations 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 communication with ARRL Hgq. concerning a
specific point.

On this page and page 14 are summaries of the
Canadian and U.S. amateur bands on which
operation is permitted as of our press date. Fig-
ures are megacycles. A® and Ff mean unmodu-
lated carriers. A1 means c.w. telegraphy, A2 is
tone-modulated c.w. telegraphy, A3 is amplitude-
modulated phone (n.f.m. may also be used in such
bands, except on 1.8-2.0 MHz), A4 is facsimile,
A5 is television, n.f.m. designates narrow-band
frequency- or phase-modulated radiotelephony,
F1 is frequency-shift keying, F2 is frequency-
modulated tone keying (Morse or teletype), F3
is fm. phone, F4 is f.m. facsimile and FS is f.m.
television.

CANADIAN AMATEUR BANDS
80 3.500- 3.725 MHz Al, F1, Operation in the frequency bands 1.800-2.000 MHz shall
meters 3.725- 4.000 MHz A1, A3, F31, be llimitcd to the areas as (iindicatcd in the fo](liowing table and
shall be limited to the indicated maximum d.c. power input
40 m. 7.000~ 7.150 MHz A1, FI; ) to the anode circuit of the final radio frequency stage of
7.150- 7.300 MHz A1, A3}, F3t, the transmitter during day and night hours respectively;
20 m. 14.000- 14.100 MHz Al, F1, for the purpose of the subsection, ‘‘day’”’ means the hours
14.100— 14.350 MHz A1, A3!, F31, between sunrise and sunset, and ‘“night” means the hours
! ' between sunset and sunrise: Al, A3, and F3 emission are
15 m. 21.000- 21.100 MHz A1, F1, permitted.
21.100- 21.450 MHz Al, A3, F3, ABCDEFCGCEH
11 m. 26.960— 27.000 MHz A1, A2, A33,
F32, B.C. North of 54° N. Lat......... 10010000
B.C. South of 54° N. Lat......... 000 010 01
10m.  28.000- 28.100 MHz Al, F1, AIBerta ...veennreieanieeenns 10011001
28.100-  29.700 MHz Al, A3, F3%,  gaskatchewan ............ e 20022113
6 m. 50.000— 50.050 MHz Al Manitoba ... ... il 3 112 2113
50.050- 51.000 MHz Al, A2, A3, Ontario North of 50° N. Lat....... 31100 0 0 2
F1, F2, F3 Ontario South of 50° N. Lat....... 32100 001
51.000- 54.000 MHz A8, Al, A2, P.Q. North of 52° N. Lat......... 100110 01
A3, F1, P.Q. South of 52° N. Lat......... 31100 000
F2, F3, N.B, NS, PEIL .............. 3 2100000
Newfoundland .................. 3 1100000
Zm.  144.000- 144.100 MHz Al Labrador ........ooovieeesonis 20000000
144.100~ 148.000 MHz | AB, Al, A2,  Yukon Territory ................ 20010000
220.000- 225.000 MHz [ A3,F1,F2,F3, District of MacKenzie ........... 20021001
420.000- 450.000 MH District of Keewatin ............ 1 0012113
1215.000— 1300.000 MH; AB. AL A2 District of Franklin ............. 000 0» 1 001
2300.000— 2450.000 MHz AS, AS”, ' Frequency Band
3300.000— 3500.000 MHz F1, F2 q y
5650.000— 5925.000 MHz FS, ’ A 1800—1825 kHz E 1900—1925 kHz
10000.000-10500.000 MHz ’ B 1825—1850 kHz F 1925—1950 kHz
21000.000~22000.000 MHz C 1850—1875 kHz G 1950—1975 kHz
1 Phone privileges are restricted to holders of D 1875—1900 kHz H 1975—2000 kHz
Advanced Amateur Radio Operator Certificates, Power Level—W atts
and of Commercial Certificates. O—Operation not permitted.
3 Phone privileges are restricted as in footnote 1—25 night 100 day
1, and to holders of Amateur Radio Operators 2—50 night 200 day
Certificates whose certificates have been endorsed ~ 3—100 night 400 day
for operation on phone in these bands; see text.
3 Special endorsement required for amateur Except as otherwise specified, the maximum amateur power
television transmission. input is 1,000 watts.




U.S. AND POSSESSIONS AMATEUR BANDS
KHz MH:z
3500—4000 Al 220-225 }—AB, Al, A2, A3, A4, AS3
35003800 F1 Fg, F1, F2, F3, F4, Fs8
3800-3900 As, Fst 420-4504 } A8, Al, A2, A3, A4, AS,
38004000 A3, F3? 1,215-1,300 F6, F1, F2, F3, F4, FS
’ 2,300-2,450
7000-7300 Al 33003500 AD, A1, A2, A3, A4, AS.
7000-7200 F1 ’ , Fg, F1, F2, F3, F4, Fs,
7200--7250 AS, Fst 10,000-10,500% pulse
7200~7300 A3, F32 21,000-22,000
All above 40,000
14000-14350 Il‘}ll 1 Slow-scan television no wider than a single-sideband
14000-14200 AS, Fs1 voice signal may be used; if voice is simultaneously used,
14200-14275 AS’ F32 the total signal can be no wider than a standard a.m.
14200-14350 ) cignal,
MHz 2 Narrow-band frequency- or phase-modulation no wider
21.00-21.45 Al than standard a.m. voice signal.
21.00-21.25 F1 3 Slow-scan television no wider than a standard a.m.
21.25-21.35 AS, Fst voice signal.
21.25-21.45 A3, F3? ¢ Input power must not exceed 50 watts in Fla., Ariz.,
28.0-29.7 Al and parts of Ga., Ala., Miss.,, N. Mex., Tex., Nev., and
Umas. 2 Fe1 Calif. See the License Manual or write ARRL for further
10 m. { ggg:gg; %.}, A51 F3,2F5 details.
’ ’ 6§ No pulse permitted in this band.
50.0~54.0 Al . .
50.1-54.0 A2, A3, A4, AS3 F1, Nore: Frequencies from 3.9 to 4.0 MHz are not avail-
F2, F3, F5? able to amateurs on Baker, Canton, Enderbury, Guam,
51.0-54.0 Af Howland, Jarvis, Palmyra, American Samoa, and Wake
islands.
144-148 Al The bands 220 through 10,500 MHz are shared with the
2 m. 144-147.9 Ad, A2, A3, A4, A5} Government Radio Positioning Service, which has pri-

Fé4, F1, F2, F3, F53 ority.

In addition, Al and A3 on portions of 1.800-2.000 MHz as follows. Figures in the right columns are

maximum d.c. plate power input.

1800- 1825- 1850- 1875- 1900~ 1925~ 1950~ 1975—

1825 1850 1875 1900 1925 1950 1975 2000

kHz kHz kHz kHz kHz kHz kHz kHz

Area Day/Night Day/Night Day/Night Day/NightDay/Night Day/Night Day/Night Day/Night

Ala., La., Miss. 500/100 100/25 0 0 0 0 100/25 500/100
Alaska 200/50 0 0 200/50 0 0 0 0
Arizona 0 0 0 0 0 200/50 500/100 1000/200
Ark., Mo. 1000/200 200/50  100/25 0 0 100/25 100/25 500/100
California 0 0 0 0 100/25 200/50 200/50 500/100
Colorado 200/50 0 0 0 0 200/50 200/50 1000/200
Conn ., Me., Mass., N.H,,

N.J., N.Y,, Penn., R.I.,, Vt. 5007100 100/25 0 0 0 0 0 0
Del., D.C., Md., N.C., Va. 500/100 100/25 0 0 0 0 0 100/25
Florida 500/100 100/25 0 0 0 0 100/25 500/100
Ga., S.C., P.R., Virgin Is.,

Navassa 500/100 100/25 0 0 1} 1} [1} 200/50
Hawaii, Oregon 0 0 0 0 200/50 100/25 100/25 500/100
Idaho, Montana 100/25 0 0 100/25 100/25 100/25 100/25 500/100
Illinois 1000/200 200/50  100/25 0 0 0 0 200/50
Ind., Ken., Tenn. 1000/200 500/100 100/25 0 0 0 0 200/50
Jowa 1000/200 200/50  200/50 0 0 100/25 100/25 500/100
Kansas, Okla. 500/100 100/25  100/25 0 0 100/25 200/50 1000/200
Mich., Ohio, W.Va, 1000/200 500/100 100/25 0 0 0 0 100/25
Minnesota 500/100 100/25  100/25 100/25 100/25 100/2S 100/25 500/100
Nebraska 500/100 100/25 100/25 0 0 200/50 200/50  1000/200
Nevada 0 0 0 0 100/25 200/50 200/50  1000/200
New Mexico 100/25 0 0 0 0 100/25 500/100 1000/200
No. Dak., So. Dak. 500/100 100/25 100/2§ 100/25 100/25 200/50 200/50  1000/200
Texas 200/50 0 0 0 0 0 100/25 500/100
Utah 100/25 0 0 100/25 100/25 200/50 200/50  1000/200
Washington 0 0 0 0 200/50 0 0 500/100
Wisconsin 1000/200 200/50  200/50 0 0 0 0 200/50
Wyoming 200/50 0 0 100/25 100/25 200/50 200/50 1000/200
Roncador Key, Swan Is.,

Serrana Bank 500/100 100/25 0 0 0 0 100/25 500/100
Baker, Canton, Enderbury,

Howland Is. 100/25 0 0 100/25 100/25 0 0 100/25
Guam, Johnson, Midway Is. 0 0 0 0 100/25 0 0 100/25
American Samoa 200/50 0 0 200/50 200/50 0 0 200/50
Wake Island 100/25 0 0 100/25 0 0 0 0
Palmyra, Jarvis Is. Q 0 0 0 200/50 0 0 200/50

Novice licensees may use the following fre-
transmitters to be crystal-controlled
and have a maximum power input of 75 watts.

21.100-21.250 MHz Al
145-147 MHz Al, A2, F1, F2

quencies,

3.700-3.750 MHz Al
7.150-7.200 MHz A1l

Technician licensees are permitted all ama-
teur privileges in 50 MHz* 145-147 MHz and in
the bands 220 MHz and above.

Except as otherwise specified, the maximum
amateur power input is 1000 watts.

* See page 11 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 elec-
tric 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 potential of the field is a measure of the
field intensity. The direction of the field 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 direc-
tion of the field. Similarly, a magnet in a mag-
netic 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 mag-
netic field, and a changing magnetic field gen-
erates an electric field. This interrelationship
between magnetic and electric fields makes pos-
sible such things as the electromagnet and the
electric motor. It also makes possible the electro-
magnetic waves by which radio communication
is carried on, for such waves are simply traveling
fields in which the energy is alternately handed
back and forth between the electric and mag-
netic fields.

Lines of Force

Although no one knows what it is that com-
poses 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

Chapter 2

of lines in a chosen cross section of the field is a
measure 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, par-
ticles 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, essen-
tially a small particle of electricity. The quantity
or charge of electricity represented by the elec-
tron is, in fact, the smallest quantity of elec-
tricity 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 “oppo-
site’” 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 ions of the same kind — moves past a point in
a circuit. Since the charge on a single electron or
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ion is extremely small, the number that must
move as a group to form even a tiny current 1s
almost inconceivably large.

Conductors and Insulators

Atoms of some materials, notably metals and
acids, will give yp an electron readily, but atoms
of other materials will not part with any of their
electrons even when the electric force is ex-
tremely 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 e.m.f.) that causes
current low may be developed in several ways.
The action of certain chemical solutions on dis-
similar metals sets up an e.m.f.; such a combina-
tion 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 em.f. 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 d.c. It is the type of
current furnished by batteries and by certain
types of generators.

It is also possible to have an e.m.f. that peri-
odically reverses. With this kind of e.m.f. the
current flows first in one direction through the
circuit and then in the other. Such an e.m.. is
called an alternating e.m.f., and the current is
called an alternating current (abbreviated a.c.).
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 first 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 alter-
nating current.

The difference between direct current and al-
ternating current is shown in Fig. 2-1. In these
graphs the horizontal axis measures time, in-

ELECTRICAL LAWS AND CIRCUITS

creasing 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 hori-
zontal axis. If the graph is above the horizontal
axis the current is flowing in one direction
through the circuit (indicated by the 4 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 A at time X, continues at that
amplitude until time ¥ and then instantly ceases.
After an interval Y Z the current again begins to
flow and the same sort of start-and-stop per-
formance is repeated. This is an intermittent di-
rect current. We could get it by alternately
closing and opening a switch in the circuit. It 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, in-
creases in amplitude as time goes on until it
reaches the amplitude 4, 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 indi-
cated 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 4,. Then
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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

the amplitude decreases until 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 a.c. 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-num-
ber) 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 sine wave
is passed through a nonlinear device. The dis-
torted 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 an
e.m.f. of about 1.5 volts. The em.f. commonly
supplied for domestic lighting and power is 115
volts a.c. at a frequency of 60 cycles per second.

The flow of electric current is measured in
amperes. One ampere is equivalent to the move-
ment 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 cur-
rents in milliamperes. One milliampere is equal to
one one-thousandth of an ampere.

A “d.c. ampere” is a measure of a steady cur-
rent, but the ‘“a.c. ampere” must measure a
current that is continually varying in amplitude
and periodically reversing direction. To put the
two on the same basis, an a.c. ampere is defined
as the current that will cause the same heating
effect as one ampere of steady direct current. For
sine-wave a.c., this effective (or r.m.s., for root
mean square, the mathematical derivation) value
is equal to the maximum (or peak) amplitude
(A, or A, 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 instantaneous values in a
sine wave are averaged over a half-cycle, 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 polar-
ity 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 com-
ponent is larger, the resultant is negative at that instant.

FREQUENCY AND WAVELENGTH

Frequency Spectrum

Frequencies ranging from about 15 to 15,000
cycles per second (c.p.s. 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 c.p.s. are called
radio frequencies (r.f.) because they are useful
in radio transmission. Frequencies all the way
up to and beyond 10,000,000,000 c.p.s. 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 kilocycle, which is
equal to 1000 cycles and is abbreviated kec., or
kHz., and the megacycle, which is equal to
1,000,000 cycles or 1000 kilocycles and is abbrevi-
ated Mc., or 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 Abbreviation

10 to 30 kc. Very-low frequencies v.Lf.

30 to 300 kc. Low frequencies 1.f.

300 to 3000 kc. Medium frequencies m.f.

3 to 30 Me. High frequencies h.f.

30 to 300 Me. Very-high frequencies v.h.f.
300 to 3000 Mec. Ultrahigh frequencies u.h.f.
3000 to 30,000 Mc. Superhigh frequencies s.h.f,

Wavelength

Radio waves travel at the same speed as light
—300,000,000 meters or about 186,000 miles a
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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 vary-
ing magnetic field in turn sets up a varying elec-
tric field. And whenever this happens, the two
fields move outward at the speed of light.

Suppose an r.f. current has a frequency of
3,000,000 cycles per second. The fields 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 100 meters before the beginning of
the next, and so on. This distance is the wave-
length.

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

300,000
A=
f

where A = Wavelength in meters
f = Frequency in kilocycles

or A .=-‘—3ﬂ)

where A\ = Wavelength in meters
f = Frequency in megacycles
Example: The wavelength corresponding to
a frequency of 3650 kilocycles is

_ 300,000

= ~3630 = 82.2 meters

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 e.m.f.

Resistance is measured in ohms. A circuit has
a resistance of one ohm when an applied e.m.f.
of one volt causes a current of one ampere to
flow. The resistivity of a material is the resist-
ance, in ohms, of a cube of the material measuring
one centimeter on each edge. One of the best con-
ductors 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-I gives the ratio of the re-
sistivity of various conductors to that of copper.

The longer the path through which the current
flows the higher the resistance of that conductor.
For direct current and low-frequency alternating

TABLE 2-1
Relative Resistivity of Metals
Resistivity
Material Compared to Copper
Aluminum (pure) .......... 1.6
Brass ...........c0l. 3.749
Cadmium ................. 44
Chromium ................ 1.8
Copper (hard-drawn) ..... 1.03
Copper (annealed) ........ 1.00
Gold ............ ... ..., 14
Iron (pure) ...t 5.68
Lead ...l 12.8
Nickel ...........cooo.... 5.1
Phosphor Bronze ......... 2.8-54
Silver .............. ..., 0.94
Steel ... 7.6-12.7
Tin ..o 6.7
ZInC o.viiiiiii 34

currents (up to a few thousand cycles per second)
the resistance is inwversely 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 differ-
ing 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 easily 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 20 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
6.17 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 con-
nections totals 14 feet. Then
14

— = 0.05 oh

1000 X R = 0.05 ohm
where R is the maximum allowable resistance
in ohms per thousand feet. Rearranging the
formula gives

0.05 X 1000

12 = 3.57 ohms/1000 ft.

Reference to the wire table shows that No. 15
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 multi-
plied by the ratios given in Table 2-I to obtain
the resistance.



Resistance

Types of resistors used in radio equip-
ment. Those in the foreground with
wire leads are carbon types, ranging
in size from %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 of the adjust-
able type, having a sliding contact on
an exposed section of the resistance
winding.

Example: If the wire in the first example
were nickel instead of copper the length re.
quired for 3.5 ohms would be

3.5
.17 <51 X 1000 = 10.37 feet,

Temperature Effects

The resistance of a conductor changes with
its temperature. Although it is seldom necessary
to consider temperature in making resistance
calculations for amateur work, it is well to know
that the resistance of practically all metallic
conductors increases with increasing tempera-
ture. Carbon, however, acts in the opposite way;
its resistance decreases when its temperature
rises. The temperature 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 in-
ternal 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 resist-
ance increases.

For low audio frequencies the increase in re-
sistance 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 r.f.
resistance is consequently many times the d.c.
resistance, and increases with increasing fre-
quency. In the r.f. 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. It 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 chiefly in connection with
vacuum-tube characteristics. The unit of con-
ductance is the mho. A resistance of one ohm has
a conductance of one mho, a resistance of 1000
ohms has a conductance of 0.001 mho, and so on.
A unit frequently used in connection with vacuum
tubes is the micromho, or one-millionth of a
mho. It is the conductance of a resistance of
one megohm.

OHM’S LAW

The simplest form of electric circuit is a bat-
tery with a resistance connected to its terminals,
as shown by the symbols in Fig. 2-3. A complete
circuit must have an unbroken path so current

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

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 re-
moved 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
other. The relationship between them is known
as Ohm’s Law. It can be stated as follows: The
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TABLE 2-Il
Conversion Factors for Fractional and
Multiple Units
To change from To Divide by | Multiply by
Units Micro-units 1,000,000

Milli-units 1000
Kilo-units 1000
Mega-units 1,000,000

Micro-units Milli-units 1000
Units 1,000,000

Milli-units Micro-units 1000
Units 1000

Kilo-units Units 1000
Mega-units 1000

Mega-units Units 1,000,000
Kilo-units 1000

current flowing in a circuit is directly propor-
tional to the applied e.m.f. and inversely propor-
tional to the resistance. Expressed as an equa-
tion, it is

E (volts)

R (ohms)

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 cur-
rent in amperes multiplied by the resistance in
ohms) and

I (amperes) =

rR=E
I
(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 wolts, ohms and am-
peres; 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-II shows how to convert between the
various units in common use. The prefixes at-
tached 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.

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 E = IR. 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 = 1000 X 20,000 = 3000 volts
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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

No conversion was necessary because the volt-
age and current were given in volts and am-
peres.

How much current will flow if 250 volts is
applied to a 5000-ohm resistor? Since I is un-
known

E 250

I= R = 5000 = 0.05 ampere

Milliampere units would be more convenient
for the current, and 0.05 amp. X 1000 = 50
milliamperes.

SERIES AND PARALLEL RESISTANCES

Very few actual electric circuits are as simple
as the illustration in the preceding section. Com-
monly, resistances are found connected in a

SERIES

Fig. 2-4—Resistors
connected in series
and in parallel.

PaRALLEL
Source
of EMF.

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 em.f. (in the direction shown by the
arrow, let us say) down through the first re-
sistance, R,, then through the second, R,, and
then back to the source. These resistors are con-
nected in series. The current everywhere in the
circuit has the same value.

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 R,. 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,, R,, R,, etc., then

R (total) =R, + Ry + Ry + Ry + . . . ..
where the dots indicate that as many resistors
as necessary may be added.



Series and Parallel Resistance

Example: Suppose that three resistors are
connected to a source of e.m.f. as shown in
Fig. 2-5. The e.m.f. is 250 volts, R:1 is 5000
ohms, R2is 20,000 ohms, and Ra is 8000 ohms.
The total resistance is then
R = R1+ R2 4+ Rz = 5000 + 20,000 4 8000

= 33,000 ohms
The current flowing in the circuit is then

I == =——_ =0.00757 amp. = 7.57 ma.

(We need not carry calculations beyond three
significant figures, and often two will suffice
because the accuracy of measurements is sel-
dom better than a few per cent.)

Voltage Drop

Ohm’s Law applies to any part of a circuit as
well as to the whole circuit. Although the cur-
rent 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 Ri (Fig.
2-5) is called Ei, that across Rz is caHed Eq,
and that across Ra is called Ea, then

E1 = IR1 = 0.00757 X 5000 = 37.9 volts
E2 = IR2 = 0.00757 X 20,000 = 151.4 volts
Es = IRz = 0.00757 X 8000 = 60.6 volts

The applied voltage must equal the sum of the
individual voltage drops:

E = FE1+ E2 4+ Es = 37.9 + 151.4 4+ 60.6
= 249.9 volts

The answer would have been more nearly
exact if the current had been calculated 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
enough to be expressed in milliamperes, if the

Fig. 2-5—An example

of resistors in series.

. The solution of the cir-

cuit is worked out in
the text.

resistance is expressed in kilohms rather than
ohms. When resistance in kilohms is substituted
directly in Ohm’s Law the current will be in
milliamperes if the e.m.f. is in volts.

Resistors in Parallel

In a circuit with resistances in parallel, the
total resistance is less than that of the lowest
value of resistanc?mn 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

1

R =
1 1 1 1
_;+___2+__8+_‘+..___

where the dots again indicate that any number
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of resistors can be combined by the same method.
For only two resistances in parallel (a very com-

morfease-me-fornm . becomes
R\R
R= < 1182
Ri + R,
Example: If a 500-ohm resistor is paralleled
with one of 1200 ohms, the total resistance is

RiR:  _ 500%1200 _ 600,000
Ri+ R2  500+1200 1700
= 353 ohms
It is probably easier to solve practical prob-
lems by a different method than the “reciprocal
of reciprocals” formula. Suppose the three re-

R=

-
—_ R.é RyS Ry
e 230V50002 2o,ooo$, 8000

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

sistors of the previous example are connected in
parallel as shown in Fig. 2-6. The same e.m.f.,
250 volts, is applied to all three of the resistors.
The current in each can be found from Ohm’s
Law as shown below, I; being the current
through R;, I, the current through R, and I, the
current through R,.
For convenience, the resistance will be ex-

pressed in kilohms so the current will be in
milliamperes.

I =E1=T=50ma'
E _ 250

Iy = =20 12.5 ma.
E 250

Iy = -8 - 31.?5 ma.

The total current is

I=I1+4 Io+4 Is = 50 + 12.5 + 31.25
= 93.75 ma.

The total resistance of the circuit is therefore

R = = = —— = 2.66 kilohms ( = 2660 ohms)

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 R,
and R, in parallel as though 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 R, can be com-
puted that will provide a given voltage drop
across Ry or a given current through R. Simple
algebra is required.
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5000
4 Reg.
—E=250% :;(Equivolenf R
T P 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.

Example: The first step is to find the equiva-

lent resistance of R2 and Rs. From the formula
for two resistances in parallel,

Ree = R2Rs 20X 8 _ 160
T R.FT R 20+8 28
= 5.71 kilohms

The total resistance in the circuit is then
R = R1 4 Req. = 5 + 5.71 kilohms

= 10.71 kilohms
The current is
E 250
I=E= o7 = 2\‘3A3ma.

The voltage drops across Ri and Req. are

Ei=1IRy = 23.3 X § = 117 volts
E2 = IReq. = 23.3 X 5.71 = 133 volts

with sufficient accuracy. These total 250 volts,
thus checking the calculations so far, because
the sum of the voltage drops must equal the
applied voltage. Since Ez appears across both

R2 and Rs,
E. 133
I, = &m0 = 6.65 ma
E, 133
I'_F:—__ 16.6 ma

where I2 = Current through R»
Is = Current through Rs

The total is 23.25 ma., which checks closely
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 elec-
trical power, called the watt, is equal to one volt
multiplied by one ampere. The equation for
power therefore is
P—=EJI
where P = Power in watts
E = EmJ. 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 transmit-
ting vacuum tube is 2000 volts and the plate
current is 350 milliamperes. (The current

must be changed to amperes before substitu-
tion in the formula, and so is 0.35 amp.) Then

P = EI = 2000 X 0.35 = 700 watts
By substituting the Ohm’s Law equivalents for

E and I, the following formulas are obtained
for power:
EZ
"R
P = 'R
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These formulas are useful in power calculations
when the resistance and either the current or
voltage (but not both) are known.
Example: How much power will be used up
in a 4000-ohm resistor if the voltage applied
to it is 200 volts? From the equation
_ E? _ (200)2 _ 40,000

R~ 2000 - 4000 " l0watts

Or, suppose a current of 20 milliamperes flows
through a 300-ohm resistor. Then

P = I?2R = (0.02)2 X 300 = 0.0004 X 300
= 0:12 watt

Note that the current was changed from mil-
liamperes to amperes before substitution in the
formula.

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 !4 watt.
The largest resistors used in amateur equipment
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 con-
verted into radio waves. Power applied to a loud-
speaker 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 sup-
plied at a definite ratio of voltage to current.
Both these features are characteristics of resist-
ance, so it can be said that any device that dissi-
pates power has a definite value of “resistance.”
This concept of resistance as something that ab-
sorbs 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 con-
siderable 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 re-
sistance 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) di-
vided by the power input to the device. In a
vacuum-tube transmitter, for example, the object
is to convert power from a d.c. source into a.c.
power at some radio frequency. The ratio of the
r.f. power output to the d.c. input is the efficiency
of the tube. That is,

Py

Eﬁ’.=—17*i



Capacitance

where Eff. = Efficiency (as a decimal)
P, = Power output (watts)
P, = Power input (watts)
Example: If the d.c. input to the tube is 100

watts and the r.f. power output is 60 watts, the
efficiency is

Efficiency is usually expressed as a percentage;
that is, it tells what per cent of the input power
will be available as useful output. The effi-
ciency in the above example is 60 per cent.

Energy

In residences, the power company’s bill is for
electric energy, not for power. What you pay for
is the wwork that electricity does for you, not the
rate at which that work is done. Electrical work
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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

Other energy units are the kilowatt-hour and
the watt-second. These units should be self-
explanatory.

Energy units are seldom used in amateur prac-
tice, 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 con-
nected to a battery through a switch, as shown in
Fig. 2-8. At the instant the switch is closed, elec-
trons 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

—/5
. Fig. 2-8—A
+ simple ca-
- pacitor.
Metal Plates I

the negative battery terminal. Enough electrons
move into one plate and out of the other to make
the e.m.f. between them the same as the e.m.f. 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 con-
nected. However, if a wire is touched between the
two plates (short-circuiting them) the excess
electrons on the bottom plate will low through
the wire to the upper plate, thus restoring elec-
trical neutrality. The plates have then been dis-
charged.

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 capac-
itor 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 alter-
nating 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 sub-
stitution 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

Table 2-lII
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 3.3-3.9 250-600
Fiber 5-7.5  150-180
Formica 4649 450
Glass, window 7.6-8  200-250
Glass, Pyrex 4.8 335
Mica, ruby 5.4 3800-5600
Myecalex 7.4 250
Paper, Royalgrey 3.0 200
Plexiglass 28 990
Polyethylene 23 1200
Polystyrene 26 500-700
Porcelain 5.1-5.9 40-100
Quartz, fused 3.8 1000
Steatite, low-loss 5.8 150-315
Teflon 2.1 1000-2000
* At 1 Mc. ** In volts per mil (0.001 inch)
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given in Table 2-IIL. 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 prac-
tical work. Capacitance is usually measured in
microfarads (abbreviated uf.) or picofarads
(pf.). The microfarad is one-millionth of a farad,

Y

Fig. 2-9—A multiple-plate capacitor. Alternate plates are
connected together.

and the picofarad (formerly micromicrofarad) is
one-millionth 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 stacked to form the equivalent of a single large
plate of the same total area. Also, all plates, ex-
cept the two on the ends, are exposed to plates
of the other group on both sides, and so are twice
as effective in increasing the capacitance.
The formula for calculating capacitance is:

C = 0.224% (n—1)

where C = Capacitance in pf.
K = Dielectric constant of material be-
tween 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.

ELECTRICAL LAWS AND CIRCUITS

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, assem-
blies 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 se-
cured in a small unit. The solid dielectrics com-
monly used are mica, paper and special ceramics.
An example of a liquid dielectric is mineral oil.
The electrolytic capacitor uses aluminum-foil
plates with a semiliquid conducting chemical
compound between them ; the actual dielectric is a
very thin film of insulating material that forms on
one set of plates through electrochemical action
when a d.c. voltage is applied to the capacitor.
The capacitance obtained with a given plate area
in an electrolytic capacitor is very large, com-
pared with capacitors having other dielectrics, be-
cause the film is so thin—much less than any
thickness that is practicable with a solid dielectric.

The use of clectrolytic 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 de-
pends upon the kind and thickness of the dielec-
tric, as shown in Table 2-III. It is not directly
proportional to the thickness; that is, doubling

Fixed and variable capacitors. The
large unit at the left is a transmitting-
type variable capacitor for r.f. tank
circuits. To its right are other air-
dielectric variables of different sizes
ranging from the midget “air pad-
der’’ to the medium-power tank ca-
pacitor at the top center. The cased
capacitors in the top row are for
power-supply filters, the cylindrical-
can unit being an electrolytic and the
rectangular one a paper-dielectric
capacitor. Various types of mica, ce-
ramic, and paper-dielectric capacitors
are in the foreground.
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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 be-
tween 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; conse-
quently, 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 with-
stand 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 physically large.

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) =Ci+ Ca+ Ca+4 Ci+

However, if two or more capacitors are con-
nected 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 ca-
pacitors is the same as that for finding the re-
sistance of a number of parallel-connected
resistors. That is,

C (total) = ] I ! ] .
o) + o + Yo .+.a o
and, for only two capacitors in series,
_ GG
C (total) = TG

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.

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
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inverse proportion to its capacitance, as com-
pared with the capacitance of the whole group.
Example: Three capacitors having capaci-
tances of 1, 2, and 4 uf., respectively, are con-

nected in series as shown in Fig. 2-11. The
total capacitance is

1 - 1
1 1 1 -1, 1, 1
atatea 1tata
= 0.571 uf.

The voltage across each capacitor is propor-
tional to the total capacitance divided by the
capacitance of the capacitor in question, so the
voltage across Ci is

E = 9—517—1 X 2000 = 1142 volts

Cm=

il
<l

Similarly, the voltages across C2 and Cs are

Ej o= (% X 2000 = 571 volts

Ey = 9—% X 2000 = 286 volts

totaling approximately 2000 volts, the applied
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 voltage does not divide equally among
the capacitors (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.

g T

€-2000V, E, C,

f

i
Fig. 2-11—An example of capacitors connected in series.

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

O—

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
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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 e.m.f.
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 “in-
duced” in the circuit while the field is building up
to its final value. When the field becomes con-
stant the induced e.m.f. or back e.m.f. disap-
pears, since no further energy is being stored.

Since the induced e.m.f. opposes the e.m.f. of
the source, it tends to prevent the current from
rising rapidly when the circuit is closed. The
amplitude of the induced e.m.f. is proportional
to the rate at which the current is changing and
to a constant associated with the circuit itself,
called the inductance of the circuit.

Inductance depends on the physical character-
istics of the conductor. If the conductor is formed
into a coil, for example, its inductance is in-
creased. 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 e.m.f. 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 e.m.f. by storing energy in the mag-
netic 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 energy being
supplied by the source of e.m.f. This tends to keep
the current flowing even though the applied
e.m.f. may be decreasing or be removed entirely.

The unit of inductance is the henry. Values of
inductance used in radio equipment vary over a
wide range. Inductance of several henrys is re-
quired in power-supply circuits (see chapter on
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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 meas-
ured in millihenrys (a mh., one one-thousandth
of a henry) at low frequencies, and in microhen-
rys (uh., one one-millionth of a henry) at me-
dium frequencies and higher. Although coils for
radio frequencies may be wound on special iron
cores (ordinary iron is not suitable) most r.f. coils
made and used by amateurs are of the “air-core”
type; that is, wound on an insulating support con-
sisting of nonmagnetic material.

Every conductor has inductance, even though
the conductor is not formed into a coil. The in-
ductance 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 the order of 100 Mc. 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 sim-
plified formula
a2n2
L (ph.) =

9a + 106

where L = Inductance in microhenrys
a = Coil radius in inches
b = Coil length in inches
n = Number of turns

The notation is explained in Fig. 2-12. This

Fig. 2-12—Coil dimensions

used in the inductance for- 2a

mula. The wire diameter

does not enter into the for- -—J—
mula, b

Inductors for power and radio fre-
quencies. The two iron-core coils at
the left are “‘chokes’ for power-sup-
ply filters. The mounted air-core coils
at the top center are adjustable in-
ductors for transmitting tank circuits.
The "’pie-wound”’ coils at the left and
in the foreground are radio-fre-
quency choke coils. The remaining
coils are typical of inductors used in
rf. tuned circuits, the larger sizes
being used principally for transmit-
ters.
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formula is a close approximation for coils having
a length equal to or greater than 0.8a.
Example: Assume a coil having 48 turns
wound 32 turns per inch and a diameter of 34
inch. Thusa = 0.75 + 2 = 0.375, b = 48 =~ 32
= 1.5, and » = 48. Substituting,
.375 X .375 X 48 X 48 _
O X 375 F (0 x 1.5 ~ 176sh
To calculate the number of turns of a single-
layer coil for a required value of inductance,

"= \/L (9a + 10b)

a?

L=

Example: Suppose an inductance of 10uh. is
required. The form on which the coil is to be
wound has a diameter of one inch and is long
enough to accommodate a coil of 114 inches.
Then a = 0.5, b = 1.25, and L = 10. Substi-
tuting,

10 (4.5 + 12.5) —
n= 9! = = 26.1 turns
V S XS Véso

A 26-turn coil would be close enough in prac-
tical work. Since the coil will be 1.25 inches
long, the number of turns per inch will be
26.1 =~ 1.25 = 20.8. Consulting the wire table,
we find that No. 17 enameled wire (or any-
thing smaller) can be used. The proper in-
ductance is obtained by winding the required
number of turns on the form and then adjust-
ing 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 v.h.f.
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 v.h.f. 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 14 inch; curve B is for
coils of 34-inch inside diameter. In both curves
the wire size is No. 12, winding pitch 8 turns to
the inch (14 inch center-to-center turn spacing).
The inductance values given include leads %5
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 Mc. They are of suffi-
cient 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.

Example: A coil 1 inch in diameter is 14
inches long and has 20 turns. Therefore it has
16 turns per inch, and from the table under
Fig. 2-15 it is found that the reference in-
ductance for a coil of this diameter and num-
ber of turns per inch is 16.8 gh, From curve
B in the figure the multiplying factor is 0.35,
so the inductance is

16.8 X 0.35 = 5.9 uh.

The charts also can be used for finding suit-
able dimensions for a coil having a required value
of inductance.
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Example: A coil having an inductance of 12

ph. is required. It is to be wound on a form

having a diameter of 1 inch, the length avail-

able for the winding being not more than 134

inches. From Fig. 2-15, the multiplying factor

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

the maximum possible length of 114 inches is

0.35. Hence the number of turns per inch

must be chosen for a reference inductance of

at least 12/0.35, or 34 xh. From the Table

under Fig. 2-15 it is seen that 16 turns per

inch (reference inductance 16.8 uh.) is too

small. Using 32 turns per inch, the multiply-

ing factor is 12/68, or 0.177, and from curve

B this corresponds to a coil length of 34 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 “Illumitronic 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 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 the coil.

The permeability of a magnetic material varies
with the flux density. At low flux densities (or
with an air core) increasing the current through

2
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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.
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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 satu-
rated. Saturation causes a rapid decrease in per-
meability, because it decreases the ratio of flux
lines to those 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 equip-
ment. They usually have direct current flowing
through the winding, and the variation in induct-

1.0
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LENGTH OF COIL IN INCHES

MULTIPLY INDUCTANCE VALUE IN TABLE BY

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

Coil diameter, No. of turns Inductance
Inches per inch in ph.
1% 4 2.75
6 6.3
8 11.2
10 17.5
16 42.5
1% 4 3.9
6 8.8
8 15.6
10 24.5
16 63
134 4 5.2
6 11.8
8 21
10 33
16 85
2 4 6.6
6 15
8 26.5
10 42
16 108
2y 4 10.2
6 23
8 41
10 64
3 4 14
6 31.5
8 56
10 89
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ance 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 mag-
netic “resistance” introduced by such a gap is so
large—even though the gap is only a small frac-
tion of an inch—compared with that of the iron
that the gap, rather than the iron, controls the
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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 A, curve B for coils marked

B.
Coil diameter, No. of turns Inductance
Inches per inch in ph.
% 4 0.18
A 6 0.40
8 0.72
10 1.12
16 2.9
32 12
E2] 4 0.28
(A) 6 0.62
8 1.1
10 1.7
16 4.4
32 18
% 4 0.6
(B 6 1.35
8 2.4
10 3.8
16 9.9
32 40
1 4 1.0
(B) 6 2.3
8 4.2
10 6.6
16 16.8
32 68

flux density. This reduces the inductance, but
makes it practically constant regardless of the
value of the current.

Eddy Currents and Hysteresis

When alternating current flows through a coil
wound on an iron core an e.m.f. will be induced,
as previously explained, and since iron is a con-
ductor a current will flow in the core. Such cur-
rents (called eddy currents) represent a waste



Inductance

Air gap

Fig. 2-16—Typical construction
of an iron-core inductor. The
small air gap prevents mag-
netic saturation of the iron
and thus maintains the induc-
tance at high currents.

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 laminations 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 a.c.
is 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.

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 in-
sulated from each other. By this means cores
can be made that will function satisfactorily even
through the v.h.f. range—that is, at frequencies
up to perhaps 100 Mc. Because a large part of
the magnetic path is through a nonmagnetic ma-
terial, the permeability of the iron is low com-
pared with the values 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 construction, the major por-
tion 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 consider-
able 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,

Ltotll = L1+Lz+ L3+L¢+

If inductors are connected in parallel (Fig. 2-17,
right)—and the coils are separated sufficiently,
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Ly
Fig. 2-17—Induc-
tances in series L, Ls
and parallel.

Ls

the total inductance is given by
1

Ltotal =
1 1 1 1
E+E+E+E+
and for two inductances in parallel,
L,
L= ¥L

Thus the rules for combining inductances in
series and parallel are the same as for resist-
ances, if the coils are far enough apart so that
each is unaffected by 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 e.m.f. will
be induced in Coil 2 whenever the field strength
is changing. This induced e.m.f. is similar to the
e.m.f. of self-induction, 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

e m——— Fig. 2-18—Mu-
///’__—_‘\\\ tual induct-
/ /”———\\\\\\\ unce.‘ Whe.n
/ / » SN the switch, S, is
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‘\\\\\ em,‘/// / induces an
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— - 7
~ \\‘—_:// turns of coil

No. 2.
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have nearly the maximum possible (coefficient =
1 or 100%) mutual inductance are said to be
closely, or tightly, coupled, but if the mutual in-
ductance 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 pos-
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sible (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 em.f. to a capacitor
causes the capacitor to become charged to the full
e.m.f, practically instantaneously, if  there is no
resistance in the circuit. However, if the circuit
contains resistance, as in Fig. 2-19A, the resist-
ance limits the current flow and an appreciable
length of time is required for the e.m.f. between
the capacitor plates to build up to the same value
as the e.m.f. of the source. During this “building-
up” period the current gradually decreases from
its initial value, because the increasing e.m.f.
stored on the capacitor offers increasing opposi-
tion to the steady e.m.f. of the source.
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Fig. 2-19—Illustrating the time constant of an RC circuit.

Theoretically, the charging process is never
really finished, but eventually the charging cur-
rent drops to a value that is smaller than any-
thing 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 e.m.f. (this figure
is chosen for mathematical reasons). The voltage
across the capacitor rises with time as shown by
Fig. 2-20.

The formula for time constant is

T =RC
where T = Time constant in seconds
C = Capacitance in farads
R = Resistance in ohms

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

Example: The time constant of a 2-uf. ca-

pacitor and a 250,000-ohm (0.25 megohm)
resistor is

T =RC = 0.25 X 2 = 0.5 second

If the applied e.m.f. is 1000 volts, the voltage
between the capacitor plates will be 630 volts
at the end of 14 second.

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 per cent of its
voltage; that is, for the voltage to drop to 37
per cent of its initial value.
Example: If the capacitor of the example
above is charged to 1000 volts, it will discharge

to 370 volts in 14 second through the 250,000
ohm 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 S would tend to
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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.



Time Constant

send a current through the circuit. However, the
instantaneous transition from no current to a
finite value, however small, represents a very
rapid change in current, and a back e.m.f. is
developed by the self-inductance of L that is
practically equal and opposite to the applied
em.f. The result is that the initial current is
very small.

J
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Fig. 2-21—Time constant of an LR circuit.

The back e.m.f. 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 grow-
ing just fast enough to keep the e.m.f. of self-
induction equal to the applied e.m.f.

When resistance is in series, Ohm’s Law sets
a limit to the value that the current can reach.
The back e.m.f. 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 e.m.f. never quite
disappears and so the current never quite reaches
the Ohm’s Law value, but practically the differ-
ence becomes unmeasurable after a time. The
time constant of an inductive circuit is the time
in seconds required for the current to reach 63
per cent of its final value. The formula is

L
IT= R
where T = Time constant in seconds
100
70 \\
T 50
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Fig. 2-22—Voltage across capacitor terminals in a dis-
charging RC circuit, in terms of the initial charged volt-

age. To obtain time in seconds, multiply the factor t/RC
by the time constant of the circuit.
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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 20
T = R~ 100"~ 0.2 second

100

if there is no other resistance in the circuit. If
a d.c. eem.f. of 10 volts is applied to such a
coil, the final current, by Ohm’s Law, is

E 10

=%~ 100

= 0.1 amp. or 100 ma.

The current would rise from zero to 63 mil-
liamperes in 0.2 second after closing the
switch.

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 energy 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, be-
cause 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 inductance 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 un-
usual 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.

Time constants play an important part in num-
erous 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-capaci-
tance (RC) time constant is involved, and it is
usually necessary 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 percent-
ages between 5 and 100, at any time after dis-
charge begins.

Example: A 0.01-uf. 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 per-
centage, 10/150 = 6.7%. From the chart, the
factor corresponding to 6.7% is 2.7. The time
constant of the circuit is equal'to RC = 0.1 X
0.01 = 0.001. The time is therefore 2.7 X
0.001 = 0.0027 second, or 2.7 milliseconds.
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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 re-
lated thing takes place. The later event is said to
lag the earlier, while the one that occurs first is
said to lead. In a.c. 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
a.c. 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 fre-
quency of the current, so long as only one fre-
quency 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 measurements 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 alter-
nating current the value of the current at any in-
stant is proportional 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 measurement clear.

1 Cycle

180" 0°
0° 90° V 6
~‘&Cyelt“‘ .-

Fig. 2-23—An a.c. 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.
It is equally correct to say that B lags A by 45
degrees.

Two important special cases are shown in

Amplilude
-

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 draw-
ing wave B starts 45 degrees (one-eighth cycle) later
than wave A, and so lags 45 degrees behind A.

Fig. 2-25. In the upper drawing B lags 90 de-
grees behind A4 ; 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 al-
ways positive while A4 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. A and B
might be two currents in separate circuits, or A
might represent voltage and B current in the
same circuit. If 4 and B represent two currents
in the same circuit (or two voltages in the same
circuit) the total or resultant current (or volt-
age) also is a sine wave, because adding any
number of sine waves of the same frequency al-
ways gives a sine wave also of the same fre-
quency.

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 cur-
rent are in phase. This is true at any {requency
if the 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
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Fig. 2-25—Two important special cases of phase differ-

ence. In the upper drawing, the phase difference be-

tween A and B is 90 degrees; in the lower drawing the
phase difference is 180 degrees.



Alternating Currents

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 re-
sistive parts of circuits, Ohm’s Law is just as
valid for a.c. of any frequency as it is for d.c.

REACTANCE

Alternating Current in Capacitance

In Fig. 2-26 a sine-wave a.c. voltage having a
maximum value of 100 volts is applied to a ca-
pacitor. In the period O A4, the applied voltage in-
creases 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 vclts additional. In this interval a
smaller quantity of charge has been added than in
OA, because the voltage rise during interval AB
is smaller. Consequently the average current dur-
ing 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 volt-
age increase during 4B, so the quantity of elec-
tricity added is less; in other words, the average
current during interval BC is still smaller. In the
fourth interval, CD, 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 ca-
pacitor is being charged. Hence the current is
positive, as indicated by the dashed line in Fig.
2-26.

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 capaci-
tor 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
interval. However, the current is flowing against
the applied voltage because the capacitor is dis-
charging into the circuit. The current flows in

Current
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Fig. 2-26—Voltage and current phase relationships when
an alternating voltage is applied to a capacitor.
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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 correspond. In other words, an alternating
current flows in the circuit because of the alter-
nate 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 ap-
plied 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 volt-
age, capacitance and frequency. If the effects of
capacitance 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

.
- 2nfC

where X = Capacitive reactance in ohms
f = Frequency in cycles per second
C = Capacitance in farads
r=3.14

Xc

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.

Example: The reactance of a capacitor of
470 pf. (0.00047 uf.) at a frequency of 7150
ke. (7.15 Mc.) is

1
X

1
-l a1 _4740h
To/C = 628 X 7.15 X 0.00047 ~ 47-4 obme

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 e.m.f.
generated in the inductance, and since the ampli-
tude of the back e.m.f. is proportional to the rate
at which the current changes, and this in turn is
proportional to the frequency, the amplitude of
the current is inversely proportional to the ap-
plied frequency. Also, since the back e.mm.f. is
proportional to inductance for a given rate of cur-
rent change, the current flow is inversely propor-

N



34

tional to inductance for a given applied voltage
and frequency. (Another way of saying this.is
that just enough current flows to generate an in-
duced e.m.f. that equals and opposes the applied
voltage.)

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

Xv=2xfL

where X1 = Inductive reactance in ohms
f = Frequency in cycles per second
L = Inductance in henrys
= 3.14
Example: The reactance of a coil having an
inductance of 8 henrys, at a frequency of 120
cycles, is
Xv =2nfL = 6.28 X 120 X 8 = 6029 ohms
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Fig. 2-27—Phase relationships between voltage and
current when an alternating voltage is applied to an
inductance.

In radio-frequency circuits the inductance
values usually are small and the frequencies are
large. If the inductance is expressed in milli-
henrys and the frequency in kilocycles, the con-
version 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.

Example: The reactance of a 15-microhenry
coil at a frequency of 14 Mc. is
XL =2rfL =6.28 X 14 X 15 = 1319 ohms

The resistance of the wire of which the coil is
wound has no effect on the reactance, but simply
acts as though it were a separate resistor con-
nected in series with the coil.

Ohm’s Law for Reactance

Ohn’s Law for an a.c. circuit containing only
reactance is
E

I"X,

E=1IX
E
X=7

where E = Em.f. in volts
I = Current in amperes
X = Reactance in ohms

The reactance in the circuit may, of course, be

ELECTRICAL LAWS AND CIRCUITS

either inductive or capacitive.

Example: If a current of 2 amperes i.s flow-
ing through the capacitor of the earlier ex-
ample (reactance = 47.4 ohms) at 7150 ke.,
the voltage drop across the capacitor is

E = IX = 2 X 47.4 = 94.8 volts

If 400 volts at 120 cycles is applied to the 8-
henry inductor of the earlier example, the
current through the coil will be

E 400

=% =602

= 0.0663 amp. (66.3 ma.)

Reactance Chart

The accompanying chart, Fig. 2-28, shows the
reactance of capacitances from 1 pf. to 100 nf.,
and the reactance of inductances from 0.1 uh. to
10 henrys, for frequencies between 100 c.p.s.
and 100 megacycles per second. The approximate
value 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 con-
nected 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 resis-
tors 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 = 1

1 1 1 1
ntx,txtx
or for two in parallel,

X 1X 2

X=x+x

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 ele-
ments), 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 currents or voltages are of oppo-
site polarity, so in the series circuit of Fig. 2-29A
the voltage Ev across the inductive reactance Xw
is of opposite polarity to the voltage Ec across
the capacitive reactance Xc. Thus if we call Xy,
“positive” and Xc ‘“negative” (a common con-
vention) the applied voltage Eic is Er — Eo. In
the parallel circuit at B the total current, I, is
equal to /. — I¢, since the currents are 180 de-
grees out of phase.

In the series case, therefore, the resultant re-
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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 uh. and 100 wh. represents 50 wh., the light line between 0.1 uf.

and 1 uf. represents 0.5 uf., 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 hen-
rys at 600 cycles and dividing by 10 for the 10-fimes decrease in frequency.

actance of X and X¢ is

Reactive Power

X=X o In Fig. 2-29A the voltage d he i
L. n Fig. 2- the voltage drop across the in-
and in the parallel case—X X ductor is larger than the voltage applied to the
X = 2ee circuit. This might seem to be an impossible
XL—Xc¢

Note that in the series circuit the total react-
ance is negative if Xc¢ is larger than Xv; this

condition, but it is not; the explanation is that
while energy is being stored in the inductor’s

indicates that the total reactance is capacitive 1
in such a case. The resultant reactance in a series Nl
circuit is always smaller than the larger of the x3 &
two individual reactances. Eac _i‘
In the parallel circuit, the resultant reactance X = Ee
is negative (i.e., capacitive) if Xv is larger than ™ —+ B

Xc¢, and positive (inductive) if Xp is smaller
than X¢, but in every case is always larger than
the smaller of the two individual reactances.

In the special case where XL = X¢ the total
reactance is zero in the series circuit and infinitely
large in the parallel circuit.

Fig. 2-29—Series and parallel circuits containing op-
posite kinds of reactance.

magnetic field, energy is being returned to the
circuit from the capacitor’s electric field, and
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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 heat-
ing 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
“nondissipated” 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. (Imped-
ance 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 either 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 ele-
ments, with (generally) different voltages ap-
pearing 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.
1
®

Fig. 2-30—Series and parallei circuits containing resist-
ance and reactance.
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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 voltage, 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.

Series Circuits

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

Z=-VETX

where Z = impedance in ohms
R = resistance in ohms
X = reactance in ohms.

The reactance may be either capacitive or in-
ductive. If there are two or more reactances in
the circuit they may be combined into a resultant

ELECTRICAL LAWS AND CIRCUITS

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

7 RX
T VR F X

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 formula above; similarly for a number
of resistances in parallel. '

Equivalent Series and Parallel Circuits

The two circuits shown in Fig. 2-30 are equiva-
lent if the same current flows when a given volt-
age 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 “trans-
form” any given series circuit into an equivalent
parallel circuit, and vice versa.

Transformations of this type often lead to
simplification in the solution of complicated cir-
cuits. 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. Typi-
cal applications are considered later in connection
with tuned circuits and transmission lines.

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

o]

E =

N
~| R}

Z =

where E = E.m.{. 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. From the formula pre-
viously given, the impedance is

Z=VR ¥ X12= +/(752+ (100)2 = 125

ohms.
If the applied voltage is 250 volts, then
E 250
I= zZ =15~ 2 amperes.
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This current flows though both the resistance
and reactance, so the voltage drops are

Er = IR =2 X 75 = 150 volts
ExtL=1Xr =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 are 90 de-
grees out of phase. Their actual resultant,
when phase is taken into account, is

1/(150)T + (200)' = 250 volts.
Power Factor

In the circuit of Fig. 2-31 an applied e.m.f.
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 =I’R = (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 per cent.

“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 per cent or 1, while the
power factor of a pure reactance is zero. In this

R=75 ohms

Q X =(00 chms

Fig. 2-31—Circuit used as an example for impedance
caleulations.
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illustration, the reactive power is VAR = I2X =
(2)2 x 100 = 400 volt-amperes.

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 com-
plex voltage wave is applied to a circuit contain-
ing reactance, the current through the circuit will
not have the same wave shape as the applied
voltage. This is because the reactance of an in-
ductor 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 react-
ance one-third, and so on. Thus the circuit im-
pedance is different for each harmonic com-
ponent.

Just what happens to the current wave shape
depends upon the values of resistance and react-
ance involved and how the circuit is arranged.
In a simple circuit with resistance and inductive
reactance in series, the amplitudes of the har-
monic currents will be reduced because the in-
ductive reactance increases in proportion to fre-
quency. When capacitance and resistance are in
series, the harmonic current is likely to be ac-
centuated because the capacitive reactance be-
comes lower as the frequency is raised. When
both inductive and capacitive reactance are pres-
ent 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 con-
nection, and in the process can be readily changed
from one voltage level to another. Thus, if a de-
vice to be operated requires, for example, 115
volts a.c. 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 a.c., since no voltage will be in-
duced in the secondary if the magnetic field is not
changing. If d.c. is applied to the primary of a
transformer, a voltage will be induced in the
secondary only at the instant of closing or open-

ing 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 second-
ary coils of a transformer may be wound on a
core of magnetic material. This increases the in-
ductance 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 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 cur-
rents so this type of construction is normally
practicable only at power and audio frequencies.
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IRON CORE

'

D SECONDARY

i

Fig. 2-32—The transformer. Power is transferred from
the primary coil to the secondary by means of the mag-
netic field. The upper symbol at right indicates an iron-
core transformer, the lower one an air-core transformer.
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The discussion in this sectian is confined to trans-
formers 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,

n
Es==2F,p
np

where E, = Secondary voltage
E, = Primary applied voltage
n, = Number of turns on secondary
ny,.= Number of turns on primary

The ratio n,/n, is called the secondary-to-pri-
mary turns ratio of the transformer.

Example: A transformer has a primary of
400 turns and a secondary of 2800 turns, and
an e.m.f. of 115 volts is applied to the primary.
The secondary voltage will be

Ny 2800
E, —anp— 200 X 115 =7 X 115
= 805 volts
Also, if an e.m.f. 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.

Either winding of a transformer can be used
as the primary, providing the windifig has
enough turns (enough inductance) to induce a
voltage equal to the applied voltage without
requiring an excessive current flow.
—— —_—

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 in-
ductance 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 wind-
ing, the secondary current sets up a magnetic
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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. From this it follows that

Ng
Ip=—1I
np
where I, = Primary current
I, = Secondary current
np = Number of turns on primary
7. = Number of turns on secondary
Example: Suppose that the secondary of the
transformer in the previous example is deliver-

ing a current of 0.2 ampere to a load. Then
the primary current will be

7y 2800
Ip_.”_p1,= 400 X 02=7X0.2=1.4amp.

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 e.m.f. Hence, the power
taken from the secondary cannot exceed that
taken by the primary from the source of applied
e.m.f. 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,

P, =nP,
where P, = Power output from secondary
P, = Power input to primary
n = Efficiency factor

The efficiency, #, always is less than 1. It is usu-
ally expressed as a percentage; if n is 0.65, for
instance, the efficiency is 65 per cent.
Example: A transformer has an efficiency of
85% at its full-load output of 150 watts. The

power input to the primary at full secondary
load will be

P = - = 085 = 176.5 watts

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 increase as more power is taken.
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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, be-
cause too-high temperature either will melt the
wire or cause the insulation to break down. A
transformer can be operated at reduced output,
even though the efficiency is low, because the ac-
tual loss also 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
per cent, depending upon the size and design.

Leakage Reactance

In a practical transformer not all of the mag-
netic 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 lux. This leakage
flux causes an e.m.f. of self-induction; conse-
quently, there are small amounts of leakage in-
ductance associated with both windings of the
transformer. Leakage inductance acts in exactly
the same way as an equivalent amount of ordi-
nary inductance inserted in series with the circuit.

RP Xp Xs Rs
Ep SR¢ PRI H SEC. €s
L] |

Fig. 2-33—The equivalent circuit of a transformer in-
cludes the effects of leakage inductance and resistance
of both primary and secondary windings. The resistance

Ro is an equivalent resistance representing the core

losses, which are essentially constant for any given ap-

plied voltage and frequency. Since these are compara-

tively small, their effect may be neglected in many ap-
proximate calculations.

It has, therefore, a certain reactance, depending
upon the amount of leakage inductance and the
frequency. This reactance is called leakage re-
actance.

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
secondary terminal voltage becomes. The resist-
ances 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
per cent from open-circuit conditions to full load.
The drop in voltage may be considerably more
than this in a transformer operating at audio fre-
quencies because the leakage reactance increases
directly with the frequency.
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Impedance Ratio
In an ideal transformer—one without losses
or leakage reactance—the following relationship

is true:
— N ? \a
e
where Zy = Impedance looking into primary
terminals from source of
power
Z. = Impedance of load connected to
secondary
N;/N, = Tumns ratio, primary to second-
ary

That is, a load of any given impedance con-
nected to the secondary of the transformer will be
transformed to a different value “looking into”
the primary from the source of power. The im-
pedance 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 No\2
Zp = z.<_z> = 3000 X (0.6)% = 3000 X 0.36
Ne = 1080 ohms

By choosing the proper turns ratio, the im-
pedance of a fixed load can be transformed to any
desired value, within practical limits. If trans-
former 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 prac-
tical work even though it is based on an “ideal”
transformer. Aside from the normal design re-
quirements 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 opera-
tion. 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, No iz
Ns Nz,
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where N;/N. = Required turns ratio, primary to
secondary
Z» = Primary impedance required
Z. = Impedance of load connected to
secondary

Example: A vacuum-tube a.f. amplifier re-
quires a load of 5000 ohms for optimum per-
formance, and is to be connected to a loud-
speaker having an impedance of 10 ohms. The
turns ratio, primary to secondary, required in
the coupling transformer is

&=\/Z’=
Ns Z,

The primary therefore must have 22.4 times as
many turns as the secondary.

5000

o= /500 = 22.4

Impedance matching means, in general, ad-
justing the load impedance—by means of a
transformer 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 internal
impedance of the source. The impedance of the
source is said to be “matched” under this con-
dition. The efficiency is only 50 per cent 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.

LI

LAMINATION SHAPE

CORE TYPE

Fig. 2-34—Two common types of transformer construc-
tion. Core pieces are interleaved to provide a continu-
ous magnetic path.

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 primary and secondary windings may be
placed on separate legs, if desired. This is some-
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times done when it is necessary to minimize
capacitive effects between the primary and sec-
ondary, or when one of the windings must op-
erate 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 lami-
nations 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 e.m.f. is determined by the
size, shape and type of core material used, and
the frequency. The number of turns required is
inversely proportional to the cross-sectional area
of the core. As a rough indication, windings of
small power transformers frequently have about
$iX fo eight turns per volt on a core of I-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 insula-
tion 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

=} /ron Core

Line
T
b A

Load
Fig. 2-35—The autotransformer is based on the trans-
former principle, but uses only one winding. The line
and load currents in the common winding (A) flow in
opposite directions, so that the resultant current is the
difference between them. The voltage across A is pro-
portional to the turns ratio.

equally well. A one-winding transformer is called
an autotransformer. The current in the common
section (A) of the winding is the difference be-
tween 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 autotransformer is used
chiefly for boosting or reducing the power-line
voltage by relatively small amounts. Continu-
ously-variable autotransformers are commercially
available under a variety of trade names;
“Variac” and “Powerstat” are typical examples.
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THE DECIBEL

In most radio communication the received sig-
nal 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 de-
crease 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 (abbrevi-
ated 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. = 10 log %
1

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 amplifier
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 im-
pedance at both points of measurement is the
same, the following formula may be used for
voltage or current ratios:

Va
Db. =20 log —
0 ogV

1

I
20 log -
or og I

Decibel Chart

The two formulas are shown graphically in
Fig. 2-36 for ratios from 1 to 10. Gains (in-
creases) expressed in decibels may be added
arithmetically ; losses (decreases) may be sub-
tracted. A power decrease is indicated by pre-
fixing 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.
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Fig. 2-36—Decibel chart for power, voltage and current
ratios for power ratios of 1:1 to 10:1. In determining
decibels for current or voltage ratios the currents (or
voltages) being compared must be referred to the same
value of impedance.

