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James F. Moody

FOREWORD

In over thirty-five years of continuous publication The Radio
Amateur’s Handbook has become as much of an institution as
amateur radio itself. Produced by the amateur’s own organi-
zation, the American Radio Relay League, and written with
the needs of the practical amateur constantly in mind, it has
earned universal acceptance not only by amateurs but by all
segments of the technical radio world. This wide dependence
on the Handbook is founded on its practical utility, its treat-
ment of radio communication problems in terms of how-to-
do-it rather than by abstract discussion.

Virtually continuous modification is a feature of the Hand-
book—always with the objective of presenting the soundest
and best aspects of current practice rather than the merely
new and novel. Its annual revision, a major task of the head-
quarters group of the League, is participated in by skilled
and experienced amateurs well acquainted with the practical
problems in the art.

The use of modern printing techniques, together with ex-
tensive and useful catalog advertising by manufacturers
producing equipment for the radio amateur and industry,
makes it possible to distribute for a very modest charge a
work which in volume of subject matter and profusion of
illustration surpasses most available radio texts selling for
several times its price.

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 assistance
and inspiration to amateurs and would-be amateurs as have
its predecessors.

Jon~n HunrooN
General Manager, ARRL

West Hartford, Conn.
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The Amateur’s Code

ONE

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

TWO

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

THREE

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

FOUR

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

FIVE

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

SIX

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

—PauL M. SEGaL



AmMmateur 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 250,000 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 200,000,
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 years 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 Percy 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, wuas
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 stered 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
Schnell, 1MO, and Reinartz, 1XAM (now
WA4CF and K6B]J, respectively) 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 uhexpected 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 persomnnel 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 Affiliate 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 1936 and 1937 eastern states floods, the
Southern California flood and Long Island-New
England hurricane disaster in 1938, the Florida-
Gulf Coast hurricanes of 1947, and the 1955 flood
disasters called for the amateur’s greatest emer-
gency effort. In these disasters and many oth-
ers—tornadoes, sleet storms, forest fires, bliz-
zards—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-prepared-
ness program, registering personnel and equip-
ment 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

Throughout these many years the amateur was
careful not to slight experimental development
in the enthusiasm incident to international DX,
The experimenter was constantly at work on
ever-higher frequencies, devising improved ap-
paratus, and learning how to cram several sta-
tions where previously there was room for only
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one! In particular, the amateur pressed on to the
development of the very high frequencies and his
experience with five meters is especially repre-
sentative of his initiative and resourcefulness
and his ability to make the most of what is at
hand. In 1924, first amateur experiments in the
vicinity of 56 Mc. indicated that band to be prac-
tically worthless for DX. Nonetheless, great
“short-haul” activity eventually came about in
the band and new gear was developed to meet its
special problems. Beginning in 1934 a series of
investigations by the brilliant experimenter, Ross
Hull (later QST’s editor), developed the theory
of v.hf. wave-bending in the lower atmosphere
and led amateurs to the attainment of better dis-
tances; while occasional manifestations of
ionospheric propagation, with still greater dis-
tances, gave the band uniquely erratic perform-
ance. By Pearl Harbor thousands of amateurs
were spending much of their time on this and the
next higher band, many having worked hundreds
of stations at distances up to several thousand
miles. Transcontinental 6-meter DX is not un-
common; during solar peaks, even the oceans
have been bridged! It is a tribute to these in-
defatigable amateurs that today’s concept of v.h.f.
propagation was developed largely through ama-
teur research.

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-
tion of more stations. For examples, amateurs
turned from spark to c.w., designed more selec-
tive receivers, adopted crystal control and pure
d.c. power supplies. From the ARRL'’s own lab-
oratory in 1932 came James Lamb’s “single-
signal” superheterodyne—the world’s most ad-
vanced high-frequency radiotelegraph receiver—
and, in 1936, the “noise-silencer” circuit. Ama-
teurs are now turning to speech “clippers”
to reduce bandwidths of phone transmissions
and “single-sideband suppressed-carrier” systems
as well as even more selectivity in receiving

A corner of the ARRL laboratory.
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equipment for greater efficiency in spectrum
use.