The chart may be used for other ratios by
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 4).
A voltage or current ratio of 4 is 12 db., a voltage
or current ratio of 40 is 32 db. (20 4 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 alter-
nating 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

Fig. 2-37.—A series circuit containing L, C and R is
“‘resonant’’ at the applied frequency when the react-
ance of C is equal to the reactance of L.
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180 degrees out of phase. Therefore they cancel
each other completely and the current flow is
determined wholly by the resistance, R. At that
frequency the current has its largest possible
value, assuming the source voltage to be constant
regardless 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 ex-
tensive application in radio-frequency circuits.
The reactive effects associated with even small
inductances and capacitances would place drastic
limitations on r.f. 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 Xy = X¢. Substitut-
ing the formulas for inductive and capacitive re-
actance gives

1
/= 2xV LC
where f = Frequency in cycles per second
L = Inductance in henrys

C = Capacitance in farads
r=314

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

108

/= ZW\/L—C

where f = Frequency in kilocycles (kc.)
L = Inductance in microhenrys (uh.)
C = Capacitance in picofarads (pf.)
=314
Example: The resonant frequency of a series

circuit containing a S5-uh. inductor and a 35-
pf. capacitor is

7 108 106
" 2rVIC 6.28XV5X35
108 108

=628 X132 X 13.2 =8 = 12,050 kc.

The formula for resonant frequency is not
affected by resistance in the circuit.

Resonance Curves

If a plot is drawn of the current flowing in the
circuit of Fig. 2-37 as the frequency is varied
(the applied voltage being constant) it would
look like one of the curves in Fig. 2-38. The shape
of the resonance curve at frequencies near reso-
nance 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 fre-
quency 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
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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 rep-
resent 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 per cent
away from the resonant frequency the current is sub-
stantially unaffected by the resistance in the circuit,

rapidly as the frequency moves away from reso-
nance and the circuit is said to be sharp. A
sharp circuit will respond a great deal more read-
ily 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 ampli-
tude) 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 Mc. this resist-

10

RELATIVE CURRENT
/

PER CENT CHANGE FROM RESONANT
FREQUENCY

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.
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ance is mostly in the wire of the coil. Above this
frequency energy loss in the capacitor (princi-
pally 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 sharp-
ness or selectivity is needed the object of design
is to reduce the inherent resistance to the lowest
possible value.

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

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 circuit each have a reactance of 350
ohms at the resonant frequency. The re-
sistance is 5 ohms. Then the Q is

X 350

O=7=—5——70

The effect of Q on the sharpness of resonance
of a circuit is shown by the curves of Fig. 2-39.
In these curves the frequency change is shown
in percentage above and below the resonant
frequency. 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 asso-
ciated with the components.

Voltage Rise at Resonance

When a voltage of the resonant frequency is
inserted in series in a resonant circuit, the volt-
age 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 QE, where E is the voltage inserted in series.
This fact accounts for the high voltages devel-
oped across the components of series-tuned an-
tenna 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. 2-40 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 ex-
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actly 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 current 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 reversed and
more current flows through C than 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.

Eac

Fig. 2-40—Circuit illustrating parallel resonance.

The resistance R shown in Fig. 2-40 is not
necessarily an actual resistor. In many cases it
will be the series resistance of the coil “trans-
formed” to an equivalent parallel resistance (see
later). It may be antenna or other load resistance
coupled into the tuned circuit. In all cases it rep-
resents 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. 2-41 will behave identi-
cally, when an external voltage is applied, if (1)
L and C are the same in both cases; and (2) R
multiplied by » equals the square of the reac-
tance (at resonance) of either L or C. When
these conditions are met the two circuits will
have the same Q. (These statements are ap-
proximate, 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 to 7.

Thus a circuit like that of Fig. 2-41A has an
equivalent parallel impedance (at resonance)

2
of R = XT; X is the reactance of either the

inductor or the capacitor. Although R is not

‘an actual resistor, to the source of voltage the

L 3=C 2R

(A) (2

Fig. 2-41—Series and parallel equivalents when the

two circuits are resonant. The series resistance, r, in A

is replaced in B by the equivalent parallel resistance
(R= X(’S/r = Xi/r) and vice versa.
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parallel-resonant circuit “looks like” a pure
resistance 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, = QX

where Z, = Resistive impedance at resonance

Q = Quality factor of inductor

X = Reactance (in ohms) of either the

inductor or capacitor
Example: The parallel impedance of a cir-

cuit with a coil Q of 50 and having inductive
and capacitive reactances of 300 ohms will be

Zr = 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 varia-
tion 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. 2-42 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. bandwidth (bandwidth at 0.707 relative re-
sponse) is given by

Bandwidth —3 db.=f,/Q
where f, is the resonant frequency and Q the cir-
cuit Q. It is also called the “half-power” band-
width, 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, reso-
nance in a parallel circuit having resistance in
series with the coil, as in Fig. 2-414, is not so

1.0
0.8
Q=100

-
N

o
-20 =10 [} +10 +20
PER CENT CHANGE FROM RESONANT FREQUENCY

13
[

°
b

RELATIVE IMPEDANCE

o
N

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.
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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. An-
other set of values for L and C will make the
parallel impedance a maximum, but this maxi-
mum value is not a pure resistance. Either
condition could be called “resonance,” so with
low-Q circuits it is necessary to distinguish be-
tween maximum impedance and resistive im-
pedance parallel resonance. The difference be-
tween these I and C values and the equal reac-
tances 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.

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 Mec.
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
QO must be high are made with relatively large in-
ductance for the frequency.

(A) (8)

Fig. 2-43—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.

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. 2-43A, 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 im-
pedance 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 resist-
ance. Under these conditions the Q of a parallel-
resonant circuit loaded by a resistive impedance is

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

Example: A resistive load of 3000 ohms is

connected across a resonant circuit in which

the inductive and capacitive reactances are
each 250 ohms. The circuit Q is then



Radio-Frequency Circuits

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 de-
vice in the output circuit of a vacuum-tube r.f.
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 operat-
ing 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. 2-43B. This is equivalent to connecting a
higher value of load resistance across the whole
circuit, and is similar in principle to impedance
transformation 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
impedance usually must be obtained by experi-
mental 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. 2-41A,

for example), in which case it is transformed to
an equivalent parallel impedance as previously
described. If the Q is at least 10, the equivalent
parallel impedance is

2

Zr = p

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 re-
sistive impedance of the desired value.

Reactance Values

The charts of Figs. 2-44 and 2-45 show react-
ance values of inductances and capacitances in
the range commonly used in r.f. tuned circuits
for the amateur bands. With the exception of the
3.5-4 Mc. 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 sufficient accuracy for most practical pur-

poses. 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 con-
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Fig. 2-44—Reactance chart for inductance values
commonly used in amateur bands from 1.75 to 220 Mc.

stant. 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 fre-
quency 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 one that has
less than normal capacitance. These terms depend
to a considerable extent upon the particular ap-
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Fig. 2-45—Reactance chart for capacitance values com-
monly used in amateur bands from 1.75 to 220 Mc.
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plication considered, and have no exact numeri-
cal meaning.

LC Constants

It is frequently convenient to use the numerical
value of the LC constant when a number of cal-
culations have to be made involving different
L/C ratios for the same frequency. The constant
for any frequency is given by the following
equation : 1Co 25}330

where L = Inductance in microhenrys (zh.)
C = Capacitance in micromicrofarads

(upf)
{ = Frequency in megacycles

Example: Find the inductance required to
resonate at 3650 kc. (3.65 Mc.) with capaci-
tances of 25, 50, 100, and 500 uuf. The LC
constant is

25,330 _ 25,330

LC = ez ~ 1335 - 1900
With 25 puf. L = 1900/C = 1900/25
=76 ph.

50 pwuf. L = 1900/C = 1900/50
= 38 uh.
100 puf. L = 1900/C = 1900/100
= 19 ph.
500 puf. 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 dissi-
pated in the secondary circuit itself (this is usu-
ally the case in receiver circuits) or the second-
ary may simply act as a medium through which
the power is transferred to a load. In the latter
case, the coupled circuits may act as a radio-
frequency impedance-matching device. The
matching can be accomplished 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 sub-
script M. At A and B current circulating in
L,C, flows through the common element, and the
voltage developed across this element causes
current to flow in L,C,. At C,Cy and Cy form a
capacitive voltage divider across L,Cy, and some
of the voltage developed across L,C, is applied
across L,C,. :

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,
based on Ly =Ly, C; =Cqyand Q; =Q,:
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Fig. 2-46—Three methods of circuit coupling.

(A) Ly~Ly/Oy; (B) Cy~0:Cy; (O)
Cy~Cy/0;.

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 com-
bination is increased, and this principle is some-
times applied to “broad-band” the circuits in a
transmitter or receiver. When the coupling ele-
ments 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 ap-
proximations are based. Less than critical cou-
pling 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 2-48 show inductive coupling, or
coupling by means of the mutual inductance be-
tween two coils. Circuits of this type resemble the
iron-core transformer, but because only a part of

o— — o

lnput § ;_2 C7 Output (A)
o —0

[ S—

Input C;é L,% EL2 Output (B)
—

Fig. 2-47—Single-tuned inductively coupled circuits.

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
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ratio in the iron-core transformer do not hold.

Two types of inductively-coupled circuits are
shown in Fig. 2-47. 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 cir-
cuit operates nearly as though the device to
which the untuned coil is connected were simply
tapped across a corresponding number of turns
on the tuned-circuit coil, thus either circuit is ap-
proximately equivalent to Fig. 2-43B.

By proper choice of the number of turns on
the untuned coil, and by adjustment of the
coupling, the parallel impedance of the tuned cir-
cuit may be adjusted to the value required for
the proper operation af the device to which it is
connected. In any case, the maximum energy
transfer possible for a given coefficient of cou-
pling is obtained when the reactance of the un-
tuned 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. 2-48, the resonance effects

o o
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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 L, or C: at the
resonant frequency). Circuit B is suitable for low resist-
ance loads (load resistance much lower than the re-
actance of either L, or C, at the resonant frequency).

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 r.f. energy of the resonant
frequency and the secondary is then loosely
coupled to the primary, a current will flow in the
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secondary circuit. In flowing through the re-
sistance 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 pri-
mary 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 con-
tinues to decrease. Also, as the coupling is made
tighter the amount of power transferred from the
primary to the secondary will increase to a
maximum at 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 appli-
cations, a coupling coefficient of a few per cent
may give critical coupling.

With loaded circuits such as are used in trans-
mitters the Q 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 resist-
ance). In the parallel-tuned secondary circuit,
Fig. 2-48A, the Q can be increased, for a fixed
value of load resistance, either by decreasing the
L/C ratio or by tapping the load down (see Fig.
2-43). In the series-tuned secondary circuit, Fig.
2-48B, 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 cou-
pling.

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 un-
tuned coil.

In Fig. 2-48, the selectivity is increased. It ap-
proaches 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
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Fig. 2-49—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 frequency. 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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tighter the coupling, the lower the individual Qs
and therefore the lower the over-all selectivity.

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, A, 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 fre-
quencies.

Note that the off-resonance humps have the
same maximum value as the resonant output volt-
age at critical coupling. These humps are caused
by the fact that at frequencies off resonance the
secondary circuit is reactive and couples reac-
tance 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,. Equals Qs are assumed in both
circuits, although the curves are representative
if the Qs differ by ratios up to 1.5 or even 2 to 1.
In these cases, a value of QO =+/0,0, 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 read-
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justment 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 in-
crease, 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 frequency band it is usually necessary to use
tight coupling and experimentally adjust the cir-
cuits 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 induct-
ance. The total mutual inductance between two
coils coupled by a link cannot be made as great
as if the coils themselves were coupled. This is
because the coefhicient of coupling between air-
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Fig. 2-51—Link coupling. The mutual inductances at

both ends of the link are equivalent to mutual induct-

ance between the tuned circuits, and serve the same
purpose.
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core coils is considerably less than 1, and since
there are two coupling points the over-all cou-
pling coefficient is less than for any pair of coils.
In practice this need not be disadvantageous be-
cause the power transfer can be made great
enough by making the tuned circuits sufficiently
high-Q. Link coupling is convenient when ordi-
nary 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
independent of the number of turns 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 link operates more as a transmis-
sion line than as a means for providing mutual
inductance. In such case it should be treated by
the methods described in the chapter on Trans-
mission Lines.

IMPEDANCE-MATCHING CIRCUITS

The coupling circuits discussed in the preced-
ing section have been based either on inductive
coupling or on coupling through a common cir-
cuit element between two resonant circuits. These
are not the only circuits that may be used for
transferring power from one device to another.
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Fig. 2-52—Impedance-matching networks adaptable to
amateur work. (A) L network for transforming to a
lower value of resistance. (B) L network for transform-
ing to a higher resistance value. (C) Pi network. R, is the
larger of the two resistors; Q is defined as R;/Xci.
(D) Tapped tuned circuit used in some receiver applica-
tions. The impedance of the tuned circuit is transformed
to a lower value, Rin, by the capacitive divider.

(D)
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There is, in fact, a wide variety of such circuits
available, all of them being classified generally as
impedance-matching networks. Several net-
works 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 resist-
ance, 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. 2-44 and 2-45.

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 impedance 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 Xr/R or Rin/Xc in Fig. 2-52A, and to
Xv/Rix 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 inde-
pendently. In the equations of Fig. 2-52 it is as-
sumed that both R and Rix 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 limi-
tation 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 Q, and the cir-
cuit 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 R, will generally have a fairly
low value of resistance (up to a few hundred
ohms) while R, 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
R /X, so the choice of a value for the operat-
ing Q immediately sets the value of X, and hence
of C;. The values of X, and Xy, 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 2-45.
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Tapped Tuned Circuit

The tapped tuned circuit of Fig. 2-52D is use-
ful in some receiver applications, where it is de-
sirable to use a high-impedance tuned circuit as
a lower-impedance load. When the Q of the in-
ductor has been determined, the capacitors can
be selected to give the desired impedance trans-
formation and the necessary resultant capac-
itance to tune the circuit to resonance.

FILTERS

A filter is an electrical circuit configuration
(network) designed to have specific characteris-
tics with respect to the transmission or attenua-
tion 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 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 consider-
able 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 spec-
trum that is transmitted with little or no loss.
The transmission characteristic is not necessarily
perfectly uniform in the pass band, but the varia-
tions 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 im-
pedance 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 per-
fectly 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 cir-
cuits 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, a more rapid rate of rise of attenua-
tion with frequency beyond the cut-off frequency)
are required, several sections can be connected in
series. In the low- and high-pass filters, f. repre-
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sents the cut-off frequency, the highest (for the
low-pass) or the lowest (for the high-pass) fre-
quency transmitted without attenuation. In the
band-pass filter designs, f, is the low-frequency
cut-off and f, 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 w-section low-pass filter would use
two inductors of a value equal to L,/2, while the
balanced constant-k w-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 constant-% center sec-
tion, although an m-derived center section can be
used. The factor m determines the ratio of the
cut-off frequency, f., to a frequency of high at-
tenuation, f.. Where only one mi-derived sec-
tion is used, a value of 0.6 is generally used for m,
although a deviation of 10 or 15 per cent from
this value is not too serious in amateur work.
For a value of m = 0.6, fo will be 1.25f for the
low-pass filter and 0.8f. for the high-pass filter.
Other values can be found from

2
m = \/1 - (%) for the low-pass filter and

m = »\/1 - (’jf;ci) 2for the high-pass filter.
c

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 ef-
fect. 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 head-
sets and loudspeakers, transforming electrical
energy into mechanical vibration. Crystals of
Rochelle salts are used for these purposes.

Crystal Resonators

Crystalline plates also are mechanical resona-
tors that have natural frequencies of vibration
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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 dimen-
sions of the plate. The thing that makes the crys-
tal 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 elec-
trical characteristics of a tuned circuit. This
leads to an “equivalent circuit” for the crystal.
The electrical coupling to the crystal is through
the holder plates between which it is sandwiched ;
these plates form, with the crystal as the dielec-
tric, a small capacitator like any other capacitor
constructed of two plates with a dielectric be-
tween. The crystal itself is equivalent to a series-
resonant circuit, and together with the capaci-
tance of the holder forms the equivalent circuit
shown in Fig. 2-54. At frequencies of the order of

Fig. 2-54—Equivalent cir-
cuit of a crystal reso-

nator. L, C and R are the L

electrical equivalents of

mechanical properties of ¢ ==C,

the crystal; Cn is the ca- }

pacitance of the holder
plates with the crystal R
plate between them.

450 kc., where crystals are widely used as resona-
tors, the equivalent L may be several henrys and
the equivalent C only a few hundredths of a
micromicrofarad. Although the equivalent R is
of the order of a few thousand ohms, the react-
ance 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, pro-
viding the reactance of Ch is large compared with
R (this is generally the case). The circuit also
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has a parallel-resonant frequency determined by
L and the equivalent capacitance of C and Cu
in series. Since this equivalent capacitance is
smaller than C alone, the parallel-resonant fre-
quency is higher than the series-resonant fre-
quency. The separation between the two resonant
frequencies depends on the ratio of Cu to C, and
when this ratio is large (as in the case of a crystal
resonator, where Cn will be a few puf. in the
average case) the two frequencies will be quite
close together. A separation of a kilocycle or
less at 455 kc. is typical of a quartz crystal.

REACTANCE

INCREASING —= \{» N\
1

/MPEDANCE
~— CAPACITIVE o INDUCTIVE —

Fig. 2-55—Reactance and resistance vs. frequency of a
circuit of the type shown in Fig. 2-54. Actual values of
reactance, resistance and the separation between the
series- and parallel-resonant frequencies, f;, and fs,
respectively, depend on the circuit constants,

Fig. 2-55 shows how the resistance and react-
ance of such a circuit vary as the applied fre-
quency is varied. The reactance passes through
zero at both resonant frequencies, but the resist-
ance rises to a large value at parallel 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.

PRACTICAL CIRCUIT DETAILS

COMBINED A.C. AND D.C.

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 cur-
rent 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 in-
variably requires that the direct and alternating
currents meet somewhere in the circuit.

In this meeting, the a.c. and d.c. are actually
combined into a single current that “pulsates”
(at the a.c. frequency) about an average value
equal to the direct current. This is shown in Fig.
2-56. It is convenient to consider that the alter-

Fig. 2-56—Pulsat-
ing d.c., composed
of an alternating
current or voltage
superimposed on a
steady direct cur-
rent or voltage.

CURRENT OR VOLTAGE

>

TIME ——>

nating current is superimposed on the direct cur-
rent, so we may look upon the actual current as
having two components, one d.c. and the other a.c.

In an alternating current the positive and nega-
tive alternations have the same average ampli-
tude, so when the wave is superimposed on a
direct current the latter is alternately increased
and decreased by the same amount. There is thus
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no average change in the direct current. If a d.c.
instrument is being used to read the current, the
reading will be exactly the same whether or not
the a.c. 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 d.c. power alone. If the a.c. is a
sine wave having a peak value just equal to the
d.c., the power in the circuit is 1.5 times the d.c.
power. An instrument whose readings are pro-
portional to power will show such an increase.

Series and Parallel Feed

Fig. 2-57 shows in simplified form how d.c. and
a.c. may be combined in a vacuum-tube circuit.
In this case, it is assumed that the a.c. 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 d.c.
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 d.c. supply all are connected in series. The
direct current flows through the r.f. coil to get to
the tube; the r.f. current generated by the tube

o+

b. C
Supply

o-

=DC +
F’SUDDIYO-
Series Feed

Parallel Feed

Fig. 2-57—Illustrating series and parallel feed.

flows through the d.c. supply to get to the tuned
circuit. This is series feed. It works because the
impedance of the d.c. supply at radio frequencies
is so low that it does not affect the flow of r.f.
current, and because the d.c. 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 r.f. tuned circuit, but
instead goes to the tube through a second coil,
RFC (radio-frequency choke). Direct current
cannot flow through L because a blocking ca-
pacitance, C, is placed in the circuit to prevent
it. (Without C, the d.c. supply would be short-
circuited by the low resistance of L.) On the
other hand, the r.f. current generated by the tube
can easily flow through C to the tuned circuit be-
cause the capacitance of C is intentionally chosen
to have low reactance (compared with the im-
pedance of the tuned circuit) at the radio fre-
quency. The r.f. current cannot flow through the
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d.c. supply because the inductance of RFC is in-
tentionally 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 appre-
ciable 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 a.f.
and r.f. circuits. In parallel feed there is no d.c.
voltage on the a.c. circuit, a desirable feature
from the viewpoint of safety to the operator, be-
cause the voltages applied to tubes—particu-
larly transmitting tubes—are dangerous. On the
other hand, it is somewhat difficult to make an
r.f. choke work well over a wide range of fre-
quencies. Series feed is often preferred, therefore,
because it is relatively easy to keep the impedance
between the a.c. circuit and the tube low.

Bypassing

In the series-feed circuit just discussed, it was
assumed that the d.c. supply had very low im-
pedance 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 r.{. circuit would make it
necessary to use rather long connecting wires or
leads. At radio frequencies, even a few feet of
wire can have fairly large reactance—too large
to be considered a really “low-impedance” con-
nection.

An actual circuit would be provided with a
bypass capacitor, as shown in Fig. 2-58. Capaci-
tor 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 r.f.
current will tend to flow through it rather than
through the d.c. supply.

To be effective, the reactance of the bypass

z

- 7
Fig. 2-58—Typical use ¢
of a bypass capacitor ] H
and rf. choke in a
series-feed circuit.
RFC
~ 0.C +
T supply

capacitor should not be more than one-tenth of
the impedance of the bypassed part of the cir-
cuit. Very often the latter impedance is not
known, in which case ‘it is desirable to use the
largest capacitance in the bypass that circum-
stances permit. To make doubly sure that r.f.
current will not flow through a non-r.f. circuit
such as a power supply, an r.f. 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 r.f. Because
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the reactance of a capacitor changes with fre-
quency, it is readily possible to choose a capaci-
tance that will represent a very low reactance at
radio frequencies but that will have such high
reactance at audio frequencies that it is practi-
cally an open circuit. A capacitance of 0.001 ef.
is practically a short circuit for r.f., 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 frequencies around a d.c. supply.

Distributed Capacitance and Inductance

In the discussions earlier in this chapter it
was assumed that a capacitor has only capaci-
tance and that an inductor has only inductance.
Unfortunately, this is not strictly true. There is
always a certain amount of inductance in a con-
ductor of any length, and a capacitor is bound
to have a little inductance in addition to its
intended capacitance. Also, there is always ca-
pacitance between two conductors or between
parts of the same conductor, 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 ca-
pacitor is in effect a series-tuned circuit, res-
onant at the frequency where its capacitance and
inductance have the same reactance. Similarly,
every inductor is in effect a parallel-tuned cir-
cuit, resonant at the frequency where its induc-
tance and distributed capacitance have the same
reactance. At frequencies well below these nat-
ural resonances, the capacitor will act like a
capacitance and the coil will act like an inductor.
Near the natural resonance points, the inductor
will have its highest impedance and the capaci-
tor will have its lowest impedance. At frequen-
cies 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 inductance that can be used.
At audio frequencies, capacitances measured in
microfarads and inductances measured in henrys
are practicable. At low and medium radio fre-
quencies, inductances of a few mh. and capac-
itances of a few thousand pf. are the largest prac-
ticable. At high radio frequencies, usable induc-
tance values drop to a few ph. and capacitances
to a few hundred pf.

Distributed capacitance and inductance are
important not only in r.f. tuned circuits, but in
bypassing and choking as weli. It will be appre-
ciated that a bypass capacitor that actually acts
like an inductance, or an rf. 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
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necessarily mean that it actually goes to earth.
What it means is 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 sup-
ports (such as a metal chassis) are electrically
tied together. It is general practice, for example,
to “ground” the negative terminal of a d.c. power
supply, and 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 Bal
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 bal-
anced 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. R.f. circuits are shown in
the upper row, while iron-core transformers

ﬂEE EE

SINGLE-ENDED BALANCED

= i =

BarLanceo Quteut

d Circuits

SINGLE-ENDED
Fig. 2-59—Single-ended and balanced circuits.

(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 con-
necting its rotor to r.f. 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
transferred by means of the electric field. Also,
the magnetic field about the coil or wiring of
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one circuit can couple that circuit to a second
through the latter’s coil and wiring. In many
cases these unwanted couplings must be pre-
vented if the circuits are to work properly.

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

Similar metallic shielding is used at radio fre-
quencies to prevent magnetic coupling. The
shielding effect for magnetic fields increases with
frequency and with the conductivity and thick-
ness 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, al-
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though 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 reduc-
tion 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 fre-
quencies 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.

U.H.F. 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 com-
ponents. Also, the connecting leads, which at
lower frequencies would serve merely to join the
capacitor and coil, now may have more induct-
ance 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 wavelength at the operating fre-
quency. Thus the energy in the field surrounding
the “coil” may in part be radiated. At a suffi-
ciently 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 Mc. or
so. A quarter-wavelength line, or any odd mul-
tiple 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 cir-
cuit. 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.
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Fig. 2-60—Equivalent coupling circuits for parallel-line,
coaxial-line and conventional resonant circuits.

To minimize radiation loss the two conductors
of a parallel-conductor line should not be more
than about one-tenth wavelength apart, the spac-
ing 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 Mc. it is diffi-
cult to satisfy both these requirements simul-
taneously, and the radiation from an open line
tends to become excessive, reducing the Q. In
such case the coaxial type of line is to be pre-
ferred, 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 posi-
tion 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
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Fig. 2-61—Methods of tuning coaxial resonant lines.

parallel-plate capacitors are illustrated. The ar-
rangement with the loading capacitor at the open
end of the line has the greatest tuning effect per
unit of capacitance ; 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 il-
lustrated will be shorter, physically, than un-
loaded lines resonant at the same frequency.
Two methods of tuning parallel-conductor
lines are shown in Fig. 2-62. The sliding short-
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Fig. 2-62—Methods of tuning parallel-type resonant
lines.

circuiting strap can be tightened by means of
screws and nuts to make good electrical con-
tact. The parallel-plate capacitor in the second
drawing may be placed anywhere along the line,
the tuning effect becoming less as the capacitor
is located nearer the shorted end of the line. Al-
though a low-capacitance 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 ad-
vantage that no insulating material is required.

WAVEGUIDES

A waveguide is a conducting tube through
which energy is transmitted in the form of elec-
tromagnetic 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 en-
closed space. Skin effect prevents any electro-
magnetic 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 per-
fect conductor of electricity. Typical distributions
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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 indicated by closer spacing of the lines of
force) at the center along the » dimension, Fig.
2-63(B), diminishing 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 dis-
tribution of the electric and magnetic fields.
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Fig. 2-63—Field distribution in a rectangular wave-
guide. The TE;,0 mode of propagation is depicted.

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 config-
uration is called a mode. All modes may be
separated into two general groups. One group,
designated TM (transverse magnetic), has the
magnetic field entirely transverse to the direc-
tion 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 com-
ponent of magnetic field in the direction of
propagation. TM waves are sometimes called
E waves, and TE waves are sometimes called
H waves, but the TM and TE designations are
preferred.

The particular mode of transmission is iden-
tified by the group letters followed by two sub-
script numerals ; for example, TE, o, TM, ,, etc.
The number of possible modes increases with
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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 Y52 to avoid the
possibility of operation at other than the dom-
inant 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 cir-
cular guides are given in the following table,
where x is the width of a rectangular guide and
7 is the radius of a circular guide. All figures are
in terms of the dominant mode.

Rectangular Circular

Cut-off wavelength ...... 2% 3.41r
Longest wavelength trans-
mitted with little atten-
uation .........000..n
Shortest wavelength before
next mode becomes pos-
sible ...ooiiiiiiiene,

3.2r

2.87

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
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Fig. 2-64—Forms of cavity resonators.

the transmission modes in a waveguide). For
the lowest modes the resonant wavelengths are
as follows: ’

Cylinder .....coovviieninininnnnnns 2.617
Square box . .. 1.411
Sphere ....iiiiiiiiiiiiiir e 2.287
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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 ad-
justable 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
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Fig. 2-65—Re-entrant cylindrical cavity resonator.

CROSS-SECTIONAL VIEW

differ considerably from that occurring 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 ob-
tainable, and Q values of several thousand can
be secured with good design and construction.

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 for 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 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.

®)

Fig. 2-66—Coupling to waveguides and resonators.
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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-cycle tone,
and we wish to transmit it at 1 Mec. (1,000,000
cycles per second). One possible way might be
to add 1.000 Mc. and 1 kc. together, thereby
obtaining a radio frequency of 1.001 Mc. 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 (specifi-
cally, one in which Ohm’s Law holds) each be-
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Fig. 2-67—Amplitude-vs.-time and amplitude-vs.-fre-
quency plots of various signals. (A) 12 cycles of an
audio signal, assumed to be 1000 c.p.s. in this example.
(B) A radio-frequency signal, assumed to be 1 Mc.;
1500 cycles are completed during the same time as the
1% cycles in A, so they cannot be shown accurately.
(C) The signals of A and B in 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-Mc. signal is modulated by the
1000-cycle 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.

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

There are devices, however, which make it pos-
sible for one frequency to control the amplitude
of the other. If, for example, a 1-kc. tone is used
to control a 1-Mec. signal, the maximum r.f. out-
put will be obtained when the 1-kc. 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 kc.). Receiving equipment adjusted to receive
the 1-Mec. r.f. 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 fre-
quency present in such a signal is the original
1.000 Mc., but such is not the case. Two new
frequencies have appeared. These are the sum
(1.000 4- .001) and the difference (1.000 — .001)
of the two, and thus the radio frequencies appear-
ing after modulation are 1.001, 1.000 and .999 Mc.

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 heterodyn-
ing. 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 modu-
lating signal can just as well be a band of fre-
quencies making up speech or music. In this case,
the side frequencies are grouped into the upper
sideband and the lower sideband. Fig. 2-67H
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 one in use. Such
signal properties as phase and frequency can
also be modulated. In every case the modulation
process leads to the generation of a new set (or
sets) of radio frequencies symmetrically disposed
about the original radio (carrier) frequency.



Chapter 3

Vacuum-Tube Principles

CURRENT IN A VACUUM

The outstanding difference between the
vacuum tube and most other electrical 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 at-
tached 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 suffi-
ciently large number of electrons into the evac-
uated 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 sur-
rounding 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 imme-
diate vicinity, forming a “cloud” about the cath-

Transmitting tubes are in the back and center rows.
Receiving tubes are in the front row (l. to r.): miniature,

pencil, planar triode (two), Nuvistor and 1-inch diam-
eter cathode-ray tube.

ode. The reason for this is that the electrons in
the space, being negative electricity, form a neg-
ative charge (space charge) in the region of the
cathode. The space charge repels those electrons
nearest the cathode, tending to make them fall
back on it.

POSITIVE
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.

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 con-
ductor, 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
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fields set up by the current through the heater.

electrons will be repelled back to the cathode
and no current will flow. The vacuum tube there-
fore can conduct only in one direction.

Cathodes

Before electron emission can occur, the cath-
ode must be heated to a high temperature. How-
ever, it is not essential that the heating current
flow through the actual material that does the
emitting ; the filament or heater can be electri-
cally 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 ob-
tained, at relatively low temperatures, by using
special cathode materials rather than pure metals.
One of these is thoriated tungsten, or tung-
sten in which thorium is dissolved. Still greater
efficiency is achieved in the oxide-coated cath-
ode, 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 receiv-
ing-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) pre-
vents 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 attracted to
the plate becomes larger. That is, the
plate current increases with increasing
plate voltage.

© /M

Fig. 3-2—Types of cathode construction. Directly heated cath-
odes or ““filaments’’ are shown at A, B, and C. The inverted V
filament is used in small receiving tubes, the M in both receiv-
ing and transmitting tubes. The spiral filament is a transmitting-
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

VACUUM-TUBE PRINCIPLES

Fig. 3-3 shows a typical plot of plate
current vs. plate voltage for a two-ele-
ment 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 instru-
ment—a milliammeter) at each volt-
age. 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 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 be-
come 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 al-
ternating 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. 3-4 shows a representative circuit. Al-
ternating 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 a.c., 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 current
therefore is an intermittent direct current.

The load resistor, R, represents the actual cir-
cuit 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

Saturation
Point

Increase —»

Plate Current

Increase ————

Plate Voltage

i
B

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.
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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 vac-
uum tubes; they must cause
power to be developed in a load
in order to serve a useful pur-
pose. Also, to be efficient most

+

AC. Diode

L

2

Applied
Voltage
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Fig. 3-4—Rectification in a diode.
Current flows only when the plate
is positive with respect to the cath-
ode, so that only half-cycles of
current flow through the load re-

Current

VAVAY

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. 3-4,

sistor, R.

YAWAWA

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 nega-
tive space charge. The result is that, at any

Fig. 3-5—Construction of
an elementary triode vac-
vum tube, showing the di-
rectly-heated cathode (fil-
ament), grid (with an end
view of the grid wires)
and plate. The relative
density of the space
charge is indicated
roughly by the dot density.

GRID
PLATE

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

of the grid voltage on the plate current can be
shown by a set of characteristic curves. A typi-
cal 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 nega-
tive grid voltage that will cut off the plate cur-
rent.

The curves could be extended by making the
grid voltage positive as well as negative. When
the grid is negative, it repels electrons and there-
fore 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 neg-
ative 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

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.

[1/1]

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

Characteristic Curves
For any particular tube, the effect

this type can be taken by varying the battery voltages in the circuit

at the right.
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is equivalent to a large voltage acting on the
plate indicates the possibility of amplification
with the triode tube. The many uses of the elec-
tronic tube nearly all are based upon this ampli-
fying feature. The amplified output is not ob-
tained 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 re-
sistance or an impedance. The term “impedance”
is frequently used even when the load is purely
resistive.

Tube Characteristics

The physical construction of a triode determines
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
a.c. resistance of the path from cathode to plate.
For a given grid voltage, it is the quotient of a
small change in plate voltage divided by the re-
sultant change in plate current. Thus if a 1-volt
change in plate voltage caused a plate-current
change of 0.01 ma. (0.00001 ampere), the plate
resistance would be 100,000 ohms.

The amplification factor (usually designated
by the Greek letter x) of a vacuum tube is de-
fined 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 in-
crease of 10 plate volts raised the plate current
1.0 ma., and an increase in (negative) grid volt-
age of 0.1 volt were required to return the plate
current to its original value, the amplification
factor would be 100. The amplification factors
of triode tubes range from 3 to 100 or so. A high-x
tube is one with an amplification of perhaps 30
or more ; medium-ux tubes have amplification fac-
tors 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.

The best all-around indication of the effective-
ness of a tube as an amplifier is-its gridplate
transconductance—also called mutual conduc-
tance or gm. It is the change in plate current di-
vided by the change in grid voltage that caused
the change; it can be found by dividing the am-
plification factor by the plate resistance. Since
current divided by voltage is conductance, trans-
conductance is measured in the unit of conduc-
tance, 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 possible ampli-
fication.

VACUUM-TUBE PRINCIPLES

AMPLIFICATION

The way in which a tube amplifies is best
shown by a type of graph called the dynamic
characteristic. Such a graph, together with the
circuit used for obtaining it, is shown in Fig. 3-7.
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Fig. 3-7—Dynamic characteristics of a small triode with
various load resistances from 5000 to 100,000 ohms.

The curves are taken with the plate-supply volt-
age fixed at the desired operating value. The dif-
ference 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 cur-
rent 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 — 5 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 indi-
cated in the circuit diagram. If there is no a.c.
signal in the grid circuit, the voltage drop in the
load resistor is 50,000 X 0.002 = 100 volts, leav-
ing 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
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Fig. 3-8—Amplifier operation. When the plate current
various in response to the signal applied to the grid, a
varying voltage drop appears across the load, Ry, as
shown by the dashed curve, E;. I is the plate current.

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 in-
stant the grid voltage is — 3 volts. As shown by
the graph, it will have a value of 2.65 milliam-
peres. 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, intermediate plate-current values will
occur.

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 K, is 50,000 X
0.00265 = 132.5 volts ; when the plate current is
minimum the instantaneous voltage drop in R, is
50,000 X 0.00135 = 67.5 volts. The actual voltage
between plate and cathode is the difference be-
tween the plate-supply 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 mini-
mum plate current.

This varying plate voltage is an a.c. voltage
superimposed on the steady plate-cathode poten-
tial of 200 volts (as previously determined for no-
signal conditions). The peak value of this a.c.
output voltage is the difference between either
the maximum or minimum plate-cathode voltage
and the no-signal value of 200 volts. In the il-
lustration 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, approxi-
mately 16 times as much voltage is obtained from
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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 di-
rection, and vice versa. This means that the alter-
nating component of plate voltage (that is, the
amplified signal) is 180 degrees out of phase with
the signal voltage on the grid.

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 a.c. 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 low. With no cur-
rent 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, cur-
rent will flow in the grid circuit during the time
the grid is positive.)

Distortion of the output wave shape that results
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Fig. 3-9—Harmonic distortion resulting from choice of

an operating point on the curved part of the tube char-

acteristic. The lower half-cycle of plate current does not
have the same shape as the upper half-cycle.
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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—frequencies that are not present in
the signal applied to the grid. Harmonic distor-
tion is undesirable in most amplifiers, although
there are occasions when harmonics are deliber-
ately 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 d.c. 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 a.c. output voltage,
to the load. The output circuits of vacumm tubes
are therefore arranged so that the a.c. is trans-
ferred to the load but the d.c. 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 a.c. volt-
age developed across the plate resistor R, (that
is, the a.c. voltage between the plate and cathode
of the tube) is applied to a second resistor, R,,
through a coupling capacitor, C.. The capacitor
“blocks off” the d.c. voltage on the plate of the
first tube and prevents it from being applied to
the grid of tube B. The latter tube has negative
grid bias supplied by the battery shown. No cur-
rent flows on the grid circuit of tube B and there
is therefore no d.c. voltage drop in R,; in other
words, the full voltage of the bias battery.is
applied to the grid of tube B.

The grid resistor, R,, usually has a rather high
value (0.5 to 2 megohms). The reactance of the
coupling capacitor, C,, must be low enough com-
pared with the resistance of R, so that the a.c.
voltage drop in C, is negligible at the lowest fre-
quency to be amplified. If R, 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 K, and R,
are effectively in parallel (although they are
quite separate so far as d.c. is concerned). The
resultant parallel resistance of the two is there-
fore the actual load resistance for the tube. That
is why R, is made as high in resistance as possi-
ble; then it will have the least effect on the load
represented by R,.

The impedance-coupled circuit differs from
that using resistance coupling only in the sub-
stitution of a high inductance (as high as several
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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 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
then tubes.

hundred henrys) for the plate resistor. The ad-
vantage of using an inductor rather than a re-
sistor 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
high value of load impedance for a.c. without an
excessive d.c. 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 con-
nected to the load (in the circuit shown, a follow-
ing amplifiér), There is no direct connection be-
tween the two windings, so the plate voltage on
tube A is isolated from the grid of tube B. The
transformer-coupled amplifier has the same ad-
vantage as the impedance-coupled circuit with re-
spect to loss of d.c. voltage from the plate supply.
Also, if the secondary has more turns than the pri-
mary, the output voltage will be “stepped up” in
proportion to the turns 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
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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 comparatively narrow band of frequencies.
With a good transformer the gain of a trans-
former-coupled amplifier can be kept fairly con-
stant over the audio-frequency range. On the
other hand, transformer coupling in voltage
amplifiers (see below) is best suited to triodes
having amplification factors of about 20 or less,
for the reason that the primary inductance of a
practicable transformer 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 pri-
mary consideration is called a voltage amplifier.
Maximum voltage gain is secured when the load
resistance or impedance is made as high as pos-
sible 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 A; amplifier. Voltage ampli-
fiers are always 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
loudspeaker that in turn produces sound waves.
The greater the amount of a.f. power supplied to
the speaker the louder the sound it will produce.

Output
Transformer

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.

Fig. 3-11 shows an elementary power-ampli-
fier circuit. It is simply a transformer-coupled
amplifier with the load connected to the second-
ary. Although the load is shown as a resistor, it
actually would be some device, such as a loud-
speaker, that employs the power usefully. Every
power tube requires a specific value of load re-
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sistance 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 resist-
ance, so the transformer turns ratio is chosen to
reflect the proper value of resistance into the
primary. The turns ration 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
a.c. 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-
amplification ratio. However, it is quite possible
to operate a 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 fash-
ion is known as a Class A, amplifier. It is neces-
sary to use a power amplifier to drive a Class A,
amplifier, because a voltage amplifier cannot de-
liver 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 A, amplifier, it means the ratio of power
output to the grid signal voltage that causes it.
If grid current flows, the term usually means the
ratio of plate power output to grid power input.

The a.c. 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 d.c. plate input is called
the plate efficiency. The higher the plate effi-
ciency, the greater the amount of power that can
be taken from a tube having a given plate-
dissipation rating.

Parallel 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.

An increase in power output also can be se-
cured 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 cir-
cuit as shown in Fig. 3-12, At any instant the
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Fig. 3-12—Parallel and push-pull a.f. amplifier circuits.

ends of the secondary winding of the input trans-
former, 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 amplifier, then take the second ampli-
fier’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 cur-
rent is just cut off, then a signal can cause
plate current to flow in either 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 po-
larities, plate current flows only in one tube at a
time.

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 di-
rection, through the primary of the output trans-
former, to the plate current of tube 4. Thus each
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half of the output-transformer primary works
alternately to induce a half-cycle of voltage in
the secondary. In the secondary of T, the
original waveform is restored. This type of oper-
ation is called Class B amplification.

The Class B amplifier has considerably higher
plate efficiency than the Class A amplifier. Fur-
thermore, the d.c. plate current of a Class B am-
plifier is proportional to the signal voltage on the
grids, so the power input is small with small
signals. The d.c. plate power input to a Class A
amplifier is the same whether the signal is large,
small, or absent altogether; therefore the maxi-
mum d.c. plate input that can be applied to a
Class A amplifier is equal to the rated plate dissi-
pation 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 requirements 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 cy-
cle; 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 oper-
ated 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
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Fig. 3-13—Class B amplifier operation.
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signal is applied, so the grid-current flow is
countinuous 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-cur-
rent 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 r.f.
exciting voltage. This permits amplification of a
modulated r.f. 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
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 when 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 either with or with-
out 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; there-
fore, no driving power is required—only voltage.
A Class AB, amplifier is one 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 AB, amplifier will de-
liver 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 tubes actually is working for only half
the a.c. 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.
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An operating angle of less than 180 degrees
leads to a considerable amount of distortion, be-
cause 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 fre-
quencies distortion of the r.f. wave form is rela-
tively unimportant. For reasons described later
in this chapter, an r.f. amplifier must be operated
with tuned circuits, and the selectivity of such
circuits “filters out” the r.f. harmonics resulting
from distortion.

A radio-frequency power amplifier therefore
can be used with an operating angle of less than
180 degrees. This is call Class C operation. The
advantage is the that plate efficiency is increased,
because the loss in the plate is proportional,
among 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 funda-
mentals, 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 out-
put 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 be-
tween 120 and 150 degrees and the plate efficiency
lies in the range of 60 to 80 per cent. While higher
plate efficiencies are possible, attaining them re-
quires excessive driving power and grid bias, to-
gether 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

It 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 cir-
cuit is 180 degrees out of phase with the signal
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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 re-
generative.

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 reduc-
ing 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 distor-
tion generated in the plate circuit of the tube
tends to “buck itself out.” Amplifiers with nega-
tive 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.

Fig. 3-14—Simple circuits for producing feedback.

In the circuit shown at A in Fig. 3-14 resistor
R, is in series with the regular plate resistor, R,
and thus is a part of the load for the tube. There-
fore, part of the output voltage will appear across
R.. However, R, also is connc ted in series with
the grid circuit, and so the output voltage that
appears across R, is in series with the signal
voltage. The output voltage across R, opposes
the signal voltage, so the actual a.c. voltage be-
tween the grid and cathode is equal to the
difference between the two voltages.

The circuit shown at B in Fig. 3-14 can be used
to give either negative or positive feedback. The
secondary of a transformer is connected back
into the grid circuit to insert a desired amount of
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feedback voltage. Reversing the terminals of
either transformer winding (but not both simul-
taneously) 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
amplification tends to be greatest at one fre-
quency (which depends upon the particular cir-
cuit arrangement) and harmonic distortion is
increased. If enough energy is fed back, a self-
sustaining oscillation—in which energy at essen-
tially 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 such 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 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, with each element acting as a capac-
itor “plate.” There are three such capacitances
in a triode—that between the grid and cathode,
that between the grid and plate, and that be-
tween 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 perviously that the a.c. grid
voltage and a.c. 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 propor-
tional to the sum of the a.c. grid and plate

Fig. 3-15—The a.c. voltage appearing between the
grid and plate of the amplifier is the sum of the signal
voltage and the output voltage, as shown by this sim-
plified circuit. Instantaneous polarities are indicated.
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voltages and to the grid-plate capacitance. The
source of 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

Clnyut = Cgk + Cgp(A + 1)

where C,, is the grid-to-cathode capacitance,
C., is the grid-to-plate capacitance, and A4 is the
voltage amplification. The input capacitance may
be as much as several hundred micromicrofarads
when the voltage amplification is large, even
though the interelectrode capacitances are quite
small.

Output Capacitance

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

Tube Capacitance at R.F.

At radio frequencies the reactances of even
very small interelectrode capacitances drop to
very low values. A resistance-coupled amplifier
gives very little amplification at r.f., for example,
because the reactances of the interlectrode “ca-
pacitors” 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 capacitances. In this way the cir-
cuits can have the high resistive impedances nec-
essary for satisfactory amplification.

The grid-plate capacitance is important at
radio frequencies because its reactance, rela-
tively low at r.f., 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 be-
tween the control grid and the plate, as indicated
in Fig. 3-16. The second grid, called the screen
grid, acts 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 action of the screen
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Fig. 3-16—Representative arrang t of el ts in

a screen-grid tetrode, with part of plate and screen cut

away. This is ““single-ended’’ construction with a button

base, typical of miniature receiving tubes. To reduce

capacitance between control grid and plate the leads

from these elements are brought out at opposite sides;

actual tubes probably would have additional shielding
between these leads.

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
velocity through a tube strikes the plate it dis-
lodges 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 re-
verse 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-element tube
of this type is called a pentode.
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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. Conse-
quently, the grid-plate transconductance (or
mutual conductance) 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-current flow, both the ampli-
fication 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 1 or more megohms. Because of
the high plate resistance, the actual voltage
amplification possible with a pentode is very
much less than the large amplification factor
might indicate. A voltage gain in the vicinity of
50 to 200 is typical of a pentode stage.

In practical screen-grid tubes the grid-plate
capacitance is only a small fraction of a micro-
microfarad. This capacitance is too small to
cause an appreciable increase in input capaci-
tance as described in the preceding section, so the
input capacitance of a screen-grid tube is simply
the sum of its grid-cathode capacitance and con-
trol-grid-to-screen capacitance. The output ca-
pacitance of a screen-grid tube is equal to the
capacitance between the plate and screen.

In addition to their applications as radio-
frequency amplifiers, pentodes or tetrodes also
are used for audio-frequency power amplifica-
tion. In tubes designed for this purpose the chief
function of the screen is to serve as an accelera-
tor of the electrons, so that large values of plate
current can be drawn at relatively low plate volt-
ages. 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 suppressor 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
supplanted the non-beam types because large
power outputs can be secured with very small
amounts of grid driving power.

Variable-x Tubes

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

The ordinary type of tube has what is known
as a sharp-cutoff characteristic. The mutual
conductance 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 in-
creasing grid bias. The variable-x tube can han-
dle 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 ampli-
fier 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
frequencies the input impedance of a Class Ay
amplifier is for all practical purposes the input
capacitance of the stage. If the tube is driven into
the grid-current region there is in addition a re-
sistance component in the input impedance, the
resistance having an average value equal to £2/P,
where E is the r.m.s. driving voltage and P is the
power in watts consumed in the grid. The re-
sistance usually will vary during the a.c. 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 compo-
nents are “tuned out” in the process of adjust-
ing 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 cathode 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-capaci-
tance-coupled, transformer-coupled, may be a
tuned circuit if the amplifier operates at radio
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Fig. 3-17—In the
upper circuit, the
grid is the junction
point between the
input and output
circuits Inthelower
drawing, the plate
is the junction. In
either case the out-
put is developed in
the load
R, and may be
coupled to a fol-
lowing amplifier by
the usual methods.

resistor,

CATHQDE FOLLOWER

frequencies, 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
output is taken between the plate and grid. The
grid is thus the common element. The a.c. com-
ponent 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 per cent
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, neg-
lecting 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 v.h.f. and u.h.f., where the more conventional
amplifier circuit fails to work prop-
erly. With a triode tube designed for
this type of operation, an r.f. 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,
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the output is taken between cathode and plate.
This circuit is degenerative; 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 volt-
age; that is, the cathode follower gives a loss in
voltage, although it gives the same power gain as
other circuits under equivalent operating condi-
tions.

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

p

1 +nu

tances) where 7, is the tube plate resistance and
p is the amplification factor. Low output imped-
ance is a valuable characteristic in an amplifier
designed to cover a wide band of frequencies.
In addition, the input capacitance is only a frac-
tion 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 impedance transformer, since the in-
put 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 a.c. line. This includes the fila-
ments or heaters of vacuum tubes. Although
supplies for the plate (and sometimes the grid)
are usually rectified and filtered to give pure d.c.
— that is, direct current that is constant and
without a superimposed a.c. component — the
relatively large currents required by filaments
and heaters usually make a rectifier-type d.c.
supply impracticable.

Zout =

Filament Hum

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

Hum troubles are worst with directly-heated
cathodes or filaments, because with such cath-
odes 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

(®)

reducing the plate-cathode capacitance

to a very low value. GRID

RETURN
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 negli-
gible impedance in the batteries) and

RETURN

C CZ AAA
)| M A
LAY I Al GRID I PLATE
PLAT RETUR|
LATE RETURN M I J" N

Fig. 3-18—Filament center-tapping methods for use with di-

rectly heated tubes.



72

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 fila-
ment 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 a.c. 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 bat-
tery. However, in equipment that operates from
the power line cathode bias is almost universally
used for tubes that are operated in Class A (con-
stant d.c. input).

The cathode-bias method uses a resistor
(cathode resistor) connected in series with the
cathode, as shown at R in Fig. 3-19. The direc-
tion 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 ob-
tained from the steady d.c. plate current.

Fig. 3-19—Cathode biasing. R is the cathode resistor
and C is the cathode bypass capacitor.

If the alternating component of plate current
flows through R when the tube is amplifying, the
voltage drop caused by the a.c. will be degenera-
tive (note the similarity between this circuit and
that of Fig. 3-14A). To prevent this the resistor
is bypassed 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 (electrolytic capacitors are used for this
purpose). At radio frequencies, capacitances of
about 100 uuf. to 0.1 uf. are used; the small val-
ues are sufficient at very high frequencies and
the largest at low and medium frequencies. In
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the range 3 to 30 megacycles a capacitance of
0.01 uf. is satisfactory.

The value of cathode resistor for an amplifier
having negligible d.c. resistance in its plate cir-
cuit (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 re-
sistance 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
E 8

R=—I—=—m=667ohms.

The nearest standard value, 680 ohms, would
be close enough. The power used in the re-
sistor is

P = EI =8 X 0.012 = 0.096 watt.

A Y -watt or Y45-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.

Example: A receiving pentode requires 3
volts negative bias. At this bias and the rec-
ommended 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

E 3
R=7 —m-—272ohms.
A 270-ohm resistor would be satisfactory. The
power in the resistor is

P =EI=23X0.011 =0.033 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 re-
sistance-coupled amplifier is ordinarily not prac-
ticable by the method described above, because
the plate current in such an amplifier is usually
much smaller than the rated value given in the
tube tables. However, representative data for the
tubes commonly used as resistance-coupled am-
plifiers are given in the chapter on audio am-
plifiers, 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
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circuit between the grid and cathode. If the cur-
rent 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 advan-
tage 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-cou-
pled audio amplifiers. The bias resistor is con-
nected 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 pen-
todes the voltage for the screen frequently is
taken from the plate supply through a resistor.
A typical circuit for an r.f. amplifier is shown in
Fig. 3-20. Resistor R is the scteen dropping re-
sistor, 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 calculated from
Ohm’s Law.

Example: An r.f. 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

Signol
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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 reactance to bring

the screen to ground potential for the frequency or
frequencies being amplified.

voltage and the screen voltage; that is,
250 — 100 = 150 volts. Then

E 150

R = 7 = 0002 = 75,000 ohms.

The power to be dissipated in the resistor is

P =EI =150 X 0.002 = 0.3 watt.

A Y- 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 0.01 uf. is
amply large.

In some vacuum-tube circuits the screen volt-
age is obtained from a voltage divider connected
across the plate supply. The design of voltage
dividers is discussed at length in Chapter 7 on
Power Supplies.

OSCILLATORS

It was mentioned earlier that if there is
enough positive feedback in an amplifier circuit,
self-sustaining oscillations will be set up. When
an amplifier 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 con-
nected to a tap on coil L and the grid and plate
are connected to opposite ends of the tuned cir-
cuit. When an r.f. current flows in the tuned
circuit there is a voltage drop across L that in-
creases progressively 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 posi-
tion 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 oscilla-
tion, and if it is too near the plate end the im-

pedance between the cathode and plate is too
small to permit good amplification. Maximum
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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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feedback usually is obtained when the tap is
somewhere near the center of the coil

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

Capacitor Cg is the grid capacitor. It and R,
(the grid leak) are used for the purpose of ob-
taining 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 C; “blocks” direct current.
They therefore have to flow or “leak” through

Rg to cathode, and in doing so cause a voltage .

drop in R, that places a negative bias on the grid.
The amount of bias so developed is equal to the
grid current multiplied by the reistance of R,
(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 C, should be large enough to have low reac-
tance (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 de-
scribed. The feedback can be varied by varying
the ratio of the reactance of C; and C, (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.

Plate
Voitage

Fig. 3-22—The tuned-plate tuned-grid oscillator.

Resonant circuits tuned approximately to the
same frequency are connected between grid and
cathode and between plate and cathode. The two
coils, L, and L,, are not magnetically coupled.
The feedback is through the grid-plate capaci-
tance of the tube, and will be in the right phase
to be positive when the plate circuit, C,oL,, is
tuned to a slightly higher frequency than the
grid circuit, L,C,. The amount of fcedback can
be adjusted by varying the tuning of either cir-
cuit. The frequency of oscillation is determined
by the tuned circuit that has the higher Q. The
grid leak and grid capacitor have the same func-
tions as in the other circuits. In this case it is
convenient to use serics feed for the plate circuit,
so Cv is a bypass capacitor to guide the r.f.
current around the plate supply.

There are many oscillator circuits (examples .
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of others will be found in later chapters) but the
basic feature of all of them is that there is posi-
tive 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 oscilla-
tion. On the other hand, too much feedback will
make the grid current excessively high, with the
result that the power loss in the grid circuit be-
comes larger than necessary. Since the oscillator
itself supplies this grid power, excessive feed-
back lowers the over-all efficiency because what-
ever 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 prin-
cipal factors that cause a change in frequency are
(1) temperature, (2) plate voltage, (3) loading,
(4) mechanical variations of circuit elements.
Temperature changes will cause vacuum-tube
elements to expand or contract slightly, thus
causing variations in the interelectrode capaci-
tances. Since these are unavoidably part of the
tuned circuit, the frequency will change corres-
pondingly. Temperature changes in the coil or
the tuning capacitor will alter the inductance or
capacitance slightly, again causing 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
resistance of the tuned circuit and thus lower
its Q. For highest stability, therefore, the cou-
pling between the tuned circuit and the tube and
load must be kept as loose as possible. Pref-
erably, 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 resist-
ances 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 ama-
teur transmitters and described in a later chap-
ter. Alternatively, the L/C ratio may be made
as small as possible while sustaining stable os-
cillation (high C) with the grid and plate con-
nected 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-
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mum when the feedback is adjusted to the least
value that permits reliable oscillation. The use
of a tube having a high value of transconduct-
ance is desirable, since the higher the transcon-
ductance the looser the permissible coupling to
the tuned circuit and the smaller the feedback re-
quired.

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 vi-
bration, cause changes in inductance and/or ca-
pacitance 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 chap-
ters.

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 r.f. ground
on some other point in the circuit is desirable.
The rf. ground can be placed at any point so
long as proper provisions are made for feeding
the supply voltages to the tube elements.

Fig. 3-23 shows the Hartley circuit with the
plate end of the circuit grounded. The cathode
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Fig. 3-23—Showing how the plate may be grounded for
r.f. in a typical oscillator circuit (Hartley).

and control grid are “above ground,” so far as
the r.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 grounded and the cathode
above ground; it is only necessary to feed the
d.c. to the cathode through an r.f. choke.

A tetrode or pentode tube can be used in any
of the popular oscillator circuits. A common
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 fre-
quency.

CLIPPING CIRCUITS

Vacuum tubes are readily adaptable to other
types of operation than ordinary (without sub-
stantial distortion) amplification and the genera-
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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 clip-
ping 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

Fig. 3-24—Series and shunt
diode clippers. Typical oper-
d ation is shown at the right.

BIAS =
+ T

output voltage results from the current flow
through the load resistor R.
In the shunt-type diode clipper negative bias

SHUNT

tion of single-frequency oscillations. Of partic-
ular interest is the clipper or limiter circuit,
because of its several applications in receiving
and other equipment.

Diode Clipper Circuits

Basic diode clipper circuits are shown in Fig.
3-24. In the series type a positive d.c. bias volt-
age 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 pro-
portionately during the time the signal voltage is
positive at the diode plate and for that part of

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 com-
pared with the resistance of R). When the nega-
tive half of the signal voltage exceeds the bias
voltage the diode conducts, and because of the
voltage drop in R when current flows the output
voltage is reduced. By proper choice of R in rela-
tionship 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.
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Fig. 3-25—Triode clippers. A—Single triode, using shunt-type
diode clipping in the grid circvit for the positive peak and
plate-current cut-off clipping for the negative peak. B—
Cathode-coupled clipper, using plate-current cut-off clipping

for both positive and negative peaks.

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 volt-
age is large enough to drive the grid positive.
The positive-clipped signal is amplified by the
tube as a resistance-coupled amplifier. Negative
peak clipping occurs when the negative peak of
the signal voltage exceeds the fixed grid bias and
thus cuts off the plate current in the output cir-
cuit.

In the cathode-coupled clipper shown at B in
Fig. 3-25 I/, is a cathode follower with its out-
put circuit directly connected to the cathode of
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V,, which is a grounded-grid amplifier. The
tubes are biased by the voltage drop across Ry,
which carries the d.c. plate currents of both
tubes. When the negative peak of the signal volt-
age exceeds the d.c. voltage across R, clipping
occurs in V', and when the positive peak exceeds
the same value of voltage V,’s plate current is
cut off. (The bias developed in R, tends to be con-
stant because the plate current of one tube in-
creases when the plate current of the other de-
creases.) Thus the circuit clips both positive and
negative peaks. The clipping is symmetrical, pro-
viding the d.c. voltage drop in R, is small enough
so that the operating conditions of the two tubes
are substantially the same. For signal voltages
below the clipping level the circuit operates as a
normal amplifier with low distortion.

~U.H.F. AND MICROWAVE TUBES

The Klystron

In the klystron tube the electrons emitted by
the cathode pass through an electric field estab-
lished by two grids in a cavity resonator called

oruft space
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Fig. 3-26—Circuit diagram of the klystron oscillator,
showing the feedback loop coupling the frequency-con-
trolling cavities.

the buncher. the hf. electric field between the
grids is parallel to the electron stream. This field
accelerates the electrons at one moment and re-
tards them at another with the variations of the
r.f. voltage applied. The resulting velocity-modu-
lated beam travels through a field-free ‘‘drift
space,” where the slower-moving electrons are
gradually overtaken by the faster ones. The elec-
trons emerging from the pair of grids therefore
are separated into groups or “bunched” along the
direction of motion. The velocity-modulated elec-
tron stream then goes to a catcher cavity where
it again passes through two parallel grids, and
the r.f. current created by the bunching of the
electron beam induces an r.f. 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 frequncy depends on the
electrode voltages and on the shape of the cavi-
ties, and may be adjusted by varying the supply
voltage and altering the dimensions of the
cavities. Although the bunched beam current is
rich in harmonics the output wave form is re-
markable pure because the high Q of the catcher
cavity suppresses the unwanted harmonics.



Chapter 4

Semiconductor Devices

Materials whose conductivity falls approxi-
mately midway between that of good conductors
(e.g., copper) and good insulators (e.g., quartz)
are called semi-conductors. Some.of these ma-
terials (primarily germanium and silicon) can,
by careful processing, be used in solid-state
electronic devices that perform many or all of
the functions of thermionic tubes. In many appli-
cations 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, care-
fully controlled amounts of “impurities” (mate-
rials 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 in-
dium) are introduced, an electron deficiency, or
hole, is produced. As in the case of free electrons,
the presence of holes encourages the flow of elec-
trons in the semiconductor material, and the con-
ductivity is increased. Semiconductor material
that conducts by virtue of the free electrons is
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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 junc-
tion 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 neg-
ative 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 at-
tracted away from the junction and the holes in
the p material are attracted by the negative po-
tential of the battery away from the junction.
This leaves the junction region without any cur-
rent carriers, consequently there is no conduction.

In other words, a junction of p- and n-type

&

Representative semiconductor types. Various styles of transistors are shown in the back row. High-power

types are at the left, medium-power types are at the center, and small-signal types are at the far right.

At the extreme right in the back row is an epoxy-encapsulated field-effect transistor. The eight components

at the left (in the front row) are silicon and germanium diodes in various package styles. The device at

the extreme lower-right (with many leads) is an integrated-circuit assembly. Immediately to the left of it
is a varactor diode.
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SEMICONDUCTOR DEVICES

CURRENT NO CURRENT
+
4 +++ P MR Fig. 4-1—A p-n junction (A) and its
» behavior when conducting (B) and non-
N T conducting (C).
w ®)

materials constitutes a rectifier. It differs from
the tube diode rectifier in that there is a measur-
able, 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 de-
vices of this construction will operate, as com-
pared with vacuum tubes. Also, the number of
excess electrons and holes in the material de-
pends upon temperature, and since the conduc-
tivity in turn depends on the number of excess
holes and electrons, the device is more tempera-
ture 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 manu-
facture when n-type material is used for the main
body of the device.
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Fig. 4-2—At A, a germanium point-contact diode. At

B, construction of a silicon junction-type diode. The

symbol at C is used for both diode types and indicates

the direction of minimum resistance measured by con-

ventional methods. At C, the arrow corresponds to the

plate (anode) of a vacuum-tube diode. The bar repre-
sents the tube’s cathode element.

SEMICONDUCTOR DIODES

Point-contact and junction-type diodes are used
for many of the same purposes for which tube
diodes are used. The construction of such diodes
is shown in Fig. 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 r.f. applica-
tions, the semiconductor point-contact diode has
the advantages of very low interelectrode capaci-
tance (on the order of 1 pf. or less) and not re-
quiring any heater or filament power.

The germanium diode is characterized by rela-
tively large current flow with small applied volt-
ages in the ‘“forward” direction, and small, al-
though 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 either the forward or
back direction is determined by the change in
current that occurs, at any given point on the
curve, when the applied voltage is changed by a
small amount. The forward resistance shows some
variation in the region of very small applied volt-
ages, but the curve is for the most part quite
straight, indicating fairly constant dynamic resist-
ance. For small applied voltages, the forward re-
sistance is of the order of 200 ohms or less in
most such diodes. The back resistance shows con-
siderable 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 r.f.
indicating instruments (r.f. voltmeters, wave-
meter indicators, and so on) where the load re-
sistance 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 con-
siderably lower.

Junction Diodes

Junction-type diodes made of silicon are em-
ployed widely as rectifiers. Depending upon the
design of the diode, they are capable of rectify-
ing currents up to 40 or 50 amperes, and up to
reverse peak voltages of 1000. They can be con-
nected in series or in parallel, with suitable cir-
cuitry, 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 turn leads to



Semiconductor Diodes

improved no-load-to-full-load voltage characteris-
tics. Some consideration must be given to the
operating temperature of silicon diodes, although
many carry ratings to 150° 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 and
maximum average rectified current. Inverse
voltage is a voltage applied in the direction oppo-
site to that which would be read by a d.c. 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 specified varies with the type of diode.
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Fig. 4-3—Typical point
contact germanium diode
characteristic curve. Be-
cause the back current is
much smaller than the for-
ward current, a different
scale is used for back
voltage and current.
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Fig. 4-4—Typical characteristic of a zener diode. In
this example, the voltage drop is substantially constant
at 30 volts in the (normally) reverse direction. Com-
pare with Fig. 4-3. A diode with this characteristic
would be called a ““30-volt zener diode.”
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Zener Diodes

The “Zener diode” is a special type of silicon
junction diode that has a characteristic similar
to that shown in Fig. 4-4. 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 essentially 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 element, in a man-
ner somewhat similar to the gaseous voltage-
regulator tube. Voltages for Zener diode action
range from a 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 ad-
vantage ; 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, or varactors, are
p-n junction diodes that behave as capacitors of
reasonable O when biased in the reverse direc-
tion. They are useful in many applications because
the actual capacitance value is dependent upon the
d.c. bias voltage that is applied. In a typical capa-
citor 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-
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 multi-
plier. The basic circuits for varactor doublers
and triplers is shown in Fig. 4-6, 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, effi-
ciencies of 75 per cent are not too difficult to come
by, at power levels of 10 to 20 watts.

An important receiver application of the varac-
tor is as a parametric amplifier. The diode is
modulated by r.f. several times higher in fre-
quency than the signal. This pump r.f. adds
energy to the stored signal charge. To provide
the necessary phase relationship between the sig-
nal and the pump, an idler circuit is included.
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Fig. 4-6 illustrates how a voltage-variable
capacitor diode can be used to tune a v.f.o. These
diodes can be used to tune other r.f. circuits also,
and are particularly useful for remote tuning of
r.f. circuits, such as might be encountered in

vehicular installations. These diodes, because of
their small size, permit tuned-circuit assemblies
to be quite compact. Since the Q of the diode is
a vital consideration in r.f. applications, this
factor must be taken into account when designing
a circuit. Present-day manufacturing processes
have produced units with a Q in excess of 200 at
50 Me.

Tunnel Diode

Much hope is held for the future use of the
“tunnel diode,” a junction semiconductor of spe-
cial construction that has a “negative resistance”
characteristic at low voltages. This characteris-
tic (decrease of current with increase of volt-
age) permits the diode to be used as an oscillator
and as an amplifier. Since electrical charges
move through the diode with the speed of light,
in contrast to the relatively slow motion of elec-
trical charge carriers in other semiconductors,
it has been possible to obtain oscillations at fre-
quencies as high as 5000 Mc., making them par-
ticularly useful as amplifiers and oscillators in
microwave equipment.

TRANSISTORS

Fig. 4-7 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 p-n junction diodes back to back. If a
positive bias is applied to the p-type material at
the left, current will flow through 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-type 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 p-n combination at the right is biased
negatively, as shown, there would normally be
no current flow in this circuit (see Fig. 4-1C).



Transistors
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Fig. 4-7—The basic arrangement of a transistor. This
represents a junction-type p-n-p unit.

However, there are now additional holes avail-
able at the junction to travel to point B and
electrons can travel toward point A4, so a current
can flow even though this section of the sandwich
is biased to prevent conduction. Most of the cur-
rent is between 4 and B and does not flow out
through the common connection to the n-type
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, re-
spectively, 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.

Power Amplification

Because the collector is biased in the back di-
rection the collector-to-base resistance is high.
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 =I* R, so the powers
are proportional to the respective resistances, if
the currents are the same). In practical transis-
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TRANSISTOR
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Fig. 4-8—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).
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tors 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 Figs. 4-8 and 4-9. The assembly of p- and n-
types materials may be reversed, so that p-n-p and
n-p-n transistors are both possible.

The first two letters of the n-p-n and p-n-p
designations indicate the respective polarities of
the voltages applied to the emitter and collector
in normal operation. In a p-n-p transistor, for
example, the emitter is made positive with respect
to both the collector and the base, and the col-
lector is made negative with respect to both the
emitter and the base.

Another type of transistor is the “overlay.”
Overlay transistors contain an emitter structure
which is made up of many separate emitters, con-
nected together by diffused and metalized regions.
A precise photographic process—photolithog-
raphy—is used in the manufacture of the overlay
structure. This technique provides an increased
emitter edge-to-area ratio over that of earlier
transistor types. Because of its improved emitter
geometry, the transistor’s input time-constant is
superior to other types of transistors, thus mak-
ing it extremely useful in high-frequency appli-
cations. Overlay transistors are being used at
1000 Mec. and higher, and are capable of produc-
ing a power output of 1 watt or more in the upper
uhf. region. Greater power-output levels are
possible in the h.f., v.h.f,, and lower u.h.{. regions
when using overlay transistors. These transistors
are also useful as frequency multipliers, especially
as doublers and triplers, and are able to provide
an actual power gain in the process. In this ap-
plication, the collector-to-base junction performs
as a varactor diode, thus helping to eliminate
the need for varactor diodes at operating fre-
quencies below approximately 432 Mc. An illus-
tration of overlay-transistor frequency multipli-
cation is shown in Fig. 4-9 at C and D.

Junction Transistors

The majority of transistors being manufactured
are one or another version of junction transistors.
These may be grown junctions, alloyed or fused
junctions, diffused junctions, epitaxial junctions
and electroetched and/or electroplated junctions.
The diffused-junction transistor, in widespread
use because the product of this type of manufac-
ture is generally consistent, involves applying the
doping agent to a semiconductor wafer by electro-
plating, painting, or exposing the surface to a
gaseous form of the dopant. A carefully-controlled
temperature cycling causes the dopant to diffuse
into the surface of the solid. The diffused layer
is then a different type than the base material.
Epitaxial junctions refers to growth of new
layers on the original base in such a manner that
the new (epitaxial) layer perpetuates the crystal-
line structure of the original.
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Fig. 4-9—Pictorials of Mesa and Planar transistors at
A and B. At C and D, Overlay transistor frequency
multipliers—a doubler and a tripler.

Transistor Structures

There are two popular terms used to describe
the general physical structure of many transistors.
As shown in Fig. 4-9A, the mesa transistor is
formed by etching away the metal around the
emitter and base connections, leaving the junc-
tions exposed and with very small cross sections.
This construction makes for good high-frequency
response. :

In the planar construction shown in Fig. 4-9B,
the junctions are protected at the upper surface
by an impervious layer of silicon oxide. This
reduces leakage and increases current gain at
low signal levels.

Note that in either type of construction, the
collector lead also serves as a heat sink to cool
the transistor.

TRANSISTOR CHARACTERISTICS

. An important characteristic of a transistor is
its current amplification factor. This is the ratio
of the change in collector current to a small
change in emitter current, measured in the com-
mon-base circuit described later, and is compara-
ble with the voltage amplification factor (u) of a
vacuum tube. The current amplification factor is
almost, but not quite, 1 in a. junction transistor.
The gain-bandwidth product (fr) is the fre-
quency at which the current amplification be-
comes unity, or 1. The fr ratings range from 500
ke. to frequencies in the upper u.h.f. region. The
fr indicates in a general way the frequency spread
over which the transistor is useful.

Each of the three elements in the transistor
has a resistance associated with it. The emitter
and collector resistances were discussed earlier.
There is also a certain amount of resistance as-
sociated with the base, a value of a few hundred
to 1000 ohms being typical of the base resistance.

SEMICONDUCTOR DEVICES

DOUBLER

432 Mc.

OVERLAY DOUBLER

(C)

TRIPLER 432 Mc.

144 Mc.

OVERLAY TRIPLER

(D)

The values of all three resistances vary with
the type of transistor and the operating voltages.
The collector resistance, in particular, is sensi-
tive to operating conditions.

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. 4-10. It
shows the collector current ws. collector voltage
for a number of fixed values of emitter current.
Practically, the collector current depends almost
entirely on the emitter current and is independ-
ent of the collector voltage. The separation be-
tween 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. 4-11,
together with the circuit used for obtaining it.
This also shows collector current ws. collector
voltage, but for a number of different values of
base current. In this case the emitter element is
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Fig. 4-10—A typical collector-current vs. collector-voltage
characteristic of a junction-type transistor, for various
emitter-current values. The circuit shows the setup for
taking such measurements. 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.
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Transistor Characteristics

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. 4-10.

Ratings

The principal ratings applied to transistors are
maximum collector dissipation, maximum col-
lector voltage, maximum collector current, and
maximum emitter current. The voltage and cur-
rent ratings are self-explanatory.

The collector dissipation is the power, ex-
pressed in watts or milliwatts, that can safely be
dissipated by the transistor as heat. With some
types of transistors provision is made for trans-
ferring heat rapidly through the container, and
such units usually require installation on a heat
“sink,” or mounting that can absorb heat.
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Fig. 4-11—Collector current vs. collector voltage for vari-
ous values of base current, for a junction-type transistor.
The values are determined by means of the circuit
shown.

The amount of undistorted output power that
can be obtained depends on the collector voltage,
the collector current being practically independ-
ent of the voltage in a given transistor. Increas-
ing the collector voltage extends the range of
linear operation, but must not be carried beyond
the point where either the voltage or dissipation
ratings are exceeded.

TRANSISTOR AMPLIFIERS

Amplifier circuits used with transistors fall
into one of three types, known as the common-
base, common-emitter, and common-collec-
tor circuits. These are shown in Fig. 4-12 in
elementary form. The three circuits correspond
approximately to the grounded-grid, grounded-
cathode and cathode-follower circuits, respec-
tively, 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-
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circuited. The cut-off frequency is the frequency
at which the amplification decreases to 0.707
times its 1-kc. value. The input and output im-
pedances are, respectively, the impedance which
a signal source working into the transistor would
see, and the internal output impedance of the tran-
sistor (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//,
ohms, where I, is the emitter current in milli-
amperes. The optimum output load impedance,
R., may range from a few thousand ohms to
100,000, depending upon the requirements.

The current transfer ratio is alpha (a) and the
cut-off frequency is defined as the frequency at
which the value of alpha (for a common-base
amplifier) drops to 0.707 times its 1-kc. value.

In this circuit the phase of the output (collec-
tor) current is the same as that of the input
(emitter) current. The parts of these currents
that flow through the base resistance are like-
wise in phase, so the circuit tends to be regenera-
tive and will oscillate if the current amplification
factor is greater than 1.
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SIGNAL
INPUT
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COMMON EMITTER

SIGNAL

COMMON COLLECTOR

Fig. 4-12—Basic transistor amplifier circuvits. RL, the
load resistance, may be an actual resistor or the pri-
mary of a transformer. The input signal may be supplied
from a transformer secondary or by resistance-capaci-
tance coupling. In any case it is to be understood that
a d.c. path must exist between the base and emitter.

P-n-p transistors are shown in these circuits. If
n-p-n types are used the battery polarities must be
reversed.
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Common-Emitter Circuit

The common-emitter circuit shown in Fig.
4-12 corresponds to the ordinary grounded-
cathode vacuum-tube amplifier. As indicated by
the curves of Fig. 4-11, 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 current transfer, alpha, ratio in the common-
emitter circuit is equal to

a

1—a

Since a is close to 1 (0.98 or higher being repre-
sentative), the short-circuit current gain in the
grounded-emitter circuit may be 50 or more.
The cut-off frequency is equal to the a cut-off
frequency multiplied by (1 — a), and therefore
is relatively low. (For example a transistor with
an a cut-off of 1000 kc. and « = 0.98 would
have a cut-off frequency of 1000 x 0.02 = 20
kc. in the common-emitter circuit.)

Within its frequency limitations, the common
emitter circuit gives the highest power gain of
the three.

In this circuit the phase of the output (col-
lector) 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
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common-collector transistor amplifier has high
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 resist-
ance, being approximately equal to the load
resistance divided by (1 — a). The fact that
input resistance is directly related to the load
resistance is a disadvantage of this type of am-
plifier if the load is one whose resistance or
impedance varies with frequency.

The current transfer ratio with this circuit is

1

l—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 modern-day
transistors have collector-to-emitter ratings of
300 volts or more. Such transistors are useful in
circuits that operate directly from the 115-volt
a.c. line following rectification. For this reason,
battery power is no longer the primary means
by which to operate transistorized equipment.
Many low-voltage transistor types are capable
of developing a considerable amount of a.f. or
r.f. power, hence draw amperes of current from
the power supply. Dry batteries are seldom
practical in circuits of this type. The usual ap-
proach in powering high-current, high-wattage
transistorized equipment is to employ a wet-cell

AMP.

T
(NPU ouTPUT
O

DIODE BIAS STABILIZATION
(©)

AMP.

INPUT

HE ouTpPUT

THERMISTOR BIAS STABILIZATION

(©)

Fig. 4-13—Transistor bias and bias-stabilization techniques which are commonly used.
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Fig. 4-14—Changing the circuit polarity.

storage battery, or operate the equipment from
a 115-volt a.c. line, stepping the primary voltage
down to the desired level by means of a trans-
former, then rectifying the a.c. with silicon diodes.

Coupling and Impedance Matching

Coupling arrangements for introducing the sig-
nal into the circuit, and for taking it out, are
similar to those used in vacuum-tube circuits.
However, the actual component values will differ
considerably, as will the impedance levels of the

R.F. PA.

500
500 INPUT
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two types of circuit. Typical impedance charac-
teristics were discussed in the foregoing section
of this chapter. It is not uncommon to encounter
collector impedance levels of 10 ohms or less in
high-power a.f. or r.f. amplifier stages. In circuits
of this type, especially if supply voltages on the
order of 28 volts or less are used, the collector
current will be quite high—one ampere or more.
This high d.c. current not only creates an im-
pedance-matching problem, it complicates the
problem of design because of the need for power-
handling chokes, resistors, and other current-
carrying components. Some typical impedance-
matching techniques for r.f. amplifier circuits are
shown in Fig. 4-15, illustrating how a collector
impedance of less than 50 ohms can be matched
to a 50-ohm termination.

In rf. power-amplifier circuits it is common
practice to operate two or more transistors in
parallel to obtain a specified power level. The in-
put and output tuned circuits become somewhat
more involved because of the need for controlling
the drive to each transistor, and because of the
extremely low impedance levels that would be
encountered were the transistors connected in
parallel, using conventional methods. A typical
circuit in which three high-power transistors are
operated in parallel is given in Fig. 4-16. Each
base has a separate input tuned circuit to permit
equalization of the collector currents of each
transistor. Although the collectors of the tran-
sistors could be parallel-connected, directly, the
technique of Fig. 4-16 provides better efficiency
because it permits parallel operation at a some-
what higher impedance level.

Transistor Polarity

The manner in which a given transistor stage is
wired, with regard to power supply polarity, will

- RF PA.

OouTPUT
500
ouTPUT
L
R.F RA. -z RE PA
HIzZ R L4 LS
23 son
E 500 ourPuT
ouTPUT SO N
500 INPUT
INPUT RFC

2w &
inl
(8) (©)

Fig. 4-15—Practical methods for matching low collector impedances to 50-ohm loads.



86
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Fig. 4-16—Current-equalization method.

-

TICKLER

COLPITTS

Fig. 4-17—Typical transistor oscillator circuits. Com-
ponent values are discussed in the text.
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depend upon the transistor used, n-p-n or p-n-p.
Either type will work in the circuit, regardless
of the power supply polarity—negative or positive
chassis ground. It is merely necessary to re-
arrange the circuit ground-return connections to
suit the power-supply polarity. An example of
how an n.p.n. transistor can be made to operate
s with either a negative-or posi-
s0-onM tive-ground system is shown in
LOAD  Fig. 4-14. Similarly, a p.np.
c4 transistor can be used with either
polarity. The circuit would not
have to be rearranged were it convenient to re-
move the p.n.p. transistor and replace it with an
n.p.n. type, or vise versa. By employing the
method shown in Fig. 4-14, it is practical to have
a single power-supply polarity arrangement
while utilizing a mixture of n.p.n. and p.n.p. tran-
sistors in one piece of equipment,

Biasing Methods and Bias Stabilization

Typical single-battery common-emitter circuits
are shown in Fig. 4-13 at A and B. R, 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 R, should be large compared
with that of the emitter-base diode, which, as
stated earlier, is approximately equal to 25
divided by the emitter current in ma.

Since the current in R, flows in such a direction
as to bias the emitter negatively with respect to
the base (a p-n-p transistor is assumed), a base-
emitter bias slightly greater than the drop in R
must be supplied. The proper operating point is
achieved through adjustment of voltage divider
R,R3, which is proportioned to give the desired
value of no-signal collector current.

In the transformer-coupled circuit, input sig-
nal currents flow through R, and R,, and there
would be a loss of signal power at the base-emitter
diode if these resistors were not bypassed by C,
and C,. The capacitors should have low react-
ance compared with the resistances across which
they are connected. In the resistance-coupled
circuit R, serves as part of the bias voltage di-
vider and also as part of the load for the signal-
input source. As seen by the signal source, R, is
in parallel with R, and thus becomes part of the
input load resistance. C; must have low reactance
compared with the parallel combination of R,, Ry
and the base-to-emitter resistance of the transis-
tor. The load impedance will determine the re-
actance of C,.

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 char-
acteristics and the type of operation (Class A, B,
etc.). The value of Rv in the resistance-coupled
case is usually such as to permit the maximum
a.c. voltage swing in the collector circuit without
undue distortion, since Class A operation is
usual with this type of amplifier.
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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 heat-
ing, leading to ‘“‘thermal runaway” and possible
destruction of the transistor. 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 dissipa-
tion as possible: i.e., the d.c. 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 /..) — that is, the current
that flows from collector to base with the emitter
connection open. This current, which is highly
temperature sensitive, has the effect of increas-
ing the emitter current by an amount much
larger than I, itself, thus shifting the operating
point in such a way as to increase the collector
current. This effect is reduced to the extent that
I, can be made to flow out of the base terminal
rather than through the base-emitter diode. In
the circuits of Fig. 4-13, bias stabilization is im-
proved by making the resistance of R; as large
as possible and both R, and R, as small as possi-
ble, consistent with gain and battery economy.

It is common practice to employ certain devices
in the bias networks of transistor stages that en-
hance the stability of the bias. Thermistors or
diodes can be used to advantage in such circuits.
Examples of both techniques are given in Fig.
4-13 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 in-
creases, the thermistor’s resistance decreases, re-
ducing the emitter-to-base voltage (bias). As the
bias is reduced in this manner, the collector cur-
rent tends to remain the same, thus providing bias
stabilization.

Resistors R and R, of Fig. 4-13D. are selected
to give the most effective compensation over a
particular temperature range. )

A somewhat better bias-stabilization technique
can be realized by using the method shown in Fig.
4-13C. 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 bias current varies
in direct proportion with the supply voltage, tend-
ing to hold the no-signal collector current of the
transistor at a steady value. If the diode is in-
stalled 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 tempera-
ture excursions. As the diode temperature in-
creases so will the diode bias current, thus lower-
ing the bias voltage. Ordinarily, diode bias
stabilization is applied to Class B stages. With
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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 cur-
rent variations are reduced to approximately one
fifteenth the thermistor-bias value.

TRANSISTOR OSCILLATORS

Since more power is available from the output
circuit than is necessary for its generation in the
input circuit, it is possible to use some of the
output power to supply the input circuit with a
signal and thus sustain self-oscillation. Repre-
sentative self-controlled oscillator circuits, based
on vacuum-tube circuits of the same names, are
shown in Fig. 4-17.

The upper frequency limit for oscillation is
principally a function of the cut-off frequency
of the transistor used, and oscillation will cease
at the frequency at which there is insufficient
amplification to supply the energy required to
overcome circuit losses. Transistor oscillators
usually will operate up to, and sometimes well
beyond, the a cut-off frequency of the particular
transistor used.

The approximate oscillation frequency is that
of the tuned circuit, L,C,. R,, R, and R have the
same functions as in the amplifier circuits given
in Fig. 4-17. Bypass capacitors C, and C, should
have low reactances compared with the resist-
ances with which they are associated.

Feedback in these circuits is adjusted in the
same way as with tube oscillators: position of
the tap on L, in the Hartley, turns and coupling
of L, in the tickler circuit, and ratio of the sec-
tions of C, in the Colpitts,

FIELD-EFFECT TRANSISTORS

Still another semiconductor device, the field-
effect transistor, is superior to conventional tran-
sistors 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. 4-18.

The reason for the terminal names will become
clear later. A d.c. 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. 4-19).
The next step is to apply a gate voltage of the
polarity shown in Fig. 4-19. 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, and
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TOP
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Fig. 4-18—The junction field-effect transistor.
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Fig. 4-19—Operation of the JFET under applied bias. A
depletion region (light shading) is formed, compressing
the channel and increasing its resistance to current flow.
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Fig. 4-20—The insulated-gate field-effect transistor.

consequently the source-drain current is reduced
nearly to zero. Since the large source-drain cur-
rent changed with a relatively small gate voltage,
the device acts as an amplifier. In the operation
of the JFET, the gate terminal is never forward
biased, because if it were the source-drain cur-
rent 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. Thus the operation of a FET
closely resembles the operation of the vacuum
tube with its high grid input impedance. Compar-
ing the JFET to a vacuum tube, the source cor-
responds to the cathode, the gate to the grid, and
the drain to the plate.

Insulated-Gate FET

The other large family which makes up field-
effect transistors is the insulated-gate FET, or
IGFET, which is pictured schematically in Fig.
4-20. In order to set up a d.c. operating con-
dition, 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 cur-
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rent, voltage is applied to the gate contact. The
gate is insulated from the rest of the device by
a piece of insulating glass 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 are attracted towards the
gate and the conducting channel is made more
narrow; thus the source-drain current is re-
duced. When a positive gate voltage is con-
nected, 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 sepa-
rated by a layer of glass—not as clear as window
glass, but it conducts just as poorly. Thus the
IGFET has an extremely high input impedance.
In fact, since the leakage through the insulating
glass 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 R, for the JFET ranges
from megohms to over a thousand megohms.

Characteristic Curves

The characteristic curves for the FETs de-
scribed above are shown in Figs. 4-21 and 4-22,
where drain-source current is plotted against
drain-source voltage for given gate & voltages.

The discussion of the JFET so far has left both
gates separate so the device can be used as a

Ips

Vs = O
Vgs® — IVOLT

Vgg: —2VOLTS

Vgs * — 3VOLTS

Vos

Fig. 4-21—Typical JFET characteristic curves.
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Fig. 4-22—Typical IGFET characteristic curves.
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tetrode in mixer applications. However, the
gates can be internally connected for triode appli-
cations. When using the IGFET the substrate is
always a.c.-shorted to the source, and only the
insulated gate is used to control the current flow.
This is done so that both positive and negative
polarities can be applied to the device, as opposed
to JFET operation where only one polarity can
be used, because if the gate itself becomes forward
biased the unit is no longer useful.

Classifications

Field-effect transistors are classed into two
main groupings for application in circuits, en-
hancement mode and depletion mode. The en-
hancement-mode devices are those specifically
constructed so that they have no channel. They
become useful only when a gate voltage is applied
that causes a channel to be formed. IGFETSs 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.
4-18 'and 4-20 shown earlier, where a channel
exists with no gate voltage applied. For the JFET
we can apply a gate voltage and deplete the chan-
nel, causing the current to decrease. With the
IGFET we can apply a gate voltage of either
polarity so the device can be depleted (current de-
creased) 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.

IGFETs are also available with two gates. The
3N159 is typical of this type. Dual-gate FETs
have exceptionally good cross-modulation charac-
teristics, a wide dynamic range, and excellent
thermal stability. They are ideal as a.g.c.’d r.f. and
i.f. amplifiers, as mixers, and as product detectors.
A typical mixer circuit is shown in Fig. 4-24.

SILICON CONTROLLED RECTIFIERS

The $ ilicon controlled rectifier, also known as

rlstomer pmﬂ

MMW
terminals are called anode, cathode and gate, Fig.
4-25B.

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 for-
ward 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 control when the current
through the rectifier is cut off, as during the other
half cycle.

The SCR finds wide use in power-control
applications (Chap. 20), and in time-delay cir-
cuits.

SCRs are available in various voltage and
wattage ratings.
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Fig. 4-23—Symbols for most-commonly available field-
effect transistors.

MIXER
3N142
D

I-F TRANS.

+12v

Fig. 4-24—Typical circvit for a dual-gate IGFET as a
mixer.

THE UNIJUNCTION TRANSISTOR

Another useful type of semiconductor, though
used infrequently in amateur radio work, is the
unijunction (UJT) transistor. Structurally, it 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 B1 and B2 on the bar.
In normal operation, Bl is grounded and a posi-
tive bias is applied to B2. When the emitter is
forward biased, emitter current will flow and the
device will conduct.

The UJT finds widespread use in relaxation-
oscillator circuits, in pulse- and sawtooth-genera-
tor circuits, and in timing circuits. The symbol
for UJTs is given in Fig. 4-25 at C. At E, a typi-
cal UJT relaxation oscillator is used to trigger
an SCR as was done with the neon lamp of Fig.
4-25D. Circuit values are only representative.
Actual values depend upon the devices used and
the operating voltages involved.

INTEGRATED CIRCUITS

One of the newer developments in the solid-
state field is the integrated circuit (IC). As the
term “integrated” implies, several circuit com-
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Fig. 4-25—Unijunction transistor and SCR symbols, and typical circuit applications.

ponents are contained on one semiconductor chip,
and are housed in one package. It is not uncom-
mon to see as many as 8 or more transistors con-
tained on a single integrated-circuit chip. The
same chip might contain 10 or more resistors,
several capacitors, and many individual diodes.
From this it can be seen that a single integrated-
circuit device is capable of replacing a large
number of separate, or discrete, components—
aiding greatly in achieving more compact elec-
tronic packaging than might be possible with
discrete components doing the same job. The
advantages do not end there, however. This form
of modular packaging makes possible the rapid
servicing or assembling of electronics equipment,
since an entire circuit section—such as audio am-
plifier, an i.f, amplifier, a flip-flop, or other com-
plex circuit~—can be contained on a single IC.
Perhaps more significant among the advantages
of their use, the various components on the IC
chip receive nearly identical processing, hence are
closely matched in characteristics. This close
match can be maintained over a wide range of
operating temperatures because all of the com-
ponents are subject to the same changes in tem-
perature. For this reason an IC of appropriate
type ‘can be used advantageously in balanced-
modulator circuits, or any circuit requiring like
characteristics of the transistors and diodes.

IC Structures

The basic IC is formed on a uniform chip of
n-type or p-type silicon. Impurities are intro-
duced into the chip, their depth into it being de-
termined 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 areas of the oxide
coating are then opened up to allow the formation
of interconnecting leads between sections of the
I1C. When capacitors are formed on the chip, the
oxide serves as the dielectric material. Fig. 4-26

shows a representative three-component IC in

both pictorial and schematic form. Most inte-

grated 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.

Types 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 tran-
sistors to respond to the difference between two
voltages or currents. During this function, the cir-
cuit effectively suppresses like voltages or cur-
rents. 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 (Q4 in Fig. 4-27A. 0,
and Q, are the differential pair in this instance).
Q3 is commonly called a transistor current sink.
Excellent balance exists between the input ter-
minals of differential amplifiers becatuise the base-
to-emitter voltages and current gains (beta) of
the two transistors are closely matched. The
match results from the fact that the transistors
are formed next to one another on the same sili-
con chip.

Differential ICs are useful as linear amplifiers
from d.c. to the v.hi. spectrum, and can be em-
ployed in such circuits as limiters, product de-
tectors, frequency multipliers, mixers, amplitude
modulators, squelch, r.f. and if. amplifiers, and
even in signal-generating applications. Although
they are designed to be used as differential am-
plifiers, 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 character-
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istics. They contain cascaded differential ampli-
fiers of the type shown in Fig. 4-27A. A separate
output stage, Qg-Q,, Fig. 4-27B, is contained on
the chip. Although operational ICs can be suc-
cessfully 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 band-
pass) amplifiers, or as integrator, differentiator,
or comparator amplifiers. As is true of differen-
tial ICs, operational ICs can be used in circuits
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where their 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 sili-
con wafer to provide a near-perfect match be-
tween diode characteristics. The diode arrange-
ment can take the form of a bridge circuit, series-
connected groups, or as separate components.
Diode ICs of this kind are extremely adaptable
to balanced-modulator circuitry, or to any ap-
plication requiring closely matched diodes.

METALIZED

P-TYPE MATERIAL
N-TYPE MATER/AL

Fig. 4-26—Pictorial and schematic illustrations of a
simple IC device.
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Fig. 4-27—At A, a representative circuit for a typical differential IC. An Operational Amplifier IC is illustrated
at B, also in representative form.
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. —Small-signal

—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

quency 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
transfer ratio, sort circuit

(common base).

—Static forward-current transfer
ratio (common emitter).

forward-current
transfer 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 d.c. or average power in-
put to collector (common emit-
ter).

—Large-signal output power (com-
. mon emitter).

—Load resistance.

—Source resistance. s

—Base-supply voltage.

—Base-to-collector voltage.

—Base-to-emitter voltage.

—Collector-to-base voltage.

—Coliector-to-base voltage (emit-

ter .open.

(fre- -

FIELD-E

SEMICON DUCTOR DEVICES

ABBREVIATED SEMICONDUCTOR SYMBOL LIST
BIPOLAR TRANSISTOR SYMBOLS

Vece
Vce
Vceo

VcE@at)

VEeB
Veso

Ven
Yto
Yie
Yoo

A
Ce
Cas

" Cea

| Ces
1

7 Cies
!

, Cras

gts

8ls

gos

Io
Ips(OFF)
Igss

Te
ros(ON)
rgd

Tge

Vo

Vs

VeB

Ve

' Ves

i Ves
Ves(OFF)
Yis

YOB

Y.

—~Collector-supply voltage.

—~Collector-to-emitter voltage.

—Collector-to-emitter voltage
(base open).

—Collector-to-emitter saturation
voltage.

—Enmitter-to-base voltage.

—Emitter-to-base voltage (collec-
tor open).

—Emitter-supply voltage.

—TForward transconductance.

~—Input Admittance,

—Output Admittance.

FFECT TRANSISTOR SYMBOLS

—Voltage amplification.

—Intrinsic channel capacitance.

—Drain-to-source capacitance (in-
cludes approximately 1-pf. drain-
to-case and interlead  capaci-
tance).

—Gate-to-drain capacitance (in-
cludes 0.1-pf. interlead capaci-
tance).

—Gate-to-source interlead and case
capacitance. ’

—Small-signal input capacitance,
short circuit.

—Small-signal reverse transfer
capacitance, short circuit.

—Forward transconductance.

—input conductance

—output conductance

—dc drain current

—drain-to-source OFF current

—gate leakage current

—Effective gate series resistance.

—Drain-to-source ON resistance.

—Gate-to-drain leakage resistance.

—Gate-to-source leakage resist-
ance.

—Drain-to-substrate voltage.

—Drain-to-source voltage.

—D.c. gate-to-substrate voltage.

—Peak gate-to-substrate voltage.

—D.c. gate-to-source voltage.

—Peak gate-to-source voltage.

—Gate-to-source cutoff voltage.

—forward transadmittance =~ gfs.

—Output admittance.

—Load admittance.




Chapter 5

Receiving Systems

Communications receiver’s performance can
be measured by its ability to pick up weak signals
and seperate them from the noise and QRM while
at the same time holding them steady at the same
dial settings. The difference between a good re-
ceiver and a poor one can be the difference be-
tween copying a weak signal Q5, or perhaps not
copying it at all.

Whether the receiver is of home-made or com-
mercial origin, it's performance can range from
excellent to extremely poor, and high cost or cir-
cuit complexity cannot assure proper results.
Some of the simplest of receivers can provide
excellent results if careful attention is given to
their design and proper use. 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 QRM 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 be-
tween 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 in, and will not
necessitate periodic retuning of the receiver’s con-
trols (especially the main tuning and b.f.o. con-
trols).

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 c.w., am, s.s.b, and RTTY signals.

The reception of f.m. and TV signals requires
special techniques, and usually dictates that ac-
cessory equipment be used with the main station
receiver.

The type of detection to be used will depend
on the job the receiver is called upon to do. Sim-
ple receivers consisting of a single stage of de-
tection (regenerative detector) followed by a
one- or two-stage audio amplifier are often ade-
quate for portable and emergency use over short
distances. This type of receiver can be quite com-
pact and light weight and can provide many hours
of operation from a dry-battery pack if tran-
sistorized circuitry is used. Similarly, super-
regenerative detectors can be used in the same
way, but are suitable for copying only a.m. and
wide-band f.m. signals. Superheterodyne receivers
are the most popular and are capable of better
performance than the foregoing types. Hetero-
dyne detectors are used for s.s.b. and c.w. recep-
tion in the latter. If a regenerative detector is
made to oscillate and provide a steady- signal, it
is known as an autodyne detector. A beat-
frequency oscillator, or b.f.o0., is used to gen-
erate a steady signal in the superheterodyne re-
ceiver. This signal is applied to the detector stage
to permit the reception of s.s.b. and c.w. signals.

Communications 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 c.w. and s.s.b. sig-
nals are extremely hard to tune in. In fact, one
might easily tune past a weak signal without
knowing it was there if a fast tuning rate were
used.

RECEIVER CHARACTERISTICS

. Sensitivity

In commercial circles “sensitivity” is defined
as the strength of the signal (in microvolts) at
the input of the receiver that is required to pro-
duce a specified audio power output at the speaker
or headphones. This is a satisfactory definition
for broadcast and communications receivers
operating below about 20 MHz.,, where atmo-
spheric and man-made electrical noises normally
mask any noise generated by the receiver itself.

Another commercial measure of sensitivity
defines it as the signal at the input of the re-
ceiver required to give a signal-plus-noise out-
put some stated ratio (generally 10 db.) above
the noise output of the receiver. This is a more
useful sensitivity measure for the amateur, since

it indicates how well a weak signal will be heard
and is not merely a measure of the over-all am-
plification of the receiver. However, it is not an
absolute method, because the bandwidth of the
receiver plays a large part in the result.

The random motion of the molecules in the
antenna and receiver circuits generates small
voltages called thermal-agitation noise voltages.
Thermal-agitation noise is independent of fre-
quency and is proportional to the (absolute)
temperature, the resistance 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
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a noise-free tube. This equivalent noise resist-
ance 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 in any good receiver will be the determin-
ing 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 ap-
proaches 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 re-
ceiver to the signal-to-noise power ratio of the
actual receiver output. Since the noise figure is a
ratio, it 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 lo-
cations or when a very small antenna is used. The
noise figure of a receiver is not modified by
changes in bandwidth. Measurement technique is
described in Chapter 21.

Selectivity

Selectivity is the ability of a receiver to dis-
criminate against signals of frequencies differing
from that of the desired signal. The over-all
selectivity will depend upon the selectivity and
the number of the individual tuned circuits.

The selectivity of a receiver is shown graph-
ically 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. 5-1. 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. 5-1 the bandwidths for re-
sponse ratios of 2 and 1000 (described as “-6 db.”
and “-60 db.”) are 2.4 and 12.2 kHz. respectively.
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Fig. 5-1—Typical selectivity curve of a modern super-

heterodyne receiver. 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.

Relative

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 0.25 for code and
0.5 for phone. The minimum usable bandwidth at
6 db. down is about 150 Hz. for code reception
and about 2000 Hz. for phone.

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 and distortion.
The term “unstable” is also applied to a receiver
that breaks into oscillation or a regenerative con-
dition with some settings of its controls that are not
specifically intended to control such a condition.

DETECTION AND DETECTORS

Detection (demodulation) is the process of ex-
tracting the signal information from a modulated
carrier wave. (See “Modulation, Heterodyning
and Beats,” page 58.) When dialing with an a.m.
signal, detection involves only the rectification of
the r.f. signal. During f.m. reception, the incom-
ing signal must be converted to an a.m. signal for
detection.

Detector sensitivity is the ratio of desired de-
tector output to the input. Detector linearity 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 de-
tector is the resistance or impedance it presents
to the circuits it is connected to. The input re-
sistance is important in receiver design, since if



Detection and Detectors

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 overload-
ing 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 de-
tection in a semiconductor diode is similar to that
in a vacuum-tube diode.

Circuits for both half-wave and full-wave di-
odes are given in Fig. 5-2, The simplified half-
wave circuit at 5-2A includes the r.f. tuned
circuit, L,Cy, a coupling coil, L;, from which

L2

LI Ct

IN%EY ; s EE T

CRI (A)

(8)

(C)

c2

AF.
GAIN

Fig. 5-2—Simplified and practical diode detector cir-
cuits. A, the elementary half-wave diode detector; B, a
practical circuit, with r.f. filtering and audio output
coupling; C, full-wave diode detector, with output
coupling indicated. The circuvit, L.C;, is tuned to the
signal frequency; typical valves for Ca and R; in A and
C are 250 pf. and 250,000 ohms, respectively; in B,
C: and Cs are 100 pf. each; Ry, 50,000 ohms; and R,
250,000 ohms. C4 is 0.1 uf. and Rs may be 0.5 to 1|
megohm.

MODULATED
SIGNAL APPLIED
TO DETECTOR

SIGNAL
AFTER \
RECTIFICATION ©

' (B)

VARYING 0.C.

AFTER RE IS | N_ \_/ N/
FILTERED OUT 0— ~ - (C)
AFTER PASSING
throuok | /7 \ /\tf\ o)

couPLING |
Fig. 5-3—Diagrams showing the detection process.

CAPACITOR

the r.f. energy is fed to L,C,, and the diode, CR,,
with its load resistance, R;, and bypass capac-
itor, C,.

The progress of the signal through the de-
tector or rectifier is shown in Fig. 5-3. A typi-
cal modulated signal as it exists in the tuned
circuit is shown at A. When this signal is ap-
plied to the rectifier, current will low only dur-
ing the part of the r.f. cycle when the anode is
positive with respect to cathode, so that the out-
put of the rectifier consists of half-cycles of r.f.
These current pulses flow in the load circuit com-
prised of R, and C,, the resistance of R, and the
capacity of C, being so proportioned that C,
charges to the peak value of the rectified voltage
on each pulse and retains enough charge between
pulses so that the voltage across R, is smoothed
out, as shown in C. C, thus acts as a filter for the
radio-frequency component of the output of the
rectifier, leaving a d.c. component that varies in
the same way as the modulation on the original
signal. When this varying d.c. voltage is applied
to a following amplifier through a coupling ca-
pacitor (C, in Fig. 5-2), only the wvariations in
voltage are transferred, so that the final output
signal is a.c., as shown in D.

In the circuit at 5-2B, R, and C, have been
divided for the purpose of providing a more
effective filter for r.f. It is important to prevent
the appearance of any r.f. voltage in the output
of the detector, because it may cause overload-
ing of a succeeding amplifier stage. The audio-
frequency variations can be transferred to
another circuit through a coupling capacitor,
C, R, is usually a “potentiometer” so that the
audio volume can be adjusted to a desired level.

Coupling from the potentiometer (volume con-
trol) through a capacitor also avoids any flow
of d.c. through the moving contact of control. The
flow of d.c. through a high-resistance volume con-
trol often tends to make the control noisy
(scratchy) after a short while.

The full-wave diode circuit at 5-2C differs
in operation from the half-wave circuit only in



(B -8 s

Fig. 5-4—Circuits for plate detection. A, triode; B, pen-
tode. The input circuit, L.C1, is tuned to the signal
frequency. Typical values for the other components are:

Com-

ponent Circuit B

Circuit A

Cz 0.5 uf. or larger. 0.5 uf. or larger.

Cs 0.001 to 0.002 uf. 250 to 500 pf.

Co O uf. 0.1 uf.

Cs 0.5 uf. or larger.

Ri 25,000 to 150,000 ohms. 10,000 to 20,000 ohms.

Rz 50,000 to 100,000 ohms. 100,000 to 250,000 ohms.

Rs 50,000 ohms.
R« 20,000 ohms.
RFC 2.5 mh. 2.5 mh.

Plate voltages from 100 to 250 volts may be used. Ef-
fective screen voltage in B should be about 30 volts.

that both halves of the r.f. cycle are utilized.
The full-wave circuit has the advantage that
r.f. filtering is easier than in the half-wave cir-
cuit. As a result, less attenuation of the higher
audio frequencies will be obtained for any given
degree of r.f. filtering.

The reactance of C, must be small compared
to the resistance of R; at the radio frequency
being rectified, but at audio frequencies must
be relatively large compared to R;. If the capac-
ity of C, 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 recti-
fication of the r.f. signal takes place in the plate
circuit of the tube. Sufficient negative bias is ap-
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plied to the grid to bring the plate current nearly
to the cut-off point, so that application of a sig-
nal to the grid circuit causes an increase in av-
erage plate current. The average plate current
follows the changes in 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 satisfac-
tory, because the plate impedance of any tube
is very high when the bias is near the plate-
current cut-off point. Impedance coupling may
be used in place of the resistance coupling shown
in Fig. 5-4. Usually 100 henrys or more induc-
tance is required.

The plate detector is more sensitive than the
diode because there is some amplifying action in
the tube. 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. 5-5 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, R, is connected
between cathode and ground and thus is common
to both grid and plate circuits, giving negative
feedback for the audio frequencies. The cathode
resistor is bypassed for r.f. but not for audio,
while the plate circuit is bypassed to ground for
both audia and radio frequencies. An r.f. filter
can be connected between the cathode and C. to
eliminate any r.f. that might otherwise appear
in the output.

The plate current is very low at no signal,
increasing with signal as in the case of the plate
detector. The voltage drop across R; conse-
quently increases with signal. Because of this
and the large 1nitial drop across R;, the grid usu-
ally cannot be driven positive by the signal, and
no grid current can be drawn.

Ly

R. F INPUT 3

AF
OuTPUT

Fig. 5-5—The infinite-impedance detector. The input
circuit, L,C,, is tuned to the signal frequency. Typical
values for the other components are:

C>—250 pf. R;—0.15 megohm.
C3—0.5 uf. R:—25,000 ohms.
Ci—0.1 uf. Ra—0.25-megohm volume control.

A tube having a medium amplification factor (about
20) should be used. Plate voltage should be 250 volts.
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Fig. 5-6—Four versions of
the product detector. A
twin triode tube is used
in the circuit at A. A pair
of solid-state diodes per-
form as a product detector
at B. Four diodes, CR;-CR,,
inclusive, form a ring de-
modulator circuit at C.
This circuit works best
with approximately 1.2
volts of b.f.o. injection,
providing excellent sup-
pression of second-order
IM products at that level.
This type of product de-
tector has low-impedance
input and output charac-
teristics, hence is well
suited to use in transistor-
ized equipment. The cir-
cuit at D employs a tube
designed primarily for use
in f.m. receivers. It com-
bines the functions of a
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HETERODYNE AND PRODUCT
DETECTORS

Any of the foregoing a.m. detectors becomes
a heterodyne detector when a local-oscillator
(b.f.0.) is added to it. The b.f.o. signal amplitude
should be S to 20 times greater than that of the
strongest incoming c.w. or s.s.b. signal if distor-
tion is to be minimized. These heterodyne detec-
tors are frequently used in receivers that are
intended for a.m. as well as c.w. and s.s.b. recep-
tion. 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 b.f.o. circuit.

The name product detector has been given to
heterodyne detectors in which special attention
has been paid to minimizing distortion and inter-

b.f.o., product detector,
and 1st audio amplifier in
one envelope.

TO A.F.
QUTPUT STAGE
(6A4Q5 ETC)

+250V.

O +150V.(REG)

modulation (IM) products. Product detectors
have been thought of by some as a type of detec-
tor whose output signal vanishes when the b.f.o.
signal is removed from it. Although some product
detectors function that way, such operation is not
a criterion. A product is 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 b.f.o.) are fed into what is es-
sentially a mixer stage. The difference in fre-
quency (after filtering out and removing the i.f.
and b.f.o. 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 c.w.
and s.s.b. signals, a.m. signals can be copied sat-
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Fig. 5-7—(A) Triode grid-leak detector combines diode
detection with triode amplification. Although shown
here with resistive plate load, R;, an audio choke coil
or transformer could be used.

(B) Feeding some signal from the plate circuit back
to the grid makes the circuit regenerative. When feed-
back is sufficient, the circuit will oscillate. Feedback is
controlled here by varying reactance at Cs; with fixed
capacitor at that point regeneration could be con-
trolled by varying plate voltage or coupling between
La and Ls.

(C) An FET is used in a regenerative detector. It
functions in the same manner as the circuit at B ex-

isfactorily on receivers which have good if. se-
lectivity. The a.m. signal is tuned in as though it
were a s.s.b. signal. When properly tuned in, the
heterodyne. from the a.m. carrier is not audible.

A double triode product-detector circuit is
given in Fig. 5-6 at A. The if. signal is fed to the
grid of the first triode and is cathode-coupled to
the second half of the 12AU7A by means of a
common cathode connection, above r.f. ground by
virtue of the 820-ohm resistor. B.f.o. energy is
supplied to the grid of the second triode where the
two signals are mixed to produce audio-frequency
output from the plate of the second triode, the
mixer. The b.f.o. voltage should be about 2 r.m.s,,
and the signal should not be greater than about
0.3 r.m.s. Mixer bias is developed across the 100,-
000-ohm grid resistor through rectification of the
b.f.o. signal. The degree of plate filtering in the
second triode will depend on the frequency of op-
eration. At low intermediate frequencies, more
elaborate filtering is needed.

In the circuit of Fig. 5-6B, two germanium
diodes are used, though a 6ALS5 tube could be
substituted. The high back resistance of the diodes
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cept that the regeneration is adjusted by a 10,000-
ohm control which varies the drain voltage.

(D) An n-p-n bipolar transistor can be used as a
regenerative detector too. Feedback occurs between
collector and emitter through the 5-pf. capacitor. A
50,000-ohm control in the emitter return sets the re-
generation. P-n-p transistors can also be used in this

circuit, but the battery polarity must be reversed.

is used as a d.c. return; if a 6ALS is used the di-
odes must be shunted by 1-megohm resistors. The
b.f.o. signal should be at least 10 or 20 times the
amplitude of the incoming signal.

At Fig. 5-6C a four-diode product detector is
shown. Matched germanium diodes can be used in
this circuit, or four unmatched diodes can each
be shunted by a 100,000-ohm resistor to help
equalize any differences in the diode back re-
sistances. Ideally, matched diodes should be used
and this can be effected by using a diode-array
integrated (IC) circuit in place of CR,; through
CR,4. An RCA CA-3019 is well suited to this cir-
cuit. Because all of the diodes are formed on the
same chip in the IC, they are well matched. This
circuit is similar to that of a four-diode balanced
modulator and effectively works the same way.
The 3300-ohm resistor isolates the i.f. and b.f.o.
signals from the audio line. A 0.01-pf. bypass

“helps to filter the r.f. from the audio line. T is

tuned to the b.f.o. frequency and has a low-
impedance secondary winding.

A different approach to product detection is
shown in Fig. 5-6D. Here a 6GX6 performs the

T0
AUDIO
AMP,



Regenerative Detectors

function of b.f.0., product detector, and 1st audio
amplifier. Grid 1, grid 2, and the cathode form a
triode oscillator for the b.f.o. crystals, ¥, (up-
per sideband) and Y, (lower sideband). Grid 2
acts as the plate of the triode. Grid 3 is coupled
to the secondary winding of the last if. trans-
former and gets its d.c. return through a 22,000-
ohm resistor. Grid 3, the plate, and the cathode
serve as a triode mixer while also performing as
an audio amplifier. In the interest of good stabil-
ity, the supply voltage to grid 2 is regulated.
Audio output is taken from the plate of the tube
and is bypassed by a 470-pf. capacitor to help re-
move the if. and b.f.o. signals from the output
line. Under normal conditions the output from
this detector is of sufficient amplitude to be fed
directly into the grid of the audio output stage
of the receiver without the need for an intermedi-
ate amplifier section. Grids 1 and 3 are both con-
trol grids. This type of tube (6HZ6 also suitable)
is specially designed for applications of this kind.
Ordinary pentodes are not suitable for the circuit
shown. The ratio between b.f.o. and if. signal
levels is approximately the same as for the circuit

of Fig. 5-6A.

REGENERATIVE DETECTORS

By providing controllable r.f. feedback (re-
generation) in a triode, pentode, or transistorized-
detector circuit, the incoming signal can be am-
plified many times, thereby greatly increasing the
sensitivity of the detector. Regeneration also in-
creases 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. 5-7A, the grid corresponds to the
diode plate and the rectifying action is exactly
the same as in a diode. The d.c. voltage from
rectified-current flow through the grid leak, R,
biases the grid negatively, and the audio-fre-
quency variations in voltage across R, are ampli-
fied through the tube as in a normal a.f. amplifier.
In the plate circuit, R, is the plate load resistance
and C; and RFC a filter to eliminate r.f. in the
output circuit.

A grid-leak detector has considerably greater
sensitivity than a diode. The sensitivity is fur-
ther 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. 5-7B is regenerative, the
feedback being obtained by feeding some signal
from the plate circuit back to the grid by induc-
tive coupling. The amount of regeneration must
be controllable, because maximum regenerative
amplification is secured at the critical point
where the circuit is just about to oscillate. The
critical point in turn depends upon circuit condi-
tions, which may vary with the frequency to
which the detector is tuned. An oscillating de-
tector can be detuned slightly from an incoming
c.w. signal to give autodyne reception.
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The circuit of Fig. 5-7B uses a variable bypass
capacitor, Cp, in the plate circuit to control re-
generation. When the capacitance is small the
tube does not regenerate, but as it increases
toward maximum its reactance becomes smaller
until there is sufficient feedback to cause oscil-
lation. If L, and L4 are wound end-to-end in the
same direction, the plate connection is to the
outside of the plate or “tickler” coil, Ly, when the
grid connection is to the outside end of L,.

Although the regenerative grid-leak detector
is more sensitive than any other type, its many
disadvantages 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 R, to 0.1 megohm, but the sensitivity
will be decreased. The degree of antenna coupling
is often critical.

Transistors can be used in regenerative-detec-
tor circuits too. An FET is used in the circuit of
Fig. 5-7C and is similar to the vacuum-tube ver-
sion shown at B. L, is the tickler winding and
CoR, form the gate leak. Regeneration is con-
trolled by a 10,000-ohm potentiometer which
varies the supply voltage to the drain of the FET.
Generally, either junction FETs or insulated-gate
(MOS) FETs can be used in any detector circuit
that a triode tube will function in.

A bipolar transistor is used in a regenerative
detector hookup at D. The emitter is returned to
d.c. ground through a 1000-ohm resistor and a
50,000-ohm regeneration control. The 1000-ohm
resistor keeps the emitter above ground at r.f. to
permit feedback between the emitter and collec-
tor. A 5-pf. capacitor (more capacitance might
be required) provides the feedback path. C, and
L, comprise the tuned circuit, and the detected
signal is taken from the collector return through
T,. A transistor with medium or high beta works
best in circuits of this type and should have a
frequency rating which is well above the desired
operating frequency. The same is true of the fre-
quency rating of any FET used in the circuit at C.

Superregenerative detectors are somewhat
more sensitive than straight regenerative detec-
tors and can employ either tubes or transistors.
An in-depth discussion of superregenerative de-
tectors is given in Chapter 16.

Tuning

For c.w. reception, the regeneration control is
advanced until the detector breaks into a “hiss,”
which indicates that the detector is oscillating.
Further advancing 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 de-
tector “pulls in” or “blocks.”

The point just after the detector starts oscil-
lating 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.
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If the detector is in the oscillating condition
and an a.m. phone signal is tuned in, a steady audi-
ble beat-note will result. While it is possible to lis-
ten to phone if the receiver can be tuned to exact
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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 sensi-
tive operating point.

TUNING AND BAND-CHANGING METHODS

Tuning

The resonant frequency of a circuit can be
shifted by changing either the inductance or the
capacitance in the circuit. Panel control of in-
ductance (permeability-tuned oscillator, or
PTO) is used to tune a few commercial receivers,
but most receivers depend upon panel-controlled
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 satis-
factory for a broadcast receiver, but 100 kHz. per
revolution is almost too fast for easy s.s.b. recep-
tion—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 im-
practicable maximum-to-minimum capacitance
ratio required. It is necessary, therefore, to pro-
vide a means for changing the circuit constants
for various frequency bands. As a matter of con-
venience the same tuning capacitor usually is re-
tained, 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 con-
tacts, which connects the desired coil and dis-
connects the others. The unused coils are some-
times 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.

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 fre-
quency range requires the use of bandspreading.
Mechanical bandspreading utilizes some me-
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Fig. 5-8—Essentials of the three basic bandspread tun-
ing systems.

chanical means to reduce the tuning rate; a
typical example is the two-speed planetary drive
to be found in some receivers. Electrical band-
spreading is obtained by using a suitable circuit
configuration. Several of these methods are
shown in Fig. 5-8.

In A, a small bandspread capacitor, C; (15-
to 25-pf. maximum), is used in parallel with
capacitor C,, which is usually large enough (100
to 140 pf.) to cover a 2-to-1 frequency range. The
setting of C, will determine the minimum capaci-
tance of the circuit, and the maximum capacitance
for bandspread tuning will be the maximum
capacitance of C; plus the setting of C,. The in-
ductance of the coil can be adjusted so that the
maximum-minimum ratio will give adequate
bandspread. It is almost impossible, because of the
non-harmonic relation of the various band limits,
to get full bandspread on all bands with the same
pair of capacitors. C, is variously called the band-
setting or main-tuning capacitor. It must be re-
set each time the band is changed.
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Fig. 5-9—Minimum circuit capacitance required in the

circuit of Fig. 5-8A as a function of the capacitance

change and the frequency change. Note that maximum
frequency and minimum capacitance are used.



The Superheterodyne

If the capacitance change of a tuning capacitor
is known, the total fixed shunt capacitance (Fig.
5-8A) for covering a band of frequencies can be
found from Fig. 5-9.

Example: What fixed shunt capacitance
will allow a capacitor with a range of S to
30 pf. to tune 3.45 to 4.05 MHz.?

(4.05 — 3.45) = 4.05 = 0.148.

From Fig. 5-10, the capacitance ratio is
0.38, and hence the minimum capacitance is
(30 — 5) = 0.38 = 66 pf. The 5-pf. minimum
of the tuning capacitor, the tube capacitance
and any stray capacitance must be included in
the 66 pf.

The method shown at Fig. 5-8B makes use of
capacitors in series. The tuning capacitor, Cy,
may have a maximum capacitance of 100 pf. or
more. The minimum capacitance is determined
principally by the setting of C,, which usually
has low capacitance, and the maximum capaci-
tance by the setting of C,, which is of the order
of 25 to 50 pf. This method is capable of close
adjustment to practically any desired degree of
bandspread. Either C, and C4 must be adjusted
for each band or separate preadjusted capacitors
must be switched in.