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.
Perhaps more important today than individual
contributions to the art is the mass cooperation
of the amateur body in Government projects such
as propagation studies ; each participating station
is in reality a separate field laboratory from
which reports are made for correlation and anal-
ysis. An outstanding example was varied ama-
teur participation in several activities of the In-
ternational Geophysical Year program. ARRL,
with Air Force sponsorship, conducted an in-
tensive study of v.h.{. propagation phenomena—
DX transmissions via little-understood methods
such as meteor and auroral reflections, and
transequatorial scatter. ARRL-affiliated clubs
and groups have operated precision receiving an-
tennas and apparatus to help track earth satel-
lites via radio. For volunteer astronomers
searching visually for the satellites, other ama-
teurs have manned networks to provide instant
radio reports of sightings to a central agency so
that an orbit might be computed.

Emergency relief, expedition contact, experi-
mental work and countless instances of other
forms of public service—rendered, as they always
have been and always will be, without hope or
expectation of material reward—made amateur
radio an integral part of our peacetime national
life. The importance of amateur participation in
the armed forces and in other aspects of national
defense have emphasized more strongly than ever
that amateur radio is vital to our national ex-
istence.

THE AMERICAN RADIO RELAY LEAGUE

The ARRL is today not only the spokesman
for amateur radio in this country but it is the
largest amatcur organization in the world. It is
strictly of, by and for amateurs, is noncommer-
cial and has no stockholders. The members of
the l.eague are the owners of the ARRL and
QST.

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
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-

AMATEUR RADIO

The operating room ot W1AW.

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 vice-
president, 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 WI1AW, 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 West
Hartford, Conn., is a well-equipped laboratory to
assist staff members in preparation of technical
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material for QST and the Radio Amateur’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-three sections.
There are appointments for qualified members
in various fields, as outlined in Chapter 24. Spe-
cial activities and contests promote operating
skill. A special section is reserved each month in
OST for amateur news from every section of the
country.

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 four
available classes of amateur license—Novice,
Technician, General (called “Conditional” if
exam taken by mail), and Amateur Extra Class.
Each has different requirements, the first two
being the simplest and consequently conveying
limited privileges as to frequencies available. Ex-
ams for Novice, Technician and Conditional
classes are taken by mail under the supervision
of a volunteer examiner. Station licenses are
granted only to licensed operators and permit
communication between such stations for ama-
teur purposes, i.e., for personal noncommercial
aims flowing from an interest in radio technique.
An amateur station may not be used for material
compensation of any sort nor for broadcasting.
Narrow bands of frequencies are allocated exclu-
sively for use by amateur stations. Transmissions
may be on any frequency within the assigned
bands. All the frequencies may be used for c.w.
telegraphy; some are available for radiotele-
phone, others for special forms of transmission
such as teletype, facsimile, amateur television or
radio control. The input to the final stage of am-
ateur stations is limited to 1000 watts and on
frequencies below 144 Mc. must be adequately
filtered direct current. Emissions must be free
from spurious radiations, The licensee must pro-
vide for measurement of the transmitter fre-
quency and establish a procedure for checking
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.

Amateur licenses are issued entirely free of
charge. They can be issued only to citizens but
that is the only limitation, and they are given
without regard to age or physical condition to

13

anyone who successfully completes the examina-
tion. When you are able to copy code at the re-
quired speed, have studied basic transmitter
theory and are familiar with the law and amateur
regulations, you are ready to give serious
thought to securing the Government amateur
licenses which are issued you, after examination
by an FCC engineer (or by a volunteer, de-
pending on the license class), through FCC at
Washington. A complete up-to-the-minute dis-
cussion of license requirements, the FCC regu-
lations for the amateur service, and study guides
for those preparing for the examinations, are to
be found in an ARRL publication, The Radio
Amateur’s License Manual, available from the
American Radio Relay League, West Hartford
7, Conn., for 50¢, postpaid.

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”

A didah N dahit
B dahdididit O dahdahdah

C dahdidahdit P didahdahdit

D dahdidit Q dahdahdidah

E dit R didahdit

F dididahdit S dididit

G dahdahdit T dah

H didididit U dididah

I didit V didididah

J didahdahdah W didahdah

K dahdidah X dahdididah

L didahdidit Y dahdidahdah

M dahdah Z dahdahdidit

1 didahdahdahdah 6 dahdidididit

2 dididahdahdah 7 dahdahdididit

3 didididahdah - 8 dahdahdahdidit
4 dididididah 9 dahdahdahdahdit
5 dididididit 0 dahdahdahdahdah

Period : didahdidahdidah. Comma : @@didi-
dahdah. Que?ion Erk_:—didid_a_h@didit. Error:
didididididididit. Double dash: dahdidididah.
Wait : didahdididit. End of message : didahdidah-
dit. Invitation to transmit: dahdidah. End of
work : didididahdidah. Fraction bar : dahdididah-
dit.