The circuit at Fig. 5-8C also gives complete
spread on each band. C;, the bandspread capaci-
tor, may have any convenient value; 50 pf. is
satisfactory. C, may be used for continuous fre-
quency coverage (‘“‘general coverage”) and as a
bandsetting capacitor. The effective maximum-
minimum capacitance ratio depends upon C, and
the point at which C; 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 C, is set at higher capacitance. C, may be con-
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nected permanently across the individual inductor
and preset, if desired. This requires a separate
capacitor for each band, but eliminates the neces-
sity for resetting C, each time.

Ganged Tuning

The tuning capacitors of the several r.f. cir-
cuits may be coupled together mechanically and
operated by a single control. However, this oper-
ating convenience involves more complicated con-
struction, 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 trim-
mer or padding capacitor may be connected
across the coil, so that various minimum capac-
itances can be compensated. The use of the trim-
mer necessarily increases the minimum circuit
capacitance but is a necessity for satisfactory
tracking. Midget capacitors having maximum ca-
pacitances 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 adjust-
able 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 v.h.f.
region.

THE SUPERHETERODYNE

In a superheterodyne receiver, the frequency
of the incoming signal is heterodyned to a new
radio frequency, the intermediate frequency
(abbreviated “i.f.”), then amplified, and finally
detected. The frequency is changed by modu-
lating 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 inter-
mediate 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 autodyne or heterodyne
reception at the detector stage; this oscillator is
called the “beat-frequency oscillator” or b.f.o.

As a numerical example, assume that an inter-
mediate 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 455 kHz. The high-frequency
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 autodyning or heterodyning oscillator
would be set to either 454 or 456 kHz.

The frequency-conversion process permits r.f.
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 sig-
nal freque.ncies, they are not normally “pulled”
by the incoming signal.

Images

Each h.f. oscillator frequency will cause if. re-
sponse 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 re-
spond also to a signal on 7910 kHz., which like-
wise gives a 455 kHz. beat. The undesired signal
is called the image. It can cause unnecessary in-
terference if it isn’t eliminated.
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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 re-
duces 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 r.f. tuned circuits preceding the mixer
tube. Also, the higher the intermediate fre-
quency, the higher the image ratio, since raising
the i.f. increases the frequency separation be-
tween the signal and the image and places the
latter further away from the resonance peak of
the signal-frequency input circuits.

Other Spurious Responses

In addition to images, other signals to which
the receiver is not tuned may be heard. Harmon-
ics 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 ade-
quate selectivity before the mixer stage, and by
using sufficient shielding to prevent signal pick-up
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 r.f. or mixer cir-
cuit 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 re-
duced by shielding the beat oscillator and by
‘careful mechanical design.

The Double-Conversion Superheterodyne

At high and very-high frequencies it is diff-
cult 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—
reconverted to a lower i.f. where higher adja-
cent-channel selectivity can be obtained. Such a
receiver is called a double-conversion superhet-
erodyne.

FREQUENCY CONVERTERS

A circuit tuned to the intermediate frequency
is placed in the plate circuit of the mixer, to offer
a high impedance load for the if. current that is
developed. The signal- and oscillator-frequency
voltages appearing in the plate circuit are re-
jected by the selectivity of this circuit. The i.f.
tuned circuit should have low impedance for
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these frequencies, a condition easily met if they
do not approach the intermediate frequency.

The conversion efficiency of the mixer is the
ratio of i.f. output voltage from the plate circuit
to r.f. signal voltage applied to the grid. High
conversion efficiency is desirable. The mixer
tube noise also should be low if a good signal-to-
noise ratio is wanted, particularly if the mixer is
the first tube in the receiver.

A change in oscillator frequency caused by
tuning of the mixer grid circuit is called pulling.
Pulling should be minimized, because the stabil-
ity of the whole receiver depends critically upon
the stability of the h.f. oscillator. Pulling de-
creases with separation of the signal and
h.f.-oscillator frequencies, being less with high
intermediate frequencies. Another type of pull-
ing is caused by regulation in the power supply.
Strong signals cause the voltage to change,
which in turn shifts the oscillator frequency.

Circuits

If the mixer and high-frequency oscillator are
separate tubes or transistors, the converter por-
tion is called a “mixer.” If the two are combined
in one envelope (as is often done for reasons of
economy or efficiency ), the stage is called a “con-
verter.” In either case the function is the same.

Typical mixer circuits are shown in Fig. 5-10.
The variations are chiefly in the way in which
the oscillator voltage is introduced. In 5-10A, a
pentode functions as a plate detector at i.f. ; the os-
cillator voltage is capacitance-coupled to the grid
of the tube through C,. Inductive coupling may be
used instead. The conversion gain and input se-
lectivity generally are good, so long as the sum
of the two voltages (signal and oscillator) im-
pressed on the mixer grid does not exceed the
grid bias. It is desirable to make the oscillator
voltage as high as possible without exceeding
this limitation. The oscillator power required is
negligible. If the signal frequency is only 5 or 10
times the i.f., it may be difficult to develop enough
oscillator voltage at the grid (because of the
selectivity of the tuned input circuit). However,
the circuit is a sensitive one and makes a good
mixer, particularly with high-transconductance
tubes like the 6CYS, 6EJ7 or 6U8A (pentode
section). Triode tubes can be used as mixers in
grid-injection circuits, but they are commonly
used at 50 MHz. and higher, where mixer noise
may become a significant factor. The triode
mixer has the lowest inherent noise, the pentode
is next, and the multigrid converter tubes are
the noisiest.

In the circuit of Fig. 5-10A the oscillator volt-
age could be introduced at the cathode rather
than at the control grid. If this were done, Cy
would have to be removed, and output from the
oscillator would be coupled to the cathode of the
mixer through a 0.0001-uf. capacitor. C, would
also be discarded. Generally, the same rules apply
as when the tube uses grid injection.

It is difficult to avoid “pulling” in a triode or
pentode mixer, and a pentagrid mixer tube pro-
vides much better isolation. A typical circuit is
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Fig. 5-10—Typical circuits for mixers. At A, a pentode
such as a 6AKS is shown with representative component
values.

A pentagrid converter is used as a mixer in the
circuit at B. Typical values are given for a 6BA7.
Other tube types require different component values.

In the circuit at C a 7360 beam-deflection tube serves
as a mixer. This circuit is capable of handling higher

signal levels than the circuits of A and B.

shown in Fig. 5-10B, and tubes like the 6SA7,
6BA7 or 6BE6 are commonly used. The oscil-
lator voltage is introduced through an “injec-
tion” grid. Measurement of the rectified current
flowing in R, is used as a check for proper oscil-
lator-voltage amplitude. Tuning of the signal-
grid circuit can have little effect on the oscillator
frequency because the injection grid is isolated
from the signal grid by a screen grid that is at
rf. ground potential. The pentagrid mixer is
much noisier than a triode or pentode mixer, but
its isolating characteristics make it a very use-
ful device.

Pentagrid tubes like the 6BE6 or 6BA7 are
sometimes used as “converters” performing the
dual function of mixer and oscillator. The usual
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circuit resembles Fig. 5-10-B except that the No.
1 grid connects to the top of a grounded parallel
tuned circuit by means of a larger grid-blocking
capacitor, and the cathode (without R, and Cj,)
connects to a tap near the grounded end of the
coil. This forms a Hartley oscillator circuit. Cor-
rect location of the cathode tap is monitored by
the grid current ; raising the tap increases the grid
current because the strength of oscillation is in-
creased.

A more stable receiver generally results, par-
ticularly at the higher frequencies, when separate
tubes are used for the mixer and oscillator.

The effectiveness of converter tubes of the
type just described becomes less as the signal
frequency is increased. Some oscillator voltage
will be coupled to the signal grid through “space-
charge” coupling, an effect that increases with

frequency. If there is relatively little frequency

difference between oscillator and signal, as for
example a 14- or 28-MHz. signal and an i.f. of 455
kHz., this voltage can become considerable be-
cause the selectivity of the signal circuit will be
unable to reject it. If the signal grid is not re-
turned directly to ground, but instead is returned
through a resistor or part of an a.g.c. system,
considrable bias can be developed which will
cut down the gain. For this reason, and to reduce
image response, the i.f. following the first con-
verter of a receiver should be not less than 5 or
10 percent of the signal frequency.

Another type of mixer uses a 7360 beam-
deflection tube, connected as shown in Fig. 5-10C.
The signal is introduced at the No. 1 grid, to
modulate the electron stream running from
cathode to plates. The beam is deflected from
one plate to the other and back again by the
b.f.o. voltage applied to one of the deflection
plates. (If oscillator radiation is a problem, push-
pull deflection by both deflection plates should
be used.) Although the i.f. signal flows in both
plates, it isn’t necessary to use a push-pull output
circuit unless i.f. feedthrough is a potential prob-
lem.

SOLID-STATE MIXERS

Diodes, FETs, and bipolar transistors can be
used as mixers. Examples are given in Fig. 5-11.
A straight diode mixer is not shown here since
its application is usually limited to circuits operat-
ing in the u.h.f. region and higher. A discussion
of diode mixers, plus a typical circuit, is given
in Chapter 16.

Oscillator injection can be fed to the base or
emitter elements of bipolar-transistor mixers, Fig.
5-11A. If emitter injection is used, the usual emit-
ter bypass capacitor must be removed. Because
the dynamic characteristics of bipolar transistors
prevent them from handling high signal levels,
FETs are usually preferred in mixer circuits.
FETs (Fig. 5-11B and C) have greater immunity
to cross-talk and overload than bipolar transis-
tors, and offer nearly square-law performance.
The circuit at B uses a junction FET, N-channel
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type, with oscillator injection being supplied to
the gate. Source injection can also be used if de-
sired, but the 0.01-uf. bypass would have to be re-
moved. The value of the source resistor should
be adjusted to provide a bias of approximately 0.8
volts. This value offers a good compromise be-
tween conversion gain and good intermodulation-
distortion characteristics. At this bias level a
local-oscillator injection of approximately 1.5
volts is desirable for good conversion gain. The
lower the oscillator-injection level, the lower the
gain. High Injection levels improve the mixer’s
immunity to cross-modulation.

A dual-gate MOS FET is used as a mixer at C.
Gate 2 is used for injecting the local-oscillator
signal while gate 1 is supplied with signal voltage.
This type of mixer has excellent immunity to
cross-modulation and overload. It offers better
isolation between the oscillator and input stages
than is possible with a JFET mixer. The insu-
lated gate has extremely thin dielectric material,
hence great care must be taken to prevent damage
to the gates during installation. The leads should
be shorted together until the device is connected
in the circuit. The transistor should be handled
by its case, not its leads, and it should never be
plugged into (or removed from) a circuit to
which operating voltages are applied. The mixers
at B and C have high-Z input terminals, while
the circuit at A has a relatively low-Z input im-
pedance. The latter requires tapping the base

I-F TRANS.
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Fig. 5-11—Practical circuits for mixing appli-
cations when transistors are used. A bipolar
transistor mixer is shown at A. This circuit
cannot handle high signal levels without
overload and cross-talk problems, therefore
attention should be paid to securing good
selectivity ahead of this mixer to minimize
the condition.

A junction FET is used as a mixer at B.
This circuit functions like a triode tube mixer
and can handle high signal levels without
overloading. In the circuit at C a dual-gate
MOS FET performs as a mixer. This circuit
offers good isolation between the oscillator
and the signal frequencies, lessening the
tendency for “pulling.”” It too is capable of
handling high signal levels and is recom-

mended over the circuit at A.

+12V

down on the input tuned circuit for a suitable
match.

THE HIGH-FREQUENCY OSCILLATOR

Stability of the receiver is dependent chiefly
upon the stability of the tunable h.f. oscillator,
and particular care should be given this part of
the receiver. The frequency of oscillation should
be insensitive to mechanical shock and changes in
voltage and loading. Thermal effects (slow
change in frequency because of tube, transistor,
or circuit heating) should be minimized. They
can be reduced by using ceramic instead of bake-
lite insulation in the r.f. circuits, a large cabinet
relative to the chassis (to provide for good radia-
tion of developed heat), minimizing the number of
high-wattage resistors in the receiver and put-
ting them in the separate power supply, and not
mounting the oscillator coils and tuning ca-
pacitor too close to a tube. Propping up the lid
of a receiver will often reduce drift by lowering
the terminal temperature of the unit.

Sensitivity to vibration and shock can be
minimized by using good mechanical support for
coils and tuning capacitors, a heavy chassis, and
by not hanging any of the oscillator-circuit com-
ponents on long leads. Tie points should be used
to avoid long leads. Stiff short leads are excellent
because they can’t be made to vibrate.

Smooth tuning is a great convenience to the
operator, and can be obtained by taking pains
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Fig. 5-12—High-frequency oscillator circuits. A, Hartley
grounded-plate oscillator; B, Colpitts grounded-cathode
oscillator; C, plate-tickler feedback grounded-cathode
oscillator. Coupling to the mixer may be taken from
points X and Y. Coupling from Y will reduce pulling
effects but gives less voltage than from X. The circuit
at D shows how a JFET can be used as a Hartley oscil-
lator. The circuit is similar to that of A but uses an
r.f. choke in place of R; to minimize the voltage drop
to the drain element. Any n-channel JFET whose fre-
quency rating is sufficiently high to match the required
operating frequency is satisfactory. MOSFETS can also
be used in the circuits shown here.

Typical values for components are as follows:
C1—20 to 100 pf.
C2—0.005 to 0.01 uf.
R;—20,000 to 100,000 ohms.
R2—10,000 ohms or higher, or good r.f. choke.

Oscillator output can be adjusted by changing r.f.
feedback (see text) or by value of Ra.

\
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with the mounting of the dial and tuning ca-
pacitors. They should have good alignment and
no backlash. If the capacitors are mounted off
the chassis on posts instead of brackets, it is al-
most impossible to avoid some back-lash unless
the posts have extra-wide bases. The capacitors
should be selected with good wiping contacts to
the rotor, since with age the rotor contacts can
be a source of erratic tuning. All joints in the
oscillator tuning circuit should be carefully sol-
dered, because a loose connection or ‘“rosin
joint” can develop trouble that is sometimes hard
to locate. The chassis and panel materials should
be heavy and rigid enough so that pressure on the
tuning dial will not cause torsion and a shift in
the frequency.

In addition, the oscillator must be capable of
furnishing sufficient r.f. voltage and power for
the particular mixer circuit chosen, at all fre-
quencies within the range of the receiver, and its
harmonic output should be as low as possible to
reduce the possibility of spurious responses and
“birdies.”

The oscillator power should be as low as is
consistent with adequate output. Low plate, col-
lector, or drain power will reduce heating and
thereby lower the frequency drift. The oscillator
and mixer circuits should be well isolated, pref-
erably by shielding, since coupling other than by
the intended means may result in pulling.

If the oscillator frequency is affected by
changes in operating voltage, a voltage-regulated
plate or filament supply (or both) can be used.

Circuits

Several oscillator circuits are shown in Figs.
5-12 and 5-13. A Hartley circuit is shown at Fig.
5-12A and D. The latter is identical to A except
that a junction FET is used, and at reduced op-
erating voltage. JFETs and insulated-gate
(MOS) FETs can be used in place of tubes in
the circuits of A through C. If FETs are used,
R, should be replaced by an r.f. choke to permit
sufficient d.c. to reach the drain of the transistor.
In the circuits at A and D the cathode, or source,
is “above ground” (anode or drain at r.f.
ground), which permits the grounding of the
rotor of C. However, when the tube oscillator’s
cathode is above ground (a.c.-operated fila-
ments), there is a liklihood of hum modulation of
the oscillator at frequencies above 7 MHz.

The Colpitts (B) and the plate-tickler (C)
circuits are shown with the cathodes grounded,
although the Colpitts is often used in the
grounded-anode manner.

Besides the use of a fairly high C/L ratio in
the tuned circuit, it is necessary to adjust the
feedback to obtain optimum results. Too much
feedback may cause squegging of the oscillator
and the generation of several frequencies simul-
taneously ; too little feedback will cause the out-
put to be low. In the Hartley circuit, the feedback
is increased by moving the tap toward the grid
end of the coil. In the Colpitts the feedback is
determined by the ratio C/C5;. More feedback is
obtained in the plate-tickler circuit by increasing
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the number of turns in L, or by moving L, closer
to L,.

A bipolar-transistor oscillator is shown at Fig.
5-13A. It is a Colpitts and operates with the base
at r.f. ground. Feedback is between the collector
and emitter and the actual values of capacitance
used in the feedback circuit (collector to emitter,
and emitter to ground) will depend upon the op-
erating frequency and the beta of the transistor.
It is wise to use the greatest amount of capaci-
tance that will permit satisfactory oscillator op-
eration over the entire tuning range. The 1000-
ohm emitter resistor keeps that part of the
circuit above r.f. ground. The 1000-ohm collector
resistor R,, serves in the same fashion. If higher
collector voltage is required, an r.f. choke can be
bridged across R,. Parasitic oscillations are a
common occurance with oscillators of this type,
hence the 22-ohm resistor, R,, which suppresses
parasitic oscillations. A 9.1-volt Zener regulator
is used to stabilize the oscillator supply voltage.
Output should be fed to a buffer stage and can be
taken from points A or B in drawing A. The
lighter the coupling to the buffer stage, the less
liklihood of oscillator “pulling.”

A typical buffer stage is shown at B, Fig. 5-13.
A 33-pf. capacitor offers light coupling to the

(H1-2)
TO MIXER

RECEIVING SYSTEMS

Fig. 5-13—Typical transistorized oscillators.
At A, a bipolar n-p-n transistor is used in a
Colpitts circuit. Output can be taken from
either point A or B through a low-value
coupling capacitor. The collector supply
voltage is regulated by means of a Zener
diode. The transistor used should have a fr
rating of at least ten times the proposed
oscillator frequency. High-beta transistors
should be used. R, discourages parasitic oscil-
lations—a common occurrence in transistor
oscillators.

The circuit at B shows a buffer stage which
5 can be used between the circuit at A and the

mixer stage. The buffer reduces interaction

between the oscillator and mixer tuned cir-

R3 cuits. A full-wave harmonic filter is shown

at the output of the buffer to greatly reduce

spurious resp ges caused by

ocillator harmonics. Its use is recommended.

Output from the low-Z filter is fed into Lg

and coupled to Ly for an impedance step up
to the mixer.

At C, an MOS FET is used as a local oscil-
lator. A buffer stage should follow this cir-
cuit to assure good isolation between the

mixer and oscillator tuned circuits.

and i

+9V.
REG.

TO
BUFFER

oscillator and connects the oscillator output to
the base of the buffer stage (low impedance). For
this type of buffer arrangement, output from the
circuit at A should be taken from the oscillator’s
emitter, point A. The buffer stage operates as an
emitter-follower and its output is fed into a full-
wave lo-Z filter consisting of Ly, Ly, and the as-
sociated resonating capacitors. Transistorized
oscillators are particularly rich in harmonics,
brought about by normal envelope distortion plus
parametric frequency multiplication. The latter
is caused by the nonlinear change in collector-base
junction capacitance during the sine-wave cycle.
Vacuum tubes are not subject to this condition,
hence have cleaner output. The filter offers 25 db.
or more attenuation to harmonics from the oscil-
lator and buffer, and should be used in the inter-
est of minimum image response and ‘birdies” in
the receiver’s output. The filter is coupled to Lg,
a lo-Z winding on the ground end of L,. L, 1s
broadly tuned to the v.f.o. output frequency and
is swamped by R, to provide near-uniform re-
sponse across the oscillator tuning range. The
filter values given are for operation from 3.5 to
4.0 MHz. L, and L, are 2-uh. inductors, Band-
pass coupling can also be used between the oscil-
lator chain and the mixer to reduce harmonics.
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Design data for band-pass circuits and filters are
given in Chapter 2. Output from a buffer of the
type shown here is on the order, of 3 to 6 volts,
measured at the high-Z end of L.

An MOS FET is used in the circiit at C. The
1N914 diode establishes a fixed value of gate bias,
thus providing improved stability. Output from
the oscillator should be fed to a buffer stage to
provide a reasonable amount of isolation between
oscillator and mixer.

IMPROVING OSCILLATOR STABILITY

In the circuit of Fig. 5-14, both the plate and
filament supplies are regulated. A common fault
in selective h.f. and v.h.f. receivers is that of fre-
quency “jumping” brought about by small
changes in local-oscillator filament voltage. This
can happen in areas where a.c. line-voltage regu-
lation is poor. The condition can be resolved by
using a Zener-regulated d.c. filament supply as
shown. By using a 12-volt filament transformer
with a full-wave silicon-diode bridge rectifier, the
d.c. can be dropped through R, to enable the
Zener to regulate at 6.2 volts. If a 12-volt tube
were used, a 24-volt filament transformer and a
12-volt Zener could be used in the same fashion.

By leaving the heaters turned on 24 hours a
day, a marked improvement in long-term thermal
stability of the oscillator can be realized. The
same technique is useful even though the heater
supply is not regulated, but uses straight a.c.
voltage. A separate filament transformer can be
used to power the local-oscillator heaters, and it
can remain activated around the clock for im-
proved stability. The use of d.c. voltage on the
local-oscillator filaments will insure against hum
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Fig. 5-14—Careful attention should be paid to the mat-
ter of oscillator stability, especially in highly-selective
receivers. Here the plate supply and the filamant volt-
age is regulated to offer optimum stability in the
presence of line voltage fluctuations. The use of d.c.
on the oscillator filaments minimizes hum modulation
of the oscillator signal. For improved long-term thermal
stability the filament supply can be left operating
around the clock. R, is adjusted to provide the required
Zener current for good regulation.

modulation of the oscillator signal when the cir-
cuit of Fig. 5-12A is used.

The oscillator plate voltage is regulated by a
VR tube, but a 100-volt 10-watt Zener diode could
also be used in that part of the circuit. Informa-
tion on the use of Zener diodes is given in
Chapter 4.

An in-depth treatment of oscillator stability
can be found in QST, “V.F.O. Stability—Recap
and Postscript,” September 1966. Part II of the
article appeared in October 1966 QST on page
26.

THE INTERMEDIATE-FREQUENCY AMPLIFIER

One major advantage of the superhet is that
high gain and selectivity can be obtained by using
a good i.f. amplifier. This can be a one-stage
affair 'in simple receivers, or two or three stages
in the more elaborate sets.

Choice of Frequency

The selection of an intermediate frequency is
a compromise between conflicting factors. The
lower the i.f. the higher the selectivity and gain,
but a low i.f. brings the image nearer the desired
signal and hence decreases the image ratio. A
low if. also increases pulling of the oscillator
frequency. On the other hand, a high i.{. is benefi-
cial to both image ratio and pulling, but the gain
is lowered and selectivity is harder to obtain by
simple means.

An if. of the order of 455 kHz. gives good se-
lectivity and is satisfactory from the standpoint of
image ratio and oscillator pulling at frequencies
up to 7 MHz. The image ratio is poor at 14 MHz.
when the mixer is connected to the antenna, but
adequate when there is a tuned r.f. amplifier be-
tween antenna and mixer. At 28 MHz. and on the
very high frequencies, the image ratio is very
poor unless several r.f. stages are used. Above 14

MHz, pulling is likely to be bad without very
loose coupling between mixer and oscillator.
Tuned-circuit shielding also helps.

With an if. of about 1600 kHz., satisfactory
image ratios can be secured on 14, 21 and 28 MHz.
with one r.f. stage of good design. For frequen-
cies of 28 M Hz. and higher, a common solution is
to use double conversion, choosing one high i.f.
for image reduction (5 and 10 MHz. are fre-
quently used) and a lower one for gain and selec-
tivity.

In choosing an if. it is wise to avoid frequen-
cies on which there is considerable activity by
the various radio services, since such signals may
be picked up directly on the i.f. wiring. Shifting
the i.f. or better shielding are the solutions to
this interference problem.

Fidelity; Sideband Cutting

Amplitude modulation of a carrier generates
sideband frequencies numerically equal to the
carrier frequency plus and minus the modula-
tion frequencies present. If the receiver is to
give a faithful reproduction of modulation that
contains, for instance, audio frequencies up to
5000 Hz. it must at least be capable of ampli-
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Fig. 5-15—Examples of typical i.f. amplifiers. A vacuum-tube circuit is given at A; B shows a bipolar transistor

i.f. amplifier which has been neutralized; C illustrates how an integrated circuit can be used as a high-gain

i.f. stage. All three circuits are shown with a.g.c. provisions. Ry through Ri;, and C; through C; in all circuits
serve as r.f. decoupling networks to prevent instability from interstage power-lead coupling.

fying equally all frequencies contdined in a band
extending from 5000 Hz. above or below the
carrier frequency. In a superheterodyne, where
all carrier frequencies are changed to the fixed
intermediate frequency, the if. amplification
must be uniform over a band 5 kHz. wide, when
the carrier is set at one edge. If the carrier is set
in the center, a 10-kHz. band is required. The sig-
nal-frequency circuits usually do not have
enough over-all selectivity to affect materially
the “adjacent-channel” selectivity, so that only
the if.-amplifier selectivity need be considered.

If the selectivity is too great to permit uni-
form amplification over the band of frequencies

occupied by the modulated signal, some of the
sidebands are ‘“cut.” While sideband cutting re-
duces fidelity, it is frequently preferable to sac-
rifice naturalness of reproduction in favor of
communications effectiveness.

The selectivity of an i.f.-amplifier, and hence
the tendency to cut sidebands, increases with the
number of tuned circuits and also is greater
the lower the intermediate frequency. From the
standpoint of communication, sideband cutting
is never serious with two-stage amplifiers at fre-
quencies as low as 455 kHz. A two-stage i.f. am-
plifier at 85 or 100 kHz. will be sharp enough to
cut some of the higher-frequency sidebands, if



The LF. Amplifier

good transformers are used. However, the cutting
is not at all serious, and the gain in selectivity
is worthwhile in crowded amateur bands as an
aid to QRM reduction.

Circuits

1.f. amplifiers usually consist of one or more
stages. The more stages employed, the greater
the selectivity and overall gain of the system. In
double-conversion receivers there is usually one
stage at the first i.f., and sometimes as many as
three or four stages at the second, or last, i.f.
Most single-conversion receivers use no more
than three stages of i.f. amplification.

A typical vacuum-tube if. stage is shown in
Fig. 5-15 at A. The second or third stages would
simply be duplicates of the stage shown. Remote
cut-off pentodes are almost always used for if.
amplifiers, and such tubes are operated as Class
A amplifiers. For maximum selectivity, double-
tuned transformers are used for interstage cou-
pling, though single-tuned inductors and ca-
pacitive coupling can be used, but at a marked
reduction in selectivity.

A.g.c. voltage can be used to reduce the gain
of the stage, or stages, by applying it to the
terminal marked “A.G.C.”. The a.g.c. voltage
should be negative. Manual control of the gain
can be effected by lifting the 100-ohm cathode
resistor from ground and inserting a potentiom-
eter between it and ground. A 10,000-ohm control
can be used for this purpose. A small amount of
B-plus can be fed through a dropping resistor
(about 56,000 ohms from a 250-volt bus) to the
junction of the gain control and the 100-ohm
cathode resistor to provide an increase in tube
bias, in turn reducing the mutual conductance of
the tube for gain reduction.

A bipolar-transistor i.f. amplifier is shown at
B. Since an n-p-n transistor is used for the illus-
tration it requires a negative a.g.c. voltage to
control the gain of the stage. The a.g.c. voltage
effectively reduces the fixed value of forward bias
on the stage, thus reducing its ability to amplify.
Were a p-n-p transistor used, a plus-polarity
a.g.c. would be required. Because the input im-
pedance of the bipolar transistor is quite low, the
base is tapped down on the secondary winding
of the input if. transformer to provide a proper
match, and to reduce circuit loading which would
impair the selectivity. Neutralization is usually
required when this type of transistor is used. The
output i.f. transformer is tapped near the “cold”
end to provide a takeoff point for the neutralizing
capacitor, a 5-pf. unit.

An integrated-circuit i.f. amplifier is shown at
C. A positive-polarity a.g.c. voltage is required
for this circuit to control the stage gain. If manual
gain control provisions are desired, a potentiom-
eter can be used to vary the plus voltage to the
a.g.c. terminal of the IC. The control would be
connected between the 9-volt bus and ground, its
movable contact wired to the a.g.c. terminal of
the IC. Other IC types are also suitable for use
in if. amplifiers. Information on integrated cir-
cuits is given in Chapter 4.
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Tubes for I.LF. Amplifiers

Variable-u (remote cut-off) pentodes are al-
most invariably used in i.f. amplifier stages,
since grid-bias gain control is practically always
applied to the if. amplifier. Tubes with high
plate resistance will have least effect on the se-
lectivity of the amplifier, and those with high
mutual conductance will give greatest gain. The
choice of i.f. tubes normally has no effect on the
signal-to-noise ratio, since this is determined by
the preceding mixer and r.f. amplifier.

The 6BA6, 6BJ6 and 6BZ6 are recommended
for i.f. work because they have desirable remote
cut-off characteristics.

When two or more stages are used the high
gain may tend to cause troublesome instability
and oscillation, so that good shielding, bypassing,
and careful circuit arrangement to prevent stray
coupling between input and output circuits are
necessary.

When vacuum tubes are used, the plate and
grid leads should be well separated. When tran-
sistors are used, the base and Collector circuits
should be well isolated. With tubes it is advisable
to mount the screen bypass capacitor directly on
the bottom of the socket, crosswise between the
plate and grid pins, to provide additional shield-
ing. As a further precaution against capacitive
coupling, the grid and plate leads should be
“dressed” close to the chassis.

I.LF. Transformers

The tuned circuits of if. amplifiers are built
up as transformer units consisting of a metal
shield container in which the coils and tuning
capacitors are mounted. Both air-core and pow-
dered iron-core universal-wound coils are used,
the latter having somewhat higher Qs and hence
greater selectivity and gain. In universal wind-
ings the coil is wound in layers with each turn
traversing the length of the coil, back and forth,
rather than being wound perpendicular to the
axis as in ordinary single-layer coils. In a
straight multilayer winding, a fairly large capac-
itance can exist between layers. Universal wind-
ing, with its ‘“criss-crossed” turns, tends to
reduce distributed-capacitance effects.

For tuning, air-dielectric tuning capacitors are
preferable to mica compression types because
their capacitance is practically unaffected by
changes in temperature and humidity. Iron-core
transformers may be tuned by varying the in-
ductance (permeability tuning), in which case
stability comparable to that of variable air-ca-
pacitor tuning can be obtained by use of high-
stability fixed mica or ceramic capacitors. Such
stability is of great importance, since a circuit
whose frequency “drifts” with time eventually
will be tuned to a different frequency than the
other circuits, thereby reducing the gain and
selectivity of the amplifier.

The normal interstage i.f. transformer is
loosely coupled, to give good selectivity consist-
ent with adequate gain. A so-called diode trans-
former is similar, but the coupling is tighter, to
give sufficient transfer when working into the
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finite load presented by a diode detector. Using
a diode transformer in place of an interstage
transformer would result in loss of selectivity;
using an interstage transformer to couple to
the diode would result in loss of gain.

Besides the conventional i.f. transformers just
mentioned, special units to give desired selectiv-
ity characteristics have been used. For higher-
than-ordinary adjacent-channel selectivity, tri-
ple-tuned transformers, with a third tuned
circuit inserted between the input and output
windings, have been made. The energy is trans-
ferred from the input to the output windings via
this tertiary winding, thus adding its selectivity
to the over-all selectivity of the transformer.

A method of varying the selectivity is to vary
the coupling between primary and secondary,
overcoupling being used to broaden the selec-
tivity curve. Special circuits using single tuned
circuits, coupled in any of several different ways,
have been used in some receivers.

Selectivity

The over-all selectivity of the if. amplifier
will depend on the frequency and the number of
stages. The following figures are indicative of
the bandwidths to be expected with good-quality
circuits in amplifiers so constructed as to keep
regeneration at a minimum :

Tuned Circust Bandwidth, kHz.
Circuits Frequency Q —6db. —20 db. —60 db.
4 50kHz. 60 0.5 0.95 2.16
4 455kHz. 75 3.6 6.9 16
6 1600kH z. 90 8.2 15 34

THE BEAT OSCILLATOR AND DETECTOR

The detector in a superheterodyne receiver
functions the same way as do the simple detectors
described earlier in this chapter (Fig. 5-2), but
usually operates at a higher input level because
of the amplification ahead of it. The detectors of
Fig. 5-2 are satisfactory for the reception of a.m.
signals. When copying c.w. and s.s.b. signals it
becomes necessary to supply a beat-oscillator
(b.f.0.) signal to the detector stage as described in
the earlier section on product detectors.

Any standard oscillator circuit can be employed
for b.f.o. use. Special beat-oscillator transformers
are available commercially for some if.s., and
consist of tapped coils which lend themselves to
use in Hartley oscillator circuits (Fig. 5-12A).
A standard if. transformer secondary winding
can be used in the circuit of Fig. 5-16A, or a slug-
tuned inductor can be used for L;. RFC consti-
tutes but a small portion of the total inductance in
the tuned circuit and is used to put the cathode
above r.f. ground for obtaining feedback. Gener-
ally, the value of RFC can be approximately one
tenth that of L. C, tunes the b.f.o. to the desired
side of the i.f. center frequency for upper or lower
sideband reception. The actual values of the com-
ponents will depend upon the i.f. of the receiver.

Crystal-controlled b.f.o.s can be employed to
get excellent stability. A transistorized version of
such a circuit is given at B. ¥, and Y, are chosen
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Fig. 5-16—B.f.o. circuits which are suvitable for use with
a.m. or product detectors of the type shown earlier.
In the circuit at A, C; varies the oscillator frequency
above or below the i.f. to permit upper- or lower-side-
band reception. RFC places the -cathode above r.f.
ground to provide feedback. A tap near the cold end
of L, could be used in place of the r.f. choke.

An n-p-n bipolar transistor functions as a b.f.o. at
B. Y; and Y: permit upper- or lower-sideband recep-
tion and are agproximately 1 kHz. above and below
the center frequency of the i.f. C; is part of the feed-
back circuit and usually requires empirical derivation.

to provide upper and lower sideband reception for
the if. used. C, is a feedback capacitor whose
value will depend upon the operating frequency.
The value shown is for operation at 455 kHz. For
best stability the supply voltage to the b.f.o. stage
of a receiver should be regulated.

The beat oscillator should be well shielded, to
prevent coupling to any part of the receiver ex-
cept the second detector and to prevent its har-
monics from getting into the front end and being
amplified along with desired signals. The b.f.o.
power should be as low as is consistent with
sufficient audio-frequency output on the stron-
gest signals. However, if the beat-oscillator out-
put is too low, strong signals will not give a
proportionately strong audio signal. Contrary to
some opinion, a weak b.f.o. is never an advantage.

AUTOMATIC GAIN CONTROL

Automatic regulation of the gain of the re-
ceiver in inverse proportion to the signal
strength is an operating convenience in phone
reception, since it tends to keep the output level
of the receiver constant regardless of input-sig-
nal strength. The average rectified d.c. voltage,
developed by the received signal across a resis-
tance in a detector circuit, is used to vary the



A.G.C.

bias on the r.f. and i.f. amplifier tubes. Since this
voltage is proportional to the average amplitude
of the signal, the gain is reduced as the signal
strength becomes greater. The control will be
more complete and the output more constant as
the number of stages to which the a.g.c. bias is
applied is increased. Control of at least two stages
is advisable.

Carrier-Derived Circuits

A basic diode-detector/a.g.c.-rectifier circuit is
given at Fig. 5-17A. Here a single germanium
diode serves both as a detector and an a.g.c. rec-
tifier, producing a negative-polarity a.g.c. voltage.
Audio is taken from the return end of the if.
transformer secondary and is filtered by means of
a 47,000-ohm resistor and two 470-pf. capacitors.

At B, CR; (also a germanium diode) functions
as a detector while CR, (germanium) operates

455-KHZ.
LAST |.F. TRANS.
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as an ag.c. rectifier. CR, furnishes a negative
a.g.c. voltage to the controlled stages of the re-
ceiver. Though solid-state rectifiers are shown
at A and B, vacuum-tube diodes can be used in
these circuits. A 6ALS tube is commonly used in
circuits calling for two diodes (B), but a 1-
megohm resistor should be shunted across the
right-hand diode if a tube is used.

The circuit at C shows a typical hookup for
a.g.c. feed to the controlled stages. S; can be used
to disable the a.g.c. when this is desired. For tube
and FET circuits the value of R and R, can be
100,000 ohms, and R4 can be 470,000 ohms. If
bipolar transistors are used for the r.f. and i.f.
stages being controlled, R; and R, will usually be
between 1000 and 10,000 ohms, depending upon
the bias network required for the transistors used.
R, will also be determined by the bias value re-
quired in the circuit.

A two-diode tube-type delayed-a.g.c.
circuit is shown at Fig. 5-18A for compara-
tive purposes. It is somewhat similar to the
circuit of Fig. 5-17B. The left-hand diode is
the detector ; the signal is developed across
the two resistors in the return end of the
i.f. transformer secondary, and is coupled
to the audio amplifier by means of a 0.01-uf.
capacitor. The 100,000-ohm resistor and the
two associated 100-pf. capacitors serve as
an r.f. filter to prevent a large r.f. compo-
nent from being coupled into the audio cir-
cuits. The right-hand diode is the a.g.c.

rectifier and is coupled to the last i.f. trans-
former through a 100-pf. capacitor. Most
of the rectified voltage is developed across
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Fig. 5-17—Methods for obtaining rectified a.g.c. volt-
age. At A the detector furnishes a.g.c. voltage; B shows
separate diodes being used for the detector and a.g.c.
circuits; C illustrates how negative a.g.c. voltage is fed
to the r.f. and if. stages of a typical receiver. S, is
used to disable the a.g.c. when desired. R, Rz, and Ry,
in combination with C;, C2, and C;, are used for r.f.
decoupling. Their values are dependent upon the de-
vice being used—tube or transistor. CR; and CR; at A
and B are germanium diodes.

(M——oro A.F.AMP.

the 2-megohm resistor. The diode does not
rectify on weak signals, however ; the fixed
bias at R, must be exceeded before recti-
fication can take place. The values of R,
and R, are selected to give 2 to 10 volts
of bias at 1 to 2 ma. drain. By using the
delayed-a.g.c. technique, weak-signal recep-
tion is enhanced by the fact that the a.g.c.
is inoperative, thus offering optimum sen-
sitivity. The scheme also improves the noise

(2_‘;2255) | R bl GRLD‘QGJSEé figure of the r.f. amplifier during \.Jveak-
. (1. FAMBR) signal conditions—an important considera-
ANTZB tion for reception aboye 50 MHz. Sorpe
¢ delayed-a.g.c. action is inherent in the cir-
Cl cuits of Fig. 5-17A and B by virtue of the
oluf. T Ri st N conduction point of the diode. For germa-
l"‘o/ nium diodes the required voltage for con-
OFF FROM AG.C. L -
RECT. duction is approximately 0.25 volt. For

silicon diodes the required voltage is be-
tween 0.4 and 0.7 to overcome the junction
potential barrier.

A.G.C. Time Constant

The time constant of the resistor-capacitor
combinations in the a.g.c. circuit is an important
part of the system. It must be long enough so
that the modulation on the signal is completely
filtered from the d.c. output, leaving only an
average d.c. component which follows the rela-
tively slow carrier variations with fading.
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Audio-frequency variations in the a.g.c. voltage
applied to the amplifier grids would reduce the
percentage of modulation on the incoming sig-
nal. But the time constant must not be too long
or the a.g.c. will be unable to follow rapid fading.
The capacitance and resistance values indicated
in Figs. 5-17 and 5-18A will give a time constant
that is satisfactory for average reception.

C.W. and S5.S.B.

A.g.c. can be used for c.w. and s.s.b. reception
but the circuit is usually more complicated. The
a.g.c. voltage must be derived from a rectifier
that is isolated from the beat-frequency oscil-
lator (otherwise the rectified b.f.o. voltage will
reduce the receiver gain even with no signal
coming through). This is done by using a sepa-
rate a.g.c. channel connected to an i.f. amplifier
stage ahead of the second detector (and b.f.0.)
or by rectifying the audio output of the detector.
If the selectivity ahead of the a.g.c. rectifier isn't
good, strong adjacent-channel signals may de-
velop a.g.c. voltages that will reduce the receiver
gain while listening to weak signals. When clear
channels are available, however, c.w. and s.s.b.
a.g.c. will hold the receiver output constant over
a wide range of signal inputs. A.g.c. systems de-
signed to work on these signals should have
fast-attack and slow-decay characteristics to
work satisfactorily, and often a selection of time
constants is made available.

The a.g.c. circuit shown in Fig. 5-18A is appli-
cable to many receivers without too much modi-
fication. Audio from the receiver is amplified in
V14 and rectified in Vyp. The resultant voltage
is applied to the a.g.c. line through 7, The
capacitor C; charges quickly and will remain
charged until discharged by J/;5. This will
occur some time after the signal has disappeared,
because the audio was stepped up through T,
and rectified in V,,, and the resultant used to
charge C,. This voltage holds V5 cut off for an
appreciable time, until C, discharges through the
4.7-megohm resistor. The threshold of compres-
sion is set by adjusting the bias on the diodes
(changing the value of the 3.3K or 100K re-
sistors). There can be no d.c. return to ground
from the a.g.c. line, because C; must be dis-
charged only by V;5. Even a v.t.v.m. across the
a.g.c. line will be too low a resistance, and the
operation of the system must be observed by the
action of the S meter.

Occasionally a strong noise pulse may cause
the a.g.c. to hang until C, discharges, but most of
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Fig. 5-18—Delayed automatic gain-control circuit using
two diodes (A); B shows audio “hang’’ a.g.c. developed
by WI1DX. If manual control of gain is in i.f. and r.f.
cathode circuits, point A’ is connected to chassis
ground. If a negative supply is available, manual gain
control can be negative bias applied between point
“A” and ground.

Ri—Normal audio volume control in receiver.
T:—1:3 step-up audio transformer.

The hang time can be adjusted by changing the
value of the recovery diode time constant (4.7 megohms
shown here). The a.g.c. line in the receiver must have
no d.c. return to ground and the receiver should have
good skirt selectivity.

the time the gain should return very rapidly to
that set by the signal. A.g.c. of this type is very
helpful in handling netted s.s.b. signals of widely
varying strengths.

Additional information on a.g.c. for c.w. and
s.s.b. can be found in the article “Better A.V.C.
For S.S.B. and Code Reception,” Goodman,
QST, January 1957. Also, see “Improved A.V.C.
For sideband And C.W.”, Luick, QST, October
1957.

NOISE REDUCTION

Types of Noise

_In addition to tube and circuit noise, much
of the noise interference experienced in recep-
tion of high-frequency signals is caused by do-
mestic or industrial electrical equipment and by
automobile ignition systems. The interference is

of two types in its effects. The first is the “hiss”
type, consisting of overlapping pulses similar in
nature to the receiver noise. It is largely reduced
by high selectivity in the receiver, especially for
code reception. The second is the “pistol-shot”
or “machine-gun” type, consisting of separated
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impulses of high amplitude. The “hiss” type of
interference usually is caused by commutator
sparking in d.c. and series-wound a.c. motors,
while the “shot” type results from separated
spark discharges (a.c. power leaks, switch and
key clicks, ignition sparks, and the like).

The only known approach to reducing tube
and circuit noise is through better “front-end”
design and through more over-all selectivity.

Impulse Noise

Impulse noise, because of the short duration
of the pulses compared with the time between
them, must have high amplitude to contain much
average energy. Hence, noise of this type strong
enough to cause much interference generally has
an instantaneous amplitude much higher than
that of the signal being received. The general
principles of devices intended to reduce such
noise is to allow the desired signal to pass
through the receiver unaffected, but to make the
receiver inoperative for amplitudes greater than
that of the signal. The greater the amplitude of
the pulse compared with its time of duration, the
more successful the noise reduction.

Another approach is to “silence” (render in-
operative) the receiver during the short dura-
tion time of any individual pulse. The listener
will not hear the “hole” because of its short
duration, and very effective noise reduction is
obtained. Such devices are called ‘“blankers”
rather than “limiters.”

In passing through selective receiver circuits,
the time duration of the impulses is increased,
because of the Q of the circuits. Thus the more
selectivity ahead of the noise-reducing device,
the more difficult it becomes to secure good
pulse-type noise suppression.

Audio Limiting

A considerable degree of noise reduction in
code reception can be accomplished by am-
plitude-limiting arrangements applied to the
audio-output circuit of a receiver. Such limiters
also maintain the signal output nearly constant
during fading. These output-limiter systems are
simple, and they are readily adaptable to most
receivers without any modification of the re-
ceiver itself. However, they cannot prevent noise
peaks from overloading previous stages.

NOISE-LIMITER CIRCUITS

Pulse-type noise can be eliminated to an ex-
tent which makes the reception of even the weak-
est of signals possible. The noise pulses can be
clipped, or limited in amplitude, at either an r.f.
or a.f. point in the receiver circuit. Both methods
are used by receiver manufacturers; both are
effective.

A simple audio noise limiter is shown at Fig.
5-19. It can be plugged into the headphone jack
of the receiver and a pair of headphones con-
nected to the output of the limiter. CR, and CR,
are wired to clip both the positive and negative
peaks of the audio signal, thus removing the high
spikes of pulse noise. The diodes are back-biased
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Fig. 5-19—Circuit of a simple audio limiter/clipper.

It can be plugged into the headphone jack of the re-

ceiver. R, sets the bias on the diodes, CR, and CR., for

the desired limiting level. S; opens the battery leads

when the circuit is not being used. The diodes can be
1N34As or similar.

by 1.5-volt batteries to permit R, to serve as a
clipping-level control. This circuit also limits the
amount of audio reaching the headphones. When
tuning across the band, strong signals will not be
ear-shattering and will appear to be the same
strength as the weaker ones. S is open when the
circuit is not in use to prevent battery drain. CR,
and CR, can be germanium or silicon diodes, but
1N34As are generally used.

The usual practice in communications receivers
is to use low-level limiting, Fig. 5-20. The limit-
ing can be carried out at r.f. or a.f. points in the
receiver, as shown. Limiting at r.f. does not
cause poor audio quality as is sometimes exper-
ienced when using series or shunt a.f. limiters.
The latter limits the normal a.f. signal peaks as
well as the noise pulses, giving an unpleasant
audio quality to strong signals.

In a series limiting circuit, a normally con-
ducting element (or elements) is connected in
the circuit in series and operated in such a man-
ner that it becomes non-conductive above a given
signal level. In a shunt limiting circuit, a non-
conducting element is connected in shunt across
the circuit and operated so that it becomes con-
ductive above a given signal level, thus short-
circuiting the signal and preventing its being
transmitted to the remainder of the amplifier. The
usual conducting element will be a forward-biased
diode, and the usual non-conducting element will
be a back-biased diode. In many applications the
value of bias is set manually by the operator;
usually the clipping level will be set at about 5 to
10 volts.

In the series-limiter circuit circuit of Fig. 5-
20A V, is a vacuum-tube diode (3% of a 6ALS, or
similar ), but could be a silicon diode. Using tubes
with a.c.-operated filaments in a low-level a.f.
circuit sometimes introduces hum in the audio
channel. For this reason, semiconductor diodes
are usually preferred. S;, when closed, disables
the a.n.l. for normal receiver operation.

The a.f. shunt limiter at B, and the r.f. shunt
limiter at C operate in the same manner. A pair
of self-biased diodes are conected across the a.f.
line at B, and across an r.f. inductor at C. When
a steady c.w. signal is present the diodes barely
conduct, but when a noise pulse rides in on the
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Fig. 5-20—Typical r.f. and a.f. a.n.l. circvits. At A, a tubetype diode works in a series audio a.n.l. ar-

rangement. S; disables the clipper by shorting out V;

when noise is not present; B shows the circuit of a

self-adjusting a.f. noise- limiter. CR, and CR: are self-biased silicon diodes which limit both the positive and

negative audio and noise-pulse peaks. S turns the limiter on or off; C shows an r.f. limiter of the same

type as B, but this circuit clips the positive and negative r.f. peaks and is connected to the last if. stage.
This circuit does not degrade the audio quality.of the signal as do the circuits of A and B.

incoming signal it is heavily clipped because ca-
pacitors C; and C, ‘tend to hold the diode bias
constant for the duration of the noise pulse. For
this reason the diodes conduct heavily in the
presence of noise and maintain a fairly constant
signal output level. Considerable clipping of s.s.b.
signal peaks occurs with this type of limiter, but
no apparent deterioration of the signal quality
results. L, at C is tuned to the i.f. of the receiver.
An if. transformer with a conventional secondary
winding could be used in place of L, the clipper
circuit being connected to the secondary winding ;

the plafe of the 6BA6 would connect to the pri- -
mary winding in the usual fashion.
I.LF. NOISE SILENCER

The if. noise silencer circuit shown in Fig.
5-21 is designed to be used in a receiver as far

.along from the antenna stage as possible but

ahead of the high-selectivity section of the re-
ceiver. Noise pulses are amplified and rectified,
and the' resulting negative-going d.c. pulses are
used to cut off an amplifier stage during the

pulse. A[ manual “threshold” control is set by the

i
;

' '

A
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Fig. 5-21—Practical circuit diagram of an i.f. noise
blanker. For best results the silencer should be used
ahead of the high-selectivity portion of the receiver.
Ti—Interstage i.f. transformer

operator to a level that only permits rectification
of the noise pulses that rise above the peak am-
plitude of the desired signal. The clamp diode,
Via short circuits the positive-going pulse
“overshoots.” Running the 6BE6 controlled i.f.
amplifier at low screen voltage makes it pos-
sible for the No. 3 grid (pin 7) to cut off the
stage at a lower voltage than if the screen were
operated at the more-normal 100 volts, but it
also reduces the available gain through the stage.

It is necessary to avoid if. feedback around
the 6BEG stage, and the closer RFC, can be to
self-resonant at the i.f. the better will be the fil-
tering. The filtering cannot be improved by in-
creasing the values of the 150-pf. capacitors
because this will tend to “stretch” the pulses and
reduce the signal strength when the silencer is
operative.

SIGNAL-STRENGTH AND
TUNING INDICATORS

It is convenient to have some means by which
to obtain relative readings of signal strength on
a communications receiver. The actual meter
readings in terms of S units, or decibels above
S9, are of little consequence as far as a meaning-
ful report to a distant station is concerned. Few
signal-strength meters are accurate in terms of
decibels, especially across their entire indicating
range. Some manufacturers once established a
standard in which a certain number of microvolts
were equal to S9 on the meter face. Such calibra-
tion is difficult to maintain when a number of
different receiver circuits are to be used. At best,

T:—Diode i.f. transformer.

R1—33,000 to 68,000 ohms, depending upon gain up
to this stage.

RFC:—R.f. choke, preferably self-resonant at i.f.

a meter can be calibrated for one receiver—the
one in which it will be used. Therefore, most S
meters are good only as relative indicating instru-
ments for comparing the strength of signals at a
given time, on a given amateur band. They are
also useful for “on-the-nose-tuning” adjustments
with selective receivers. If available, a signal
generator with an accurate output attenuator can
be used to calibrate an S meter in terms of micro-
volts, but a different calibration chart will prob-
ably be required for each band because of probable
differences in receiver sensitivity from band to
band. It is helpful to establish a 50-uv. reading
at midscale on the meter so that the very strong
signals will crowd the high end of the meter scale.
The weaker signals will then be spread over the
lower half of the scale and will not be compressed
at the low end. Midscale on the meter can be
called S9. If S units are desired across the scale,
below S9, a marker can be established at every
6 db. point.

S-Meter Circuits

A very simple meter indicator is shown at Fig.
5-22B. Rectified r.f. is obtained by connecting
CR, to the takeoff point for the detector. The
d.c. is filtered by means of a 560-ohm resistor and
a 0.05-uf. capacitor. A 10,000-ohm control sets the
meter at zero reading in the absence of a signal
and also serves as a “linearizing” resistor to help
compensate for the nonlinear output from CR;.
The meter is a 50-ua. unit, therefore consuming
but a small amount of current from the output of
the i.f.
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The circuit at A uses a meter amplifier tube,
V,, which can be a 6C4, ¥4 of a 12AU7A, or any
tube with similar dynamic characteristics. The
meter is set at zero with no signal at the input
of the receiver. When a signal appears, a.g.c.
voltage (negative) is developed and biases off the
S-meter amplifier tube, thus reducing its plate
current. When this happens, the voltage drop
across R, decreases and permits more current to
flow through the leg of the circuit which con-
tains the meter, moving the needle toward the
high end of the scale.

In the circuit at C, a p-n-p transistor is used
to amplify the variations in a.g.c. voltage. The
collector-current changes are read on a 1-ma.
meter and the same calibration techniques men-
tioned earlier can be applied in this case. As the

RECEIVING SYSTEMS

560

.OI;

A.F.GAIN
(8)

Fig. 5-22—Practical examples of S-meter circuits. At A,
V. serves as a meter amplifier. As the negative a.g.c.
voltage on its grid increases, its plate current diminishes
and lessens the voltage drop across Ry. This permits in-
creased current to flow through the meter, thus giving
an up-scale indication.

At B the i.f. signal is rectified by CR, and is fed to
a 50-ua. meter whose minus terminal is grounded. A
10,000-ohm control sets the sensitivity and also functions
as a “linearizing” resistor to make the meter less sub-
ject to the square-law response from CRi.

A bipolar transistor amplifies the a.g.c. at C. A
p-n-p transistor is used so that normally-negative a.g.c.
voltage will act as varying forward bias on the tran-
sistor to cause the collector current to rise in the pres-
ence of a signal. A 1-ma. meter reads the increasing
current. The plus 9 volts can be taken from a small
battery, or from the cathode of a tube-type audio out-
put stage.

negative a.g.c. voltage increased, so does the for-
ward bias on the transistor., This action causes a
rise in collector current, in turn causing the meter
reading to increase. If an n-p-n transistor is used,
a plus a.g.c. voltage will be required.

IMPROVING RECEIVER SELECTIVITY

INTERMEDIATE-FREQUENCY
AMPLIFIERS

One of the big advantages of the superhetero-
dyne receiver is the improved selectivity that is
possible. This selectivity is obtained in the i.f.
amplifier, where the lower frequency allows more
selectivity per stage than at the higher signal fre-
quency. For normal a.m. (double-sideband) re-
ception, the limit to useful selectivity in the if.
amplifier is the point where too many of the high-
frequency sidebands are lost. The limit to selec-
tivity for a single-sideband signal, or a double-
sideband a.m. signal treated as an s.s.b. signal,
is about 1000 to 1500 Hz., but reception is much
more normal if the bandwidth is opened up to
2000 or 2500 Hz. The correct bandwidth for
f.m. or p.m. reception is determined by the devia-
tion of the received signal; sideband cutting of
these signals results in distortion. The limit to
useful selectivity in code work is around 150 or
200 Hz. for hand-key speeds, but this much
selectivity requires excellent stability in both

transmitter and receiver, and a slow receiver
tuning rate for ease of operation.

Single-Signal Effect

In heterodyne c.w. reception with a super-
heterodyne receiver, the beat oscillator is set
to give a suitable audio-frequency beat note
when the incoming signal is converted to the
intermediate frequency. For example, the beat
oscillator may be set to 454 kHz. (the i.f. being
455 kHz.) to give a 1000-Hz. beat note. Now, if
an interfering signal appears at 453 kHz., or
if the receiver is tuned to heterodyne the in-
coming signal to 453 kHz., it will also be hetero-
dyned by the beat oscillator to produce a 1000-
Hz. beat. Hence every signal can be tuned in
at two places that will give a 1000-Hz. beat
(or any other low audio frequency). This audio-
frequency image effect can be reduced if the
if. selectivity is such that the incoming signal,
when heterodyned to 453 kHz., is attenuated to a
very low level.
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When this is done, tuning through a given
signal will show a strong response at the desired
beat note on one side of zero beat only, instead
of the two beat notes on either side of zero beat
characteristic of less-selective reception, hence
the name : single-signal reception.

The necessary selectivity is not obtained with
nonregenerative amplifiers using ordinary tuned
circuits unless a low if. or a large number of
circuits is used.

Regeneration

Regeneration can be used to give a single-
signal effect, particularly when the if. is 455 kHz.
or lower. The resonance curve of an i.f. stage at
critical regeneration (just below the oscillating
point) is extremely sharp, a bandwidth of kHz.
at 10 times down and 5 kHz. at 100 times down
being obtainable in one stage. The audio-fre-
quency image of a given signal thus can be re-
duced by a factor of nearly 100 for a 1000-Hz.
beat note (image 2000 Hz. from resonance).

Regeneration is easily introduced into an if.
amplifier by providing a small amount of ca-
pacity coupling between grid and plate. Bring-
ing a short length of wire, connected to the grid,
into the vicinity of the plate lead usually will
suffice. The feedback may be controlled by the
regular cathode-resistor gain control. When the
i.f. is regenerative, it is preferable to operate the
tube at reduced gain (high bias) and depend on
regeneration to bring up the signal strength.
This prevents overloading and increases selec-
tivity.

The higher selectivity with regeneration re-
duces the over-all response to noise generated
in the earlier stages of the receiver, just as does
high selectivity produced by other means, and
therefore improves the signal-to-noise ratio.
However, the regenerative gain varies with sig-
nal strength, being less on strong signals.

Crystal-Filters; Phasing

A simple means for obtaining high selectivity
is by the use of a piezoelectric quartz crystal as
a selective filter in the i.f. amplifier. Compared to
a good tuned circuit, the Q of such a crystal is
extremely high. The crystal is ground resonant at
the i.f. and used as a selective coupler between i.f,
stages. For single-signal reception, the audio-
frequency image can be reduced by 50 db. or more.
Besides practically eliminating the a.f. image, the
high selectivity of the crystal filter provides good
discrimination against adjacent signals and also
reduces the noise.

BAND-PASS FILTERS

A single high-Q circuit (e.g., a quartz crystal
or regenerative stage) will give adequate single-
signal reception under most circumstances. For
phone reception, however, either single-sideband
or a.m., a band-pass characteristic is more de-
sirable. A band-pass filter is one that passes
without unusual attenuation a desired band of
frequencies and rejects signals outside this band.
A good band-pass filter for single-sideband re-
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ception might have a bandwidth of 2500 Hz.
at -6 db. and 10 kHz. at -60 db.; a filter for a.m.
would require twice these bandwidths if both
sidebands were to be accommodated, thus assur-
ing suitable fidelity.

The simplest band-pass crystal filter is one
using two crystals, as in Fig. 5-23A. The two
crystals are separated slightly in frequency. If
the frequencies are only a few hundred Hz.
apart the characteristic is a good one for c.w.
reception. With crystals about 2 kHz. apart, a
reasonable phone characteristic is obtained. Fig.
5-1 shows a selectivity characteristic of an am-
plifier with a bandpass (at -6 db.) of 2.4 kHz,
which is typical of what can be expected from a
two-crystal band-pass filter.

More elaborate crystal filters, using four and
six crystals, will give reduced bandwidth at
-60 db. without decreasing the bandwidth at
-6 db. The resulting increased “skirt selec-
tivity”’ gives better rejection of adjacent-chan-
nel signals. “Crystal-lattice” filters of this type
are available commercially for frequencies up to
10 MHz. or so, and they have also been built by
amateurs from inexpensive transmitting-type
crystals. (See Vester, “Surplus-Crystal High-
Frequency Filters,” QST, January, 1959;
Healey, “High-Frequency Crystal Filters for
S.S.B.,” QST, October, 1960.)

Two half-lattice filters of the type shown at
Fig. 5-23A can be connected back to back as
shown at B. The channel spacing of ¥, and Y,
will depend upon the receiving requirements as
discussed in the foregoing text. Ordinarily, for
s.s.b. reception (and non-stringent c.w. recep-
tion) a frequency separation of approximately 1.5
kHz. is suitable. The overall if. strip of the re-
ceiver is tuned to a frequency which is midway
between ¥, and Y,. C, is tuned to help give the
desired shape to the passband. L, is a bifilar-
wound toroidal inductor which tunes to the if.
frequency by means of C;. The values of R, and
R, are identical and are determined by the filter
response desired. Ordinarily the ohmic value is
on the order of 600 ohms, but values as high as
5000 ohms are sometimes used. The lower the
value of resistance, the broader and flatter will
be the response of the filter. Though the circuit
at B is shown in a transistorized circuit, it can
be used with vacuum tubes or integrated circuits
as well. The circuit shows an i.f. frequency of 9
MHz., but the filter can be used at any desired
frequency below 9 MHz. by altering the crystal
frequencies and the tuned circuits. Commercial
versions of the 9-MHz. lattice filter are available
at moderate cost.l War-surplus FT-241 crystals
in the 455-kHz. range are inexpensive and lend
themselves nicely to this type of circuit.

Mechanical filters can be built at frequencies
below 1 MHz. They are made up of three sec-
tions; an input transducer, a mechanically-
resonant filter section, and an output transducer.

1 International Crystal Co,. 10 N. Lee, Oklahoma City,
Okla., 73102. Also, McCoy Electronics Co. Mount Holly
Springs, Penna.
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Fig. 5-23—A half-lattice bandpass filter at A; B shows two half-lattice filters in cascade; C shows a mechanical

filter in a transistorized circuit.

The transducers use the principle of magneto-
striction to convert the electrical signal to
mechanical energy, then back again. The mechan-
ically-resonant section consists of carefully-
machined metal disks supported and coupled by
thin rods. Each disk has a resonant frequency
dependent upon the material and its dimensions,
and the effective Q of a single disk may be in
excess of 2000. Consequently a mechanical filter
can be built for either narrow or broad bandpass
with a.nearly rectangular curve. Mechanical fil-
ters are available commercially and are used in
both receivers and single-sideband transmitters.
They are moderately priced.

The signal-handling capability of a mechani-
cal filter is limited by the magnetic circuits to
from 2 to 15 volts r.m.s., a limitation that is
of no practical importance provided it is recog-
nized and provided for. Crystal filters are lim-
ited in their signal-handling ability only by the
voltage breakdown limits, which normally would
not be reached before the preceding amplifier
tube was overloaded. A more serious practical
consideration in the use of any high-selectivity
component is the prevention of coupling “around”
the filter, externally, which can only degrade the
action of the filter.

The circuit at Fig. 5-23C shows a typical
hookup for a mechanical filter. FL; is a Collins
455-FB-21, which has a s.s.b. band-pass char-
acteristic of 2.1 kHz. It is shown in a typical
solid-state receiver circuit, but can be used equally
as well in a tube-type application,

Placement of the b.f.o. signal with respect to
the passbands of the three circuits at A, B, and C,
is the same. Either a crystal-controlled or self-
excited oscillator can be used to generate the b.f.o.
signal and the usual practice is to place the b.f.o.
signal at a frequency that falls at the two points
which are approximately 20 db. down on the filter
curve, dependent upon which sideband is desired.
Typically, with the filter specified at C, the center
frequency of FL, is 455 kHz. To place the b.f.o.
at the 20-db. points (down from the center-
frequency peak) a signal at 453 and 456 kHz. is
required.

Q Multiplier

The “Q Multiplier” is a stable regenerative
stage that is connected in parallel with one of
the i.f. stages of a receiver. In one condition it
narrows the bandwidth and in the other condi-
tion it produces a sharp ‘“null” or rejection
notch. A “tuning” adjustment controls the fre-
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Fig. 5-24—An if. Q-multiplier for use with
a bipolar transistor (A). At B, a tube-type

then introduces ‘‘negative resistance’’ to La.

quency of the peak or null, moving it across the
normal pass band of the receiver if. amplifier.
The shape of the peak or null is always that of a
single tuned circuit (Fig. 2-50) but the effective
Q is adjustable over a wide range. A Q Multi-
plier is most effective at an if. of 500 kHz. or
less; at higher frequencies the rejection notch
becomes wide enough (measured in Hz.) to re-
ject a major portion of a phone signal. Within its
useful range, however, the Q Multiplier will re-
ject an interfering carrier without degrading the
quality of the desired signal.

In the “peak” condition the Q Multiplier can
be made to oscillate by advancing the “peak”
(regeneration) control far enough, and in this
condition it can be made to serve as a beat-
frequency oscillator. However, it cannot be made
to serve as a selective element and as a b.f.o.
at the same time. Some inexpensive receivers
may combine either a Q Multiplier or some other
form of regeneration with the b.f.o. function, and
the reader is advised to check carefully any in-
expensive receiver he intends to buy that offers
a regenerative type of selectivity, in order to
make sure that the selectivity is available when
the b.f.0. is turned on.

A representative circuit for a transistorized
Q-multiplier is given in Fig. 5-24A. The constants
given are typical for i.f. operation at 455 kHz. L
can be a J. W, Miller 9002 or 9012 slug-tuned
inductor. A 25,000-ohm control, R,, permits ad-
justment of the regeneration. C; is used to tune
the Q-multiplier frequency back and forth across
the i.f. passband for peaking or notching adjust-
ments. With circuits of this type there is usually
a need to adjust both R, and C, alternately for
a peaking or notching, because the controls tend
to interlock as far as the frequency of oscillation
is concerned. A Q-multiplier should be solidly
built in a shielded enclosure to assure maximum
stability.

Q multipliers can be used at the front end of
a receiver also, as shown at B in Fig. 5-24. The
enhancement of the Q at that point in a receiver
greatly reduces image problems because the selec-
tivity of the input tuned circuit is increased
markedly. The antenna coil, L,, is used as a feed-
back winding to make V/, regenerative. This in
effect adds “negative resistance” to L, increasing
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rf. Q-multiplier which can be used at the first stage of the
receiver. The antenna coil is used for feedback to V,, which
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its Q. A 20,000-ohm control sets the regeneration
of V,, and should be adjusted to a point just under
regeneration for best results. R.f. Q multiplica-
tion is not a cure for a poor-quality inductor at
L,, however.
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Fig. 5-25—Typical T-notch (bridged-T) filter, to provide
a sharp notch at a low i.f.. Adjustment of L changes the
frequency of the notch; adjustment of R controls the
notch depth.

T-Notch Filter

At low intermediate frequencies (50- 100
kHz.) the T-notch filter of Fig. 5-25 will provide
a sharp tunable null.

The inductor L resonates with C at the rejec-
tion frequency, and when R = 4X /Q the rejec-
tion is maximum. (X is the coil reactance and Q
is the coil Q). In 4 typical 50-kHz. circuit, C
might be 3900 pf. making L approximately
2.6 mh. When R is greater than the maximum-
attenuation value, the circuit still provides some
rejection, and in use the inductor is detuned or
shorted out when the rejection is not desired.

At higher frequencies, the T-notch filter is not
sharp enough with available components to re-
ject only a narrow band of frequencies.

RADIO-FREQUENCY AMPLIFIERS

While selectivity to reduce audio-frequency
images can be built into the i.f. amplifier, dis-
crimination against radio-frequency images can
only be obtained in tuned circuits or other selec-
tive elements ahead of the first mixer or con-
verter stage. These tuned circuits are usually
used as the coupling networks for one or more
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Fig. 5-26—Typical radio-frequency amplifier circuits. AGC provisions are shown for all three circuits. The cir-
cuits of B and C use protective diodes to prevent burnout from high rf levels. The dualgate MOS FET at C

is neutralized

vacuum tubes or transistors, and the combina-
tions of circuits and amplifying devices are called
radio-frequency amplifiers. The tuned circuits
contribute to the r.f. image rejection and the
amplifying device(s) determines the noise figure
of the receiver. )

Knowing the Q of the coil in each tuned circuit
between the antenna and the first mixer or con-
verter stage, the image rejection capability can
be computed by using the chart in Fig. 2-50. The
Q of the input tuned circuit (coupled to the an-
tenna) should be taken as about one-half the un-
loaded Q of that circuit, and the Q of any other
tuned circuit can be assumed to be the unloaded
Q to a first approximation (the vacuum tubes
will reduce the circuit Q to some extent, espe-
cially at 14 MHz. and higher).

In general, receivers with an if. of 455 kHz.
can be expected to have some noticeable image re-
sponse at 14 MHz. and higher if there are only
two tuned circuits (one r.f. stage) ahead of the
mixer or converter, Regeneration in the r.f. am-
plifier will reduce image response, but regenera-
tion usually requires frequent readjustment when

by means of Ca.

tuning across a band. Regeneration is, however, a
useful device for improving the selectivity of an
rf. amplifier without requiring a multiplicity
of tuned circuits.

With three tuned circuits between the antenna
and the first mixer, and an i.f. of 455 kHz., no im-
ages should be encountered up to perhaps 25
MHz:z. Four tuned circuits or more will eliminate
any images at 28 MHz. when an i.f. of 455 kHz. is
used.

Obviously, a better solution to the r.f. selec-
tivity problem (elimination of image response)
is to use an if. higher than 455 kHz., and most
modern receivers use an i.f. of 1600 kHz. or high-
er. The owner of a receiver with a 455-kHz. if.
amplifier can enjoy image-free reception on the
higher frequencies by using a crystal-controlled
converter ahead of the receiver and utilizing the
receiver as ,a ‘“tunable if. amplifier” at 3.5 or
7.0 MHz.

For best selectivity r.f. amplifiers should use
high-Q circuits and tubes with high input and
output resistance. Variable-u pentodes and field-
effect transistors (JFET and MOS FET) are
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practically always used, although triodes (neu-
tralized or otherwise connected so that they
won'’t oscillate) are often used on the higher
frequencies because they introduce less noise.
However, their lower plate resistance will load
the tuned circuits. Pentodes and FETs are better
where maximum image rejection is desired, be-
cause they have less loading effect on the tuned
circuits,

Representative Circuits

An example of a typical vacuum-tube r.f. am-
plifier using a remote-cutoff pentode and a.g.c. is
given in Fig. 5-26 at A. The Manual r.f. gain con-
trol, R,, varies the bias on the stage, thereby
changing the gain of the tube. Two such stages
are sometimes connected in cascade at 21 MHz.
and higher to minimize image response.

In the circuit at B, a bipolar transistor is used
as an r.f. amplifier. Because of its dynamic char-
acteristics, it cannot handle as high an input
signal level as the circuits at A and C and is more
subject to overloading. It has a.g.c. provisions and
requires a negative a.g.c. voltage because the de-
vice is an n-p-n type. A positive a.g.c. voltage
would be needed if a p-n-p transistor were used.
R;, the r.f. gain control, is simply a 500-ohm con-
trol inserted between the lo-Z antenna lead and
the input link of the tuned circuit. Control over
the r.f. gain can also be effected by supplying a
variable negative voltage (from a fixed supply)
to the base element by means of a potentiometer.
Protective diodes, connected for opposite polarity,
are bridged between the hi-Z end of L, and
ground. When the signal level (positive or nega-
tive peaks) reaches the conduction point of the
diodes (approximately 0.6 volt for silicon diodes)
they short L, out and prevent damage to the
transistor junction. High-speed switching diodes
are frequently used for this application. For ef-
ficient operation as an r.f. amplifier, the transistor
must have an f; rating of at least 10 times that
of the proposed operating frequency. Neutraliza-
tion may be required if good circuit isolation be-
tween the input and output tuned circuits is not
employed, or if transistors with exceptionally high
beta ratings are used.

A dual-gate MOS FET is used at C. Gate 2 is
used for a.g.c. and offers excellent control of the
gain. A manual r.f. gain control, R;, is shown in
the source return of the FET. Protective diodes
hold the gate voltage at a safe value when strong
r.f. levels are present. The diodes are not recom-
mended unless absolutely necessary. The same
rule applies to the circuit at B.

Some form of neutralization is usually required
when FETs are used as amplifiers, and the same
rules that apply to triode tubes should be fol-
lowed. In the circuit at C a small amount of r.f.
voltage (opposite in phase to the feedthrough
voltage between gate 1 and the drain) is taken
from L4 and is fed back to the gate by means of
C,—a variable capacitor which is adjusted for
best stability of the stage. Additional information
on neutralization is given in Chapter 6. The meth-
ods described are applicable to receivers.
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FEEDBACK

Feedback giving rise to regeneration and
oscillation can occur in a single stage or it may
appear as an over-all feedback through several
stages that are on the same frequency. To avoid
feedback in a single stage, the output must be
isolated from the input in every way possible,
with the vacuum tube or transistor furnishing the
only coupling between the two circuits. An oscil-
lation can be obtained in an r.f. or if. stage if
there is any undue capacitive or inductive cou-
pling between output and input circuits, if there
is too high an impedance between cathode and
ground or screen and ground, or if there is any
appreciable impedance through which the grid
and plate currents can flow in common.

To avoid over-all feedback in a multistage
amplifier, attention must be paid to avoid run-
ning any part of the output circuit back near the
input circuit without first filtering it carefully.
Since the signal-carrying parts of the circuit
can’t be filtered, the best design for any multi-
stage amplifier is a straight line, to keep the out-
put as far away from the input as possible. For
example, an r.f. amplifier might run along a chas-
sis in a straight line, run into a mixer where the
frequency is changed, and then the i.f. amplifier
could be run back parallel to the r.f. amplifier,
provided there was a very large frequency differ-
ence between the r.f. the i.f. amplifiers. However,
to avoid any possible coupling, it would be better
to run the i.f. amplifier off at right angles to the
r.f.-amplifier line, just to be on the safe side. Good
shielding is important in preventing overall os-
cillation in high-gain-per-stage amplifiers, but it
becomes less important when the stage gain
drops to a low value. In a high-gain amplifier, the
power leads (including the heater circuit) are
common to all stages, and they can provide the
overall coupling if they aren’t properly filtered.
Good bypassing and the use of series isolating
resistors will generally eliminate any possibility
of coupling through the power leads. R.f. chokes,
instead of resistors, are used in the heater leads
where necessary.

CROSS-MODULATION

Since a one- or two-stage r.f. amplifier will
have a bandwidth measured in hundreds of kHz.
at 14 MHz. or higher, strong signals will be am-
plified through the r.f. amplifier even though it is
not tuned exactly to them. If these signals are
strong enough, their amplified magnitude may
be measurable in wvolts after passing through
several r.f. stages. If an undersired signal is
strong enough after amplification in the r.f.
stages to shift the operating point of a tube or
transistor (by driving the grid into the positive
region), the undesired signal will modulate the
desired signal. This effect is called cross-modu-
lation, and if often encountered in receivers with
several r.f. stages working at high gain. It shows
up as a superimposed modulation on the signal
being listened to, and often the effect is that a sig-
nal can be tuned in at several points. It can be re-
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duced or eliminated by greater selectivity in the
antenna and r.f. stages (difficult to obtain), the
use of FETS or variable-u tubes in the r.f. am-
plifier, reduced gain in the r.f. amplifier, or re-
duced antenna input to the receiver. The 6BJ6,
6BA6 and 6DC6 are recommended for r.f. am-
plifiers where cross-modulation may be a prob-
lem.

A receiver designed for minimum cross-modu-
lation will use as little gain as possible ahead
of the high-selectivity stages, to hold strong un-
wanted signals below the cross-modulation point.
Cross-modulation often takes place in double-
conversion superheterodynes at the second con-
verter stage because there is insufficient selec-
tivity up to this point and at this point the
signals have quite appreciable amplitudes. When-
ever interference drops out quite suddenly with
a reduction in the setting of the gain control,
cross-modulation should be suspected. Normally,
of course, the interference would reduce in ampli-
tude in proportion to the desired signal as the
gain setting is reduced.

Gain Control

To avoid cross-modulation and other over-
load effects in the mixer and r.f. stages, the gain
of the r.f. stages is usually made adjustable.
This is accomplished by using variable-u tubes
and varying the d.c. grid bias, either in the grid
or cathode circuit. If the gain control is auto-
matic, as in the case of a.g.c., the bias is con-
trolled in the grid circuit. Manual control of r.f.
gain is generally done in the cathode circuit. A
typical r.f. amplifier stages with the two types of
gain control is shown in schematic form in Fig.
5-26. The a.g.c. control voltage (negative) is
derived from rectified carrier or signal at the
detector before the audio amplifier, or in the case
of a c.w. or s.s.b. receiver it can be derived from
rectified audio. The manual gain control voltage
(positive with respect to chassis) is usually de-
rived from a potentiometer across the B+ supply,
since the bias can be changed even though little
plate current is being drawn. The same manual
gain-control techniques can be applied to solid-
state r.f. amplifiers as shown in Fig. 5-26 at B
and C.

Tracking

Tracking refers to the ability of a receiver to
have all of its front-end stages—usually the r.f.
amplifier, the mixer, and the oscillator—tune over
a given range while each stage remains tuned to
its proper frequency at any specified point in the
tuning range. This arrangement provides a single
tuning control for bandset and bandspread ad-
justments. To achieve proper tracking, it is usu-
ally necessary to have variable inductors and
variable trimmer and padder capacitors for each
of the tuned circuits. A two- or three-section
variable capacitor is used for the tuning control.

Most modern receivers use a separate tuning
control for the local oscillator and this is called
the “main tuning.” The r.f. and mixer stages are
tracked and use a two-section variable for front-
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Fig. 5-27—Practical examples of squelch circuits for
cutting off the receiver output when no signal is pres-
ent.

end peaking adjustments. This control is fre-
quently called “preselector tuning.” If the main
tuning control is moved, the preselector is read-
justed for a peak signal response at the new fre-
quency.

SQUELCH CIRCUITS

An audio squelch is one that cuts off the re-
ceiver output when no signal is coming through
the receiver. A squelch is useful in mobile equip-
ment where the no-signal receiver hiss noise may
be as loud as some of the weak signals being
copied. Noise of this kind, when listened to over
a sustained period, can cause considerable oper-
ator fatigue. A squelch is useful with certain
types of fixed-station equipment too, especially
where continuous monitoring of a fixed v.hf. or
u.h.f. frequency is concerned.

A practical vacuum-tube squelch circuit is
given in Fig. 5-27 at A. A twin triode (12AX7)
serves as an audio amplifier and a control tube.
When the a.g.c. voltage is low or zero, the lower
(control) triode draws plate current. The con-
sequent voltage drop across the adjustable resis-
tor in the plate circuit cuts off the upper (ampli-
fier) triode and no signal or noise is passed. When
the a.g.c. voltage rises to the cut-off value of the
control triode, the tube no longer draws cur-
rent and the bias on the amplifier triode is
now only its normal operating bias, furnished by
the 1000-ohm resistor in the cathode circuit.
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The tube now functions as ar ordinary amplifier
and passes signals. The relation between the
a.g.c. voltage and the signal turn-on point is ad-
justed by varying the resistance in the plate
circuit of the control triode.

A simple squelch arrangement is shown in the
circuit of Fig. 5-27B. Here a silicon diode, CR;,
is used in the audio line from the detector. Adjust-
ment of the squelch control, R,, sets the diode
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bias for a non-conducting condition. When an
incoming signal reaches CR,, it overcomes the
fixed bias set by R, and allows the diode to con-
duct, thus passing the audio signal on to the sub-
sequent stages. CR, is the detector diode and R,
is the audio gain control. The values of the vari-
ous squelch-circuit resistors will require modifica-
tion if the circuit is used in receivers that operate
from 9 or 12 volts.

IMPROVING RECEIVER SENSITIVITY

The sensitivity (signal-to-noise ratio) of a re-
ceiver on the higher frequencies above 20 MHz.
is dependent upon the band width of the receiver
and the noise contributed by the “front end” of
the receiver. Neglecting the fact that image re-
jection may be poor, a receiver with no r.f. stage
is generally satisfactory, from a sensitivity point,
in the 3.5- and 7-MHz. bands. However, as the
frequency is increased and the atmospheric noise
becomes less, the advantage of a good “front
end” becomes apparent. Hence at 14 MHz. and
higher it is worth while to use at least one stage
of r.f. amplification ahead of the first detector
for best sensitivity as well as image rejection.
The multigrid converter tubes have very poor
noise figures, and even the best pentodes and
triodes are three or four times noisier when used
as mixers than they are when used as amplifiers.

If the purpose of an r.f. amplifier is to improve
the receiver noise figure at 14 MHz. and higher,
a good FET, or a high-g, pentode or triode
should be used. Among the pentodes, the best
tubes are the 6EH7, 6BZ6, and 6AKS. Of the
triodes, the 6AN4, 6CW4, and 6DS4 are best.
Among the better field-effect transistors are the
MPF105, 2N4417, 3N128, and 3N140.

When a receiver is satisfactory in every
respect (stability and selectivity) except sensi-
tivity on 14 through 30 MHz., the best solution
for the amateur is to add a preamplifier, a stage
of r.f. amplification designed expressly to improve
the sensitivity. If image rejection is lacking in

TUNING A

C.W. Reception

In a receiver without selectivity, it doesn’t
much matter where the b.f.o. is set, so long as
it is within the pass band of the receiver. How-
ever, in a receiver with selectivity, the b.f.o.
should be offset, to give single-signal code re-
ception. The proper setting of the b.f.o. is easy to
find. In the absence of incoming signals, it will be
found that, as the b.f.o. control is tuned, the pitch
of the background noise will go from high to
low and back to high again. The setting that gives
the lowest pitch represents the setting of the b.f.o.
in the center of the pass band. Setting the b.f.o.
for a higher pitch (to the noise) will give more
or less single-signal effect on incoming signals,
depending upon the selectivity of the receiver. If
the receiver uses a crystal filter that has a “re-

the receiver, some selectivity should be built into
the preamplifier (it is then called a preselector).
If, however, the receiver operation is poor on the
higher frequencies but is satisfactory on the
lower ones, a “converter” is the best solution.

Some commercial receivers that appear to lack
sensitivity on the higher frequencies can be im-
proved simply by tighter coupling to the antenna.
This can be accomplished by changing the
antenna feed line to the right value (as deter-
mined from the receiver instruction book) or by
using a simple matching device. Overcoupling the
input circuit will often improve sensitivity but it
will, of course, always reduce the image-rejec-
tion contribution of the antenna circuit.

Gain Control

In a receiver front end designed for best sig-
nal-to-noise ratio, it is advantageous in the re-
ception of weak signals to eliminate the gain
control from the first r.f. stage and allow it to
run “wide open” all of the time. If the first stage
is controlled along with the if. (and other r.f.
stages, if any), the signal-to-noise ratio of the
receiver will suffer. As the gain is reduced, the
gm of the first tube is reduced, and its noise fig-
ure becomes higher. A good receiver might well
have two gain controls, one for the first r.f. stage
and another for the if. (and any other r.f.)
stages. The first r.f. stage gain would be re-
duced only for extremely strong signals, thus
assuring a good noise figure.

RECEIVER

jection notch” or “phasing” control, setting the
notch on the audio image will improve the single-
signal effect.

The best receiver condition for the reception
of code signals will have the first r.f. stage run-
ning at maximum gain, the following r.f., mixer
and i.f. stages operating with just enough gain to
maintain the signal-to-noise ratio, and the audio
gain set to give comfortable headphone or
speaker volume. The audio volume should be
controlled by the audio gain control, not the i.f.
gain control. Under the above conditions, the
selectivity of the receiver is being used to best
advantage, and cross-modulation is minimized. It
precludes the use of a receiver in which the gains
of the r.f. and if. stages are controlled simulta-
neously.
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Single-Sideband Phone Reception

The receiver is set up for s.s.b. reception in a
manner similar to that for single-signal code re-
ception, except that a suitable band width for
s.s.b. (2to 3kHz.) is used. The b.f.o. must be set
off to one side of the pass band if good use is to
be made of the selectivity. To determine which
side to set it, remember this rule: A selective
receiver can be set up for lower-sideband recep-
tion by setting the b.f.o. so that there is little
or no signal on the low-frequency side of zero
beat when tuning through a steady carrier or c.w.
signal. Lower sideband is customarily used on
3.9 and 7 MHz., upper on the higher frequencies.

Unless the receiver has an a.g.c. system suit-
able for s.s.b. reception (fast attack, slow decay),
the operator must be very careful not to let the
receiver overload. If the receiver does overload,
it will be impossible to obtain good s.s.b. recep-
tion. Run the receiver with as little i.f. gain as
possible, consistent with a good signal-to-noise
ratio, and run the audio gain high.

Carefully tune in an s.s.b. signal using only the
main tuning dial. When the voice becomes natural
sounding and understandable, the signal is prop-
erly tuned. If the incoming signal is on lower
sideband, tuning the receiver to a lower frequency
will make the voice sound lower pitched. An
upper-sideband signal will sound higher pitched
as the receiver is tuned to a lower frequency.

If the receiver has excellent selectivity, as 2.1
kHz. or less, it will be desirable to experiment
slightly with the b.f.o. setting, remembering that
each adjustment of the b.f.o. calls for a similar
adjustment of the main tuning control. If the
selectivity is quite high, setting the b.f.o. too
far from the pass band will limit the incoming
signal to the high audio frequencies only. Con-
versely, setting it too close will limit the response
to the low audio frequencies.

A.M. Phone Reception

In reception of a.m. phone signals, the normal
procedure is to set the r.f. and i.f. gain at maxi-
mum, switch on the a.g.c., and use the audio gain
control for setting the volume. This insures
maximum effectiveness of the a.g.c. system in
compensating for fading and maintaining con-
stant audio output on either strong or weak sig-
nals. On occasion a strong signal close to the
frequency of a weaker desired station may take
control of the a.g.c., in which case the weaker
station may disappear because of the reduced
gain. In this case better reception may result if
the a.g.c. is switched off, using the manual r.f.
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gain control to set the gain at a point that pre-
vents “blocking” by the stronger signal.

When receiving an a.m. signal on a frequency
within 5 to 20 kHz. from a single-sideband
signal it may also be necessary to switch off the
a.g.c. and resort to the use of manual gain
control, unless the receiver has excellent skirt
selectivity.

A crystal filter will help reduce interference in
phone reception. Although the high selectivity
cuts sidebands and reduces the audio output at
the higher audio frequencies, it is possible to use
quite high selectivity without destroying intelli-
gibility. As in code reception, it is advisable to do
all tuning with the filter in the circuit. Variable-
selectivity filters permit a choice of selectivity
to suit interference conditions.

An undesired carrier close in frequency to a
desired carrier will heterodyne with it to pro-
duce a beat note equal to the frequency differ-
ence.

Spurious Responses

Spurious responses can be recognized without
a great deal of difficulty. Often it is possible to
identify an image by the nature of the trans-
mitting station, if the frequency assignments
applying to the frequency to which the receiver
is tuned are known. However, an image also can
be recognized by its behavior with tuning. If the
signal causes a heterodyne beat note with the
desired signal and is actually on the same fre-
quency, the beat note will not change as the re-
ceiver is tuned through the signal; but if the in-
terfering signal is an image, the beat will vary in
pitch as the receiver is tuned. The beat oscillator
in the receiver must be turned off for this test.
Using a crystal filter with the beat oscillator on,
an image will peak on the side of zero beat op-
posite that on which desired signals peak.

Harmonic response can be recognized by the
“tuning rate,” or movement of the tuning dial
required to give a specified change in beat note.
Signals getting into the i.f. via high-frequency
oscillator harmonics tune more rapidly (less dial
movement) through a given change in beat note
than do signals received by normal means.

Harmonics of the beat oscillator can be rec-
ognized by the tuning rate of the beat-oscillator
pitch control. A smaller movement of the control
will suffice for a given change in beat note than
that necessary with legitimate signals. In poorly-
designed or inadequately-shielded and -filtered re-
ceivers it is often possible to find b.f.o. har-
monics below 2 MHz., but they should be very
weak or non-existent at higher frequencies.

ALIGNMENT AND SERVICING OF SUPERHETERODYNE
RECEIVERS

I.LF. Alignment
A calibrated signal generator or test oscillator
is a useful device for alignment of an i.f. ampli-
fier. Some means for measuring the output of

the receiver is required. If the receiver has a
tuning meter, its indications will serve. Lacking
an S meter, a high-resistance voltmeter or a vac-
uum-tube voltmeter can be connected across the
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second-detector load resistor, if the second de-
tector is a diode. Alternatively, if the signal
generator is a modulated type, an a.c. voltmeter
can be connected across the primary of the trans-
former feeding the speaker, or from the plate
of the last audio amplifier through a 0.1-uf.
blocking capacitor to the receiver chassis. Lack-
ing an a.c. voltmeter, the audio output can be
judged by ear, although this method is not as ac-
curate as the others. If the tuning meter is used
as an indication, the a.g.c. of the receiver should
be turned on, but any other indication requires
that it be turned off. Lacking a test oscillator, a
steady signal tuned through the input of the re-
ceiver (if the job is one of just touching up the
i.f. amplifier) will be suitable. However, with no
oscillator and tuning an amplifier for the first
time, one’s only recourse is to try to peak the
i.f. transformers on “noise,” a difficult task if
the transformers are badly off resonance, as they
are apt to be. It would be much better to haywire
together a simple oscillator for test purposes.

Initial alignment of a new i.f. amplifier is as
follows: The_test oscillator is set to the correct
frequency, and its output is co
capacitor to the ot the last j
tube. The trimmer capacitors of the transformer
feeding the second detector are then adjusted
for maximum output, as shown by the indicating
device being used. The oscillator output lead is
then clipped on to the grid of the next-to-the-last
i.f. amplifier tube, and the second-from-the-last
transformer trimmer adjustments are peaked for
maximum output. This process is continued,
working back from the second detector, until all
of the if. transformers have been aligned. It
will be necessary to reduce the output of the test
oscillator as more of the i.f. amplifier is brought
into-use. It is desirable in all cases to use the
minimum signal that will give useful output
readings. The i.f. transformer in the plate circuit
of the mixer is aligned with the signal introduced
to the grid of the mixer. Since the tuned circuit
feeding the mixer grid may have a very low im-
pedance at the if., it may be necessary to boost
the test generator output or to disconnect the
tuned circuit temporarily from the mixer grid.

If the if. amplifier has a crystal filter, the
filter should first be switched out and the align-
ment carried out as above, setting the test oscil-
lator as closely as possible to the crystal fre-
quency. When this is completed, the crystal
should be switched in and the oscillator fre-
quency varied back and forth over a small range
either side of the crystal frequency to find the
exact frequency, as indicated by a sharp rise in
output. Leaving the test oscillator set on the
crystal peak, the if. trimmers should be re-
aligned for maximum output. The necessary
readjustment should be small. The oscillator fre-
quency should be checked frequently to make
sure it has not drifted from the crystal peak.

A modulated signal is not of much value for
aligning a crystal-filter i.f. amplifier, since the
high selectivity cuts sidebands and the results
may be inaccurate if the audio output is used as
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the tuning indication. Lacking the a.g.c. tuning
meter, the transformers may be conveniently
aligned by ear, using a weak unmodulated sig-
nal adjusted to the crystal peak. Switch on the
beat oscillator, adjust to a suitable tone, and
align the if. transformers for maximum audio
output.

An amplifier that is only slightly out of align-
ment, as a result of normal drift or aging, can
be realigned by using any steady signal, such as
a local broadcast station, instead of the test os-
cillator. One’s 100-kHz. standard makes an ex-
cellent signal source for “touching up” an if.
amplifier. Allow the receiver to warm up thor-
oughly, tune in the signal, and trim the i.f. for
maximum output as noted on the S meter, or by
tuning for peak a.f. output.

R.F. Alignment

The objective in aligning the r.f. circuits
of a gang-tuned receiver is to secure adequate
tracking over each tuning range. The adjust-
ment may be carried out with a test oscillator of
suitable frequency range, with harmonics from
your 100-kHz. standard or other known oscilla-
tor, or even on noise or such signals as may be
heard. First set the tuning dial at the high-fre-
quency end of the range in use. Then set the test
oscillator to the frequency indicated by the re-
ceiver dial. The test-oscillator output may be
connected to the antenna terminals of the receiver
for this test. Adjust the oscillator trimmer ca-
pacitor in the receiver to give maximum response
on the test-oscillator signal, then reset the re-
ceiver dial to the low-frequency end of the range.
Set the test-oscillator frequency near the fre-
quency indicated by the receiver dial and tune the
test oscillator until its signal is heard in the re-
ceiver. If the frequency of the signal is indicated
by the test-oscillator calibration is higher than
that indicated by the receiver dial, more induc-
tance (or more capacity in the tracking capaci-
tor) is needed in the receiver oscillator circuit; if
the frequency is lower, less inductance (less
tracking capacity) is required in the receiver os-
cillator. Most commercial receivers provide some
means for varying the inductance of the coils or
the capacitance ot the tracking capacitor, to per-
mit aligning the receiver tuning with the dial cali-
bration. Set the test oscillator to the frequency in-
dicated by the receiver dial, and then adjust the
tracking capacitance or inductance of the receiver
oscillator coil to obtain maximum response. Af-
ter making this adjustment, recheck the high-
frequency end of the scale as previously
described. It may be necessary to go back and
forth between the ends of the range several times
before the proper combination of inductance and
capacitance is secured. In many cases, better over-
all tracking will result if frequencies near but
not actually at the ends of the tuning range are
selected, instead of taking the extreme dial set-
tings.

After the oscillator range is properly adjusted,
set the receiver and test oscillator to the high-
frequency end of the range. Adjust the mixer
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trimmer capacitor for maximum hiss or signal,
then the r.f. trimmers. Reset the tuning dial
and test oscillator to the low-frequency end of
the range, and repeat ; if the circuits are properly
designed, no change in trimmer settings should
be necessary. If it is necessary to increase the
trimmer capacitance in any circuit, more induc-
tance is needed; conversely, if less capacitance
resonates the circuit, less inductance is required.

Tracking seldom is perfect throughout a tun-
ing range, so that a check of alignment at inter-
mediate points in the range may show it to be
slightly off. Normally the gain variation will be
small, however, and it will suffice to bring the
circuits into line at both ends of the range. If
most reception is in a particular part of the
range, such as an amateur band, the circuits may
be aligned for maximum performance in that
region, even though the ends of the frequency
range as a whole may be slightly out of align-
ment.

RECEIVER SELECTION

Beginning amateurs often find themselves faced
with the dilemma of choosing between a home-
built or store-bought receiver. Ideally, the new
ham would elect to build his own complete ama-
teur station, extracting the maximum value from
the project through the knowledge he would gain
about electronics. Additionally, home-built equip-
ment is more familiar in detail to its owner than
is a manufactured receiver. Thus, he can service
his unit more rapidly and does not have to consult
with the manufacturer about servicing details. If
he wishes to add new circuits to the home-built
receiver, or to modify existing circuitry, he need
not worry about destroying the resale value of
the equipment. For this reason the owner may be
encouraged to experiment more with circuits, en-
hancing his overall knowledge of electronics.

RECEIVING SYSTEMS

Conversely, single-lot quantities of small parts
are quite expensive these days, sometimes causing
the constructor to spend more money on a simple
home-built receiver than he would on a compli-
cated commercially-built unit. Modifications to
factory-built ham gear generally degrade its re-
sale value, discouraging the owner from making
circuit improvements or improving his knowl-
edge by experimenting.

The complexity of the receiver need only be
such as to fill the operator’s needs. Some very
basic home-made receivers perform better than
poorly-designed multi-tube commercial units. The
receivers described later in this chapter have been
designed with the radio amateur’s needs in mind,
yet no unnecessary circuitry has been added sim-
ply to make them appear to be highly sophisti-
cated. Many of the parts used in these receivers
can be obtained from junked TV sets, war surplus
stores, junked war surplus equipment, and from
the workshop junk box. These possibilities should
not be overlooked, for a considerable amount of
money can be saved by garnering small parts in
this manner.

The final decision whether to buy or build will
of course be up to the operator. If you're only in-
terested in being a “‘communicator,” then a store-
bought receiver will probably suffice. If, however,
you want to experience the thrill of communicat-
ing by means of home-constructed equipment, and
if you want to learn by doing, then home-made re-
ceiving equipment should be considered. Such
forthright endeavors are often the stepping stones
to higher plateaus—a satisfying career in elec-
tronics, or the needed background to qualify for
radio schooling when in the military service. Just
having a good working knowledge of one’s own
station is rewarding in itself, and such knowledge
contributes to an amateur’s value during public
service and emergency operations.

REDUCING BROADCAST STATION INTERFERENCE

Some receivers, particularly those that are
lacking in front-end selectivity, are subject to
cross-talk and overload from adjacent-frequency
ham or commercial stations. This condition is
particularly common with simple receivers that
use bipolar transistors in the r.f. and mixer stages.
With the latter, the range of linear operation is
small compared to that of vacuum tubes. Large
signals send the transistors into the nonlinear
operating region, causing severe crosstalk.

The most common cross-talk problem in ham
radio is that which caused by the presence of
nearby broadcast stations in the 550- to 1600-Kc.
range. In some regions, the ham bands—when
tuned in on even the best receivers—are a mass
of distorted “pop” music, garbled voices, and
splatter. It should be pointed out at this juncture
that the broadcast stations themselves seldom are
at fault, (although in isolated instances they are
capable of generating spurious output if operat-
ing in a faulty manner).

The most direct approach to the problem of
broadcast-station interference is to install a re-
jection filter between the antenna feed line and
the input terminals of the receiver. Such a filter,
if capable of providing sufficient attenuation,
prevents the broadcast-station signals from reach-
ing the ham receiver’s front end, thus solving the
cross-talk problem.

An effective band-rejection filter, containing
two m-derived pi sections in cascade, is shown in
Fig. 5-28.* It offers sharp rejection to signals in
the 500- to 1600-kc. range but does not impair re-
ception above or below the broadcast band. It is
designed for use in low-impedance lines, par-
ticularly those that are 50 or 75 ohms.

The band-rejection filter is housed in a 3V4 X
218 X 154-inch Minibox. Phono connectors are
used for J; and J,—an aid to cost reduction.
Different-style fittings can be used if the builder

1 Originally described in greater depth, and with ex-
amples of additional filter types, in QST, Dec., 1967.
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Fig. 5-28—Capacitance is in uf. Capacitors are disk
or tubular ceramic.

Ji, Jz—Phono jack.

Ly, Ls—10-g¢h. inductor (Miller 70F105A1 svitable).
L, L—33-uzh. inductor (Miller 70F335A1 suitable).
Ls—4.7-uh. inductor (Miller 70F476A1 suitable).

wishes. Standard-value components are used
throughout the filter and the values specified
must be used if good results are to be had.

In situations where a single broadcast station
is involved in the cross-talk problem, a simple
series- or parallel-tuned wave trap, tuned to the
frequency of the interfering station, may prove
adequate in solving the problem, Such a trap can
be installed as shown in Fig. 5-29). The trap
inductors can be made from ferrite-bar broadcast
radio loop antennas and tuned to resonance by
means of a 365-pf. Variable capacitor. Traps of
this type should be enclosed in a metal box, as is
true of the band-rejection filter.
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COAX. | RECEIVER

ll§s

SERIES~TUNED TRAP

ANT.

CQDAX

Q - RECEIVER

PARALLEL-TUNED TRAP

®)

ANT.

FL, o] RECEIVER

©

BAND-REJECTION: 7
FILTER

Fig. 5-29—Examples of series-

single-frequency traps (installed) are shown at A and

B. At C, FL, represents the band-rejection filter de-

scribed in the text. If possible, the filter used should

be bolted to the chassis or case of the receiver. The

receiver should have a good earth ground connected
to it.

and parallel-tuned

FRONT-END OVERLOAD PROTECTION FOR THE RECEIVER

It is not uncommon to experience front-end
overloading when the station receiver is subjected
to an extremely strong signal. Frequently, it be-
comes necessary to install some type of external
attenuator between the antenna and the input of
the receiver to minimize the bad effects caused by
the strong signal, or signals.' Ideally, such an
attenuator should be designed to match the im-
pedance of the antenna feed line and the input
impedance of the receiver. Also, the attenuator
should be variable, enabling the user to have some
control over the amount of attenuation used.
Manufacturer’s of some modern receiving equip-
ment build attenuators into the front end of their
receivers, offering benefits that are not available
from the normal r.f. gain-control circuit.

Examples of two such attenuators are given in
Figs. 5-33 and 5-32. In Fig. 5-33 a ladder-
type attenuator which gives a 0 to 40-decibel
range of control in five steps.? A simple step at-
tenuator is illustrated in Fig. 5-32.* The latter
offers an attenuation range of 3 to 33 decibels in
3-db. steps by closing one or more of four slide

1—Andrade, “Recent Trends in Recciver Front-End De-
sign, QST, June 1962.

2 QST, Gimmicks and Gadgets, Nov., 1967.

8 —QST, Gimmicks and Gadgets, August 1967.

switches. Both units are designed for use in low-

impedance lines. The one in Fig. 5-33 is de-

signed for a mid-range impedance of 60 ohms,

making it satisfactory for use with receivers hav-

ing a 50- or 75- ohm input. Although designed for
an impedance of 50 ohms, the attenuator of Fig.

5-32 will work satisfactorily with 75-ohm receiver

inputs for the purposes outlined here.

Fig. 5-30—Inside view of the attenuator box. The re-

sistors are mounted directly on the switch, using short

pigtails wherever possible. Wide strips of copper are
used for the input and output leads.
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Fig. 5-31—Resistor networks for the attenuator are mounted on the switches and grounded to lugs held by

the switches.

Standard-value J4-watt resistors are used in
both assemblies. Both attenuators will give good
results from the broadcast band through 30 Mc.
Isolation between the attenuator sections is not
good enough to make either- unit particularly
effective above 30 MHz.

Note that outer conductor of coaxial cable is fanned out and grounded either side of switch.

Either attenuator can be used ahead of the re-
ceiver, or can be built into the receiver as an
integral part of the circuit. Such a device is par-
ticularly useful ahead of receivers that do not
have an r.f. gain control, such as simple regenera-
tive receiving sets.

Fig. 5-33—Circuit
the step attenuator. All resistors

diagram of

U2

i_'l_(OUTPUT Fig. 5-32—Schematic of the attenu-

ator. Resistance is in ohms. Resistors

are 'a2-watt composition, 10% toler-
S| POSITIONS ance. S, is a phenolic rotary 1-section,
A« 0 DB. 2-pole, 5-position switch. J1 and J: are
2:;% 83‘_ standard coax connectors. Approxi-
gfig g:'_ mate attenuation in decibels is given

for each switch position.

are Y2-watt composition. RG_SB/U Q ‘E \bl RG-58/L
P1, P—phono plugs, or similar. p T . Sa 5 B,
$1~-Si—D.p.d.t. slide switch (Con- '@jz
tinental-Wirt or equiv.) '8 33
33053302 150 150 % % % %
3 DB. 6 DB 12 DB. 12 DB,

RECEPTION OF F.M.

Receivers for f.m. and p.m. signals differ
from others principally in two features — there
is no need for linearity preceding detection (in
fact, it is advantageous if amplitude variations in
signal and background noise can be “washed
out”), and the detector must be capable of con-
verting frequency variations in the incoming sig-
nal into amplitude variations.

Frequency- or phase-modulated signals can
be received after a fashion on any ordinary re-
ceiver. The receiver is tuned to put the carrier
frequency part-way down on one side of the
selectivity curve. When the frequency of the sig-

AND P.M. SIGNALS

nal varies with modulation it swings as indicated
in Fig. 5-35A, resulting in an a.m. output varying
between X and Y. This is then rectified as an
a.m. signal.

With receivers having steep-sided selectivity
curves, the method is not very satisfactory be-
cause the distortion is quite severe unless the fre-
quency deviation is small, since the frequency
deviation and output amplitude is linear over only
a small part of the selectivity curve.

A detector designed expressly for f.m. or p.m.
has a characteristic similar to that shown in Fig.
5-35B. The output is zero when the unmodulated
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Fig. 5-34—Limiter-discriminator circuit.

Ci—About 500 ohms reactance at i.f.
T,—Discriminator transformer for i.f. used. Push-pull
diode transformer may be substituted.

carrier is tuned to the center, 0, of the character-
istic. When the frequency swings higher, the
rectified output amplitude increases in the posi-
tive direction (as chosen in this example), and
when the frequency swings lower the output
amplitude increases in the negative direction.
Over the range in which the characteristic is
a straight line the conversion from f.m. to a.m.
is linear and there is no distortion. One type of
detector that operates in this way is the fre-
quency discriminator, which combines the f.m.-
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Fig. 5-35—F.m. or p.m. detection characteristics. A—
“Slope detection,” using the sloping side of the re-
ceiver’s selectivity curve to convert f.m. or p.m. to a.m.
for subsequent rectification.
characteristic. The straight portion of this curve be-
tween the two peaks is the useful region. The peaks
should always lie outside the pass band of the
receiver’s selectivity curve.

B—Typical discriminator

RFC;—High reactance at i.f.
V;—Sharp-cutoff pentode.
V2—Dual diode (6ALS5).

to-a.m. conversion with rectification to give an
a.f. output from the f.m. signal.

Limiter and Discriminator

A practical discriminator circuit is shown in
Fig. 5-34. The f.m.-to-a.m. conversion takes
place in transformer T, which operates at the
intermediate frequency of a superheterodyne
receiver. The voltage induced in the trans-
former secondary, S, is 90 degrees out of phase
with the primary current. The primary voltage
is introduced at the center tap on the second-
ary through C; and combines with the second-
ary voltages on each side of the center tap so
that the resultant voltage on one side of the
secondary leads the primary voltage and the
voltage on the other side lags by the same phase
angle, when the circuits are resonated to the
unmodulated carrier frequency. When rectified,
these two voltages are equal and of opposite
polarity. If the frequency changes, there is a shift
in the relative phase of the voltage components
that results in an increase in output amplitude on
one side of the secondary and a corresponding
decrease in amplitude on the other side. Thus the
voltage applied to one diode of ¥, increases while
the voltage applied to the other diode decreases.
The difference between these two voltages, after
rectification, is the audio-frequency output of the
detector.

The ouput amplitude of a simple discrimina-
tor depends on the amplitude of the input r.f.
signal, which is undesirable because the noise-
reducing benefits of f.m. are not secured if the
receiving system is sensitive to amplitude vari-
ations. A discriminator is always preceded by
some form of amplitude limiting, therefore.
The conventional type of limiter also is shown
in Fig. 5-34. It is simply a pentode if. ampli-
fier, V,, with its operating conditions chosen so
that it “saturates” on a relatively small signal
voltage. The limiting action is aided by grid
rectification, with grid-leak bias developed in
the 50,000-ohm resistor in the grid circuit. An-
other contributing factor is low screen voltage,
the screen voltage-divider constants being
chosen to result in about 50 volts on the screen.



130

RECEIVING SYSTEMS

THE “SELECTOJECT”

The Selectoject is a receiver adjunct that can be
used as a sharp amplifier or as a single-frequency
rejection filter. The frequency of operation may be
set to any point in the audio range by turning a
single knob. The degree of selectivity (or depth
of the null) is continuously adjustable. In phone
work, the rejection notch can be used to reduce
or eliminate a heterodyne. In c.w. reception, in-
terfering signals may be rejected or, alternatively,
the desired signal may be picked out and am-
plified. The Selectoject may also be operated as
a variable-frequency audio oscillator by advanc-
ing the ‘“selectivity” control far enough in the
selective-amplifier condition. The Selectoject is
connected between the receiver headphone output
connector and a pair of high-impedance head-
phones (4000-24,000 ohms). Its power require-
ment is only 2 ma. at 9 volts.

The wiring diagram of the Selectoject is shown
in Fig. 5-36. Resistors marked with an asterisk
can be within 10 per cent of the nominal value
but they should be as close to each other as pos-
sible. An ohmmeter is quite satisfactory for do-
ing the matching. The Selectoject can be built in
any small Minibox or utility cabinet or even di-
rectly in the receiver as suits the builder. A small,
self-contained transistor battery will easily power
the unit.

In operation, overload of the receiver or the
Selectoject should be avoided, or all the possible
selectivity may not be realized.

The Selectoject is useful as a means of obtain-
ing much of the performance of a “Q Multiplier”
for a receiver lacking one. (Built by Norman
Posepanko, W AS6KGP, and Walter Lange,
W1YDS.)

Rag 250K
10K
£

SK3004

PHONES
J2

Fig. 5-36—Schematic diagram of Selectoject. Capacitors are rated 10 volts or better; those marked with polarity
are electrolytic; capacitances are in microfarads (uf.) Unless specified otherwise, resistors are Va-watt, 10
per cent tolerance, resistances are in ohms. Resistors and capacitors marked with asterisk are matched as
closely as possible.

(IRC CTS PQ11-130 with IRC CTS M11-130).
R;—100,000-ohm control, linear taper (IRC CTS PQI11-

BT:—Nine-volt transistor battery (Eveready 216).
J,—Phono jack.

J>—Open circuit phone jack. 128).
R:—100,000-0hm control, audio taper (IRC CTS PQ13-  S,—Five-pole 3-position ceramic rotary switch (Centra-
128). lab PA-2015).

R:—Ganged 250,000-ohm, linear taper potentiometers
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A SIMPLE AUDIO FILTER

Many receivers incorporate only one degree of
selectivity, suitable for s.s.b. reception. Code re-
ception can often be improved by the addition of
an audio filter to the output of the receiver. The
audio-filter circuit shown in Fig. 5-38 includes
a power supply and an audio amplifier, and its use
requires no change to the receiver itself. The
tuned circuits, L,C, and L,C,, use toroid trans-
formers made for teletype units. These inexpen-
sive inductors are available through several
sources that advertise in QST Ham-Ads every
month. If loudspeaker reception is not contem-
plated, T, can be omitted and the alternative
output connection can be used.

Two degrees of selectivity are available. When
S5 is closed, two tuned circuits are active, and the
bandwidth at 20 db. down is just a little over 100
Hz. With §; open, the bandwidth increase to
about 1100 Hz. The peak frequency is about 750
Hz.

A 2 X 5 X 7-inch chassis is sufficient to house
the filter, or it might be built in a suitable Mini-
box. There is nothing very critical about the

parts arrangement other than keeping the input
and output circuits well isolated from each other.
Machine screws 174 inches long, rubber grom-
mets and washers can be used to hold the toroids.

With both tuned circuits working, the selectiv-
ity is extremely sharp, and some “ringing” will
be apparent. This is perfectly normal, the in-
escapable result of confining the response to a
narrow band of frequencies. If the ringing is con-
sidered excessive, try changing the value of Cy4
slightly.

(From QST, December, 1966.)

USE THESE
TWO WIRES
FOR 88 mh.

SCRAPE OFF
INSULATION,
TWIST AND
SOLDER
Fig. 5-37—This drawing shows the method of connecting
the windings of the 88-mh. toroid to obtain the
required inductance.
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Fig. 5-38—Circuit diagram of the audio filter. All capacitances are in uf. Capacitors marked wth polarity are

electrolytic. Resistances are in ohms; all resistors are Vz2-watt.

C,—0.01 uf., disk ceramic.

Cz, C3—0.5 uf., paper (see text).

CR,—Silicon rectifier, 400 volts p.i.v. or more.
Ji—Headphone jack, open-circuit type.

J2—Phone jack.

L;, L-—88-mh. toroid (see text).

P,—Headphone plug.

S:—Single-pole, four-position wafer switch, with a.c.

switch mounted on back (Centralab 1465 or
similar).

S:—See S;.

S;—Single-pole, single-throw toggle.

T:—Output transformer, 10,000-ohm primary, 3.5-ohm
secondary (Knight 54 A 1448 or equivalent).

T.—Power transformer, 125 volts, 15 ma.; 6.3 volts, 0.06
amp. (Knight 54 A 1410 or equivalent).

A QRM FILTER FOR PHONE WORK

Audio filters are useful in reducing the level
of unwanted energy which lies above and below
the speech-frequency range used in communica-
tions work. The filter circuit of Fig. 5-40 rejects
low-frequency rumble and high-frequency chat-
ter, making phone reception somewhat less diffi-
cult during busy periods in the bands. The less
selective the station receiver is, the more pro-
nounced will be the effect of the Torofil.

The Circuit

The Torofil has a narrower passband than most
audio filters. It is down 3 db. from peak output at
600 Hz. and again at 1900 Hz., and is rea-
sonably flat in response from 700 to 1500 Hz.
The low-frequency rolloff is very pronounced,
being down some 10 db. at 500 Hz. This charac-
teristic does not affect the intelligibility of a
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Fig. 5-39—Parts arrangement inside the filter cabinet.

The toroids are held in place by a long 6-32 screw, a

washer, and a 6-32 hex nut. There is nothing critical
about the layout.

phone signal, but it does impart a somewhat un-
natural quality to it.

The Torofil is designed for use in 4-ohm
speaker leads. The insertion loss is in the order
of only 3 db., so no additional audio amplification
is needed ; most receivers have ample reserve gain
to make up for the slight loss through the filter.

Telephone-type toroid inductors® are used for
L, and L,, Fig. 5-40. Transformers are used
at the input and output of the filter to effect an

1 These toroids are available from some electronic sur-

plus outlets, Check the classified ads in QST for additional -

sources.

RECEIVING SYSTEMS

impedance match between the filter and the 4-ohm
terminations. The impedance of the filter at 1000
Hz. is approximately 500 ohms. This is a handy
figure because it enables the builder to use stan-
dard 500-ohms-to-voice-coil transformers at 7'
and T,.

S, has been included so the Torofoil can be
taken out of the circuit at the operator’s discre-
tion. When it is switched to our, the filter ele-
ments are bypassed and normal operation is
restored.

Construction

The circuit is built in a home-made box that
measures 3 X 5 X 2 inches. (A standard
3 X 4 X 5 Minibox would allow ample room for
all of the parts.) Rubber feet on the bottom cover
of the box prevent damage to any equipment the
filter is placed on.

The toroids are bolted to the chassis with 274-
inch 6-32 machine screws. Plastic washers are
used between the inductors, between the chassis
and the inductor nearest the chassis, and between
the remaining toroid and the metal washer that
holds the assembly in place. The 6-32 toroid
mounting bolt should have spaghetti tubing over
it to prevent the bolt threads from damaging the
insulation on the coil’s windings. Use only enough
tension to hold the inductors snugly in place.

Using the Filter

To install the Torofil disconnect the speaker
from the receiver’s voice-coil terminals then con-
nect the filter in series with the speaker line.

For headphone operation a jack that matches
the headphone plug can be wired in parallel with
Jo. Some headphones have restricted frequency
response, making it unnecessary to use an audio
filter, but others—hi-fi types in particular—will
reproduce everything that comes through the re-
ceiver’s audio line. The Torofil will be a useful
accessory when used with the latter.

T s00 22t 500 12

32 OHMS Y OHMS 3,
OHMS 1 OHMS

L L2

560 88 88

mh, .22 -3 mh,

T”A —T‘”V
IN out

Jp Slm Sie Jz

TO REC. T
3.2-OHM
LINE

T T0
3.2:0HM

’_L—l—) 3PKR.

Fig. 5-40—Schematic of the audio filter. Capacitors are paper. The 560-ohm resistor is a Y2-watt composition
unit, and need not be included in the circuit. It was added experimentally to prevent “ringing,” a condition
that will not occur under normal circumstances.

J1, J2— Phono connector.

L;, L. — Telephone-style toroid inductor, 88 mh. If coil
has 4 leads (2 windings), connect the windings
in series,

S; — D.p.d.t. slide switch.
T, T:— 500-ohm to 3.2-okm matching transformer
(Stancor A-8101 or equivalent).
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AN FET PRESELECTOR FOR 20, 15, AND 10

It is often necessary to put new life into tired
old receivers, especially when operation is margi-
nal on the three higher bands—14 through 30
MHz. A preselector of the type described here
can pep up the front end of such receivers, while
at the same time offering additional selectivity.
The latter helps to reduce images, greatly im-
proving reception on some of the low-cost re-
ceivers. Additional information on the construc-
tion of this unit, plus circuit-board layout data,
is given in QST, August 1968,

Circuit Detadils

This preselector is completely self-contained,
and no modifications are required in the receiver
used. The circuit of the unit is shown in Fig. 5-42.
The input circuit consists of L,, L, and C,. C;
covers three bands, 20, 15 and 10, without band-
switching. An MPF104 field-effect transistor
(FET) is used as a regenerative r.f. amplifier.
By operating the transistor on the edge of self-
oscillation maximum gain is obtained. Regenera-
tion is controlled by C, and Cg4. Output from the
rf. stage is fed to a source-follower, another
MPF104. The source-follower serves to isolate
the r.f. stage from the receiver front end. Without
it, the r.f. stage might break into oscillation when
the front-end tuning of the receiver is adjusted..
OQutput from the follower is coupled to the re-
ceiver via C,. S, serves to switch the unit into
use, or to bypass it completely. Power is obtained
from a 9-volt battery and total current drain is
about 4 ma.

Constructional Information

The preamplifier was designed in such a way
that it could be fitted into a 214 X 214 X S-inch
Minibox. An etched-circuit board was used to
mount all the components except C;, C, and
8. The circuit isn’t critical at all; a bread board
version with the components mounted on termi-
nals on an insulated board will work just as well
as the unit shown in the photo. If you decide on
insulated-board type construction the only pre-
caution you need observe is to mount the com-
pleted preamplifier in a metal box or enclosure to
avoid stray signal feedthrough.

The only special items in construction are the
two capacitors, C; and C,. In order to keep the
cost down two modified trimmer capacitors were
used. As purchased, the trimmers have a screw
adjustment. All that is required in thé modifica-
tion is to solder a length of 4-inch diameter brass
rod, 1 inch long, to theé compression screw head.
This provides a shaft that a knob can be mounted
on. If your junk box happens to yield a couple
of small variables with a maximum capacitance of
100 to 160 pf. these can be used for Cy and C,.

In soldering, whether or not you use an etched-
circuit board or mount the components on tie
points, always use a heat sink when soldering the
transistor leads. Too much heat reaching the body
of the transistor can ruin it.

Fig. 5-41—At the left, on the circuit board, is the input
coil combination L, and L.. At the lower left is the mount-
ing bracket for the two modified compression trimmers,
Ci and C.. Just to the right of the coil assembly is Ca.

The two phono jacks, J, and J,, are installed
on the circuit board and the circuit board is
mounted on the inside back of the Minibox. Two
holes, large enough to clear the outside diameter
of the phono jacks, were drilled in the back of the
Minibox. In order to prevent the connections on
the back of the etched board from being short-
circuited, the board was mounted at each end with
a lg-inch spacer between the back of the board
and the box. The two variables, C; and C,, are
mounted on an L-shaped bracket that measures
174 inches high and 2 inches long, with a 5-inch
wide foot. The bracket is mounted on the bottom
of the Minibox and arranged so that the two
capacitor shafts project out the front of the box by
54 of an inch.

The battery, a 9-volt transistor radio type,
is mounted on one end of the circuit board. Phono
jacks, and L; and C; are connected to the appro-
priate switch terminals. §; is mounted on the
front of the box.

Adjustment Procedures

When the unit is completed make up a length
of coax, no longer than necessary to reach be-
tween the preamplifier and the receiver antenna
terminal. Use either 50- or 70-ohm coax for this
lead. Connect an antenna to J; and the unit is
ready to test.

Turn the preselector on and tune the receiver
to the 20-meter band, with the b.f.o. on. Tune C,
through its range and listen for a loud rough note,
indicating that the preselector is oscillating. If the
unit doesn’t oscillate, slowly decrease the capaci-
tance of C, and go through the range of C, again.
If you don’t find a condition where the preampli-
fier oscillates, set C, at minimum capacitance and
try another setting of Cg, retuning C, through its
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14 TO 28 MHz.

L2

Fig. 5-42—Circuit diagram of the FET preselector. Resistances are in ohms; resistors are Y2 watt. Fixed capacitors
are disk ceramic. Circuit component designations not listed below are for etched circuit-board placement reference
in QST.