Fig. 1-1—The Continental (International Morse) code.
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should be staccato; a code character such as “5”
should sound like a machinegun burst : didididi-
dit! Stress each “dah™ 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
WI1AW every evening at 0230 GMT (0130 May
through October). See Chapter 24, “Code Pro-
ficiency.”

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
(50¢). It features an elementary description of
radio theory and constructional details on a sim-
ple receiver and transmitter.

Another aid is A Course in 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.

Both booklets are available postpaid from
ARRL, West Hartford, Conn.

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 in that
respect each amateur should keep himself in-
formed by WI1AW bulletins, QST reports, or by
communication with ARRL Hq. concerning a
specific point.

In the adjoining table is a summary of the
U. S. amateur bands on which operation is per-
mitted as of our press date. Figures are mega-
cycles. AP means an unmodulated carrier, Al
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 Mec.), A4 is facsimile, A5 is television,
nf:m. designates narrow-band frequency- or
phase-modulated radiotelephony, f.m. means fre-
quency modulation, phone (including n.f.m.) or
telegraphy, and F1 is frequency-shift keying.

AMATEUR RADIO

80 3.500-4.000 —A1
meters 3.500-3.800 —F1
3.800-4.000 —A3

7.000-7.300 —A1
40m. 7.000-7.200 —F1
7.200-7.300 —A3

14,000-14.350 —A1
20 m, 14.000-14.200—F1
14.200-14.350—A3

21.000-21.450 —A1
15 m, 21.000-21.450 —F1
21.250-21.450—A3

28.000-29.700—A1

10 m, 28.500-29.700—A3
29.000-29.700 —f.m.
50.0-50.1 —AIl

6 m, 50.1-54 —A1, A2, A3, A4
51-54 —Ag
52.5-54 —f.m.
144-147.9 —A8, A1, A2, A3, A4,
2m. f.m,

147.9-148 —A1
220-225 —AM@, Al, A2, A3, A4,

f.m.
420-450* ]I Af, Al, A2, A3, A4,
1,215-1,300 | AS, f.m,
2,300- 2,450
3,500- 3,700
5,650~ 5,925 [ AM@, A1, A2, A3, A4,
10.000-10,500? AS, f.m., pulse
21,000-22,000
All above 30,000
1 Input power must not exceed 50 watts,
2 No pulse permitted in this band.
Note: The bands 220 through 10,500 Mc. are
shared with the Government Radio Positioning
Service, which has priority.

In addition, Al and A3 (except no
nf.m.) on portions of 1.800-2.000, as fol-
lows:

Power (watts)
Area Band, kc. Day Night

Minn,, Iowa, Wis., Mich., Pa., 1800-1825 500 200
Md., Del. and states to north

N. D., 8. D.. Nehr,, Colo., N. 19752000 500* 200*
Mex.. and states west, Includ-
ing Hawailan Ids.

Okla., Kans., Mo., Ark., Ill., 1800-1825 200 50
Ind., Ky., Tenn., Ohio., W. Va,,

Va., N. C., 8. C., and Texas (west

of 99° W or north of 32° N)

No operation elsewhere.

* Except In state of Washington, 200 watts day, 50
watts night.

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

3.700-3.750 Al 21.100-21.250 Al
7.150-7.200 Al 145-147 Al, A2,
A3, f.m,

Technician licensees are permitted all
amateur privileges in 50 Mc., 145-147 \c.
and in the bands 220 Mc. and above.

Except as otherwise specified, the maxi-
mum amateur power input is 1000 watts.




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 stationmary 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
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of lines in a chosen cross section of the field is a
measure of the fntensity 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

15



16

ion is extremely small, the number that must
move as a group to form even a tiny current is
almost inconceivably large.

Conductors and Insulators

Atoms of some materials, notably metals and
acids, will give up an electron readily, but atoms
of other materials will not part with any of their
electrons even when the electric force is 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 flow 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.f. is
called an alternating em.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-
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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 %ircuit (indicated by the + sign)
and if it is below the horizontal axis the current
is flowing in the reverse direction through the
circuit (indicated by the — sign). Fig. 2-1A
shows that, if we close the circuit — that is, make
the path for the current complete — at the time
indicated by X, the current instantly takes the
amplitude indicated by the height 4. After that,
the current continues at the same amplitude as
time goes on. This is an ordinary direct current.