Cy, C2—160-pf. modified trimmer; see text (Miller 160-D,
or similiar).
C3—5-25-pf. trimmer (Erie NPO 5-25 or similar).
Le—See Fig. 5-43

range. Once you find the setting of C,, with C, at
minimum capacitance, that makes the unit go into
oscillation, slowly increase the capacitance of C,
to the point where the oscillation stops. Under
these conditions you should get a very pronounced
increase in background noise or in signal strength
from a signal tuned in, when C; is properly
peaked. When you go to 15 meters, increase the
capacitance of C, to prevent the unit from oscil-
lating—likewise on 10 meters. However, no fur-
ther adjustment of Cy is required. While it isn’t
necessary to change the setting of C, when going
across a band, C; should be repeaked when go-
ing from one end of a band to the other.

No doubt some readers may want to use this
device with one of the transceivers that are on
the market. If so, keep in mind that the preselector
will have to be switched out of the antenna line
when transmitting. Otherwise the transistors
would be destroyed. If the transceiver has a sep-

AN FET CONVERTER FOR

This equipment can liven up an old receiver
whose top three ham bands lack sensitivity. By
feeding the i-f of this converter into a tunable
3.5- to 4-MHz receiver, coverage of the 20-, 15-,
and 10-meter bands is possible. Most low-cost and
older communications receivers suffer from poor
frequency stability on the higher bands. Feeding
a crystal-controlled converter into such a receiver
at 3.5 MHz will usually result in more stable
operating conditions for the three upper bands
covered by this unit. This converter is designed
for that application.

Circuit Information

The input stage, Q,, Fig. 5-45, uses a JFET
in a common-gate rf amplifier. Source bias is
provided by the 270-ohm resistor in the return

Q:, Q:—Motorola MPF-104 (2N5458).
§:—3-pole, 4-position wafer switch, 2 positions used
(Mallory 3234) or similiar).
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Fig. 5-43—This is the Ll coil assembly, made from a
single length of B & W coil stock type 3007, %-inch
diameter, 16 turns per inch, No. 20.

arate receiving-antenna input, as some do, the
preselector could be used without the necessity
of being bypassed on transmitting.

14, 21, AND 28 MHZ

Fig. 5-44—Outside view of the three-band converter. The

peaking control is at the top center, the band switch

at the lower right, and the on-off switch and panel

lamp are at the lower left. A home-made cabinet en-

closes the equipment, and the panel is painted gray
to set off the white decal labels.
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EXCEPT AS INDICATED, DECIMAL
VALUES OF CAPACITANCE ARE

IN MICROFARADS ( uF ) ; OTHERS
ARE IN PICOFARADS ( pF OR uyF);
RESISTANCES ARE IN OHMS;

k *1000.

v2
3.5-4 MHz

Fig. 5-45—Diagram of the converter. Fixed-value capacitors are disk ceramic or mica. Polarized capacitors are
electrolytic. Resistors are Va-watt composition. F.T. denotes feed-through capacitors.

Ci—Dual-section, 100-pF per gang, miniature variable
(Hammarlund HFD-100).

C;, Cs—1.5-7 pF trimmer.

CR;, CR—Small-signal silicon switching diode. (IN914
or equiv.).

CR3-CRs, incl.—Silicon diode, 1 A, 50 PRV.

CR;—14-volt Zener dipde, 1 watt (GE Z4XL14 or equiv.).

I»—Neon panel lamp assembly, 115 V.

J1, J2—Phono jack, single-hole mount.

Li—Link, 3 turns insulated hookup wire over ground

end of La.

L—14 turns No. 20 wire, Y-in. dia., 16 turns per
inch. (B&W 3003 Miniductor stock suitable).
Ls—12 turns insulated hookup wire over ground end

of Ls.
Ls—88-120—uH variable inductor (J. W. Miller 21A104-
\ RBI).

Lz,

side of L,. The source is tapped down on L, to
provide an impedance match in that part of the
circuit. Since the transistor operates with its gate
grounded, neutralization is not needed. Diodes
CR, and CR, protect the input transistor, 0,
from damage in the presence of high levels of rf
voltage. They will conduct at approximately 0.6
volts, thus shorting out L,. Peaking capacitor
C.a tunes L, to resonance at the desired input
frequency. The tuned circuit is capable of tuning
all three bands, so no band switch is required.
A dual-gate MOSFET is used at the mixer,
Q2 The signal is fed to gate 1 through the tuned
circuit L,-C,p. C,p is ganged to C, 4, tuning the
rf and mlxer stages simultaneously. Cy and C,
are trimmer capacitors used to make the two

Le—1-1.8-uH variable inductor (J. W. Miller 21A156-

RBI).
L—3.56-5.64-uH variable inductor (J. W. Miller
21A476-RBI).

Le—5-8-uH variable inductor (J. W. Miller 21A686RBI).
Q., Qs—Motorola 2N5459 (MPF105) JFET.
Q:—Motorola MFE-3006, or RCA 40673, dual-gate
MOSFET.
Q«—RCA 40251 power transistor, or equiv. type.
S1—2-pole, 6-pos. phenolic-wafer, single-section switch.
2 positions unused (Mallory 3226J non-shorting).
S;—Spst toggle switch.
T:—24-volt, 1-A filament transformer,
Y1—32.5-MHz, 3rd-overtone crystal.
Ye:—32.0-MHz, 3rd-overtone crystal.
Ys—17.5-MHz, 3rd-overtone crystal.
Y«—10.5-MHz, 3rd-overtone crystal.
International Crystal Mfg. Co.,

(Y1-Ys, incl., are
type EX.)

stages track over the converter’s tuning range.
The dual-gate MOSFET mixer has good con-
version gain and excellent cross-modulation im-
munity. Oscillator injection is supplied to gate 2
through a small coupling capacitor, across a
100,000-ohm gate-bias resistor. The mixer output
uses a low-Q i-f tuned circuit, L,, to permit a
sufficiently broad response for covering the 3.5-
to 4-MHz tuning range of the station receiver.
A capacitive divider is used to resonate the tuned
circuit, and to provide a low-Z output tap for
feeding the signal to the receiver.

The oscillator, Q, is a standard overtone type
and goes into oscillation readily when the drain
tuned circuits are adjusted to a frequency slightly
above that of the crystal in use.
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The power supply shown in Fig. 5-45 need not
be built if battery operation is desired. This con-
verter will operate satisfactorily from a 9-volt
pack, but at slightly less overall gain. Ten pen-
light cells—series-connected—will provide 12
volts for the converter, and should last a long
time. If they are used in place of the ac supply,
a switch should be used to disconnect them when
the converter is not in use. A much smaller chas-
sis can be used if the ac power supply is elimi-
nated.

Construction Notes

A 7 X 9 X 2-inch chassis is used to contain the
converter. A 4-inch-high front panel is fashioned
from sheet aluminum, and a home-made cabinet is
built from the same material. [t is not necessary
to enclose the converter, but the cabinet will keep
dust and dirt off the top of the chassis, and will
impart a commercial look to the unit.

Home-made aluminum shields are mounted un-
der the chassis to isolate the oscillator stage
from the remainder of the circuit. The dimensions
are not critical, and the photo shows how the di-
viders are placed. Subminiature coax cable is used
to route the long rf leads from point to point—
from Q,’s drain to Ly, and from L to the i-f
output jack, J,.

RECEIVING SYSTEMS

Fig. 5-46—Looking at the top side
of the converter, the power sup-
ply is at the rear (bottom) of the
chassis. J; and J; are on the rear
apron of the chassis. Q: is at the
right-rear of the two-gang vari-
able, and Q; is directly ahead of
it. Qs is just ahead, and to the
right, of the four crystals. Tran-
sistor sockets are used for these
three semiconductors. Qi, at the
bottom center of the photo, is in-
sulated from the chassis by means
of mica and nylon hardware
which comes with the transistor.
The chassis serves as its heat sink.

. Special care should be exercised when handling
the MOSFET, Q,. Its internal dielectric mate-
rial is very thin—silicon nitride—and can easily
be perforated by static charges reaching the gate
terminals of the device. A transistor socket should
be used at Q,, and the FET should not be in-
stalled until all work has been completed on the
converter. The four leads of the MOSFET should
be shorted together by means of a fine strand of
wire, (taken from a piece of stranded hookup
wire) wrapping it several times around the leads
of Q. Then, after Q, is inserted in its socket,
the shorting wire can be removed. Any subse-
quent soldering that is done around the mixer
circuit should be undertaken only if the soldering
iron tip is connected to an earth ground, or with
the MOSFET removed from its socket—leads
shorted together.

Checkout and Use

With the converter connected to an antenna or
signal generator, and to the station receiver, ap-
ply operating voltage. Tune in a weak signal on
ten meters and set C; near minimum capacitance
(almost fully unmeshed). A peak in signal level
should be noted near this setting. Once it is found,
adjust Cy and C4 for maximum signal response.
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Fig. 5-47—Bottom view of the
converter. The oscillator sec-
tion occupies the upper right-
hand compartment. The mixer
and tuned circuit Lq are in the
upper-left compartment. In
this view Lg (black coil) com-
pletely covers L. This was
later modified through the use
of smaller diameter hookup
wire. Ls should occupy only
the bottom Y% (ground end)
of L, thus minimizing un-
wanted capacitive coupling
between the windings. Coil
assembly Ly-Ls is visible at the
left-center of the chassis. Ls is
just ahead of the two power-
supply filter capacitors.

Coil Ly should be tuned for maximum signal
somewhere near the center of the i-f tuning range,
perhaps at 3.75 MHz. If no signal can be tuned
in, check to see that O is oscillating. A wave-
meter placed near the drain coil, Lg, should show
output from the oscillator when it is properly ad-
justed. Next, check the other bands for proper
peaking and operation. C'; should provide a sig-
nal peak at 14 MHz when set near maximum
capacitance. When the converter is operating
properly it should be possible to detect a 0.1-uV
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cw signal with perfect audibility on all three
bands.

The low end of the 14 and 21-MHz bands will
fall at 3.5 MHz on the tunable i-f receiver. Dur-
ing 28-MHz reception, however, the reverse will
be true. For example, 28.5 MHz will occur at 4
MHz, and 29 MHz will fall at 3.5 MHz when
tuning the 10-meter phone band. This was neces-
sary in order to avoid 15-meter images which
would have been heard if the oscillator had been
placed below the incoming signal frequency.

A DIRECT-CONVERSION RECEIVER FOR BEGINNERS
MODEL MARK |

This receiver tunes from 3.5 to 4 MHz in its
basic form, and covers the 40, 20, 15, and 10-meter
bands through the use of plug-in converters. De-
spite its simplicity and modest cost it performs
as well as many medium-priced superheterodyne
receivers. It is intended primarily for the recep-
tion of ssb and cw, but can also be used to receive
AM signals by tuning it to zero beat with the
incoming signal. It can be powered by 10 size-C
flashlight cells—series connected, by an ac-
operated 12-volt supply of the type described in
Chapter 12, or from the cigar lighter of any
negative-ground 12-volt automobile. (From May
1969 OST.)

A quick price analysis showed that the main
section of the receiver costs approximately $26,
minus the circuit board, if all components are
purchased brand new. The converters cost ap-
proximately $12 each, less circuit board, when
new parts are purchased. Naturally, the work-
shop “goodie” trove should provide many of the
parts required, thus greatly reducing the total
cost.

Fig. 5-48—Front view of the direct-conversion receiver.
The panel is finished in machine gray spray paint. The
two controls are main tuning and audio gain.
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CONVERTER COIL—CAPACITOR TABLE

Band Osec. L Le Miller Cas Lio Miller Cag Co
(MHz) (MHz) | (Turns) (wH) No. (pF) (nH) No. (pF) | (#F)
7-7.5 11.0 7 9.4-18.7 | 42A155CBI 33 1.7-2.7 4503 220 150
14-14.5 10.5 3 3.6-8.5 42A686CBI 25 1.7-2.7 4503 220 150
21-21.5 17.5 3 2.12-4.10 | 42A336CBI 15 1.7-2.7 4503 100 100
28.5-29 25 3 1.3-2.7 42A226CBI 15 0.44-0.76 | 4501 100 100
Capacitors C2s and C2e should be silver mica for best stability. Miller parts can be ordered from J. W. Miller Co.,
19070 Reyes Ave., Compton, Calif. 90221, or from authorized J. W. Miller distributors. Lz is closewound over
ground end of La using No. 24 enam. wire.
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EXCEPT AS INDICATED, DECIMAL
VALUES OF CAPACITANCE ARE

IN MICROFARADS ( pt.); OTHERS
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Fig. 5-49—Schematic diagram of the main portion of the Mark I. Capacitors with polarity marking are electrolytic.

Other fixed capacitors are disk ceramic unless marked S.M. (silver mica). Co, Cio, and Cy; are dipped polyester

types. Fixed resistors are J2-watt composition unless noted otherwise. Component numbers not listed below are for
identification purposes on the circuit board.

C1—3-30-pF compression trimmer.

Ca—Split-stator variable, 50 pF per section (see text).

Co-Cu1, inc.—Dipped polyester, 100 volts (Cornell-
Dubilier type DMF suitable).

C1o—7-35-pF ceramic trimmer (Centralab type 827-D
or similar).

CRi—Zener, 6.1 volts, 1-watt (Motorola HEP 103).

CRz—Silicon top-hat rectifier, 50 PRV, 100 mA or higher
(Motorola HEP-161 suitable).

CRs, CR«—Small-signal silicon switching diode (1N465A
or similar).

J1—50-239-type chassis connector; photo jack also suit-
able.

J2—4-pin tube socket.

Js—Single-circuit phone jack.

Ji—Male two-terminal chassis connector (Switchcraft
5501MP or similar).

Li—6 tirns No. 24 enam. wound over L, to occupy YA
of core.

Lz, Ls—36-inch length of No. 24 enam. on Amidon*
T-68-2 toroid core; 45 turns total.

La, Li—88-mH toroid (see QST Ham Ads for suppliers).

Le—14 turns No. 24 enam. wound over Ls to occupy
entire circumference of core. Observe polarity.

P;—Base from discarded 4-pin tube, or jumper made
from two banana plugs.

Qi—Low-noise af preamplifier transistor, n-p-n silicon,
high beta rating.

Q:—N-channel JFET, 30-MHz rating or greater (Mo-
torola 2N5459 or HEP 801).

Rs—1000-ohm linear-taper carbon control.

RFC;—1-mH rf choke (Millen J300-1000 or similar).

T:—10,000-0hm primary to 1000-ohm secondary driver
(Lafayette Radio 99T6124; use V2 of secondary).

U;—RCA CA3028A integrated circuit.

* Amidon Associates, 12033 Otsego St., North Holly-
wood, Calif. 91607
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Cz, Co5, Co—See coil table.

L1, Ls, Liv—See coil table.
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RFCz—-,P-mH choke (Millen J-300-1000 or equiv.).
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Circuit Information

Though the circuit of Fig. 5-49 may appear
somewhat involved, it isn't. There are only three
stages in the main receiver section—an inte-
grated-circuit detector, U,, a JFET BFO, and
a bipolar-transistor audio amplifier. The input
tuned circuit, consisting of L, with C;, C, and
Cy4» covers the range 3.5 to 4 MHz. Light
coupling is used between the tuned circuit and
the detector input to minimize spurious responses
from strong out-of-band signals, especially those
of commercial broadcast stations.

The BFO operates over the same range as the
detector, and the two stages are gang-tuned by
means of Cyq. The BFO signal from Q, beats
against the incoming signal to furnish a beat note
for cw reception and to provide a carrier for
copying ssb signals. Zener-diode voltage regula-
tion is used in the drain supply to Q,, to enhance
the stability of the receiver.

Audio output from the detector is passed
through a 2.5-kHz bandpass filter which uses two
telephone-type surplus 88-mh. toroids. Output
from the filter is routed to the gain control, R,,
which terminates the filter in its characteristic
impedance. A bipolar transistor, Q;, amplifies
the audio signal to headphone level. The af am-
plifier is designed for use with high-impedance
phones, 1000 ohms or greater. A polarity-guard-
ing diode, CR,, prevents damage to the circuit
components in the event the power supply is con-
nected for the wrong polarity. It will conduct
when positive voltage is applied to its anode, but
is nonconducting with negative voltage.

For 80-meter operation a jumper plug, P, is
inserted into J,, the converter socket. P, com-

RECEIVING SYSTEMS

Fig. 5-52—Looking into
the bottom half of the
chassis, the integrated
circuit, Uy, is at the
center of the main cir-
cuit board. An alu-
minum bracket and
divider holds toroidal
coils L and Ls. The
coil leads connect to
terminal strips which
are mounted in front
of the bracket. Twisted-
pair hookup wire con-
nects the antenna lug
on the converter
socket to input link L.
Diode CR: is mounted
on a terminal strip
near the 12-volt input
jack (Js) near the rear
apron of the chassis
(center). Diodes CR;
and CR, should be
mounted directly at Js
(not shown here).

pletes the antenna circuit by shorting terminals
3 and 4 of J,, and the receiver operates straight
through. Plug-in converters are attached to the
receiver at J, for 40-, 20-, 15-, and 10-meter
operation. This results in a double-conversion
arrangement, the main portion of the receiver
being a tunable i-f system. Diodes CR, and CR,
conduct at approximately 0.6 volt to offer burn-
out protection to U; during 80-meter reception.
When operating the four higher bands the diodes .
protect the mixer FET in the converter being
used. This precaution is necessary when the re-
ceiver is to be used near or in combination with a
transmitter.

The circuit for the converters is shown in Fig.
5-51. Each consists of an FET mixer, Q,, and a
fixed-tuned FET oscillator, Q,. It is very stable
and is easy to adjust. Though Zener-diode regu-
lation is not used on the drain-supply line to the
converter, it could be added if desired. This would
entail the addition of a 100-ohm 1-watt resistor
and a 9.1-volt Zener diode. The Zener diode and

. dropping resistor would be connected to the cir-

cuit in a like manner to that used at Q, in the
main receiver. The two components could be con-
nected to the converter socket, J, under the
main chassis, at pin 2.

Construction Notes

A hand-made aluminum chassis and panel are
used as a foundation for the receiver. Since the
chassis is 2 inches high, 11 inches wide, and 7
inches deep, a Bud AC-407 can be substituted.
The panel is 11 inches long and 4% inches high.
The chassis is larger than necessary, but the
unused areas provide space for additional cir-
cuits that may eventually be added, such as an
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audio amplifier board for speaker operation. If
the builder wishes to make the receiver smaller
in size, it should be a simple matter to rearrange
the components accordingly.

Though etched-circuit construction is shown
here, there is no reason why point-to-point wiring
cannot be used. (Examples of both wiring meth-
ods are shown in Fig. 5-50. The circuits are the
same, one converter being built for 40 meters
and the other for operation in the 20-meter band.)
The integrated circuit, U, is mounted on the foil
side of the circuit board by means of an 8-pin
integrated-circuit socket (Motorola HEP 451).
The pins of the socket are bent out at right an-
gles from the base, then are soldered to the foil
elements of the board. The IC can be soldered
directly to the board if desired, but the use of a
socket is recommended to prevent damage from
heating during installation.

Toroidal inductors L4 and L, are attached to
the main circuit board by means of 6-32 X 1-inch
machine screws and hex nuts. A small square of
insulating board is used on each toroid as a
retainer. Spaghetti tubing is slipped over each
mounting screw so that the screw threads cannot
damage the coil windings. Similarly, the rf
toroids, L, and Ly, are mounted on an under-
chassis aluminum bracket, but each coil has two
squares (top and bottom) of insulating board
to hold it in place. The bracket (see photo) is
made of aluminum sheet, 3 inches wide and
134 inches high. A 1-inch wide aluminum divider
helps isolate the oscillator coil, Ls, from the
detector coil, L,. Though the toroidal inductors
are self-shielding, the divider was added to help
reduce capacitive coupling.

A transistor socket is used for Q,. Oy is sol-
dered directly to the circuit board, but a socket
can be put there if the builder wishes to use one.

Trimmer C; is mounted on the frame of Cy,
between the rotor lug and the stator rod. Though
an E. F. Johnson 167-52 is used for C, in this
model almost any miniature 50-pF split-stator

Fig. 5-53—Looking at the top of the
chassis, the plug-in converter (its
cover removed) is installed at one
corner of the chassis. The main cir-
cuit board is located near the front
panel and is mounted over a chassis
cutout. Unused space remains for
the addition of circuit refi

4.
ts

later on. (See Mark Il.)
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capacitor can be used, A less expensive and more
compact tuning capacitor would be the Hammar-
lund HFD-50, or the James Millen 21050RM.
The primary requirement, as in any good re-
ceiver, is that the shaft of the capacitor turn
freely and smoothly, and that the rotor bearings
make positive contact with their connecting lugs.

In this model an imported tuning dial provides
the vernier action for the tuning capacitor.
Though low in cost, the dial mechanism works
well. A good substitute dial drive would be one
of the precision verniers taken from a war-surplus
TU-6B-series tuning unit—available from many
surplus houses for a nominal price.

There is room under the chassis to mount ten
size-C flashlight cells by means of an aluminium
bracket. Series connected, the batteries will pro-
vide the required 12 volts dc for the receiver.
If this is done, an on-off switch can be added to
the gain control, Rj.

Preliminary Testing

It is always wise to inspect any etched-circuit
board used in a new project before applying
operating voltages. Make certain that there are
no cold-solder joints. Inspect the board for un-
wanted solder bridges between the various
copper elements. The next check can be made by
connecting an ohmmeter between the circuit
side of CR, and chassis ground. With a VTVM
the dc resistance in this model is 170 ohms.
With the test prods reversed a reading of 80
ohms was noted. The ohmmeter tests should be
made with one of the converters plugged in, and
with all semiconductors in their sockets. Any
significant departure from these readings will
indicate a bad component or a wiring error.

Connect +12 volts to J, after inserting jumper
plug P, into J,. Tune in the signal from Q, on
the 80-meter band of a ham receiver. (It may be
necessary to connect a short wire to the antenna
post of the monitor receiver, placing its free end
near Q, in order to pick up the signal.) Adjust
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C,g so that the signal is heard at 3.5 MHz when
Cy4 is fully meshed. With the plates of Cq fully
unmeshed the signal from Q, should be heard at
4 MHz Actually, there should be some overlap
at each end of the band, providing a tuning range
of approximately 3495 kHz to 4005 kHz. If
Q, does not oscillate, check to make sure that
L, and Lg; are phased correctly as shown by
the two black dots in Fig. 5-49. Both windings
must be put on the core the same way; that is,
both can be wound either clockwise or counter-
clockwise, but not in opposite sense to one an-
other.

After aligning the BFO, connect an antenna
to J; and tune in a signal near the center of the
80-meter band. Adjust C; for peak signal
strength. This will permit the detector and BFO
tuned circuits to track across the entire tuning
range. Since there is no agc circuit in this receiver
strong signals will overdrive the audio amplifier,
Q,, if the gain control, R, is set too high. Back-
ing it off slightly will correct the problem, should
it occur.

A plug-in converter can now be substituted
for P, at J,. Its oscillator signal can be moni-
tored on a general-coverage receiver during

RECEIVING SYSTEMS

alignment. When this is done L,,, Fig. 5-51, is
adjusted until the required oscillator frequency
is heard (see coil table). With an antenna con-
nected at J,, tune in a signal near the center of
the band covered by the converter. Adjust the
slugs in Lg and Ly for maximum signal response.
The receiver should now be ready to use.

On 40 meters the band will tune “backwards,”
i.e., 7000 kHz will tune in at 4 MHz on the main
dial, and 7500 kHz will fall at 3.5 MHz. The
other bands will tune conventionally, their low
ends falling at 3.5 MHz. A calibration chart
can be made up to show where the 10-kHz
points of each band fall on the tuning dial. A dial
chart for the 80-meter band is pasted on the
panel of this receiver, and calibration for the
other four bands is carried out by means of
mental gymnastics. Note: Other 500-kHz seg-
ments of the 10-meter band can be turned by
setting L;, for the proper frequency. Use the
same 10-meter constants given in the coil table.

Templates and parts layout sheets are available from
ARRL for 25 cents and a SASE. Circuit boards are
available from Stafford Electronics, 427 S. Benbow Rd.,
Greensboro, N.C. 24701.

THE MARK-II DIRECT-CONVERSION RECEIVER

This receiver is a refined version of the Mark-I
described in the preceding pages of this chapter.
The two receivers were designed to serve as a
progressive project for teaching beginner’s the
basics of receiver construction and design. The
circuit additions given here can simply be added
to the chassis of the Mark-I without starting
from scratch.

Added to the Mark-II are the following fea-
tures: An rf gain control, an IC, l-watt audio
amplifier board, a band switch, and a cabinet.
A loudspeaker-headphone option has also been
included in this version.

The Circuit Additions

A band switch, §,, Fig. 5-55, permits selecting
the 3.5-MHz range, or one converter of the
operator’s choice. Twisted-pair insulated hookup
wire should be used for all wiring in this part
of the circuit. An rf gain control, R, is added
as shown. This will be used to prevent receiver
overloading in the presence of strong signals.
R,, is used to terminate the af filter, and re-
places the 1000-ohm gain control of the Mark-1.
A new gain control and on-off switch assembly,
R, 4-S,, is substituted for the original part. R,y
replaces a jumper wire on the Mark I circuit
board, and serves as an audio decoupling re-
sistor to prevent motorboating. Cgq is added to
bypass the 12-volt supply line coming into the
receiver.

An af amplifier, U,, is connected after the pre-
amplifier stage, Q,, to boost the signal to loud-
speaker level." A closed-circuit jack, J,, replaces
the phone jack of the Mark I. This permits the

Fig. 5-54—Front view of the Mark-ll. Two new controls
are seen at the lower left. The speaker is visible at the
upper right.

phones to disconnect the speaker when they are
plugged in. J, is added so that the cabinet-
mounted speaker can be disconnected when
servicing the receiver.

Voltage regulation has been added to the
plug-in converter B-plus line. R,y and CR, com-
prise the added parts for this job. They are
mounted at the converter socket, J,. This addi-
tion is especially worthwhile if mobile operation
is anticipated.

Construction Notes
A home-made cabinet encloses the Mark-II re-
ceiver. It is fashioned from 34¢-inch thick alu-
minum sheet, and the 4-inch, 8-ohm speaker is
mounted on the top surface of the case. A piece
of perforated aluminum protects the speaker
cone from damage. Grille cloth can be added to
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Fig. 5-56—Top-chassis
view of the receiver.
Uy, the audio amplifier
is mounted on the
chassis behind the
main  circvit board
(lower left of photo).
The speaker jack is
just to the left of the
plug-in converter. A
heat sink (Motorola
"HEP-502) is used on
the IC, U..

prevent dust and sand from entering the opening.
There is no reason why a wooden cabinet could
not be used with this receiver. For shielding, if
this is done, the inner walls of the cabinet can
be lined with copper flashing or furnace-ducting
metal. ) o
Those wishing to make a “trans-receiver” of
the Mark-II might consider adding the etched-
circuit version of the 2-watt solid-state trans- -

v

I:'”mitter described in Chapter 6. There is room to
‘mount ‘it on the chassis between R;; and. the

plug-in! converter. A B+ and antenna change-
over switch can be added to the panel if this is

“'done.

1 A scale template and parts layout sheet for the audio

_ module, Uz, is availale from ARRL for 25 cents and a

s.a.s.e. A ready-made board can be purchased from -

' Stafford "Electronics,”427 S. Benbow Rd., Greensboro,

N.C. 24701

Fig. 5-57—This bottom
view of the chassis
shows the routing of

the new twisted-pair
wiring and some of
the new components
which  have been
added. The audio cir-
cuit board containing
Uz has an 10-pin IC
socket (Motorola HEP-
451) whose lugs are -
soldered to the circuit-
board foil (lower right
of photo).




ANT

HB-70 Receiver

145

THE HB-70 RECEIVER

This single-conversion all-transistor receiver
operates from 80 through 10 meters. It offers ex-
cellent performance for amateur use, and is not
difficult to build. Complete layout details of the
individual circuit-board modules are available
from QST, April and May, 1967. (The circuit
was designed and built by W7ZOI, WB6AIG,
and WAG6RDZ.) For more detailed design phi-
losophy and construction data the QST articles
should be read. However, for the advanced con-
structor there should be ample information given
here.

The Circuit

The block diagram of Fig. 5-59 shows how the
modules fit together to form the composite re-
ceiver. The preamplifier of Fig. 5-63 is not in-
cluded in the block diagram and is offered only
as an option for those desiring the best possible
noise figure on 15 and 10 meters. However, the
receiver will give good results without the pre-
amplifier.

Referring to Fig. 5-60, the signal is fed di-
rectly into an IGFET mixer at J,. Output from
the oscillator/buffer chain is injected to the sub-
strate of the mixer, Q,, through a broad-band
toroidal step-up transformer, L,-Ls. I-f output
is taken from L, and fed to L, of the amplifier
through miniature coax cable. (The oscillator,
mixer, calibrator, i-f amplifier, and other sections
of the receiver are modular, as shown in the block
diagram of Fig. 5-59. The rf modules are built in
Miniboxes to afford isolation between the sec-
tions. Coax cable connects the rf modules to pro-
vide additional shielding. A 9-MHz crystal-
lattice i-f filter, FL; is used at the input of the
i-f amplifier. Its bandwidth and skirt selectivity
can be chosen to suit the builder’s tastes. The
filter used in this model is a Hallicrafters unit
which was employed in the SX-146. (A good
low-cost series of 9-MHz filters are available
under the KVG brand name, and are available

Fig. 5-58—Front view of the HB-70 receiver. An Eddy-
stone tuning dial is used on this model. An S meter
is visible at the upper right, but is not connected
into the circuit. Various methods for employing an
S meter are shown earlier in the chapter. They can
be adapted to this circuit if a meter is desired.

from Spectrum International, Box 87, Topsfield,
Mass., 01983. Also, the McCoy Electronics Co. of
Mt. Holly Springs, Penn. sells good 9-MH:z
filters.)

The 100-kHz calibrator, Qg, provides strong
markers up through the 10-meter band. Its out-
put is paralleled with the antenna lead going to
the arm of S,.

The remainder of the receiver circuit is shown
in Fig. 5-61. Output from the i-f amplifier con-
nects to the product detector at J,. The bfo is
on the same board as the product detector and
its pitch is varied by biasing CR, and CRj,, two
silicon diodes in parallel, when varing the voltage
at Ryq. This results in a VXO circuit with a
frequency variation of 5 kHz. Audio amplifier
Q2 is on the same circuit board and feeds the
“hang agc” circuit in addition to supplying audio
to the af board.

C;
+12v BFO
ANTENNA
} NTEN T ‘?"T_°+ 2y
MOS ~ |I-F ~ DETECTOR
MIXER AMPLIFIER i BFO
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Fig. 5-59—Block diagram of the receiver showing how the modules connect together. The power supply is not
shown.
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Parts list for diagrams on

C,, Co—See coil table. (Use silver-mica capacitors.)

C3—140-pF miniature variable.

Cs, Cnni—Compression trimmer, 50-380 pF.

C,—Silver mica. Select value to give desired tuning
range with Cs.

Cs—80-pF variable (Johnson 149-4 or equiv.).

Czs, Co—Mica trimmer, 7-100 pF.

Css—Optional; 1000-uF, 25-volt electrolytic if unreg.
line used.

CR;—Zener diode, 6-7 volts, 1 watt.

CRz, CRs—Silicon diode, FD-200 (Fairchild) or equiv.

CRi, CRs—Any signal-type silicon diode (Fairchild
FDM-1000 or equiv.).

CRo, CR:—Silicon diode, 750 mA, 100 V.

CRs—5-volt Zener diode, 1-watt (2N3564 or equiv.).

FLi—I-f filter, 9 MHz (see text for details).

J1, Ja—Coax chassis fitting (SO-239 style, or phono
jack).

Js—Phono jack.

J«—Open-circuit phone jack.

L1, Le—See coil table.

L2—20 turns No. 24 enam. on ferrite toroid core, i.d.
%", o.d. 546" (Arnold A4-310-125-EP or equiv.
Write to Amidon Assoc., 12033 Otsego St., N.
Hollywood, Ca. for substitute types.).

L:—3 turns No. 24 enam. wound over L,.

Li—40 turns No. 32 enam. on same type core as L,.

Ls—10 turns No. 32 enam. wound over L,.

L10—50 turns No. 30 enam. on same type core as Ls.

L11—20 turns No. 30 enam. on same core with L.

L12—30 turns No. 30 enam. on same type core as Lg,
tapped 18 turns from collector end.

pages 146 and 147

L1s—3 turns No. 24 enam. wound over L.

Q,—IGFET (Fairchild FT57, RCA 3N141, or equiv.).

Q:—2N3641 or equiv. rf-amp. type.

Qs, Qi—2N3564 or equiv. rf-amp. type.

Qe—2N3643 or equiv. rf type.

Qr—2N3692, SE-1001, or equiv.

Qs—2N3688, 2N3698, 2N3690, or SE-5021.

Qu—2N3641 or equiv.

Q10, Qu—2N3564 or equiv.

Qu2, Q1s—2N3566 or equiv.

Q1-Que, incl.—2N3567 or equiv.

Qu7, Que—2N3566 or equiv.

Qis—2N3568 (Fairchild) or equiv.

Q2—2N3567 or equiv.

Q21—2N3566 or equiv.

Rz—10,000-ohm linear taper.

Ris—200-ohm linear taper.

Rea—1000-ohm, 2-watt, linear taper.

Ree—10,000-0hm linear taper.

RFC;—Miniature 15-uH rf choke.

RFC:—Miniature 10-uH rf choke.

S;—Ceramic rotary, 4 poles, 5 pos. (for 5 bands).

S:—Spdt slide or toggle.

Sa—Dpdt toggle or slide switch.

S(—Spst toggle or slide switch.

T,—Driver, 10,000 ohms to 2000 ohms c.t., (Argonne
AR-109).

T:—Output, 100 to 500 ohms, c.t., voice-coil sec.
(Stancor TA-39, TA-40, etc.).

Ts—6.3-volt, 1-A filament transformer.

Y:—Marker crystal, 100 or 500 kHz,

Y:—BFO crystal to match filter used.

Automatic control of the i-f gain is provided
by the hang agc voltage from rectifier CR, which
charges Cyg, then biases the control transistor
Q19 in and out of conduction. Q.4 thus controls
the i-f gain of Q,, Fig. 5-60.

The af signal from Q,, is routed to an active,
regenerative af filter, Q,5. This circuit is used
to provide cw selectivity when a filter for ssb
bandwidth is used at FL,. With the constants
shown a 40-Hz bandwidth will be obtained at
800 Hz. The af filter can be eliminated if de-
sired. If so, one of the inexpensive imported audio
boards could be substituted for the audio channel
shown in Fig. 5-61. The amplifier shown here
provides approximately 300 mW of output.

The simple power supply of Fig. 5-61 provides
both regulated and unregulated output voltages

for the receiver. The supply will deliver up to
150 mA.

Construction Notes

A detailed description of the chassis layout will
not be given here because the builder may wish
to use whatever he has on hand to enclose the
various modules. Also, the tuning dial used will
have much to do with the actual chassis layout.
The main consideration is that the modules be

located near the panel controls to which they
connect, where practical. They should be as-
sembled on the chassis in some logical sequence to
minimize the lengths of interconnecting leads.

The circuit boards can be of the etched variety,
or perforated boards with push-in terminals can
be used. For that matter, standard vacuum-tube
construction methods can be employed if the
builder does not wish to use circuit boards. In
this case it would be wise to use transistor sockets
in each module.

. Cw SEL.
| = Iouo e
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BFO ] ).F.GAIN @
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3. NS SPKR. _PWR.
d® @0 &
PITCH ANT.TRIM BAND CAL. PHONES OFF

Fig. 5-62—Suggested front-panel layout for the re-

ceiver. The chassis and panel should be fairly rugged

to prevent mechanical instability of the oscillator.
Panel brackets are recommended to aid stability.
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COIL TABLE
Front-End Coil Data
Band 80 40 20 15 10
6.5 yH 3.5 uH 1.7 uH 0.9 wvH 09 uH
23 turns 34” dia. |15 turns 34” dia. {12 turns 34” dia. |10 turns $4” dia. {10 turns $4” dia.
L, |32 tpi 32 t.pi. 16 t.p.i. 16 t.p.i. 16 t.p.i.
Mixer (Airdux 632) |(Airdux 632) [(Airdux 616) [(Airdux 516) |(Airdux 516)
Tapat 115 turns [Tap at 1 turn [Tap at 1 turn |Tapatl turn |Tapatl turn
C, {200 pF 100 pF — — —
8 turns No. 24 |4 turns No. 24 (20 turns No. 24 |6 turns No. 24 |4 turns No. 24
Lg* |close-wound close-wound close-wound close-wound spaced 0.05”
Oscillator Tap at 3 turns |Tap at 114 turns|Tap at 8 turns |Tap at 2 turns |Tap at 2 turns
Cqa [200 pF 150 pF 50 pF 240 pF 50 pF
L, — — —_ Identical Identical
to L, to L,
RF Lo** — — — 16 turns No. 24|16 turns No. 24
Amoplifier L, — — —_ 3 turns No. 24 |3 turns No. 24
on Lg on Lg
Cia — — — 18 pF 18 pF

* All coils wound with enameled wire on 34” dia. slug-tuned form — e.g., Cambion 1534-2-2 or Miller 4400-2.
** All coils wound on toroid core, Arnod A4 315 125 EP or similar,
Notes: The component values for Ls and Ce in the local oscillator are those in use in an operating receiver hav-
ing a 9-MHz i-f. Different values may be necessary if different tuning capacitors, coil forms, etc., are desirable.
Experimentation may be required to suit the indivdual’s requirements.
The input coils in the mixer circuit are chosen to give very high selectivity in this circuit. If an rf amplifier is
to be used, a high-Q circuit should be used there, and toroids may be used elsewhere in order to keep size down.

Fig. 5-63—Schematic of a preamplifier that

can be used ahead of the HB-70 for im-

proved noise figure on 15 and 10 meters.

Extreme care should be exercised in han-

dling and installing the MOSFET transistors,

Qs and Qi, to prevent damage from static

charges. Keep all leads shorted together un-

til the transistor is plugged into its socket
on the wired circuit board.

Cie—Silver mica; see coil table.

Cj17, C19—35-pF miniature variable.

Js, Jo—Coax connector.

L7, Ls, Lo—See coil table.

Qs—MOSFET, Fairchild FT57 or RCA 3N140.

Fig. 5-64—Suggested layout for the HB-70 receiver.
Dotted lines indicate under-chassis compartment and
parts. Audio and agc boards need not be shielded,
but can be. For least hum pickup the power supply
should be enclosed in an iron compartment (Gal-
vanized furnace ducting can be used for this.) The
mixer coils are not shown, but can be installed in the

mixer compartment behind Ca.
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Chapter 6

Oscillators, Multipliers
and Power Amplifiers

Regardless of the transmission mode—code,
a.m., single sideband, radioteletype, amateur TV
—vacuum tubes and semiconductors are common
elements to the transmitters. They are used as
oscillators, amplifiers, frequency multipliers and
frequency converters. These four building blocks,
plus suitable power supplies, are basically all that
is required to make any of the popular transmis-
sion systems.

The simplest code transmitter is a keyed
oscillator working directly into the antenna; a
more elaborate (and practical) code transmitter
will include one or more frequency-multiplication
stages and one or more power-amplifier stage.
Any code transmitter will obviously require a
means for keying it. The bare skeleton is shown in
Fig. 6-1A. The r.f. generating and amplifying sec-
tions of a double-sideband 'phone transmitter (a.m.
or f.m.) are similar to those of a code transmitter.

The over-all design depends primarily upon the
bands in which operation is desired, and the
power output. A simple oscillator with satisfac-
tory frequency stability may be used as a trans-
mitter at the lower frequencies, but the 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 the 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 some-
times applied to an amplifier stage to indicate
that its primary purpose is one 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 prac-
tice in working at the higher frequencies to
operate the oscillator at a low frequency and
follow it with one or more frequency multi-
pliers as required to arrive at the desired out-
put frequency. A frequency multiplier is an
amplifier that delivers output at a multiple
of the exciting frequency. A doubler is a mul-
tiplier that gives output at twice the exciting
frequency; a tripler multiplies the exciting fre-
quency 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
turn, feeds the antenna system.

Good frequency stability is most easily ob-
tained through the usc 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
v.f.o. (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 com-
pare with that of a crystal oscillator.

In all types of transmitter stages, screen-grid
tubes have the advantage over triodes that they
require less driving power. With a lower-power
exciter, the problem of harmonic reduction is
made easier.

The best stage or stages to key in a code trans-
mitter is a problem by itself, to be discussed in
a later chapter. An f.m. transmitter (Fig. 6-1B)
can only be modulated in the oscillator stage; a
closely-allied type of transmitter (phase-mod-
ulated) can be modulated in a multiplier or am-
plifier stage. An a.m. 'phone transmitter, Fig.
6-1C, can only be modulated in the output stage,
unless the modulated stage is followed by a linear
amplifier. However, following an amplitude-mod-
ulated stage by a linear amplifier is an inefficient
process, convenient as an expedient but not rec-
ommended for best efficiency.

e B e I
| S
el eis

»

Fig. 6-1—Block diagrams showing the types of trans-
mitters that typically use frequency multipliers followed
by power amplifiers. The code transmitter (A) may or
may not include multipliers and amplifiers. An f.m.
transmitter must be modulated in the oscillator stage
and is usually followed by several multiplier stages be-
fore the output amplifier. An a.m. ‘phone transmitter is
most efficient when modulated in the output stage, al-
though it can be modulated in the driver stage and use
a following linear amplifier on the same frequency.
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Crystal Oscillators

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 re-
ceiver are heterodyned to a different frequency.

CRYSTAL OSCILLATORS

The frequency of a crystal-controlled oscil-
lator is held constant to a high degree of accu-
racy 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
r.f. crystal current which, in turn, is a function
of the amount of 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 adjusdted to the
minimum necessary for proper operation.

Crystal-Oscillator Circuits

The simplest crystal-oscillator circuit is shown
in Fig. 6-2A. An equivalent circuit is shown
in Fig. 6-2B, where C, represents the grid-
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the oscillator itself is not entirely independent of
adjustments made in the plate tank circuit when
the latter is tuned near the fundamental fre-
quency of the crystal, the effects can be satis-
factorily minimized by proper choice of the oscil-
lator tube.

The circuit of Fig. 6-3A is known as the Tri-
tet. The oscillator circuit is that of Fig. 6-2C.
Excitation is controlled by adjustment of the
tank L;C;, which should have a low L/C ratio,
and be tuned considerably to the high-frequency
side of the crystal frequency (approximately S
Mec. for a 3.5-Mc. crystal) to prevent over-ex-
citation and high crystal current. Once the proper
adjustment for average crystals has been found,
C, may be replaced with a fixed capacitor of
equal value.

The oscillator circuit of Fig. 6-3B is that of
Fig. 6-2A. Excitation is controlled by C,.

The oscillator of the grid-plate circuit of Fig.
6-3C is the same as that of Fig. 6-3B, except that
the ground point has been moved from the cath-
ode to the plate of the oscillator (in other words,
to the screen of the tube). Excitation is adjusted
by proper proportioning of Cg and C,.

When most types of tubes are used in the cir-
cuits of Fig. 6-3, oscillation will stop when the
output plate circuit is tuned to ‘the crystal fre-

(A)

@)

Fig. 6-2—Simple crystal oscillator circuits. A—Pierca. B—Equivalent of circuit A. C—Simple triode oscillator. C;
is a plate blocking capacitor, C; an output coupling capacitor, and Cs a plate bypass. C, and Cs are discussed in
the text. Co and L, should tune to the crystal fundamental frequency. R: is the grid leak.

cathode capacitance and C indicates the plate-
cathode, or output capacitance. The ratio of
these capacitors controls the excitation for the
oscillator, and good practice generally requires
that both of these capacitances be augmented
by external capacitors, to provide better control
of the excitation.

The circuit shown in Fig. 6-2C is the equiva-
lent of the tuned-grid tuned-plate circuit dis-
cussed in the chapter on vacuum-tube principles,
the crystal replacing the tuned grid circuit.

The most commonly used crystal-oscillator cir-
cuits are based on one or the other of these two
simple types, and are shown in Fig. 6-3. Although
these circuits are somewhat more complicated,
they combine the functions of oscillator and am-
plifier or frequency multiplier in a single tube. In
all of 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

quency, and it is necessary to operate with the
plate tank circuit critically detuned for maxi-
mum output with stability. However, when the
6AG7, 5763, or the lower-power 6AHG6 is used
with proper adjustment of excitation, it is possi-
ble to tune to the crystal frequency without
stopping oscillation. The plate tuning character-
istic should then be similar to Fig. 6-4. These
tubes also operate with less crystal current than
most other types for a given power output, and
less frequency change occurs when the plate
circuit is tuned through the crystal frequency
(less than 25 cycles at 3.5 Mc.).

Crystal current may be estimated by observing
the relative brilliance of a 60-ma. dial lamp con-
nected 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.
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In these 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 har-

+150 T0 300

(A)

TRI-TET

6AGT

Nl
o/
-
[

o}
l Icv RFC,

o
(C) GRID-PLATE +150 T0 300
Fig. 6-3—Commonly used crystal-controlled oscillator
circuits. Values are those recommended for a 6AG7 or
5763 tube. (See reference in text for other tubes.)

capacitor—3.5-Mc. crystals—ap-
mica—7-Mc. crystals—approx.

C,—Feedback-control
prox. 220-pf.
150-pf. mica.

Cz—Output tank capacitor—100-pf. variable for single-
band tank; 250-pf. variable for two-band tank.

Cy;—Screen bypass—0.001-uf. disk ceramic.

C(—Plate bypass—0.001-uf. disk ceramic.

Cs;—Output coupling capacitor—50 to 100 pf.

Ce—Excitation-control capacitor—30-pf. trimmer.

Cr—Excitation capacitor—220-pf. mica for 6AG7; 100-
pf. for 5763.

Cs—D.c. blocking capacitor—0.001-4f. mica.

Co—Excitation-control capacitor—220-pf. mica.

R;—Grid leak—0.1 megohm, 2 watt.

R:—Screen resistor—47,000 ohms, 1 watt.

Li—Excitation-control inductance—3.5-Mc. crystals—ap-
prox. 4 wh.; 7-Mc. crystals—approx. 2 ph.

Lz-—Oquu{-circuil coil—single band:—3.5 Mc.—17 th,;
7 Mc.—8 uh.; 14 Mc.—2.5 uh.; 28 Mc.—1 uh.
Two-band operation: 3.5 & 7 Mc.—=7.5 ph.; 7
& 14 Mc.—2.5 ph,

RFC;—2.5-mh. 50-ma. r.f. choke.

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

monics. Especially for harmonic operation, a
low-C plate tank circuit is desirable.

For best performance with a 6AG7 or 5763,
the values given under Fig. 6-3 should be fol-
lowed closely.

VARIABLE-FREQUENCY OSCILLATORS

The frequency of a v.f.o. 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 fre-
quency called drift. The effective input capaci-
tance of the oscillator tube, which must be
connected across the circuit, changes with vari-
ations in electrode voltages. 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 variations in the
load may reflect on the frequency. Very slight
mechanical movement of the components may
result in a shift in frequency, and vibration can
cause modulation.

V.F.O. Circuits

Fig. 6-5 shows the most commonly used cir-
cuits. They are all designed to minimize the
effects mentioned above. All are similar to the
crystal oscillators of Fig. 6-3 in that the screen
of a tetrode or pentode is used as the oscillator
plate. The oscillating circuits in Figs. 6-5A
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.
6-5D (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 further reduced. In contrast
to the preceding circuits, the resulting tank
circuit has a high L/C ratio and therefore the

Fig. 6-4—Plate tuning
characteristic of circuits
of Fig. 6-3 with preferred
types (see text). The
plate-current dip at res-

onance broadens and is
less pronounced when
the circuit is loaded.

PLATE CURRENT

TUNING CAPACITANCE



V.F.O. Circuits

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 Ci2 or Ci3
(which are usually equal) to Ci0 + Ci1 should
be as high as possible without stopping oscilla-
tion. The permissible ratio will be higher the
higher the Q of the coil and the mutual conduct-
ance of the tube. If the circuit does not oscillate
over the desired range, a coil of higher Q must
be used or the capacitance of Cy2 and Cys re-
duced Load lsolation

In spite of the precautions already discussed,
the tuning of the output plate circuit will cause a
noticeable change in frequency, particularly in

L,EC,;E
C

+75T0 150 +150 T0 300

(A) HARTLEY

Ls

o o
+7570150 +150 T0 300

COLPITTS

©)
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the region around resonance. This effect can be
reduced considerably by designing the oscillator
for half the desired frequency and doubling fre-
quency in the output circuit.

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 v.f.o. frequency control,
will have negligible effect on the frequency. This
can be done by substituting a fixed-tuned circuit
in the output of the oscillator, and adding
isolating stages whose tuning is fixed between the
oscillator and the first tunable amplifier stage in
the transmitter, Fig. 6-6 shows such an arrange-
ment that gives good isolation. In the first stage,
a 6C4 is connected as a cathode follower. This

O O
+75T0150 +150 7O 300

(B) HARTLEY - UNTUNED OUTPUT

+75T70150 +150T0 300

(0)

SERIES — TUNED COLPITTS

Fig. 6-5-V.f.o. circuits. Approximate values for 3.5-4.0-Mc. output are given below. Grid circuits are tuned to
half frequency (1.75 Mc.).

C;—Oscillator bandspread tuning capacitor—200-pf.
variable.
C>—Output-circuit tank capacitor—47-pf.
Cs—Oscillator tank capacitor—600-pf. zero-tempera-
ture-coefficient mica.
Ci—Grid coupling capacitor—100-pf.
ture-coefficient mica.

Cs—Screen bypass—0.001-uf. disk ceramic.

Cs—Plate bypass—0.001-uf. disk ceramic.

C:—Output coupling capacitor—50 to 100-pf. mica.

Ce—Oscillator tank capacitor—750-pf. zero-tempera-
ture-coefficient mica.

Co—Oscillator tank capacitor—0.0033-4f. zero-temper-
ature-coefficient mica.

Ci0—Oscillator bandspread padder—100-pf. variable
air.

zero-tempera-

Cu—Oscillator bandspread tuning capacitor—50-pf.
variable.

Cis, Cis—Tube-coupling capacitor—0.002-4f. zero-tem-
perature-coefficient mica.

R1—47,000 ohms, V5 watt.

Li—Oscillator tank coil—10 #h., tapped about one-
third-way from grounded end.

La—Output-circuit tank coil—20-40 ph., adjustable.

Lz—Oscillator tank coil—10 h.

Ls—Oscillator tank coil—10 zh.

L(—Oscillator tank coil—70 ph.

Ls—Output coil—100-140 £h., adjustable.

RFC;, RFC2—100 uh. r.f. choke.

V1—6AG7, 5763 or 6AH6 preferred;
usable.

Vi—6AG7, 5763 or 6AH6 required for feedback ca-
pacitances shown.

other types
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drives a 5763 buffer amplifier whose input circuit
is fixed-tuned to the v.f.o outnut hand. For best
isolation, the 6C4 should not be driven into grid
current. This can be achieved by adding a 100-pf.
capacitor from 6C4 grid to ground (to form, with
the coupling capacitor, a voltage divider) or by
reducing the oscillator supply voltages.

Chirp, Pulling and Drift

Any oscillator will change frequency with an
extreme change in plate and screen voltages, and
the use of stabilized sources for both is good prac-
tice. 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
f.m. 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 the keying or
modulation. This may cause a “chirp” on c.w. or
incidental f.m. on a.m. ’phone. In either case the
cure is to provide one or more “buffer” or iso-
lating 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

V.F.0.

CATH. FOLLOWER
eC

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

an oscillator can be corrected (at a frequency f)
by adding an N750-type capacitor (-750 parts per
million per 9C) of a value determined by making
two sets of measurements. Measure the drift f1
from cold to stability (e.g., 1%4 hours). To the
cold (cooled-off) oscillator, add a trial N750 ca-
pacitor (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 f, over. the same period (e.g., 1% hours).
The required corrective N750 capacitor is then

Corrective C = Ceria1 b

fx'—ﬁ
If_ the trial capacitor results in a drift to a
higher frequency, the denominator becomes

i+ fo

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 therefore
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-

BUFFER
5763

1000 100

itself is keyed or
modulated.

Frequency drift
is minimized by
limiting the tem-
perature excursions
of the frequency-
determining'compo-
nents to a minirnum.
This calls for good
ventilation and a
minimum of heat-
generating compo-
nents.

Variable capaci-
tors should have
ceramic insulation,
good bearing contacts and should preferably be
of the double bearing type. Fixed capacitors
should have zero temperature coefficients. The
tube socket should have ceramic insulation.

&

RFC,

L
-

100 uh.

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-
temperature operation of the oscillator. If 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 “NPQO” types.

Most uncorrected oscillators will drift to a
lower frequency as the temperature rises. Such

AM—0+ 350
ouf

RFC,

I

22K

w. O
+350

Fig. 6-6—Circuit of an isolating amplifier for use between v.f.o. and first tunable
stage. Unless otherwise specified, all capacitances are in picofarads, all resistors are
Vs watt. Ly, for the 3.5-Mc. band, consists of 100-140 ph. adjustable inductor. RFCy is

All capacitors are disk ceramic.

wound type, or should be wound 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 vibration, components
should be mounted securely. Particularly in the
circuit of Fig. 6-5D, the capacitor should pref-
erably have small, thick plates and the coil
braced, if necessary, to prevent the slightest me-
chanical movement. Wire connections between
tank-circuit components should be as short as
possible and flexible wire will have less tendency
to vibrate than solid wire. It is advisable to cush-
ion the entire oscillator unit by mounting on
sponge rubber or other shock mounting.



Plate Tank Q

Tuning Characteristic

If the circuit is oscillating, touching the grid of
the tube or any part of the circuit connected to it
will show a change in plate current. In tuning the
plate output circuit without load, the plate cur-
rent will be relatively high until it is tuned near
resonance where the plate current will dip to a
low value, as illustrated in Fig. 6-4. When the
output circuit is loaded, the dip should still be
found, but broader and much less pronounced as
indicated by the dashed line. The circuit should
not be loaded beyond the point where the dip is
still recognizable.

Checking V.F.O. Stability

A v.f.o. 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 v.f.o. will show signals of good quality and
stability when it is running free and not con-
nected 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 arrangements is a receiver combined
with a crystal oscillator, as shown in Fig. 6-7.
(See “Crystal Oscillators,” this chapter.) The
crystal frequency should lie in the band of the
lowest frequency to be checked and in the fre-
quency range where its harmonics will fall in the
higher-frequency bands. The receiver b.f.o. is
turned off and the v.f.o. signal is tuned to beat
with the signal from the crystal oscillator in-
stead. In this way any receiver instability caused
by overloading of the input circuits, which may
result in “pulling” of the h.f. oscillator in the
receiver, or by a change in line voltage to the
receiver when the transmitter is keyed, will not

R.F. POWER-AMPLIFIER

In the remainder of this chapter the vacuum
tubes will be shown, for the most part, with in-
directly-heated cathodes. However, many trans-
mitting tubes use directly heated filaments for
the cathodes; when this is done the filament
“center-tap” connection will be used, as shown
in Fig. 6-8.

PLATE TANK Q

R.f. power amplifiers used in amateur trans-
mitters are operated under Class-C or -AB
conditions (see 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 transmis-
sion line to an antenna, or the grid circuit of an-
other amplifier. A further objective is to mini-
mize the harmonic energy (always generated by
a Class C amplifier) fed into the load circuit. In
attaining these objectives, the Q of the tank cir-
cuit is of importance. When a load is coupled in-
ductively, as in Fig.6-10, the Q of the tank circuit
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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

RECEIVER- BFO OFF

. ©
AN

Fig. 6-7—Setup for checking v.f.o. stability. The re-
ceiver should be tuned preferably to a harmonic of
the v.f.o. frequency. The crystal oscillator may oper-
ate somewhere in the band in which the v.f.o. is
operating. The receiver b.f.o. should be turned off.

XTAL
0scC.

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 frequencies. 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.

TANKS AND COUPLING

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
Q will result in less efficient operation of the am-
plifier 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.

The Q is determined (see chapter on electrical

()

Fig. 6-8—Filament center-tap con-
nections to be substituted in place
of cathode connections shown in
diagrams when filament-type tubes
are substituted. T; is the filament
transformer. Filament bypasses, C,,
should be 0.01-uf. disk
capacitors. If a self-biasing (cath- T,
ode) resistor is used, it should be
placed between the center tap
and ground.

ceramic

1ISVAC
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Fig. 6-9—Chart showing plate tank capacitance re-
quired for a Q of 10. Divide the tube plate voltage
by the plate current in milliamperes. Select the ver-
tical line corresponding to the answer obtained. Fol-
low 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, etc. When a split-stator capacitor is
vsed in a balanced circuit, the capacitance of each
section may be one half of the value given by the
chart,

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 d.c. plate voltage to d.c. plate
current at which the tube is operated and can be
computed from:

R. — Plate volts X 500
L= Plate ma.

The amount of C that will give a Q of 10 for
various ratios is shown in Fig. 6-9. For 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 Q,
the capacitance of each section of a split-stator
capacitor in a balanced circuit should be half
the value shown.

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

These values of capacitance include the output
capacitance of the amplifier tube, the input capac-
itance of a following amplifier tube if it is cou-
pled 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. 6-10 is located for
convenience at some distance from the amplifier,
or when maximum harmonic reduction is de-
sired, it is advisable to feed the power to the
load through a low-impedance coaxial cable.
The shielded 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 inde-
pendent of the cable length. Matching circuits
for use between the cable and another transmis-
sion line are discussed in the chapter on trans-
mission lines, while the matching adjustments
when the load is the grid circuit of a following

TO DRIVER
o

RFC,

o o
- BIAS +5.6. +HV.

Fig. 6-10—Inductive-link output coupling circuits.

C,—Plate tank capacitor—see text and Fig. 6-9 for
capacitance, Fig. 6-33 for voltage rating.

C,—Screen bypass—voltage rating depends on
method of screen supply. See paragraphs on
screen considerations. Voltage rating same
as plate voltage will be safe under any con-
dition.

Cs—Plate bypass—0.001-u#f. disk
Voltage rating same as C,, plus safety factor.

L;—To resonate at operating frequency with C,. See
LC chart and inductance formula in electrical-
laws chapter, or use ARRL Lightning Calcula-
tor.

L;—Reactance equal to line impedance. See reactance
chart and inductance formula
laws chapter, or use ARRL Lightning Calcula-
for.

R—Representing load.

ceramic or mica.

in electrical



Link Coupling

COAXIAL LINE

PICK-UP
INDUCTOR .

(A)
@L c‘
? ;I !COAX[AL LINE
+

(8)
ALTERNATIVE FOR USE
WITH SMALL LINKS

L L2
cl COAXIAL LINE

(c)

Fig. 6-11—With flat transmission lines, power transfer

is obtained with looser coupling if the line input is

tuned to resonance. C; and L; should resonate at the

operating frequency. See table for maximum usable

value of C,. If circuit does not resonate with maxi-

mum C; or less, inductance of L; must be increased,
or added in series at L.

amplifier are described elsewhere in this chapter.

Assuming that the cable is properly terminated,
proper loading of the amplifier will be assured,
using the circuit of Fig. 6-11A, if

1) The plate tank circuit has reasonably high
value of Q. A value of 10 is usually sufficient.

2) The inductance of the pick-up 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 charac-
teristic impedance, Zo, of the line.

3) It is possible to make the coupling between
the tank and pick-up coils very tight.

The second in this list is often hard to meet.
Few manufactured link coils have adequate in-
ductance even for coupling to a 50-ohm line at
low frequencies.

Capacitance in pf. Required for Coupling 1o
Flat Coaxial Lines with Tuned Coupling Circuit *

Frequency Characteristic Impedance of Line
Band . 52
Me. 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.

157

If the line is operating with a low s.w.r.,, the
system shown in Fig. 6-11A will require tight
coupling between the two coils. Since the sec-
ondary (pick-up coil) circuit is not resonant, the
leakage reactance of the pick-up coil will cause
some detuning of the amplifier tank circuit. This
detuning effect increases with increasing cou-
pling, 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 difficulties of using “untuned”
pick-up coils, mentioned above, can be avoided
by using a coupling circuit tuned to the operat-
ing frequency. This contributes additional se-
lectivity as well, and hence aids in the suppres-
sion of spurious radiations.

If the line is flat the input impedance will be
essentially resistive and equal to the Zy of the
line. With coaxial cable, a circuit of reasonable
Q can be obtained with practicable values of in-
ductance and capacitance connected in series with
the line’s input terminals. Suitable circuits are
given in Fig. 6-11 at B and C. The Q of the cou-
pling circuit often may be as low as 2, without
running into difficulty in getting adequate cou-
pling to a tank circuit of proper design. Larger
values of Q can be used and will result in in-
creased ease of coupling, but as the Q is in-
creased the frequency range over which the cir-
cuit will operate without readjustment becomes
smaller. It is usually good practice, therefore, to
use a coupling-circuit Q just low enough to per-
mit operation, over as much of a band as is nor-
mally used for a particular type of communica-
tion, 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 operating frequency. If the link coil used for
a particular band does not have enough induc-
tance to resonate, the additional inductance may
be connected in series as shown in Fig. 6-11C,

Characteristics

In practice, the amount of inductance in the
circuit should be chosen so that, with somewhat
loose coupling between L; and the amplifier tank
coil, the amplifier plate current will increase
when the variable capacitor, Cy 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 Cy. If the trans-
mission line is flat over the entire frequency band
under consideration, it should not be necessary to
readjust Ci 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 C; may be
needed to compensate for changes in the input
impedance of the line. If the input impedance
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variations are not large, C1 may be used as a
loading control, no changes in the coupling be-
tween L, and the tank coil being necessary.

The degree of coupling between Li and the
amplifier tank coil will depend on the coupling-
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 suffi-
cient power transfer. This can be done by in-
creasing the L/C ratio.

PI-SECTION OUTPUT TANK

A pi-section tank circuit may also be used in
coupling to an antenna or transmission line, as
shown in Fig. 6-12. The optimum values of ca-
pacitance for C; and Cg, and inductance for L
are dependent upon values of tube power input
and output load resistance.

OuTPUT

RFC,

Fig. 6-12—Pi-section output tank circuit.

Ci—Input or plate tuning capacitor. See text or Fig.
6-13 for reactance. Yoltage rating equal to
d.c. plate voltage; twice this for plate modu-
lation.

Cz:—Output or loading capacitor. See text or Fig.
6-15 for reactance. See text for voltage rat-
ing.

Cs—Screen bypass. See Fig. 6-10.

C(—Plate bypass. See Fig. 6-10.

Cs—Plate blocking capacitor—0.001-uf. disk ceramic
or mica. Voltage rating same as C;.

Li—See text or Fig. 6-14 for reactance.

RFC,—See later paragraph on r.f. chokes.

RFC,—2.5-mh. receiving type (to reduce peak voltage
across both C; and C: and to blow plate
power supply fuse if Cs fails).

Values of reactance for Cy, L1 and C2 may be
taken directly from the charts of Figs. 6-13, 6-14
and 6-15 if the output load resistance is the usual
52 or 72 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.

Output-Capacitor Ratings

The voltage rating of the output capacitor will
depend upon the s.w.r. If the load is resistive,
receiving-type air capacitors should be adequate
for amplifier input powers up to 1 kw. with
plate modulation when feeding 52- or 72-ohm
loads. In obtaining the larger capacitances re-
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PI-NETWORK DESIGN CHARTS FOR FEEDING 52-
OR 72-OHM COAXIAL TRANSMISSION LINES
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Fig. 6-13—Reactance of input capacitor, C;, as a
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Transistor Output Circuits

quired for the lower frequencies, it is common
practice to switch fixed capacitors in parallel
with the variable air capacitor. While the voltage
rating of a mica or ceramic capacitor may not be
exceeded in a particular case, capacitors of these
types are limited in current-carrying capacity.
Postage-stamp silver-mica capacitors should be
adequate for amplifier inputs over the range from
about 70 watts at 28 Mc. to 400 watts at 14 Mc.
and lower. The larger mica capacitors (CM-45
case) having voltage ratings of 1200 and 2500
volts are usually satisfactory for inputs varying
from about 350 watts at 28 Mc. to 1 kw. at 14 Mc.
and lower. Because af these current limitations,
particularly at the higher frequencies, it is ad-
visable to use as large an air capacitor as prac-
ticable, using the micas only at the lower frequen-
cies. Broadcast-receiver replacement-type capaci-
tors can be obtained reasonably. Their insulation
should be adequate for inputs of 500 watts or
more.

Neutralizing with Pi Network

Screen-grid amplifiers using a pi-network out-
put circuit may be neutralized by the system
shown in Figs. 6-23 B and C.

TRANSISTOR OUTPUT CIRCUITS

Since r.f. 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.

Two common circuits are shown in Fig. 6-16.
That at A is the familiar pi network, differing
only in the relative values. C; will be larger than
the output loading capacitor, C,, and L; will be
small by comparison with the value used with
vacuum tubes at the same frequency. The choke,
RFC,, should have an impedance no higher than
10 times the output impedance of the transistor,
if low-frequency parasitics are to be avoided.
See Chapter Two for pi network formulas.

A circuit with somewhat more harmonic at-
tenuation is shown in Fig. 6-16B. In designing
such a circuit, which is actually two pi networks
in cascade, the first section is designed for, say,
5 to 16 ohms, and the second for 16 to 50. Cy
is then the sum of the output capacitance of the
first network and the input of the second.

A third network, a variation of the L network,
is shown in Fig. 6-16C. In this circuit, the effec-
tive inductance in the L network is the net in-
ductive reactance in the L,C; branch. Thus tun-
ing C; has the effect of varying the inductance
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in the L network. See Chapter Two for L net-
work formulas. Output loading is controlled by
Cy, but it will interlock with C; and Cj.

In a power r.f. common emitter transistor am-
plifier, the excitation is introduced between base
and emitter. With minimum resistance in the d.c.
circuit, the operation will be Class B. Adding
a few ohms in series for bias will result in Class-C
operation. The bias resistor should be bypassed
for the operating frequency. If an r.f. choke is
used, its impedance should be 5 to 50 times the
transistor input impedance.

Parallel operation of power transistors is not
recommended, because one transistor may ‘hog”
the current. However, push-pull operation (and
particularly Class-C) provides no such problems.
It does compound the required tank-circuit com-
ponents, however, unless one goes to single-
inductor inductive coupling circuitry.

Early tests of transistor r.f. 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
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.

+

I RFC, L

.Olp!.

Fig. 6-16—Output circuits for use with r.f. power tran-
sistors. (A) Simple pi network. (B) Double pi network,
for better harmonic attenuation. (C) L network.

R.F. AMPLIFIER-TUBE OPERATING CONDITIONS

In addition to proper tank and output-coupling
circuits discussed in the preceding sections, an
r.f. amplifier must be provided with suitable
electrode voltages and an r.f. driving or excita-
tion voltage (see vacuum-tube chapter).

All r.f. amplifier tubes require a voltage to
operate the filament or heater (a.c. is usually
permissible), and a positive d.c. voltage between
the plate and filament or cathode (plate voltage).
Most tubes also require a negative d.c. voltage
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(biasing voltage) between control grid (Grid
No. 1) and filament or cathode. Screen-grid
tubes require in addition a positive voltage
(screen voltage or Grid No. 2 voltage) between
screen and filament or cathode.

Biasing and plate voltages may be fed to the
tube either in series with or in parallel with the
associated r.f. 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 r.f. driving voltage is applied
between grid and cathode. '

Power Input and Plate Dissipation

Plate power input is the d.c. power input to
the plate circuit (d.c. plate voltage X d.c. plate
current).—Screen power input likewise is the
d.c. screen voltage X the d.c. screen current.

Plate dissipation is the difference between the
r.f. power delivered by the tube to its loaded
plate tank circuit and the d.c. 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 oper-
ating 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 in-
cluded are as many sets of typical operating
values as space permits. However, it is recom-
mended 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 differ-
ent 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 heat. Other types of operation, such as c.w.
or single-sideband phone are intermittent in na-
ture, resulting in less average heating than in
other modes where there is a continuous power
input to the tube during transmissions. There are
also difterent ratings for tubes used in transmit-
ters 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 Commercial and Amateur Service).
The latter are the ratings used by amateurs who
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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 normally of significance to the amateur ex-
cept 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 max-
imum plate-voltage rating of 2000, a maximum
plate-current rating of 300 ma., and a maximum
plate-power-input rating of 400 watts. There-
fore, 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 ELECTRODE VOLTAGES

Filament or Heater Voltage

The heater voltage for the indirectly heated
cathode-type tubes found in low-power classifi-
cations may vary 10 per cent above or below
rating without seriously reducing the life of the
tube. But the voltage of the higher-power fila-
ment-type tubes should be held closely between
the rated voltage as 2 minimum and S per cent
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 over-
load has not been too prolonged, emission some-
times may be restored by operating the filament
at rated voltage with all other voltages removed
for a period of 10 minutes, or at 20 per cent
above rated voltage for a few minutes,

Plate Voltage

D.c. plate voltage for the operation of r.f. am-
plifiers is most often obtained from a trans-
former-rectifier-filter system (see power-supply
chapter) designed to deliver the required plate
voltage at the required current. However, bat-
teries or other d.c.-generating devices are some-
times used in certain types of operation (see
portable-mobile chapter).

Bias and Tube Protection

Several methods of obtaining bias are shown
in Fig. 6-17. In A, bias is obtained by the voltage
drop across a resistor in the grid d.c. return
circuit when rectified grid current flows. The
proper value of resistance may be determined by
dividing the required biasing voltage by the d.c.
grid current at which the tube will be operated.
Then, so long as the r.f. driving voltage is ad-
justed so that the d.c. grid current is the recom-
mended value, the biasing voltage will be the
proper value. The tube is biased only when ex-
citation is applied, since the voltage drop across
the resistor depends upon grid-current flow.
‘When excitation 1s removed, the bias falls to
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Fig. 6-17—Various systems for obtaining protective and operating bias for r.f. amplifiers. A—Grid-leak.
B—Battery. C—Combination battery and grid leak. D—Grid leak and adjusted-voltage bias pack. E—Combi-
nation grid leak and voltage-regulated pack. F—Cathode bias.

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 in-
tent as it does when a preceding stage in a c.w.
transmitter is keyed.

If the maximum c.w. 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 com-
pletely but only to the point where the rated
dissipation is not exceeded. In this case plate-
modulated phone ratings should be used for c.w.
operation, however.

With triodes this protection can be supplied
by obtaining all bias from a source of fixed volt-
age, as shown in Fig. 6-17B. It is preferable,
however, to use only sufficient fixed bias to pro-
tect the tube and obtain the balance needed for
operating bias from a grid leak, as in C. 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 chap-
ter). If dry batteries are used, they should be
checked periodically, since even though they may
show normal voltage, they eventually develop a
high internal resistance. Grid-current flow
through this battery resistance may increase the
bias considerably above that anticipated. The life
of batteries in bias service will be approximately
the same as though they were subject to a drain
equal to the grid current, despite the fact that the

(F)

grid-current flow is in such a direction as to
charge the battery, rather than to discharge it.

In Fig. 6-17F, bias is obtained from the volt-
age drop across a resistor in the cathode (or
filament center-tap) lead. Protective bias is ob-
tained by the voltage drop across Rs 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 cut-off protective
bias cannot be obtained. When excitation is ap-
plied, plate (and screen) current increases and
the grid current also contributes to the drop
across Rs, thereby increasing the bias to the op-
erating value. Since the voltage between plate
and cathode is reduced by the amount of the volt-
age drop across R, the over-all supply voltage
must be the sum of the plate and operating-bias
voltages. For this reason, the use of cathode bias
usually is limited to low-voltage tubes when the
extra voltage is not difficult to obtain.

The resistance of the cathode biasing resistor
Rs should be adjusted to 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 r.f. connection
to ground depends upon a bypass capacitor. From
the consideration of v.h.f. harmonics and sta-
bility with high-perveance tubes, it is preferable
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to make the cathode-to-ground impedance as
close to zero as possible.

Screen Voltage

For c.w. operation, and under certain condi-
tions of phone operation (see amplitude-modula-
tion 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 requirements.
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 with-
out 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 volt-
age at the screen terminal under actual operating
conditions to make sure that the screen voltage
is normal. Reducing excitation will cause the
screen current to drop, increasing the voltage;
increasing excitation will have the opposite ef-
fect. These changes are in addition to those
caused by changes in bias and plate loading, so
if a screen-grid 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 volt-
age (difference between the supply voltage and
rated screen voltage) by the rated screen current
in decimal parts of an ampere. Some further ad-
justment 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 cut-off voltage may be determined
from an inspection of the tube curves or by ex-
periment.

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. 6-18.
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
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Fig. 6-18—Screen circuit  for

clamper
screen-grid power tubes. The VR tube is needed only
for complete screen-voltage cut-off.

protecting

the clamper tube. However, when excitation is
removed, the clamper-tube bias falls to zero and
it draws enough current through the screen drop-
ping resistor usually to limit the input to the
amplifier to a safe value. If complete screen-
voltage cut-off is desired, a VR tube may be in-
serted in the screen lead as shown. The VR-tube
voltage rating should be high enough so that it
will extinguish when excitation is removed.

FEEDING EXCITATION TO THE GRID

The required r.f. driving voltage is supplied
by an oscillator generating a voltage at the de-
sired frequency, either directly or through inter-
mediate amplifiers 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 r.f. driver supply power. The power re-
quired to develop the required peak driving
voltage across the grid-cathode impedance of
the amplifier is the r.f. driving power.

The tube tables give approximate figures for
the grid driving power required for each tube
under various operating conditions. These fig-
ures, however, do not include circuit losses. In
general, the driver stage for any Class C ampli-
fier should be capable of supplying at least three
times the driving power shown for typical oper-
ating conditions at frequencies up to 30 Mc.,
and from three to ten times at higher frequencies.

Since the d.c. grid current relative to the bias-
ing voltage is related to the peak driving voltage,
the d.c. grid current is commonly used as a con-
venient indicator of driving conditions. A driver
adjustment that results in rated d.c. grid current
when the d.c. 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 ampli-
fier to the output circuit of a driving stage the
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% Fig. 6-19—Coupling excita-
tion to the grid of an r.f.
;5 R power amplifier by means
Ce
of a low-impedance coaxial
line.
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Cy, Cs, Ly, Lz—See corresponding components in Fig. 6-10.
Ca—Amplifier grid tank capacitor—see text and Fig. 6-20 for capacitance, Fig. 6-34 for voltage rating.

C(—0.001-uf. disk ceramic.

L.—To resonate at operating frequency with C.. See LC chart inductance formula in electrical-laws chapter, or

use ARRL Lightning Calculator.

Li—Reactance equal to line impedance—see reactance chart and inductance formula in electrical-laws chapter,

or use ARRL Lightning Calculator.

R is used to simulate grid impedance of the amplifier when a low-power s.w.r. indicator, such as a resist-
ance bridge, is used. See formula in text for calculating value. Standing-wave indicator SWR is

inserted only while line is made flat.

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, this is the load resistance into which
the driver plate circuit must be coupled. The ap-
proximate grid input resistance is given by :

Input impedance (ohms)
_ driving power (watts)
= d.c. grid current (ma.)?

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. This can be done
by the use of a tank as an impedance-transform-
ing device in the grid circuit of the amplifier as
shown in Fig. 6-19. This coupling system may be
considered either as simply a means of obtaining
mutual inductance between the two tank coils, or
as a low-impedance transmission line. If the line
is longer than a small fraction of a wave length,
and if a s.w.r. bridge is available, the line is more
easily handled by adjusting it as a matched trans-
mission line.

Inductive Link Coupling with Flat Line

In adjusting this type of line, the object is to
make the s.w.r. on the line as low as possible
over as wide a band of frequencies as possible so
that power can be transferred over this range
without retuning. It is assumed that the output
coupling considerations discussed earlier have
been observed in connection with the driver plate

circuit. So far as the amplifier grid circuit is
concerned, the controlling factors are the Q of
the tuned grid circuit, LoCo, (see Fig. 6-20) the
inductance of the coupling coil, L4, and the de-
gree of coupling between Lz and L4. Variable
coupling between the coils is convenient, but not
strictly necessary if one or both of the other
factors can be varied. An s.w.r. indicator (shown
as “SWR” in the drawing) is essential. An indi-
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Fig. 6-20—Chart showing required grid tank capaci-
tance for a Q of 12, To use, divide the driving power
in watts by the square of the d.c. grid current in
milliamperes and proceed as described under Fig.
6-9. Driving power and grid current may be taken
from the tube tables. When a split-stator capacitor
is used in a balanced grid circuit, the capacitance
of each section may be half that shown.
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cator such as the “Micromatch” (a commercially
available instrument) may be connected as shown
and the adjustments made under actual operating
conditions; that is, with full power applied to
the amplifier grid.

Assuming that the coupling is adjustable, start
with a trial position of L4 with respect to Lo, and
adjust Cg for the lowest s.w.r. Then change the
coupling slightly and repeat. Continue until the
s.w.r. is as low as possible; if the circuit con-
stants are in the right region is should not be
difficult to get the s.w.r. down to 1 to 1. The Q
of the tuned grid circuit should be designed to
be at least 10, and if it is not possible to get a
very low s.w.r. with such a grid circuit the prob-
able reason is that L4 is too small. Maximum
coupling, for a given degree of physical coupling
will occur when the inductance of L4 is such that
its reactance at the operating frequency is equal
to the characteristic impedance of the link line.
The reactance can be calculated as described in
the chapter on electrical fundamentals if the
inductance is known; the inductance can either
be calculated from the formula in the same
chapter or measured as described in the chapter
on measurements.

Once the s.w.r. has been brought down to 1 to
1, the frequency should be shifted over the band
so that the variation in s.w.r. can be observed,
without changing C2 or the coupling between L2
and L4. If the s.w.r. rises rapidly on either side of
the original frequency the circuit can be made
“flatter” by reducing the Q of the tuned grid cir-
cuit. This may be done by decreasing C, and cor-
respondingly increasing Lg to maintain reso-
nance, and by tightening the coupling between Ly
and L4, going through the same adjustment
process again. It is possible to set up the system
so that the s.w.r. will not exceed 1.5 to 1 over, for
example, the entire 7-Mc. band and proportion-
ately on other bands. Under these circumstances
a single setting will serve for work anywhere in
the band, with essentially constant power trans-
fer from the line to the power-amplifier grids.

If the coupling between L, and L, is not ad-
justable the same result may be secured by vary-
ing the L/C ratio of the tuned grid circuit — that
is, by varying its (. If any difficulty is encoun-
tered it can be overcome by changing the number
of turns in L4 until a match is secured. The two
coils should be tightly coupled.

When a resistance-bridge type s.w.r. indicator
(see measurements chapter) is used it is not
possible to put the full power through the line
when making adjustments. In such case the oper-
ating conditions in the amplified grid circuit can
be simulated by using a carbon resistor (Y5 or
1 watt size) of the same value as the calculated
amplifier grid impedance, connected as indicated
by the arrows in Fig. 6-19. In this case the ampli-
fier tube must be operated “cold”— without fila-
ment or heater power. The adjustment process
is the same as described above, but with the
driver power reduced to a value suitable for
operating the s.w.r. bridge.

When the grid coupling system has been ad-
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justed so that the s.w.r. is close to 1 to 1 over the
desired frequency range, it is certain that the
power put into the link line will be delivered to
the grid circuit. Coupling will be facilitated if the
line is tuned as described under the earlier sec-
tion on output coupling systems.

Link Feed with Unmatched Line

‘When the system is to be treated without re-
gard to transmission-line effects, the link line
must not offer appreciable reactance at the oper-
ating frequency. Any appreciable reactance will
in effect reduce the coupling, making it impos-
sible to transfer sufficient power from the driver
to the amplifier grid circuit. Coaxial cables es-
pecially have considerable capacitance for even
short lengths and it may be more desirable to
use a spaced line, such as Twin-Lead, if the
radiation can be tolerated.

The reactance of the line can be nullified only
by making the link resonant. This may require
changing the number of turns in the link coils,
the length of the line, or the insertion of a tun-
ing capacitance. Since the s.w.r. on the link line
may be quite high, the line losses increase be-
cause of the greater current, the voltage increase
may be sufficient to cause a breakdown in the in-
sulation of the cable and the added tuned circuit
makes adjustment more critical with relatively
small changes in frequency.

These troubles may not be encountered if the
link line is kept very short for the highest fre-
quency. A length of 5 feet or more may be tol-
erable at 3.5 Mc,, but a length of a foot at 28 Mc.
may be enough to cause serious effects on the
functioning of the system.

Adjusting the coupling in such a system must
necessarily be largely a matter of cut and try.
If the line is short enough so as to have negligi-
ble reactance, the coupling between the two tank
circuits will increase within limits by adding
turns to the link coils, or by coupling the link
coils more tightly, if possible, to the tank coils.
If it is impossible to change either of these, a
variable capacitor of 300 pF may be connected
in series with or in parallel with the link coil at
the driver end of the line, depending upon which
connection is the most effective.

If coaxial line is used, the capacitor should be
connected in series with the inner conductor. If
the line is long enough to have appreciable react-
ance, the variable capacitor is used to resonate
the entire link circuit.

The size of the link coils and the length of the
line, as well as the size of the capacitor, will
affect the resonant frequency, and it may take an
adjustment of all three before the capacitor will
show a pronounced effect on the coupling.

When the system has been made resonant,
coupling may be adjusted by varying the link
capacitor.

Simple Capacitive Interstage Coupling

The capacitive system of Fig. 6-21A is the
simplest of all coupling systems. In this circuit,
the plate tank circuit of the driver, C;L,, serves
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Fig. 6-21—Capacitive-coupled amplifiers.
A—Simple capacitive coupling. B—Pi-sec-
tion coupling.

Ci—Driver plate tank capacitor—see text and Fig. 6-9 for capacitance, Fig. 6-33 for voltage rating.

C2—Coupling capacitor—50 to 150 pf. mica, as necessary for desired coupling. Voltage rating sum of driver
plate and amplifier biasing voltages, plus safety factor.

Cs—Driver plate bypass capacitor—0.001-4f. disk ceramic or mica. Voltage rating same as plate voltage.

C(—Grid bypass—0.001-uf. disk ceramic.
Cs—Heater bypass—0.001-4f. disk ceramic.

Ce—Driver plate blocking capacitor—0.001-f. disk ceramic or mica. Voltage rating same as Ca.

Cr—Pi-section input capacitor—see text referring to Fig. 6-12 for capacitance. Voltage rating—see Fig. 6-33A.

Cs—Pi-section output capacitor—100-pf. mica. Voltage rating same as driver plate voltage plus safety factor.

Li—To resonate at operating frequency with Ci. See LC chart and inductance formula in electrical-laws chapter,
or use ARRL Llightning Calculator.

L2—Pi-section inductor—See Fig. 6-12. Approx. same as L;.

RFC;—Grid r.f. choke—2.5-mh.
RFC:—Driver plate r.f. choke—2.5 mh,

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 cou-
pling 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 some-
times 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, Co2. 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 recom-

mended because it invariably causes an increase
in v.h.f. harmonics and sometimes sets up a para-
sitic circuit.

So far as coupling is concerned, 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
6-21B, 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 v.h.f.
harmonics, because the output capacitor, Cg, pro-
vides a direct capacitive shunt for harmonics
across the amplifier grid circuit.

To be most effective in reducing v.h.f. har-
monics, Cg should be a mica capacitor connected
directly across the tube-socket terminals. Tap-
ping down on the circuit in this manner also
helps to stabilize the amplifier at the operating
frequency because of the grid-circuit loading
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provided by Cg. For the purposes both of sta-
bility and harmonic reduction, experience has
shown that a value of 100 pf. for Cq usually is
sufficient. In general, C7 and L2 should have
values approximating the capacitance and in-
ductance used in a conventional tank circuit.
A reduction in the inductance of Lg results in an
increase in coupling because C7 must be in-
creased to retune the circuit to resonance. This
changes the ratio of C7 to Cg and has the effect of
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moving the grid tap up on the circuit. Since the
coupling to the grid is comparatively loose under
any condition, it may be found that it is impos-
sible to utilize the full power capability of the
driver stage. If sufficient excitation cannot be ob-
tained, it may be necessary to raise the plate volt-
age of the driver, if this is permissible. Other-
wise a larger driver tube may be required. As
shown in Fig. 6-21B, parallel driver plate feed
and amplifier grid feed are necessary.

R.F. POWER AMPLIFIER CIRCUITRY

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 com-
ponents and wiring of the two circuits so that
there will be negligible opportunity for coupling
external to the tube itself. Complete shielding
between input and output circuits usually is re-
quired. All r.f. leads should be kept as short as
possible and particular attention should be paid

_to the r.f. return paths from plate and grid tank
circuits to cathode. In general, the best arrange-
ment 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 grid tank (or driver plate tank)
should be brought to the socket through a hole
in the shielding. Then when the grid tank capaci-
tor or bypass is grounded, a return path through
the hole to cathode will be encouraged, since
transmission-line characteristics are simulated.

A check on external coupling between input
and output circuits can be made with a sensitive
indicating device, such as the one diagrammed in
Fig. 6-22. The amplifier tube is removed from
its socket and if the plate terminal is at the

XTaL

LINK

A

@
Fig. 6-22—Circuit of sensitive neutralizing indicator.
Xtal is a 1N34 germanium diode, MA a 0-1 direct-

current milliammeter and C a 0.001-4f. mica bypass
capacitor.

socket, it should be disconnected. With the driver
stage running and tuned to resonance, the indi-
cator should be coupled to the output tank coil
and the output tank capacitor tuned for any in-
dication of r.f. feedthrough. Experiment with
shielding and rearrangement of parts will show
whether the isolation can be improved.

Screen-Grid Tube Neutralizing Circuits

The plate-grid capacitance of screen-grid tubes
is reduced to a fraction of a picofarads by the

N

TP

A s T P

+ BIas™ ( A)

—B&

RFC :]%c. g ,J’;)
BlAé?’

AN

(B) + v

DRIVER
AMP

S

(Y2
& Ic.
™ src Ic' : "f’
*Bias” © s - twv-

Fig. 6-23—Screen-grid nevutralizing circvits. A—Induc-
tive neutralizing. B-C—Capacitive neutraliz-
ing.

Ci—Grid bypass capacitor—approx. 0.001-zf. mica.
Yoltage rating same as biasing voltage in
B, same as driver plate voltage in C.
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Cs—Neutralizing capacitor—approx. 2 to 10 pF—see
text. Voltage rating same as amplifier plate
voltage for c.w., twice this value for plate
modulation.

L1, Le—Neutralizing link—usually a turn or two will be
sufficient.



Neutralizing

interposed grounded screen. Nevertheless, the
power sensitivity of these tubes is so great that
only a very small amount of feedback is neces-
sary to start oscillation. To assure a stable ampli-
fier, it is usually necessary to load the grid cir-
cuit, or to use a neutralizing circuit.

Fig. 6-23A shows how a screen-grid amplifier
may be neutralized by the use of an inductive link
line coupling the input and output tank circuits
in proper phase. If the initial connection proves
to be incorrect, connections to one of the link
coils should be reversed. Neutralizing is ad-
justed by changing the distance between the
link coils and the tank coils.

A capacitive neutralizing system for screen-
grid tubes is shown in Fig. 6-23B. Cg is the
neutralizing capacitor. The capacitance should
be chosen so that at some adjustment of Co,

Gy _ Tube grid-plate capacitance (or Cgp)
C: Tube input capacitance (or Cry)

The grid-cathode capacitance must include all
strays directly across the tube capacitance, in-
cluding the capacitance of the tuning-capacitor
stator to ground. This may amount to 5 to 20
pF. In the case of capacitance coupling, as
shown in Fig. 6-23C, the output capacitance of
the driver tube must be added to the grid-
cathode capacitance of the amplifier in arriving
at the value of C,.

Neutralizing a Screen-Grid Amplifier Stage

There are two general procedures available for
indicating neutralization in a screen-grid ampli-
fier stage. If the screen-grid tube is operated with
or without grid current, a sensitive output indi-
cator can be used. If the screen-grid tube is
operated with grid current, the grid-current
reading can be used as an indication of neutrali-
zation. When the output indicator is used, both
screen and plate voltages must be removed from
the tubes, but the d.c. circuits from plate and
screen to cathode must be completed. If the grid-
current reading is used, the plate voltage may
remain on but the screen voltage must be zero,
with the d.c. circuit completed between screen
and cathode.

The immediate objective of the neutralizing
process is reducing to a minimum the r.f, driver
voltage fed from the input of the amplifier to
its output circuit through the grid-plate capac-
itance of the tube. This is done by adjusting
carefully, bit by bit, the neutralizing capacitor
or link coils until an r.f. indicator in the output
circuit reads minimum, or the reaction of the un-
loaded plate-circuit tuning on the grid-current
value is minimized.

Thedevice shown in Fig. 6-22 makes a sensitive
neutralizing indicator. The link 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 burning out the meter or the
rectifier. The plate tank capacitor should be re-
adjusted for maximum reading after each change
in neutralizing.
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When the grid-current meter is used as a neu-
tralizing indicator, the screen should be grounded
for r.f. and d.c.,, 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 mini-
mum. As a final adjustment, screen voltage should
be returned and the neutralizing adjustment con-
tinued to the point where minimum plate current,
maximum grid current and maximum screen cur-
rent 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. Load-
ing 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, but either device may increase v.h.f.
harmonics. The best loading system is the use of
a pi-section filter, as shown in Fig. 6-21B. This
circuit places a capacitance directly between grid
and cathode. This not only provides the desirable
loading, but also a very effective capacitive short
for v.hf. harmonics. A 100-pf. mica capacitor
for Cg, wired directly between tube terminals,
will usually provide sufficient loading to stabilize
the amplifier.

V.H.F. Parasitic Oscillation

Parasitic oscillation in the v.h.f. range will
take place in almost every r.f. power amplifier.
To test for v.h.f. parasitic oscillation, the grid
tank coil (or driver tank coil in the case of ca-
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pacitive 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 para-
sitic. Any fixed bias should be replaced with a
grid leak of 10,000 to 20,000 ohms. All load on
the output of the amplifier should be discon-
nected. Plate and screen voltages should be re-
duced to the point where the rated dissipation is
not exceeded. If a Variac is not available, volt-
age may be reduced by a 115-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, indi-
cates 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. 6-24A show the usual
parasitic tank circuit, which resonates, in most
cases, between 150 and 200 Mc. For each type of
tetrode, there is a region, usually below the para-
sitic frequency, in which the tube will be self-
neutralized. By adding the right amount of in-
ductance 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 Mc.). From the consideration of TVI, the
circuit may be loaded down to a frequency not
lower than 100 Mc. If the self-neutralizing fre-
quency is below 100 Mc., the circuit should be
loaded down to somewhere between 100 and 120
Mec. with inductance. Then the parasitic can be
suppressed by loading with resistance, as shown
in Fig. 6-24B. A coil of 4 or 5 turns, 14 inch in
diameter, is a good starting size. With the tank
capacitor turned to maximum capacitance, the
circuit should be checked with a g.d.o. to make
sure the resonance is above 100 Mc. 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 re-
quired 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 propor-
tion; 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.
As power input is increased, the parasitic may
start up again, so power should be applied only
momentarily until it is made certain that the
parasitic is still suppressed. If the parasitic starts

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

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.

Since the resistor can be placed across only
that portion of the parasitic circuit represented
by L,, 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 practical conductor. This will permit L,
to be of maximum size without tuning the cir-
cuit below the 100-Mc. limit.

Another arrangement that has been used suc-
cessfully is shown in Fig. 6-24C. A small turn
or two is inserted in place of L, and this is cou-
pled to a circuit tuned to the parasitic frequency
and loaded with resistance. The heavy-line circuit
should first be checked with a g.d.o. Then the
loaded circuit should be tuned to the same fre-
quency and coupled in to the point where the
parasitic ceases. The two coils can be wound on
the same form and the coupling varied by sliding
one of them. Slight retuning of the loaded circuit
may be required after coupling. Start out with
low power as before, until the parasitic is sup-
pressed. Since the loaded circuit in this case car-
ries much less operating-frequency current, a
single 100-ohm 1-watt resistor will often be suf-
ficient and a 30-pf. mica trimmer should serve
as the tuning capacitor, Cj.

Low-Frequency Parasitic Oscillation

The screening of most transmitting screen-grid
tubes is sufficient to prevent low-frequency para-
sitic oscillation caused by resonant circuits set up
by r.f. chokes in grid and plate circuits. Should
this type of oscillation (usually between 200 and
1200 kc.) occur, see paragraph under triode am-
plifiers.

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 im-
pedance of two tubes in parallel is half that of a
single tube. This means that twice the grid tank
capacitance shown in Fig. 6-20 should be used
for the same Q.

The plate load resistance is halved so that the
plate tank capacitance for a single tube (Fig.
6-10) also should be doubled. The total grid cur-
rent 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 neutral-
izing capacitor, if used, 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 v.h.f. circuit, a
factor in obtaining efficient operation at higher
frequencies.
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Basic push-pull circuits are shown in Fig.
6-26C and D. Amplifiers using this circuit are
cumbersome to bandswitch and consequently are
not very popular below 30 Mc. However, since
the push-pull configuration places tube input
and output capacitances in series, the circuit is
widely used at 50 Mc. and higher.

TRIODE AMPLIFIERS

Circuits for triode amplifiers are shown in
Fig. 6-26. All triode straight amplifiers (not
multipliers) must be neutralized. From the tube
tables, it will be seen that triodes require con-
siderably more driving power than screen-grid
tubes. However, they also have less power sensi-
tivity, so that greater feedback can be tolerated
without the danger of instability.

Triode amplifiers can be neutralized using
either the sensitive output rectifier or the grid-
current meter as an indicator. In either case, the
plate voltage must be zero and the d.c. c1rcu1t
complete between plate and cathode.

Low-Frequency Parasitic Oscillation
‘When r.f. chokes are used in both grid and

plate circuits of a triode amplifier, the split-
stator tank capacitors combine with the r.f.
chokes to form a low-frequency parasitic circuit,
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Fig. 6-26—Triode amplifier circuits. A—Link coupling, single tube. B—Capacitive coupling, single tube. C—Link
coupling, push-pull. D—Capacitive coupling, push-pull. Aside from the neutralizing circuits, which are manda-
tory with triodes, the circuits are the same as for screen-grid tubes, and should have the same values through-
out. The neutralizing capacitor, Cy, should have a capacitance somewhat greater than the grid-plate capaci-

tance of the tube.

Voltage rating should be twice the d.c.

plate voltage for c.w., or four times for plate

modulation, plus safety factor. The resistance R, should be at least 100 ohms and it may consist of part or
preferably all of the grid leak. For other component values, see similar screen-grid diagrams.
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Fig. 6-27—A—Grounded-grid triode input circuit. B—Tetrode input circuit with grid and screen directly in
parallel. C—Tetrode circuit with d.c. voltage applied to the screen. Plate circuits are conventional.

unless the amplifier circuit is arranged to prevent
it. In the circuit of Fig. 6-26B, the amplifier grid
is series fed and the driver plate is parallel fed.
For low frequencies, the r.f. choke in the driver
plate circuit is shorted to ground through the
tank coil. In Figs. 6-26C and D, a resistor is sub-
stituted for the grid r.f. choke. This resistance
should be at least 100 ohms. If any grid-leak re-
sistance is used for biasing, it should be substi-
tuted for the 100-ohm resistor.

Triode Amplifiers with Pi-Network Output

Pi-network output tanks, designed as de-
scribed earlier for screen-grid tubes, may also be
used with triodes. However, in this case, a bal-
anced input circuit must be provided for neu-
tralizing. Fig. 6-25A shows the circuit when
inductive-link input coupling is used, while B
shows the circuit to be used when the amplifier
is coupled capacitively to the driver. Pi-network
circuits cannot be used in both input and output
circuits, since no means is provided for neu-
tralizing.

GROUNDED-GRID AMPLIFIERS

Fig.6-27 A shows the input circuit of a grounded-
grid triode amplifier. In configuration it is sim-
ilar 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 im-
pedance and a relatively high driver-power re-
quirement. 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 r.f. power
output is the sum of the driver and amplifier out-
put 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 be-
tween the plate and cathode, this c:zpacitance is
small, and neutralization usually is nc t necessary.

In the grounded-grid circuit the c:.thode must
be isolated for r.f. 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 opzaration the
driver power fed through to the output is not
modulated. :

The chief application for grounded-3rid ampli-

fiers in amateur work below 30 Mc. is in the case
where the available driving power far exceeds
the power that can be used in driving a conven-
tional grounded-cathode amplifier.

D.c. electrode voltages and currents in
grounded-grid triode-amplifier operation are the
same as for grounded-cathode operation. Ap-
proximate values of driving power, driving im-
pedance, and total power output in Class C
operation can be calculated as follows, using in-
formation normally provided in tube data sheets.
R.m.s. values are of the fundamental components :

E, = r.m.s. value of r.f. plate voltage =
d.c. plate volts +d.c. biasvolts — peakr.f. gridvolts
141

r.m.s. value of r.f. plate current

I

I,
__ rated power output watts
Ep
Eg = r.m.s. value of grid driving voltage
_ peak r.f. grid volts
1.41

r.m.s. value of r.f. grid current

]

Ig
rated driving power watls
Eq
Driving power (watts) = Eg (Ip + Ig)
Then

Driving impedance (okms) =

_Ee

Ig + Ip

Power fed through from driver stage (watts)=Eglp
Total power output (watts) = Ip (Eg + Ep)

Screen-grid tubes are also used sometimes in
grounded-grid amplifiers. In some cases, the
screen is simply connected in parallel with the
grid, as in Fig. 6-27B, and the tube operates as a
high-¢ triode. In other cases, the screen is by-
passed to ground and operated at the usual d.c.
potential, as shown at C. Since the screen is still
in parallel with the grid for r.f., operation is very
much like that of a triode except that the positive
voltage on the screen reduces driver-power re-
quirements. Since the information usually fur-
nished in tube-data sheets does not apply to
triode-type operation, operating conditions are
usually determined experimentally. In general,
the bias is adjusted to produce maximum output
(within the tube’s dissipation rating) with the
driving power available.
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Fig. 6-28 shows two methods of coupling a
grounded-grid amplifier to the 50-ohm output of
an existing transmitter. At A an L network is
used, while a conventional link-coupled tank is
shown at B. The values shown will be approxi-
mately correct for most triode amplifiers oper-
ating at 3.5 Mc. Values should be cut in half each
time frequency is doubled, i.e., 250 pF and 7.5
rh, for 7 Mc, etc.

Filament Isolation

In indirectly-heated cathode tubes, the low
heater-to-cathode capacitance will often provide
enough isolation to keep r.f. out of the heater
transformer and the a.c. lines. If not, the heater
voltage must be applied through r.f. chokes.

In a directly-heated cathode tube, the filament
must be maintained above r.f. ground. This can
be done by using a pair of filament chokes or by
using the input tank circuit, as shown in Fig.
6-29. 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 tank inductor is wound
from two (insulated) conductors in parallel or
from an insulated conductor inside a tubing outer
conductor.

%

I 01 pf.

(8) FIL.TRANS.

Fig. 6-29—Methods of isolating filament from ground.
A—R.f. chokes B—Filament fed
through input tank inductor.

in filament circuit.

OUTPUT POWER AMPLIFIERS FOR
TRANSMITTERS

C.w.or F.M.: In a c.w. or f.m. transmitter, any
class of amplifier can be used as an output or
intermediate amplifier. (For reasonable effi-
ciency, a frequency multiplier must be operated
Class C.) Class-C operation of the amplifier
gives the highest efficiency (65 to 75 per cent),
but it is likely to be accompanied by appreciable

171

Fig. 6-28—Two
ways to couple a
T b, low-impedance
s00uul. .00l driver to a
I grounded-grid in-
put. A—L network.

B — Link - coupled

tank circuit.
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harmonics and consequent TVI possibilities. If
the excitation is keyed in a c.w. transmitter,
Class-C operation of subsequent amplifiers will,
under certain conditions, introduce key clicks
not present on the keyed excitation (see chapter
on “Code Transmission”). The peak envelope
power (p.e.p.) input or output of any c.w. (or
f.m.) transmitter is the “key-down” input or out-
put.

A.M.: In an amplitude-modulated phone trans-
mitter, plate modulation of a Class-C output am-
plifier results in the highest output for a given
input to the output stage. The efficiency is the
same as for c.w. or f.m. with the same amplifier,
from 65 to 75 per cent. (In most cases the manu-
facturer rates the maximum allowable input on
plate-modulated phone at about 24 that of c.w. or
f.m.). 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 factors. The p.e.p. output of any a.m. sig-
nal is four times the carrier output power, or 260
to 300 watts for the 100-watt input example.

Grid- (control or screen) modulated output am-
plifiers in a.m. operation run at a carrier efficiency
of 30 to 35 per cent, and a grid-modulated stage
with 100 watts input has a carrier output of 30
to 35 watts. (The p.e.p. 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 de-
liver a carrier output of 650 to 750 watts, while
a screen- or control-grid-modulated output ampli-
fier can deliver only a carrier of 300 to 350 watts.

S.s.B.: Only linear amplifiers can be used to
amplify s.s.b. signals without distortion, and this
limits the choice of output amplifier operation to
Classes A, AB;, AB, and B. The efficiency of
operation of these amplifiers runs from about 20
to 65 per cent. 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 p.e.p. (input or output) at a given dis-
tortion level, which indicates not only how much
s.s.b. signal they will deliver but also how effec-
tive they will be in amplifying an a.m. signal.

LINEAR AMPLIFIERS FOR A.M.: In considering
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 p.e.p. output rating of the linear ampli-
fier. Since the p.e.p. output of an a.m. signal is
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four times the carrier output, it is obvious that a
linear with a p.e.p. 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 p.e.p. output rating of § times the a.m. trans-
mitter carrier output, the output power will be
doubled and a 3-db. improvement will be ob-
tained. In most cases a 3-db. change is just dis-
cernible by the receiving operator.

By comparison, a linear amplifier with a p.e.p.
output rating of four times an existing s.s.b., c.w.
or f.m. transmitter will quadruple the output, a
6-db. improvement. It should be noted that the
linear amplifier must be rated for the mode
(s.s.b., c.w. or f.m.) with which it is to be used.

GROUNDED-GRID AMPLIFIERS : The preceding
discussion applies to vacuum-tube amplifiers con-
nected in grounded-cathode or grounded-grid
circuits. However, there are a few points that
apply only to grounded-grid amplifiers.

A tube operated in a given class (AB,, B, C)
will require more driving power as a grounded-
grid amplifier than as a grounded-cathode ampli-
fier. 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 avail-
able, this increased requirement is of no concern
in c.w. or linear operation. In a.m. operation,
however, the fed-through power prevents the
grounded-grid amplifier from being fully modu-
lated (100 per cent).

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 fre-
quency at the grid is 3.5 Mc,, output at 7 Mc,,
10.5 Mc,, 14 Mc,, 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 multi-
plier 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 in-
creasing the bias and decreasing the loading.

Multiplications of four or five sometimes are
used to reach the bands above 28 Mc. 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

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

tuned close to the same frequency, neutralization
usually will not be required. Instances may be
encountered with tubes of high trans-conduct-
ance, however, when a doubler will oscillate in
t.g.t.p. fashion. The link neutralizing system of
Fig. 6-23A is convenient in such a contingency.

Push-Push Multipliers

A two-tube circuit which works well at even
harmonics, but not at the fundamental or odd
harmonics, is shown in Fig. 6-30. It 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

=)
7
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Fig. 6-30—Circuit of a push-push frequency multiplier
for even harmonics.

Cil: and C:l.—See text.

Cz—Plate bypass—0.001-uf.
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disk ceramic or mica.

the circuit. Thus provision is made for either
straight amplification at the fundamental with a
single tube, or doubling frequency with two tubes.

The grid tank circuit is tuned to the frequency
of the driving stage and should have the same
constants as indicated in Fig. 6-20 for balanced
grid circuits. The plate tank circuit is tuned to
an even multiple of the exciting frequency, and
should have the same values as a straight ampli-
fier for the harmonic frequency (see Fig. 6-10),
bearing in mind that the total plate current of
both tubes determines the C to be used.

Push-Pull Multiplier

A single- or parallel-tube multiplier will deliver
output at either even or odd multiples of the
exciting frequency. A push-pull stage does not
work as a doubler or quadrupler but it will work
as a tripler.

METERING

Fig. 6-31 shows how a voltmeter and milliam-
meter should be connected to read various volt-
ages and currents. Voltmeters are seldom in-
stalled permanently, 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
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Fig. 6-31—Diagrams showing placemen? of voltmeter
and milliammeter to obtain desired measurements.
A—Series grid feed, parallel plate feed and series
screen voltage-dropping resistor. B—Parailel grid
feed, series plate feed and screen voltage divider.
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ones reading grid current and plate current, or
grid current and cathode 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
expected 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 con-
cerned. However, milliammeters having zero-
adjusting 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 posi-
tions shown in Fig. 6-31. The meter can be
mounted on a small subpanel attached to the
front panel 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 TVI
chapter of this Handbook in regard to wiring and
shielding of meters to suppress TVIL.

Meter Switching

Milliammeters are expensive items and there-
fore it is seldom feasible to provide metering of
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grid, screen and plate currents of all stages.
The exciter stages in a multistage transmitter
often do not require metering after initial ad-
justments. It is common practice to provide a
meter-switching system by which a single milli-
ammeter may be switched to read currents in as
many circuits as desired. Two such meter-
switching circuits are shown in Fig. 6-32. In
Fig. 6-32A the resistors R (there could be more,
of course) are connected in the various circuits
in place of the milliammeters shown in Fig.6-31.
If the resistance of R is much higher than the
internal resistance of the milliammeter, it will
have no practical effect upon the reading of the
meter. Care should be taken to observe proper
polarity in making the connections between the
resistors and the switch, and the switch should
have adequate insulation and be of the “non-
shorting” type. The circuit is used when the cur-
rents to be metered are of the same order.

When the meter must read currents of widely
differing values, a low-current meter should be
used as a voltmeter to measure the voltage drop
across a resistor of, say, 10 to 100 ohms. An
example of this circuit is shown in Fig. 6-32B;
the resistor in series with the meter serves as the
voltmeter multiplier (see chapter on measure-
ments). Both the line resistor and the higher
multiplier can be varied, to give a wide range
for the single meter. Standard values of resistors
can usually be found for any desired range.

AMPLIFIER ADJUSTMENT

Earlier sections in this chapter have dealt with
the design and adjustment of input (grid) and

[OXE)

(B

Fig. 6-32—Two circuits for switching a single milliam-
meter. (A) Where all currents are of the same order,
the single meter is switched across resistors having 10
to 20 times the internal resistance of the meter. (B)
Where a wide range of currents is to be metered, a
low-current meter is used as a voltmeter.
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output (plate) coupling systems, the stabilization
of amplifiers, and the methods of obtaining the
required electrode voltages. Reference to these
sections should be made as necessary in follow-
ing a procedure of amplifier adjustment.

The objective in the adjustment of an inter-
mediate amplifier stage is to secure adequate
excitation to the following stage. In the case of
the output or final amplifier, the objective is to
obtain maximum power output to the antenna.
The adjustment must be consistent with the tube’s
voltage, current and dissipation ratings.

Adequate drive to a following amplifier is
normally indicated when rated grid current in the
following stage is obtained with the stage operat-
ing at rated bias, the stage loaded to rated plate
current, and the driver stage tuned to resonance.
In a final amplifier, maximum output is normally
indicated when the output coupling is adjusted
so that the amplifier tube draws rated plate
current when it is tuned to resonance.

Resonance in the plate circuit is normally
indicated by the dip in plate-current reading
as the plate tank capacitor is tuned through its
range. When the stage
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fier is to feed an antenna system, After proper
match has been obtained, all ad;.stments in cou-
pling should be made at the input end of the line.

Until preliminary adjustments of excitation
have been made, the amplifier should be operated
with filament voltage on and fixed bias, if it is
required, but screen and plate voltages off. With
the exciter coupled to the amplifier, the coupling
to the driver should be adjusted until the ampli-
fier draws rated grid current, or somewhat above
the rated value. Then a load (the antenna grid
of the following stage, or a dummy load) should
be coupled to the amplifier.

With screen and plate voltages (preferably re-
duced) applied, the plate tank capacitor should
be adjusted to resonance as indicated by a dip
in plate current. Then, with full screen and plate
voltages applied, the coupling to the load should
be adjusted until the amplifier draws rated plate
current. Changing the coupling to the load will
usually detune the tank circuit, so that it will be
necessary to readjust for resonance each time a
change in coupling is made. An amplifier should
not be operated with its plate circuit off reso-

is unloaded, or lightly
loaded, this dip in plate
current will be quite pro-
nounced. As the loading
is increased, the dip will
become less noticeable.
See Fig. 6-4. However, in (A)
the base of a screen-grid
tube whose screen is fed
through a series resistor,
maximum output may not
be simultaneous with the
dip in plate current. The
reason for this is that the
screen  current  varies
widely as the plate circuit
is tuned throughresonance.
This variation in screen
current causes a corre-
sponding variation in the
voltage drop across the
screen resistor. In this
case, maximum output
may occur at an adjust-
ment that results in an
optimum combination of
screen voltage and near-
ness to resonance. This
effect will seldom be ob- (G)

served when the screen is

operated from a fixed

voltage source.

The first step in the adjustment of an amplifier
is to stabilize it, both at the operating frequency
by neutralizing it if necessary, and at parasitic
frequencies by introducing suppression circuits.

If “flat” transmission-line coupling is used, the
output end of the line should be matched, as de-
scribed in this chapter for the case where the
amplifier is to feed the grid of a following stage,
or in the transmission-line chapter if the ampli-
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Fig. 6-33—Diagrams showing the
peak voltage for which the plate
tank capacitor should be rated for
c.w. operation with various circuit
arrangements. E is equal to the
d.c. plate voltage. The values
should be doubled for plate mod-
ulation. The circuit is assumed to
be fully loaded. Circuits A, C and
E require that the tank capacitor
(H) +Hv  be insulated from chassis or
ground, and from the control.

nance for any except the briefest necessary time,
since the plate dissipation increases greatly when
the plate circuit is not at resonance. Also, a
screen-grid tube should not be operated without
normal load for any appreciable length of time,
since the screen dissipation increases.

It is normal for the grid current to decrease
when the plate voltage is applied, and to decrease
again as the amplifier is loaded more heavily. As
the grid current falls off, the coupling to the
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driver should be increased to maintain the grid
current at its rated value.

COMPONENT RATINGS AND
INSTALLATION

Plate Tank-Capacitor Voltage

In selecting a tank capacitor with a spacing
between plates sufficient to prevent voltage
breakdown, the peak r.f. voltage across a tank
circuit under load, but without modulation, may
be taken conservatively as equal to the d.c. plate
voltage. If the d.c. plate voltage also appears
across the tank capacitor, this must be added to
the peak r.f. voltage, making the total peak volt-
age twice the d.c. plate voltage. If the amplifier
is to be plate-modulated, this last value must be
doubled to make it four times the d.c. plate
voltage, because both d.c. and r.f. voltages
double with 100-per-cent plate modulation. At
the higher plate voltages, it is desirable to
choose a tank circuit in which the d.c. and modu-
lation voltages do not appear across the tank
capacitor, to permit the use of a smaller capac-
itor with less plate spacing. Fig. 6-33 shows the
peak voltage, in terms of d.c. plate voltage, to be
expected across the tank capacitor in various
circuit arrangements. These peak-voltage values
are given assuming that the amplifier is loaded
to rated plate current. Without load, the peak
r.f. voltage will run much higher.

The plate spacing to be used for a given peak
voltage will depend upon the design of the varia-
ble capacitor, influencing factors being the me-
chanical construction of the unit, the insulation
used and its placement in respect to intense
fields, and the capacitor plate shape and degree
of polish. Capacitor manufacturers usually rate
their products in terms of the peak voltage
between plates. Typical plate spacings are shown
in the following table.

Typical Tank-Capacitor Plate Spacings
Spacing Peak Spacing Peak Spacing Peak
(In.) Voltage (In.) Voltage (In.) Voltage
0.015 1000 0.07 3000 0.175 7000
0.02 1200 0.08 3500 0.25 9000
0.03 1500 0.125 4500 0.35 11000
0.05 2000 0.15 6000 0.5 13000

Plate tank capacitors should be mounted as
close to the tube as temperature considerations
will permit, to make possible the shortest capaci-
tive path from plate to cathode. Especially at the
higher frequencies where minimum circuit ca-
pacitance 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 be-
tween the capacitor shaft and the dial. The sec-
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Fig. 6-34—The voltage rating of the grid tank capaci-
tor in A should be equal to the biasing voltage plus
about 20 per cent of the plate voltage.

tion of the shaft attached to the dial should be
well grounded. This can be done conveniently
through the use of panel shaft-bearing units.

Grid Tank Capacitors

In the circuit of Fig. 6-34A, the grid tank ca-
pacitor should have a voltage rating approxi-
mately equal to the biasing voltage plus 20 per
cent of the plate voltage. In the balanced circuit
of B, the voltage rating of each section of the
capacitor should be this same value.

The grid tank capacitor is preferably mounted
with shielding between it and the tube socket for
isolation purposes. It should, however, be
mounted close to the socket so that a short lead
can be passed through a hole to the socket. The
rotor ground lead or bypass lead should be run
directly to the nearest point on the chassis or
other shielding. In the circuit of Fig. 6-34A, the
same insulating precautions mentioned in connec-
tion with the plate tank capacitor should be used.

Plate Tank Coils

The inductance of a manufactured coil usu-
ally is based upon the highest plate-voltage/
plate-current ratio likely to be used at the
maximum power level for which the coil is de-
signed. Therefore in the majority of cases, the
capacitance shown by Figs. 6-9 and 6-20 will be
greater than that for which the coil is designed
and turns must be removed if a Q of 10 or more
is needed. At 28 Mc., and sometimes 21 Mc., the
value of capacitance shown by the chart for a
high plate-voltage/plate-current ratio may be
lower than that attainable in practice with the
components available. The design of manufac-
tured coils usually takes this into consideration
also and it may be found that values of capaci-
tance greater than those shown (if stray capaci-
tance is included) are required to tune these
coils to the band.

Manufactured coils are rated according to the
plate-power input to the tube or tubes when the
stage is loaded. Since the circulating tank current
is much greater when the amplifier is unloaded,
care should be taken to operate the amplifier
conservatively when unloaded to prevent damage
to the coil as a result of excessive heating.
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Tank coils should be mounted at least their
diameter away from shielding to prevent a
marked loss in Q. Except perhaps at 28 Mc,, 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 compo-
nents 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.

The accompanying table shows typical con-
ductor sizes that are usually found to be adequate
for various power levels. For powers under 25
watts, the minimum wire sizes shown are largely
a matter of obtaining a coil of reasonable Q. So
far as the power is concerned, smaller wire could
be used.

Wire Sizes for Transmitting Coils
Power Input (Watts) | Band (Mc.) Wire Size
28-21 6
1000 14-7 8
3.5-1.8 10
28-21 8
500 14-7 12
3.5-1.8 14
28-21 12
150 14-7 14
3.5-1.8 18
28-21 14
75 14-7 18
3.5-1.8 22
28-21 18
25 or less* 14-7 24
3.5-1.8 28
*Wire size limited principally by consideration of Q.

Space-winding the turns invariably will result
in a coil of higher Q, especially at frequencies
above 7 Mc., and a form factor in which the

. turns spacing results in a coil length between 1
and 2 times the diameter is usually considered
satisfactory. Space winding is especially desir-
able at the higher power levels because the heat
developed is dissipated more readily. The power
lost in a tank coil that develops appreciable heat
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at the higher-power levels does not usually rep-
resent a serious loss percentagewise. A more
serious consequence, especially at the higher fre-
quencies, is that coils of the popular “air-wound”
type supported on plastic strips may deform. In
this case, it may be necessary to use wire (or
copper tubing) of sufficient size to make the coil
self-supporting. Coils wound on tubular forms
of ceramic or mica-filled bakelite will also stand
higher temperatures,

Plate-Blocking and Bypass Capacitors

Plate-blocking and bypass capacitors should
have low inductance. Between 3.5 and 30 Mc. a
capacitance of 0.001 pf. is commonly used. The
voltage rating should be 50% above the peak sup-
ply voltage.

Disk ceramic capacitors are to be preferred as
bypass capacitors, since when they are applied
correctly (see TVI chapter), they are series
resonant in the TV range and thus very useful in
filtering power leads.

R. F. Chokes

The characteristics of any r.f. choke will vary
with frequency, from characteristics resembling
those of a parallel-resonant circuit, of high im-
pedance, 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 r.f.
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 r.f. voltage. If the choke does not
present a sufficiently high impedance, enough
power will be absorbed by the choke to cause it to
burn out.

To avoid this, the choke must have a suffi-
ciently high reactance to be effective at the low-
est frequency, and yet have no series resonances
near the higher-frequency bands.

Universal pie-wound chokes of the “receiver”
type (2.5 mh,, 125 ma.) are usually satisfactory
if the plate voltage does not exceed 750. For
higher voltages, a single-layer solenoid-type
choke of correct design has been found satisfac-
tory. The National type R-175A and Raypar
RL-100, RL-101 and RL-102 are representative
manufactured types.

Since the characteristics of a choke will be
affected by any metal in its field, it should be
checked when mounted in the position in which
it is to be used, or in a temporary set-up simu-
lating the same conditions. The plate end of the
choke should not be connected, but the power-
supply end should be connected directly, or by-
passed, to the chassis. The g.d.o. should be cou-
pled as close to the ground end of the choke as
possible. Series resonances, indicating the fre-
quencies of greatest loss, should be checked with
the choke short-circuited with a short piece of
wire. Parallel resonances, indicating frequencies
of least loss, are checked with the short removed.
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A QRP RIG FOR

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 transmit-
ter was originally described in June 1969 QST,
using 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. 6-36, O, operates as an un-
tuned Pierce oscillator. It operates at low dc
power level, 100 mW input. Any fundamental-
type crystal from 1000 kHz to 14 MHz will oscil-
late readily when plugged in at ¥V,. Keying is
accomplished by breaking the emitter circuit.
Shaped keying results from the emitter bias
resistor, R, 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 Q,, the driver stage. A capacitive
divider, C; and Cg, provides the desired tap
point for the base of Q,. The 100-ohm resistor,
Ry, acts as a parasitic suppressor to help stabilize
Qy. A 0.05-uF capacitor and a 100-ohm resistor
are installed in the 12-volt supply lead between
Q, and Q, 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, Q,, 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, RFC,, 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 Q,’s
case. A reactance value of approximately 10 times
the collector impedance was selected for use at
RFC,, and this is a good rule of thumb to follow.
A 10-ohm emitter-bias resistor is used at Q,. 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 Q,. With S, in the 7-MHz position
it is tuned to resonance by means of a 220-pF
fixed capacitor. On 80 meters S, adds an 820-pF
capacitor across L; to provide mid-band reso-
nance. 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 Q, is taken
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3.5 AND 7 MHZ

Fig. 6-35—This version of the solid-state transmitter is
housed in a small recipe box. All controls and jacks
are accessible from the top panel.

from a link, Ly, wound over L, and the toroidal
core. Power-lead decoupling is provided by RFCy
and a 0.05-uF capacitor. The power output
from Q, is approximately 100 mW,

An RCA 2N2102 is used in the output stage of
the QRP transmitter, at Q5. A heat sink should
be attached to it to prevent damage from exces-
sive heating.

A 1.5-ohm emitter-bias resistor is used at O 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 from emitter to ground to clean
up a low-frequency oscillation which appeared.
Because of the low collector load impedance for
Q,, approximately 40 ohms, RFC, needs to be
only 25 uH to present sufficient reactance at the
lowest operating frequency. An iron-core choke
was selected to obtain the least amount of dc
resistance in the collector supply lead. Individual
double pi-section tanks are used in the collector
of Q5 to provide maximum harmonic rejection.
Band selection is accomplished by the remaining
section of §; (S;p). Separate antenna connectors
are used, J, and J4, to eliminate the need for
switching in that part of the circuit. Do not con-
nect an antenna to the unused jack during opera-
tion.

A Zener diode, CR,, is used to prevent de-
struction of the PA transistor during periods
when the antenna SWR is high, or when through
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Fig. 6-36—Schematic diagram of the QRP transmitter. E
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40-M

ANT.
xcept as specified, fixed-valve capacitors are low-volt-

age disk ceramic; polarized capacitors are electrolytic; SM = silver mica. Resistors are a-watt composition.

Voltages marked with an asterisk are rms rf (see text).
are for identification purposes on

C,—Feedback capacitor (value may require changing
for best results from transistor used, depending
on beta of Q).

Cs, Co—For text discussion.

CR;—39-volt, 1-watt Zener diode (Sarkes Tarzian VR-39
or equiv.).

CRz—Silicon, 50 PRV at 2 amperes (Motorola HEP-154
svitable).

Ji—Phone jack, open-circuit type.

J2, Js—Phono jack.

Ji—Two-terminal male connector (microphone connector
used here).

L,—2 uH; 25 turns No. 24 enam. space-wound to occupy
entire Amidon T-50-2 toroid core.

L2—12 turns small-gauge insulated hookup wire wound
over entire length of L;. Wind in same sense as
Ly.

Ls, Lk—13 turns No. 20 enam, wire to occupy entire

error no load is connected to the output of the
transmitter. CR; is shown in series with the dc
at the collector of Q4. It is rated at 39 volts, 1
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
ride in on the 12-volt line. Under normal condi-
tions 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

Component identifiers not appearing in the parts list
the etched-circuit board layout.

Amidon T-68-2 toroid core (1 uH).

Ls, Le—2 uH; 18 turns No. 20 enam. to occupy entire
Amidon T-68-2 toroid core.

Q;, Q:—2N4124.

Rz, R7—Bias resistor. (Value may require modification
for best results from transistor used, depending
upon beta of Q; and Q:.)

Rs—Parasitic-suppressor resistor. (May be omitted if
stable operation of Q; exists without it.)

RFCi—1-mH rf choke (Millen subminiature J300-1000
suitable. James Millen Mfg. Co., 150 Exchange
St., Malden, Mass.).

RFC,—50-uH rf choke (Millen 34300-50).

RFCs, RFC,—25-uH rf choke (Millen J-300-25).

Si—Momentary spst pushbutton switch (Switchcraft 951
suitable).

S;—Dpdt slide switch.

Y1—3.5 and 7-MHz crystal.

sink on Q. 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 Associates,
12033 Otsego St., N. Hollywood, Ca. 91607.
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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
0, and Q, 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 val-
ues are within 10 percent of the values given
in Fig. 6-36. The turns on the toroidal inductors
can be-spread or compressed slightly to provide
a peak in output at the center of the band. Spread-
ing the turns decreases the inductance; com-
pressing them increases it. Collector current for
Q,, with excitation applied, will run between
200 and 230 mA when a 50-ohm load is con-
nected to the antenna terminal. Since some tran-
sistors 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 re-
sult of low base drive to Q,, low supply voltage,
or low beta at Q, or Q.

A polarity-guarding diode, CR,, is connected
in series with the B-plus from J,. 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 CR,. Supply voltage of the wrong
polarity (minus) will destroy the transistors
almost immediately. A 100-uF capacitor bypasses
the 12-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 315 X S inches. A homemade
chassis and panel were formed from aluminum
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Fig. 6-37—Looking at
the top of the chassis,
L; and L; are at the
far left, flanked by Ls
and Lg to their imme-
diate right. RFCs and
RFC, are mounted on
a terminal strip in the
center foreground. Qs
(2N2102) and its heat
sink are mounted atop
a ceramic post at the
center of the chassis.
S, is visible behind Qs,
mounted on the back
side of the panel. J;
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.

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 de-
sirable to those who wish a neater layout.2 Termi-
nal strips are used at various points on the chassis
for mounting the components. The circuits for
Q, and Q, are built on the bottom of the chassis.
Band switch S, and the PA circuit are above
the chassis. This method was used to aid in
isolating the PA from the rest of the circuit. Q5
and its heat sink are mounted on a ceramic in-
sulating post, but phenolic or other low-loss
materials can be used instead.

S, 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 field trip.

Coils L, through L; are wound on Amidon
toroidal cores.? Each winding should have its
turns equally spaced, and each winding should
occupy the entire circumference of the core.
L, is wound over L; and also covers the entire
core. The L,-L, assembly is bolted to the chassis
by means of a 4-40 X 1l-inch screw and flat
washer. The covering on the wire used for L,
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 O, and Q4
by unsoldering their base and collector leads
from the circuit. Before doing this, however,
it is a good idea to make an ohmmeter check

3 A scale template and parts location guide is available
from ARRL for 25 cents and a S.A.S.E. A ready-made
circuit board can be obtained from Stafford Electronics,
427 S. Benbow Rd., Greensboro, N.C. 24701.
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for short circuits in the dc line. Using a VT\'M,
and measuring between the circuit side of CR,
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 ¥, (Q, and Q4
disconnected) and apply operating voltage to the
transmitter, With the key closed the signal should
be audible on a receiver tuned to the crystal fre-
quency. 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 bé used as a load across L,. With oper-
ating voltage applied, and with the key closed,
the lamp should light to nearly full brilliance
Next, reinstate Q5 and connect a No. 47 lamp
to J, or J,, depending upon the operating fre-
quency. -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 trans-
mitter. Check for defective ground connections
or faulty bypass capacitors if this happens. If
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
VTVM and a Heath rf probe. The probe diode
was connected for minus polarity. The voltage
readings should provide the clew needed for
locating the trouble. Voltage readings and trans-
mitter performance should be the same for both
bands. Some crystals—especially older war sur-
plus 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 fol-
lowed by an amplifier, could be used to excite

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

Fig. 6-38—In this bot-
tom-chassis view of the
transmitter, Qi, Q:
and their associated
circuits are grouped
at the right of the
chassis. The compo-
nents are mounted on
terminal strips. Assem-
bly Lil; is near the
center of the chassis
and is held in place
by means of a nut,
screw, and washer. Sz
is at the lower center,
and Ji is at the far
left.

the transmitter. The socket for ¥, would be-
come the VFO jack. C; would be removed from
the circuit, but no other changes should be re-
quired. 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 Q, to provide further isolation be-
tween the keyed stage and the VFO. The VFO
output should be between 5 and 10 volts (rms)
for proper drive to Q.

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 Chapter 12. This circuit
will perform satisfactorily using any supply
voltage from 9 to 15. At 15 volts, power output
will be approximately 3 watts.

Fig. 6-39—The circuit of Fig. 6-36 can be built on an
etched-circuit board as shown here. Q, and Q: are
located at the far right of the board. Q: is at the top-
center, and is crowned by a Motorola HEP-502 chassis-
mount heat sink. Assembly Li-L; is visible at the lower
center. Board dimensions are 4% X 2% inches, small
enough to fit into the recipe box shown in Fig. 6-35.
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THE “NOVICE SPECIAL” TRANSMITTER

Exterior view of the 15-watt transmitter. All controls are
located on the front panel.

This 15-watt, 80- and 40-meter cw transmitter
is intended for the novice constructor. It uses
standard components, is easy to assemble, and
is capable of spanning more than 1000 miles
with its signal. The secret of success with this, as
with any transmitter, is the employment of a good
antenna system. This circuit is an adaptation of
one which appears in How To Become A Radio
Amateur, 25th Edition. It was designed by WITS.

Top-chassis layout of
the transmitter. Cs is
located under C: (up-
per left of panel). The
tank coil is cemented
to the chassis with
epoxy glue. Its poly-
styrene ribs serve as
mounting feet. The
power supply filter
capacitor is visible just
ahead of the power
transformer. Its B-plus
end is covered with in-
sulating tape to pre-
vent electrical contact
by the operator. Its B-
plus pigtail is covered
with spaghetti tubing
and routed through
the chassis via a rub-
ber grommet.

The Circuit

Fundamental-type crystals for the 80- and 40-
meter bands are used at ¥, in the Pierce oscil-
lator stage (V| of Fig. 6-40). The oscillator
is untuned, thus eliminating the need for band
switching in that part of the circuit. The signal
is fed to the grid of V,, the power amplifier,
where it is increased to the operating level. A pi-
section tuned circuit is used in the plate of V,.
It is switched from 80- to 40-meter operation by
shorting out some of the coil turns by means of
S, which is located on the front panel. During
operation on the 80-meter band S, connects a
680-pF capacitor in parallel with loading capaci-
tor Cy, providing the proper constants for that
band.

A No. 49 pilot lamp serves as a plate-tuning
indicator. A 0-100 mA meter can be substituted,
but the lamp will serve nicely for dipping and
loading the PA stage.

Keying is accomplished by breaking the cath-
ode leads of ¥y and V,, at J;. To prevent
clicks, and to shape the cw note, a 0.47-uF
capacitor and a 100-ohm resistor are series-con-
nected from J; to ground. This shaping network
should not be omitted from the circuit.

Construction

The Novice Special is housed in an LMB
SQ-1 cabinet, which measures 875 X 415 X 4%5
inches. It comes complete with chassis and panel,
so nothing additional is required for the housing
of the unit.
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AMP

3.5-T.3MHz

22k f 3763

+240v

+193V

EXCEPT AS INDICATED, DECIMAL VALUES OF
w CAPACITANCE ARE IN MICROFARADS ( wF ) ;
OTHERS ARE IN PICOFARADS ( pF OR yyF),
RESISTANCES ARE IN OHMS | k* 1000.

POWER SUPPLY

Fig. 6-40—Circuit of the Novice Special. Fixed-value capacitors are disk ceramic unless noted differently. Ca-
pacitors with polarity marking are electrolytic. Fixed-va lue resistors are Y2-watt composition unless otherwise noted.

Ci—Mica trimmer, 3-30 pF.

Cs—Single-section miniature variable, 365 pF (J. W.
Miller Co. 2111 or similar).

Cs—Compression padder, 550-1600 pF (Elmenco 309).

CR;, CR.—Silicon diode, 1000 PRV, 300 mA (RCA
1N3563).

Fi, F2—0.5-A fuse (Littlefuse 3AG).

l,—Neon panel lamp, 115 vac.

1o—No. 49 panel lamp.

J1, J=—Phono jack, single-hole mounting.

Li—27 turns No. 20 wire, 1-in. dia., 16 turns per inch
(B&W Miniductor 3015, lllumitronics 816T Air-
dux, Polycoils 1748).

RFC,-RFCs, incl.—1-mH rf choke, 100 mA rating.

§,—Spst slide switch.

S:—Spdt slide switch.

Ti—Power transformer: 500 volts center-tapped, 40 mA;
6.3V, 2 A. (Allied-Knight 54F2551.)

Yi—Fundamental-type crystal for 80- or 40-meter use
(International Crystal Mfg. Co. or equiv.).

Looking into the bottom of the transmitter, oscillator trimmer Ci is located at the lower left of the photo. The
power supply occupies the far-right section of the chassis. The antenna jack is at the far right, on the rear
apron of the chassis.
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All of the controls are mounted on the front
panel. The antenna jack is located on the rear
chassis lip for easy access. Feedthrough bushings
are used for routing the rf leads through the
chassis, but small rubber grommets can be sub-
stituted in their place. Coaxial cable is used to
connect J, to the stator terminal of Cj. Its shield
is grounded at each end.

Tuneup and Use

It is not recommended that 3.5-MHz crystals
be used for 40-meter operation. This would en-
courage harmonics to appear in the output of the
transmitter when doubling in the PA stage. Al-
ways use straight-through operation for both
bands.

A 15-watt incandescent lamp can be used as a
dummy antenna during testing. Connect it to J,.
Insert a crystal at Y, and plug the key in at J,.
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Turn the power supply on and close the key after
the tube filaments are warmed up. Lamp I, should
illuminate. If so, tune C, for a dip in lamp bril-
liance, indicating resonance of the PA tank. Ad-
just Cq4 for a brighter glow of I, and retune C,
for a dip. Repeat this process until the dummy
load cannot be made to glow any brighter. At
this point I, should glow quite brightly with C,
adjusted for a dip.

Key the transmitter and monitor the cw note
on the station receiver. Adjust C, experimentally
for the best sounding note—one with minimum
chirpiness. This completes tuneup. When op-
erating into an antenna whose impedance is any-
where between 30 and 75 ohms the foregoing
tuning procedure should produce the same results
as when the dummy lamp was used at J,. If the
transmitter will not load up, check the antenna
to make sure it is cut for the correct operating
frequency (see chapter on antennas).

AN RF-ACTUATED CW MONITOR

This unit permits the operator to monitor his
cw sending. Also, it can be used as a code-
practice oscillator. As an oscillator, connect a
key to TB,, and plug a set of phones into J,.
To use the speaker, close S, and advance R,. For
use as a monitor, connect coax from your trans-
mitter to J; and route the antenna feed to J,.
Set R, so that the arm of the control is at the
ground end. Connect a VTVM between terminal
1 on TB, and the chassis. Next, tune up the rig
to the input and adjust R; so that the VTVM
reads -7 or -8 volts. The monitor should be
gs{lerating a tone, and if you have S, turned on

CRI 1000  MULTIVIBRATOR

and the audio gain control, R,, turned up, you
should hear a note.

For headphone use, plug the phones into Jg
and plug P, into the receiver headphone jack.
When receiving, the audio from the receiver
will be piped through the monitor. When going
to transmit, you'll hear the multivibrator oscil-
lator tone in the phones. The battery drain is
about 2 mA, it is a good idea to leave S switched
off when the speaker is not in use. You don’t
have to disconnect the monitor from the rf line
in order to use the unit as a code practice
oscillator. (From QST, Nov. 1968)

AUDIO AMP.

T LSt

Fig. 40A—Circuit diagram of the cw monitor. Unless specified, all resistors are % watt; resistances are in ohms
(K = 1000). All values of capacitors are in microfarads (uF, all 0.01-4F capacitors are disk ceramic. Capaci-

tors marked with polarity are electrolytic.

B,—9-volt battery.

Ci, C2—25-uF electrolytic, 25 working volts or more.
C;—0.1 uF paper, 25 working volts or more.
CRi—1N277 or 1N34A.

J1, J2—Coax chassis receptacle, type SO-239.
Js—Open-circuit phone jack.

LS;—Speaker, 3-inch diameter, 4-ohm type.
P;—Phone plug.

Q:, Qz, Q:—2N406, SK3003, or equivalent.

R1—15,000-0hm, 2-watt control.

R;—5000-ohm control with single-pole, single-throw
switch, S;, mounted on rear.

T.—Output transformer, 2000- to 5000-ohm primary, 4-
to 10-ohm voice-coil secondary; see text (Lafay-
ette 99 H 6101 or similar).

TB,—Two-terminal connector.
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A FIVE-BAND “FIFTY WATTER”

The transmitter shown in Figs. 6-41 through
6-45 is easy to construct and to get working.
Metal work is minimized by using a “box-on-
chassis” arrangement. This complete enclosure
also provides good shielding, a “must” in avoid-
ing TVIL

Referring to the circuit diagram, Fig. 6-42,
a 12BY7 is used as a crystal oscillator stage.
Fundamental or harmonic energy from the crystal
is selected by the setting of S;. The coils of L,
through L, are adjusted only during the initial
test procedure. Eighty-meter crystals are used
for operation on 80 and 40 meters; 7-Mc. crystals
are used on 7, 14, 21, and 28 Mc.

The 6DQ6B is used as a straight-through am-
plifier at all times. Its output circuit is a pi net-
work designed to work into loads of 50 to 75
ohms. Switch S, selects the correct number of
turns in L, for each band, and it also adds capaci-
tance across both Cy and Cj in the 3.5-Mc. posi-
tion. RFC, is a safety device that will blow the
fuse if by any chance the 0.01-f. plate blocking
capacitor should fail. The 6DQ6B is a high-gain
tube, and both a neutralizing circuit (Cy,C,) and
a parasitic suppressor (RFCgq) are included to
insure a clean signal.

The function switch, S4, selects the type of
operation desired. In the TUNE position, the am-
plifier screen is grounded, to limit plate current
during the tune-up procedure. In the BOTH posi-
tion, both oscillator and amplifier are keyed, for
break-in operation. In caL, the amplifier cathode
is removed from the keying line, and only the
oscillator operates when the key is pressed. This
permits the operator to locate his frequency in
the band with respect to other signals. In amp,
the oscillator runs continuously, and only the

amplifier is keyed. This is recommended opera-
tion on the higher frequencies, where oscillator
keying may become chirpy. The 68-ohm resistor
and the 10-uf. capacitor at the key jack shape
the keying and minimize key clicks; the 0.01-4f.
capacitor and the 47-ohm resistor also help.

The 0-1 milliammeter is connected as a volt-
meter to read the voltage drops across resistors
in the grid, plate and screen leads. With the
values shown, this gives a full-scale reading of
the currents in those leads of 5, 200 and 20 ma.,
respectively. By using every other position on
S, the insulation between contacts is increased.

Two power supplies are used. The first supply,
using T and a full-wave bridge circuit, supplies
170 volts to the amplifier screen grid and to the
oscillator plate and screen. The second supply
(T, and a full-wave rectifier) delivers 460 volts
to the amplifier plate. The supplies are turned
on by switch S, and the neon lamp, I,, warns
the operator when power is present.

Construction

A 12 X 7 X 3-inch aluminum chassis is used as
the base for the transmitter. Placed on top of
this, and held by six 6-32 screwsisa 12 X 6 X 7-
inch aluminum box (Premier AC-1276). For
ventilation three rows of holes (34¢” diameter on
34" centers) are drilled on the box sides and the
rear wall. Reynolds perforated aluminum is used
as a top cover. One of the aluminum panels
supplied with the box is used as a bottom plate.
Four rubber feet are mounted on the bottom plate
to avoid scratching the operating table.

Although layout is not critical (except for the
mounting of C,), it is advisable to follow the
photographs as closely as possible. 4-40 hardware

Fig. 6-41—The five-band 50-watt
transmitter is a two-tube unit much
superior to the “simple 1-tube’’ trans-
mitters often recommended for new-
comers to amateur radio. The cab-
inet combines a chassis and an
“utility box.”
Switch under meter permits read-
ing grid, screen and plate current
of output stage. From left to right
along base: neon bulb indicator, a.c.
switch, quartz crystal, grid band-
switch, switch, key jack.
Lower knob at right is loading con-
trol, upper knob is for plate tuning.

aluminum

function
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Fig. 6-42—Circuit diagram of the five-band 50 watter. Unless indicated otherwise, capacitances are in pf. and
resistances are in ohms, V2-watt. Capacitors marked with polarity are electrolytic; capacitors with decimal value
of uf. are disc ceramic.

C;—140-pf. variable (Hammarlund APC-140).

C2—One-inch wide aluminum strip. See Fig. 6-43.

Cs—140-pf. variable (Hammarlund) HFA-140-A).

C—150-pf. zero-temp.-coefficient (Centralab type TCZ).

Cs—1100-pf. variable. 3-section, 365 pf. per section,
stator sections connected in parallel, trimmers
removed (Allied Radio 43A3522).

Cs—680 pf., 500 volts, dipped mica.

CR;-CR—400 p.i.v. 750-ma. silicon diode.

CRs, CRe—1000 p.i.v. 400-ma. silicon diode (1N3563).

l,—Neon indicator (Drake R-117-603).

J1—Coaxial receptacle SO-239.

J>—Open-circuit phone jack.

L,—.68-1.25 uh. adjustable (Miller 21A106RBI).

Lo—.68-1.25 uh. adjustable (Miller 21A106RBI).

Ls—1.35-2.75 ph. adjustable (Miller 21A226RBI).

L(—9.4-15.0 ph. adjustable (Miller 21 A155RBI).

Ls—27.5-58 wh. adjustable (Miller 21A475RBI).

Le—31% turns No. 16, 8 t.p.i.,, 1% inch diameter (B&W
3018) tapped from Cs end: 2%, 6%, 10%, 22%
turns.

L;—5.5-henry 50-ma. choke (Allied Radio 54A2135).

M1—0-1 milliammeter (Lafayette 99G5040).

P:—Fused plug, 1%-amp. fuses.

RFC,-RFCs—1-mh. 125-ma. r.f. choke (Miller 4662).

RFCe—7 turns No. 18 space-wound on 100-ohm 1-wati
composition resistor.

S1—2-pole 6-position (5 used) rotary switch (Mallory
3226)).

S:—2-pole 6-position (4 used) rotary switch (Centralab
PA-2003).

S:—3-pole 4-position rotary switch (Mallory 3234J).

S(—2-pole 6-position (1, 3, 5, used) rotary switch (Mal-
lory 3226J).

Ss—S.p.s.t. toggle.

T1—125-volt 50-ma., 6.3-volt 2-amp. transformer (Knight
54A1411).

T:—700 v.ct. 90-ma., 6.3-volt 3.5-amp. transformer
(Knight 54A1429).

(Knight products handled by Allied Radio, Chicago.)
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is required at the 12BY7 socket and the crystal
socket, otherwise 6-32 hardware is standard.

Liberal use has been made of tie points, solder
lugs, and grommets. Make sure that each com-
ponent is supported at both ends. Short r.f. leads
are essential. Bypassing is done from the tube
socket pin directly to a ground lug with as short
leads as possible. Care should be taken to obtain
good solder joints. Avoid excess heat in soldering
any of the coils used. Lg uses the entire B & W
stock specified. Before tapping the coil, unwind
15 turn from each end. Indent the turn each
side of the desired tap by pushing gently with
a screw driver. One end of Lg is supported by
by Cj,, the other end by a 1-inch ceramic standoff
insulator. The unused 5-volt winding of T, is
taped and tucked along the side of the chassis.
Be sure to observe proper polarity on all diodes
and electrolytic capacitors.

Operation

Connect a 50-watt lamp at J, with a suitable
connector. Plug in a 40-meter crystal in the ap-
propriate socket and a key in the key jack. Set
both bandswitches to the 28 Mc. position, the
function switch to the TUNE position, and the
meter switch to the Grip position. Plug in the
a.c. line cord and turn on the transmitter with
S5. Allow 30 seconds or so for the heaters of the
tubes to light. Then press the key and adjust L,
for 1.0 ma. of drive (0.2 on the meter). Now
is the correct time to neutralize the final ampli-
fier. With the operating controls in the positions
stated, and the key depressed, tune C, for a dip
in grid current. The object is to adjust C; so that
swinging Cj results in a minimum dip in grid
current (one meter division or less). During the
neutralization process it will be necessary to re-
peak L, to yield the specified grid current. Once
the resonance dip in grid current is minimized,
the transmitter may be considered neutralized.

With the transmitter still in the TUNE condition,
switch to 21 Mc. and adjust L, for 1.0 ma. grid

TLALRESS
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Fig. 6-43—Top view of the 50
watter shows the two power
transformers (left rear) and
the smaller filter choke. The
12BY7 crystal-oscillator tube
(left of coil) has a tube shield
around it. The coil is sup-
ported at left end by ceramic
standoff insulator, at right
end by plate tuning capaci-
tor. Plate choke to the 6DQ6
is masked by parasitic sup-
pressor, RFCo, to right of tube.
The one-inch wide strip of
aluminum alongside the DQ6,
together with the 6DQ6 plate,
¢ is neutralizing capacitor Ca.
The strip extends up from the

chassis 3 inches; it is sup-

ported at the bottom by a ce-

ramic feedthrough insulator.

current. Do the same on 14 Mc. adjusting Lg;
similary adjust L, for 7 Mc. Then plug in an 80-
meter crystal and adjust Ly for 1.0 ma. grid cur-
rent on 3.5 Mc.

Choose a given band to check out the final
amplifier. Insert the proper crystal and switch
S, and S, to the band of operation. With Sy still
in the TUNE position, switch S, to read plate cur-
rent. Close the key and tune C; until a dip is
noted. Then switch S to the BoTH position. Check
the dip by tuning C4. Proceed to load the amplifier
by decreasing the capacitance of Cj until the plate
current is 120 ma., (0.6 on the meter). Dip again
using Cg, and load again to 120 ma. using Cs.
During the tuning process the lamp should get
progressively brighter.

As a final check on proper amplifier operation,
switch S, to SCREEN. Screen current should be
between 8 and 10 ma. (0.4 and 0.5 on the meter).
If screen current is higher, the cause may be
two fold; either there is a mismatch in the out-
put circuit or grid drive is not properly adjusted.
The latter can be remedied by adjusting L,-Lg
until the screen current is of the proper value.

Working into an antenna is similar to the light
bulb, although control settings may vary. When
working into an antenna, check the amplifier
screen current, as it will give you a good indica-
tion as to how well everything is working.

Keying Monitor

The optional r.f.-powered keying monitor,
shown in Fig. 6-45, uses a small portion of the
r.f. output to power an audio oscillator. With
this simple addition, the operator can follow his
sending and be sure at all times that his code
is similar to the published one. While the monitor
does not disclose chirps and clicks on the trans-
mitted signals, it does tell the truth about the
relative lengths of dots, dashes and spaces.

The monitor can be assembled on a single tie-
point strip (right, Fig. 6-44). The receiver output
is fed to /; (J, and J5 if the receiver output is un-
grounded, as in the regenerative receiver, Chapter
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Fig. 6-44—View under chassis;of 50 watter shows how tie points are used to support components. Silicon-diode
rectifiers are mounted on strips at lower left. Strip assembly at extreme right is’ optional keying monitor (see
Fig. 6-45). Use of rubber grommets when leads pass through chassis is considered good practice.

e i

=1’ f

Five). The headphones are plugged in at J,.
When the transmitter is on' and power is de-
livered to the antenna, a fractlon of the power
is rectified and powers the momtor

If the monitor ciré-luit is used with a higher-
powered transmitter, [the value of R, should be
adjusted to give approximately —6 volts at the
point marked in Fig. 6-45.

Fig. 6-45—Circuit diagram of the rf-powered keying monitor.
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Point marked ';,RF“ connects to ungrounded

lead of J; (Fig. 6-42). This arcunf can be used wnh any transmitter, simply by selecﬂng an input resistor, Ry, that

gives about —6 volts at the pomt shown
)
J1—Phono jack, for grounded 'receiver input.
Jg, Ja—Tip jacks, for receiver wnh ungrounded output.

Jo—Phone jack (insulated from chassis) for headphone
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Qi, Q:—2N406, SK3003,
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or equivalent.
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A STABLE F.E-T. V.F.O.

The v.f.0. shown in Figs. 6-46 through 6-50
furnishes output from 3.5 to 4, 5.0 to 5.5, and
from 8 to 9 Mc. and first appeared in QST, Dec.
1966. Output is on the order of two volts, peak
value. Consequently, it is necessary to use the
v.f.o. with transmitters that do not require an
excitation voltage in excess of the amount stated.
If more v.f.o. output is needed, the unit can be
used to drive an outhoard class A buffer stage,
vacuum-tube or solid-state type, to build up the
peak output to the level required by the trans-
mitter.

This v.f.o. is extremely stable and is useful as
a frequency-controlling device for an 80-meter
transmitter, a single-sideband transmitter with
a 9-Mc. i.f., or it can be used to control the fre-
quency of a 6- or 2-meter transmitter., Coil data
for each of these ranges is given in the accom-
panying table.

Mechanical Details

Like a vacuum-tube unit, the MOS v.fo. re-
quires great care in the mounting of the oscillator
components. The complete v.f.o. is housed in a
4 X 5 X 6-inch aluminum utility box. The MOS
oscillator, less its tuned circuits, is mounted on
an H. H. Smith No. 1070 terminal strip, as shown
in the bottom view. The two-stage amplifier is
mounted on a similar strip.

Power is carried to the closed unit by means
of 1500-pf. feed-through capacitors mounted at

Fig. 6-46—The FET v.f.o. The panel is Y-inch alumi-
num, 7 by 10 inches. (Designed and built by G. D.
Hanchett, W2YM.)

the rear of the utility box along with the 25-pf.
frequency-setting capacitor. The tuning capacitor
should be a high-quality, two-bearing type; in
this particular oscillator, a Millen 23100 MKF
was used.

Maximum rigidity of the oscillator circuit is
obtained by the use of a special bracket formed
from one of the utility box covers. The box cover
material is soft aluminum and can be bent easily

mmme e emmmm e mc e m——m————— e -
]
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# Adjust for 2v. peak output

Fig. 6-47—Circuit diagram of the variable-frequency oscillator and buffer. Except as indicated, capacitunces are
in pf. (uuf.). Resistances are in ohms (K — 1000); resistors are Ys-watt composition.

C;—Double-bearing variable (Millen 23100 or 23050—
see table below).

C2—25-pf. air trimmer (Hammarlund APC-25 or equiva-
lent).

Cs, C4, Cs, Co—Silver mica; see table below for values.

C,—2200-pf. silver mica.

Cg, Co, C1o—Ceramic disk.

Cio, Cui—Feedthrough type.

Ji—Coaxial connector, chassis mounting.

L,—See table below.

R1—12,000 to 47,000 ohms; select for 2-volt peak output
level at input to trapymitter.

RFC,—Miniature 2.5-mh. r.f. choke, iron core (Millen
J300-2500).



F.E.T. V.F.O.

with the aid of wood blocks and a vise. Hardwood
blocks and a hammer are used to make the bends
square and sharp. When bolted securely to the
front and back of the oscillator box, the bracket
not only supports the circuit components but helps
stiffen the box itself.

To facilitate mounting the variable capacitor,
the holes for the mounting feet are slotted. In
addition, during assembly the shaft nut and
mounting spacers are tightened to the side of
the box first, and then the 6-32 screws for the
feet are tightened. Special clamps designed to
hold the coil are cut from thin lucite or poly-
styrene in strips 4 inch wide and 2% inches long.
Holes are drilled at both ends of each strip so that
they can be bolted to the standoff insulators.

The silver-mica capacitors, which form a part
of the tuned circuit, must be mounted so that there
is no possibility of motion. Small feed-through
insulators are used as tie points to hold them as
shown in the inside top view. For maximum
reinforcement of the entire unit, new covers were
cut from §-inch aluminum panel stock and
fastened to the boxes with a liberal number of
self-tapping screws.

Although any suitable dial and panel arrange-
ment could be used, the particular one shown
employs a Millen 10037 “no string” panel dial.
The dial is mounted on a small panel and the
assembly in turn is bolted to the v.f.o. box with
174-inch metal pillars. Though large, the dial is

Fig. 6-48—The tuned
circuit is supported by
a bent aluminum steel
extending from the
front to the rear of the
4 by 5 by 6-inch box.
The trimmer capacitor,
C:, is mounted on the
rear wall, as are also
the coaxial output con-
nector and feed-
through bypass ca-
pacitors for the power
leads.
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Tuned-Circuit Table

3.5-4.0 50-55 8.0-9.0
Me. Mec. Mec.
L, —No.of turns  17* 1434* 1115
Wire size 20 20 18
Turns/inch 16 16 8
Diam., inches 1 1 1
Cy, pf. 100 50 50
C,, pf. 25 25 25
C,, pf. 100 None None
C, pf. 390 390 270
Cs, of. 6380 680 560
Ce Df. 680 680 560

*B & W 3015, Polycoils 1748, AirDux
816T.

* B & W 3014, Polycoils 1746, AirDux
808T.

free from any noticeable backlash and provides
adequate illumination and an easy-to-read scale.

The panel is provided with a single-pole,
double-throw switch, which can be connected
so that in the “spot” position only the v.f.o. supply
can be turned on, but in the transmit position this
function is transferred to the main transmitter
power-supply control so that it is activated by the
transmit/receive switch.
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Fig. 6-49—Circuit of regulated power
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supply for the FET v.f.o. Capaci- T
tances are in uf., capacitors are
electrolytic. Resistors are V2-watt. For
mobile use, a 12-volt car battery may
be substituted for rectifier/filter sup-
ply to the left of line AB.
CR;—12-volt 1-watt Zener diode.
CR>—6.8 volt 1-watt Zener diode.
T1—6.3-volt 1.2 amp. filament trans-
former.

1nsv.

Fig. 6-49 shows a suggested power-supply cir-
cuit for 120-volt, 60-cycle operation. The regu-
lator in this circuit also can be used for mobile
work. A vacuum-tube v.f.o. article prompted
many requests for information on how the unit
could be adapted for use at other frequencies.l
Generally speaking, this MOS transistor circuit
is useful at any frequency up to and including the
144-Mc. band. Coil and capacitor information is
provided for three frequency ranges: a 3.5 to 4.0-
mc. range for 80-meter transmitters, a 5 to 5.5-
Mec. range for s.sb transmitters, and an 8- to
9-MC. range for 50- and 144-Mc. transmitters.

Adjustment

Output from the v.f.o. can be monitored on a
general-coverage communications receiver by
connecting a coax lead from J; of the v.f.0. to the

1 Hanchett, “Stability with Simplicity’”’, QST, Oct.
1960.

6-50—Oscillator

Fig. and buffer components
mounted on two tie-point strips underneath the tuned
circuit. The lower strip supports the oscillator com-
ponents, with the 3N128 projecting downward from
the center of the strip in this view. The upper strip is
for the two-stage buffer; in this case the transistors
project upward on either side of the mounting screw.
The short length of coax cable runs to the connector
on the rear of the shield box.

are
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antenna terminals of the receiver. The signal will
be quite strong, so turn the receiver r.f. gain
control down until a moderately-strong v.f.o.
signal is heard. The signal should be clean and
stable.

C, should be adjusted to provide the desired
v.f.0. coverage over the chosen frequency range.
The dial can be calibrated by comparing it with
the dial on the receiver. If more accurate calibra-
tion is desired—provided the test receiver is not
accurate enough—a BC-221 or similar frequency
standard can be used to establish check points for
dial calibration.

160-METER OPERATION WITH THE
FET V.F.O.

The following information is given for those
who may want to operate the W2YM v.f.o. be-
tween 1.8 and 2.0 Mc. These component values
were tried with the circuit of Fig. 6-47 and pro-
vided stable operation. The tuning range of the
v.f.o. covers from approximately 1775 to 2050 kc.
Greater bandspread can be obtained, if desired,
by making C, smaller and by increasing the value
of C,. Capacitors C,, C5, and Cq have the same
value that is recommended for 80-meter opera-
tion, though increasing their capacitance values
could lead to even greater frequency stability dur-
ing 160-meter operation.

The modification requires that a 20-gh. in-
ductor be used at L;. The new coil can be wound
on a James Millen 45000 1-inch diameter coil
form, or equal. It should consist of 45 turns of
No. 18 enamel wire, close-wound. A suitable
amount of Miniductor stock can be substituted if
desired. C, will be 100 pf., C, will remain a 25-pf.
trimmer, and C, will be a 100-pf. silver-mica
unit. C, = 390 pf,, C; and C4 are each 680 pf.
All three are silver-mica capacitors. Cg should
be changed to a 0.1-uf. disk ceramic for opera-
tion in the 1.8 to 2.0-Mc. range.
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GENERAL-PURPOSE V.F.O.

The v.f.o. described here is capable of deliver-
ing approximately 3 volts peak output into a low-
impedance load. It can be fed into a vacuum-tube
or transistor amplifier stage if additional output
is required. Coil data is given for the popular
tuning ranges used with most modern communica-
tions equipment.

Circuit Details

Two bipolar transistors, O, and.Q, (Fig.
6-52), are used. Q, is used in a Colpitts circuit;
Q. performs as an emitter-follower stage for
purposes of isolation. R, is a parasitic-suppressor
resistor and was required to clean up some ran-
dom oscillation which resulted from the use of a
high-beta transistor at Q.-

Though the circuit is shown for use from a
150-volt d.c. line (VR-150/0A2 regulator line
recommended) in the station receiver or exciter,
it can be operated from a 12-volt source as well.
If this is done, the 7500-ohm 10-watt resistor be-
tween the power supply and CR, should be
changed to a 100-ohm l-watt unit. Similarly,
other operating voltages can be used if the drop-
ping resistor is changed to a value that enables
CR, to draw approximately 20 milliamperes of
current. Cy,, the feed-through capacitor, should
be mounted on the v.f.o. case and used as a B-plus
connector, thus helping to filter the power lead at
r.f. level.

Construction

Mechanical rigidity is always the keynote if a
v.f.0. is to be a good tool to work with. In the
accompanying photos it can be seen that consider-
able attention has been given to the matter of

Ll

Fig. 6-51—View of the back side of the v.f.o. A phono

connector is used as an output jack. A feedthrough ca-

pacitor is used as a B-plus connector, and is located

just above the output jack. L, is mounted to the right

of J;, just below trimmer capacitor Ce. Trimmer capaci-
tor C7 is accessible from the top of the case.

structural soundness. Aluminum sheeting, g
inch thick, was used to form the chassis and side
plates for the v.f.o. All bending was done on a
sheet-metal brake, but the parts could have been
formed by hand while using a rawhide hammer
and a bench vise. A local machine- or sheet-metal
shop will often bend a chassis for a couple of dol-
lars or less if the stock is precut and marked when
they receive it. Alternatively, a utility box can
be used as a v.f.o. housing and its walls reinforced

BUFFER

.00!

( @Y :
OUTPUT

MAIN
TUNING

/J:le(lv. PEAK)
5600 | 15K
% Rl |R7 470

100

E B8 C

Q1,02

\'s

R9

EXCEPT AS INDICATED, DECIMAL
VALUES OF CAPACITANCE ARE

IN MICROFARADS ( uf.); OTHERS
ARE IN PICOFARADS (pf. OR wut.);
RESISTANCES ARE IN OHMS;

K s 1000

S.M.=SILVER MICA
F.T.sFEED THROUGH

Fig. 6-52—Schematic diagram of the v.f.o. Fixed-value capacitors are disk ceramic except Cii which is a feed-
through type. Resistors are Ya-watt composition unless noted otherwise. All parts carry numbers for identifica-
tion purposes on the circvit-board template. Significant parts are listed below.

Cs—Miniature double-bearing 35-pf. capacitor (James
Millen 21035 MK). See text.

Ce—5 to 25-pf. ceramic trimmer, type NPO. (Erie type
557).

C;—Miniature 35-pf. variable (James Millen 26035).

CR;—9.1-volt 1-watt Zener diode (GE Z4XL9.1 or simi-
lar).

Ji—Phono connector, chassis mount type.

L,—See Table 9-00.

RFC,—Subminiature 1-mh. r.f.
73F103AF).

choke (J. W. Miller
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Coil And Capacitor Table

Freq. in MHz. L, (uh.) Miller No. C, (#f) Cy (1)
1.7 to 2.1* 54 to 125 42A104CBI 820 1000
3.0 to 4.0 12.9 to 27.5 42A225CBI 390 470
5.0 to 6.0 9.4 to 18.7 42A155CBI 390 470
6.5 to 7.5 6.05 to 12.5 42A105CBI 390 470
7.5 to 9.0 2.4 to 5.8 42A476CBI 390 470

Coil, capacitor, and frequency-range data for the solid-state v.f.o. Frequency can be extended beyond both the
upper and lower limits given here for each range, by adjustment of L, and C,. Ranges given include popular
v.f.o. ranges for s.s.b. receivers and exciters using 455-kHz. and 9-MHz. filters. Data is also given for 160-,
80-, and 40-meter v.f.o. operation. The 7.5- to 9.0-MHz. range covers the common v.f.o. tuning range for v.h.f.
operation (8 to 8.5-MHz.). *Use 2.5-mh, r.f. choke for 160-meter operation at RFC,.

by adding thick aluminum covers in place of those
supplied. The actual size of the v.f.o. case is not
particularly important provided all of the parts
can be installed conveniently. The box shown
here is 2-34 inches high, 214 inches wide, and 3V
inches long. The etched-circuit board measures
2Y5 x 2-34 inches.1

V f.o. inductor L, is mounted on the rear wall
of the box, but is insulated from the enclosure by
mounting it in a small piece of insulating board
which is centered over a %-inch diameter hole.
This was done to prevent the slug of L, from
being affected by chassis heating when the v.f.o.
is used as an integral part of a vacuum-tube ex-
citer or receiver, If the thermal path is not broken
up in this fashion, a drift problem often results.

A James Millen 39016 anti-backlash flexible
coupling is used between the shaft of C5 and the
dial mechanism to lessen stress on the v.f.o. box
and main-tuning capacitor. A Millen 10037 slide-
rule dial drive can be used with this v.f.o. as was
done with the W2YM IGFET v.f.o0. elsewhere in
this chapter. A dial mechanism from a war sur-
plus TU-17 tuning unit can also be used if a less-
costly, more-compact dial is desired. A smoother-
tuning assembly will result if a Millen 28035
MKBB variable is used for Cy in place of the
less-expensive Millen 21035 MK which is shown
in the photo. If the ball-bearing variable is used,
slightly more space will be required inside the
box.

Testing and Use

Initial testing can be done before the circuit
board is installed in the box. It can be connected
to the rest of the components, temporarily, by
using short lengths of insulated wire for inter-
connection. With power applied, listen on a gen-
eral-coverage receiver for the v.f.o. signal. It
should be quite loud if a lead is run from J, to
the antenna post of the receiver. If the v.f.o. is
operating, mount the board permanently in the
box. If not, check for shorts between the etched-
circuit lines, and look for poor solder joints, or
improper wiring. Make sure the rotors of Cy, C,
and C; are grounded to the chassis.

1 A scale-size template showing component placement
is available from ARRL for 25 cents. Send SASE with
order.

.

With the v.f.o. in its case, and with the bottom
enclosed by the main chassis or an aluminum
plate, again apply voltage and listen for the signal
in the receiver. Set Cq for approximately mid-
range. Cy should be fully meshed and C; should
be approximately half meshed. Adjust the slug
in L, until the v.f.o. signal is heard at the lowest
desired frequency. Next, tune C; to minimum
capacitance (unmeshed) and tune the receiver
until the signal is heard. If it falls near the de-
sired upper range, no additional adjustments will
be necessary. If it falls too high, or too low to give
the necessary v.f.o. tuning range, juggle the set-
tings of C; and L, until the desired bandspread
is obtained. If the v.f.o. is to be used on the higher
frequencies listed in the table, the builder may
wish to remove plates from C, and increase the
capacitance of C; to limit the tuning range of
the v.f.o.

Some suggested circuits for increasing the out-
put from the v.f.o. are given in Fig. 6-54.

Fig. 6-53—Bottom view of the completed v.f.o. The
circuit board is mounted by means of small aluminum
L brackets (far right). L, is mounted on a small square
of insulating board (see text) at lower left. Cs is di-
rectly opposite Li. Cr is to the right of Cs but is
mounted on the top wall of the box.
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FROM

Lo-2
VFD. OUTPUT
Fig. 6-54—Typical circuits for amplifying
the v.f.o. output. At A, a transistor am-
plifier. L; is a low-impedance winding
on the B-plus end of L.. L. provides high-
impedance output and is tuned to the
v.f.o. frequency. A low-C circuit will give
greatest bandwidth but will result in
less peak voltage because of reduced Q.
A similar circuit is shown at B, but uses
a vacuum-tube amplifier. A 470-ohm
grid resistor provides a low-impedance
load for the v.f.o. for better isolation be-
tween the tuned circuits, thus reducing

“pulling” effects.
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A LOW-POWER PHONE/C.W. RIG FOR 1.8 MHZ.

This equipment is intended, primarily, for use
as a low-power mobile or fixed-station trans-
mitter with an input power of approximately 15
watts. It can be used as an exciter to drive a
linear amplifier, or it can be used as an integral
part of a higher-power transmitter which uses a
class-C final stage. It features push-to-talk opera-
tion and has shaped keying to assure a clean c.w.
note. Transmitters in this power class have been
used during many coast-to-coast 160-meter con-
tacts. Many DX contacts have been made with
foreign amateurs when power levels of this type
were involved.

The Circuit

Three tubes are used in the circuit of Fig. 6-56.
The r.f. section is a single compactron whose
triode section, V;,, operates as a crystal-con-
trolled oscillator. ¥ is a fundamental-cut FT-243
style crystal. The 39-pf. capacitor between one
end of ¥, and ground is part of the feedback
circuit and is necessary for reliable oscillator
starting. A pi-network tank circuit connects the
oscillator stage to the amplifier section, V. This
method was chosen to permit C, to be used for
“grid loading”, an aid to stability of the p.a.
stage when a neutralization circuit is not em-
ployed. Though grid loading reduces the amount
of drive available at the input of the driven stage,
it does not detract from the proper performance
of this transmitter.

Output from the p.a. is routed to K,,, the
changeover relay, through a standard pi-network
plate tank. K;, and K,p, the relay contacts,
switch the antenna from the transmitter to the
receiver during standby, and mute the receiver
when its standby terminals are attached to J,. The
push-to-talk mike switch operates K, or it can

Fig. 6-55—The midget-size 160-meter phone/c.w. trans-
mitter is dwarfed by the microphone next to it. A
minimum number of controls are used; all are located
on the front panel. A low-cost power supply for fixed-
_station use is shown at the right of the transmitter.

be operated by a switch on the power supply
chassis. The power supply is activated by a third
set of relay contacts, K.

A high-impedance crystal, dynamic, or ceramic
microphone can be used with this transmitter. Its
output is amplified by ¥,, and is then amplified
further by V,p. The triode section of /3 ,, another
6T9 compactron, provides additional amplification
of the speech signal. A single-ended modulator,
V4p, is coupled to the p.a. by means of T, a re-
placement type push-pull audio output trans-
former. This provides a 1:1 impedance ratio—a
good match for this circuit. No connections are
made to the voice-coil winding of T, (second-
ary). §; is used to disconnect the modulator sec-

TO HI-Z
CIRCUIT

+i2v.
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P.A.

1.8-2.0 MHz.

MULTIPLIERS, AMPLIFIERS

18-2.0MHz.

1] +27sv.
4] G,
+12V, ] 3| +iav.
S| xecontroL
CONTROL 2] 12vAc.
+i2v. py lo0 0.0)
N.C.NO CONNECTION v2 i v3 v eace)
) !s ' i2 | ” [ -
9
l : 6.3v.
1 . [ w 12-VOLT
EXCEPT AS INDICATED, DECIMAL ;‘“ zo\()?(IJP o M2 HOOKUP
VALUES OF CAPACITANCE ARE
IN MICROFARADS ( uf.); OTHERS
ARE IN PICOFARADS (pl.OR put.); Lo
RESISTANCES ARE IN OHMS; il

K= 1000

Fig. 6-56—Schematic diagram of the transmitter. Fixed-value capacitors are disk ceramic. Fixed-value resistors
are Ya2-watt composition unless noted differently. Capacitors with polarity marking are electrolytic.

C;—See text.

C>—115 to 550-pf. padder (Elmenco 304 or similar).

C3;—1400 to 3055-pf. padder (Elmenco 315 or similar).

J1—Closed-circuit phone jack.

J2-Js, inc.—Phono jack.

Js—Two-circuit (plus ground) microphone jack.

Je—Phono jack.

Ki—3-pole, double-throw, .12-volt d.c. relay (Potter &
Brumfield KA14DY suitable).’

L:i—120- to 190-vh. adjustable inductor (J. W. Miller
4512).

Lz—25-uh. fixed-value inductor. 45 turns No. 24 enam.
wire close-wound on 1l-inch dia. low-loss form

(James Millen 45000 coil form used here).
Mi1—1Y%-inch, 0 to 100-ma., d.c. meter.
P,—5-pin male chassis-mount plug (see text).
Ri—0.5-megohm, audio-taper control.
RFC,-RFCs, inc.—2.5-mh., 125-ma. r.f. choke (James
Millen 34300-2500 suitable).
S;—D.p.d.t. slide switch.
T.—5-watt, push-pull output
A-3831 or similar).
Y:—Fundamental-cut 1.8-MHz. crystal (JAN Crystals).
Z,—Parasitic suppressor. 8 turns No.-26 enam. wire
spaced over the body of a 56-ohm, 1-watt
carbon resistor.

transformer (Stancor




i
¥

Low-Power Phone/lc.lW. Rig ' : 195
d i k .

i J7
) ) )

‘ .P{I’ T‘; s3a L‘\’W—Kjv ! ‘,7—-|9I\°°NT'
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L. SOnt.

E = /J7 /sgs

Fig. 6-57—Schematic of a pow?r supply suitable for the

transmitter. Non-polarized capacitors are disk ceramic.

Polarized capacitors are ellpc*rolyfic. Resistance is in

ohms. K =1000. J; controi line is needed for p.t.t.

‘ operafioi"l only.
i .

i v

i CRi, CR:—1000 p.r.v., l-amp.fi; icon diode. transmitter op“er?:ﬁng at normal power input,
1 CR:—100 p.r.v., 1-amp. silicon diode. on phone. " | i i 2

i I,—Neon panel-lamp assembly with built-in resistor for  S:—S.p.s.t. toggle. ;]

! 115-volt a.c. operation! = - S:—D.p.s.t. toggle. | '

} J7—Phono jack. ! ‘ T:—Power transformer, 520 volts c.t. at 90 ma., 6.3 v.
' Je—Female 5-pin chassis connector: at 3 amps., 5 volrs at 2 amps. (Stancor PC-8404
4 Rz—Ad,usfubIe resistor. Set fot 275 vohs of B-plus with or similar). [ ; H

B R S
] tion during c.w. operation! Circuits are given'in and 134 inches hxgh It was formed in a bench
] Fig. 6-56 for 6- and 12-volt: filament operation.  vise with the aid of : a fawhide hammer. The stock
was cut from an a‘lummum cookie sheet which
I was purchased at a hardware store. Slmllarly, the

The unit is assembled on a home made alum-  cabinet was fashloned from two U-shaped pieces
inum chassis which is 6 mch]es deep, S inches wide, of stock (see Fig. 6 55) which are held together

Assembly Inftl)rmahon

N mial e

Fig) 6-58—A top-chassis view of the
1ransn!||"er Lo, the p.a. tank coil, is

. behl d the panel, directly adjacent
to fhe tank capacitors, C: and Cs
(Ieff foreground) Vi is to the right
of Lz,’und Ki is to the right of Vi.
) Ml, Ry, Va2, and Vs are along the far

| side of the chassis.

1 y- Kl
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Fig. 6-59—Looking into the bottom

of the chassis, the four phono jacks

are at the lower right. The r.f. cir-

cuitry is along the right side of the

chassis. The audio portion of the

transmitter occupies the left half of
the chassis.

by means of l-inch wide aluminum strips and
4-40 hardware, inside the cabinet. The strips
mount over the joints where the cabinet halves
meet. The chassis and cabinet have been soaked
in a mild lye-bath solution which imparted the
satin finish to the aluminum. The panel measures
5 x 514 inches and is painted dark gray to con-
trast with the cabinet. White decals identify the
controls.

Short, direct wiring is used throughout the
transmitter. The audio section occupies one half
of the chassis. The r.f. circuit is located on the
remaining half of the chassis. P,, and J; through
J,, are located on the rear apron of the chassis.
If a power plug is used instead of a grommet and
cable for connection to the power supply, P
should be a male type (not as shown in the
photo) to reduce shock hazard from accidental
contact to the power-supply cable end (which
would be a male type if a female chassis connec-
tor were used). In this model, the power-supply
cable plug was epoxy-cemented to the mating
socket on the transmitter chassis after the equip-
ment was installed, thus, preventing future shock
hazard.

Although compression-type padders are used
for Cy and C,, there is no reason why the layout
could not be altered to make room for standard
tuning capacitors with shafts if the builder de-
sired. Compression padders are compact and in-

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

expensive, hence, were chosen because of crowded
conditions in the mobile installation.

Checkout and Operation

With the power supply connected, and with a
low-impedance dummy load connected at J, (four
No.-47 pilot lamps in series suitable), depress
the mike switch and observe the plate current
on M. If the oscillator does not start, the meter
reading will be quite high—approximately 80 ma.
(100 ma. full scale). If this happens, adjust L
until the meter reading drops to a lower reading,
indicating that drive is present at 7,5 Adjust
the slug of L, further, until no additional de-
crease in p.a. current is noted. Next, adjust Cy
for maximum transmitter output. C, is the load-
ing capacitor and should be adjusted, alternately,
with C,, for maximum transmitter output. The
dipped, loaded plate current will be approxi-
mately 40 ma. on phone, and will be near 50 ma.
for c.w. operation. Do not hold the key down for
long periods of time during c.w. as it may dam-
age Vg

If the c.w. note of this transmitter is a bit
“chirpy”, or if the oscillator is slow in starting,
it may be helpful to experiment with the slug
settings of L;. Also, the value of the feedback
capacitor at Y, may need to be slightly greater
(or smaller) for the best sounding note.
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A SWEEP-TUBE LINEAR AMPLIFIER

This simple 800-watt p.e.p. sweep-tube ampli-
fier is designed for use on the 80-, 40-, and 20-
meter bands. Though coil dimensions are not
given for 15- and 10-meter operation, the ampli-
fier can be used on the two higher bands if coils
similar in proportion to those described are
wound. Copper tubing, 14 inch in diameter,
should be used for L, if this is done. Coils for
the two higher bands were not built because the
amplifier was intended, primarily, for use with a
popular series of low-cost transceivers which
cover only the three lower bands.

A power supply for this amplifier is described
in Chapter 12 (“A 900-Volt General-Purpose
Supply”) and can be used if the builder does not
wish to design his own unit. This amplifier is not
for use on a.m. This circuit is an adaptation of
one described in July 1968 QST, page 30.

Circuit Data

Four 6KD6 color-TV sweep tubes are used
in parallel in the circuit of Fig. 6-62. This
grounded-grid amplifier operates in the Class-
AB region.

N7 mar veurace
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€
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Fig. 6-60—The amplifier has one vent hole on each
side of the home-made cabinet, and four holes on the
top. Each hole, and the back side of the cabinet, is
enclosed by means of perforated aluminum. The cabi-
net was formed by making two U-shaped sections of
1¢-inch thick aluminum and mating them. They are
held together by means of two 1-inch wide aluminum
strips (inside) and 4-40 hardware.

The extremely low plate-load impedance of
this ampiifiec—approximately 500 ohms—re-
quires that special measures be taken to match
the plate circuit to the load. A tapped-coil ar-
rangement at L, aids in obtaining a suitable
match.

Individual 10-ohm resistors are used in each
cathode lead to permit balancing the tubes for
equal resting plate currents during initial check-
out. Bias is fed to each grid by means of bias-
adjust controls R, through R,. Without drive
applied at J,, each tube is set for 20 ma. by
reading the voltage drop across each resistor
witha VTVM (0.2 volts). All operating voltages
are applied during the balancing adjustments.
Beware of high woltage.

K, provides a “switch-through” feature which
permits the antenna to be used during receive.

Fig. 6-61—Top view of the chassis. RFCs is centered

between the four tubes. The high voltage is brought

to the bottom of the choke through a chassis feed-

through bushing. The %-inch dia. hole on the chassis

near the edge, and close to two of the 6KDé6s, was

used for mounting an a.l.c. control which was later
eliminated.
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Tube end
Turns

ML 24 ENAM.
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I'*
Brass clips

Fig. 6-63—Details for winding the plate choke, RFCs.
Sketch also shows how RFC; and RFC; are assembled.

plifier is kept ready for use. If the operator does
Construction

The general layout can be seen in the photo-

graphs. The equipment is built on an 8 x 12 x

not plan to use this amplifier with a transceiver,
the relay contacts can be rewired for antenna
changeover—the usual arrangement for separate

transmitter and receiver setups.
3-inch aluminum chassis. The panel and cabinet

Also, by not activating K the transceiver can
be used (bypassing the amplifier) while the am-
are home made and were cut from ¥¢-inch thick
aluminum stock. The panel is 8 inches wide
and 9% inches high. Vent holes are located on
the top and sides of the cabinet. These holes, and
the back of the cabinet, are enclosed by means of

perforated aluminum (Reynolds) to offer TVI

shielding.
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Fig. 6-64—Looking into the bottom of the amplifier

chassis, C; and C; are located near the front panel. A

1-ampere meter-protection fuse is mounted between C;

and C.. RFC, and RFC; are mounted along the sides

of the chassis. L, is between the rear of the chassis
and the tube sockets.

Inductors L;, RFC,, RFC,, and RFCy are
hand-wound. RFCj, the plate r.f. 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—ample for the 500-ohm
plate-load impedance of the four 6KD6s. L,,
RFCy, and RFC, consist of 65 turns of enameled
wire on lengths of Ys-inch diameter ferrite rod.
Homemade brass anchors, l4-inch wide, are
snapped onto each end of each rod and are used
as tie points for the ends of the windings. RFC,
and RFC, are attached to chassis standoff posts
by means of plastic cable clamps. L; is mounted
by means of stiff bus-wire pigtails. RFC, is
wound on a piece of 34-inch diameter polystyrene
rod. A steatite rod can also be used. (An H. H.
Smith 2630 standoff would be suitable, and has
a threaded hole at each end for attaching ter-
minals.)

OSCILLATORS, MULTIPLIERS, AMPLIFIERS

L, and L, 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 practical 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 80 and 40 meters. The plug-in
coils are wound on James Millen 41305 jack-bar
plugs.

Cy is a 200-pf. transmitting-type variable
taken from an old Command transmitter. Any
variable capacitor with similar capacitance and
plate spacing (approximately 4 inch) can be
substituted.

A high-speed cooling fan is used to keep the
tube envelopes at a safe temperature. 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 c.fi.m,
or better.

Operation

Approximately 50 watts of peak driving power
are required to operate this amplifier at its rated
800 watts (p.e.p.) input. If the transceiver be-
ing 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 Jg
(after making the bias adjustments described
earlier in the text), and with operating voltages
applied, apply a small amount of drive until an
increase in plate current is evident (approxi-
mately 100 ma.). Adjust C, until a dip in plate
current occurs. Increase drive until 300 ma. of
plate current is indicated on M,. 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. C 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 d.c. 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 30 decibels, and the fifth-order
products were down in excess of 50 db. At 800
watts input the third-order products were still
acceptable—25 db. down. If the operator does
not mind the risk of shortened tube life, the
power level can be 1000 watts p.e.p. input. The
efficiency of the amplifier is approximately 65
percent.

Other types of tubes can be substituted in this
circuit, but few will permit the power level dis-
cussed here. A good substitute might be the 6L.Q6.



HB-70-2 Amplifier

201

THE HB-70-2 AMPLIFIER

This linear amplifier operates in a grounded-
grid circuit and uses two Eimac 3-500Z zero-bias
triodes. It is capable of the maximum legal power
input level, 1000 watts dc, and can develop up
to 2000 watts peak input during ssb operation.
The amplifier is intended for use on cw and
ssb, and is not recommended for a-m. This
amplifier requires a driver that can deliver at least
65 watts p-e-p. Actually, it is best to use a driver
that is capable of 100 watts p-e-p, to assure that
sufficient driving power is available on 21 and 28
MHz, the frequencies at which the efficiency of
coupling circuits is often poor in comparison to
that of the lower bands.

In the circuit of Fig. 6-66 a pi-network input
circuit (Cy, Cy, and L,) is used to aid linearity
and to lessen the driving power requirements.
Only one tuned circuit is shown in the diagram
for reasons of clarity. The remaining tuned cir-
cuits (described in the coil table) are connected
to the rest of the contacts shown for S;. Relay
K, routes the input (J;) around the amplifier
to J,, thus ena<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>