In Fig. 2-1B, the current starts flowing with
the amplitude A4 at time X, continues at that
amplitude until time ¥ and then instantly ceases.
After an interval YZ 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 4
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 A;. Then

' t
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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 fre-
quency, and the higher frequencies (2 times, 3
times the fundamental frequency, and so on) 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. Waveforms that are still more
complex can be constructed if more harmonics

a5 T2t Electrical Units

The unit of electromotive force is called the
volt. An ordinary flashlight cell generates an
e.mf. of about 1.5 volts. The e.mf. commonly
supplied for domestic lighting and power is 115
volts, usually a.c. having a frequency of 60 cycles
per second. The voltages used in radio receiving
and transmitting circuits range from a few volts
(usually a.c.) for filament heating to as high as
several thousand d.c. volts for the operation of
power tubes.

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. Currents in the
neighborhood of an ampere are required for heat-
ing the filaments of small power tubes. The direct
currents used in amateur radio equipment usually
are not so large, and it is customary to measure
such currents in milliamperes. One milliampere
is equal to one one-thousandth of an ampere, or
1000 milliamperes equal one ampere,

A “d.c. ampere” is a measure of a steady cur-
rent, but the “ac. ampere” must measure a
current that is continually varying in amplitude
and periodically reversing direction. To put the
two on the same basis, an 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 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 cycles 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 cycles have
been used for radio purposes. At radio frequencies
the numbers become so large that it becomes con-
venient to use a larger unit than the cycle. Two
such units are the kilocycle, which is equal to
1000 cycles and is abbreviated kc., and the mega-
cycle, which is equal to 1,000,000 cycles or 1000
kilocycles and is abbreviated Mc.

The various radio frequencies are divided off
into classifications for ready identification. These
classifications, listed below, constitute the fre-
quency spectrum so far as it extends for radio
purposes at the present timie.

Frequency Classsfication Abbreviation
10 to 30 ke. Very-low frequencies v.l{.
30 to 300 kec. Low frequencies 1.4,
300 to 3000 kec. Medium frequencies m.f,
3 to 30 Mc. High frequencies
30 to 300 Mc.

300 to 3000 Mec.
3000 to 30,000 Mc.

Ultrahigh frequencies
Superhigh frequencies

Wavelength

Radio waves travel at the same speed as light
—300,000,000 meters or about 186,000 miles a

h
Very-high frequencies v.

u

s,
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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
f

where A = Wavelength in meters
f = Frequency in kilocycles

or A =m

f
where A = Wavelength in meters
f = Frequency in megacycles

A

Example: The wavelength corresponding to
a frequency of 3650 kilocycles is
300.000

A= 3650 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 e.m.f. 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.
Brass .....cceiiiiiiiinnn. 3.7-4.9
Cadmium .................. 44
Chromium ................ 1.8
Copper (hard-drawn) ..... 1.03
Copper (annealed) ........ 1.00
Gold ..........cvviin., 14
Iron (pure) ....ocvvuenennn, 5.68
Lead ........ooivviuae., 128
Nickel .......oviiiivnnnn. 5.1
Phosphor Bronze ......... 2.8-54
Silver ...oviiiiiiiiniia... 0.94
Steel o.iiiiiiiiiiiiiinn.. 76-12.7
Tin oo, 6.7
ZinC coviiii i 34

currents (up to a few thousand cycles per second)
the resistance is inversely proportional to the
cross-sectional area of the path the current must
travel ; that is, given two conductors of the same
material and having the same length, but 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

ﬂ-)(1()00-52891' t.

66.17 o7 et
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
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

1 = 3.57 ohmsg/1000 ft.

R =

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 2-1 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 iron instead of copper the length re-
quired for 3.5 ohms would be

3.5

66.17 X 5.65 X 1000 = 9.35 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 decrecases 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 rdf.
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 cricuit
consisting of a baMery = pgon R
and resistor. T

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 2-1}
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 : o E=1IR

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

I (amperes) =

E
R"-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 volts, 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-I1 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,

E-TOOXZOOOO-N)OOVOKB
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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-chm resistor? Since I is un-
known

E 250
I-E-m-O.OSampere

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
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Source SERIES
of EMF.
| 3R
Fig. 2-4—Resistors —
connected in series
and in parallel. —
ParALLEL
Source
of EMF. Ra

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 lowing
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) =R1+R2+R3+Rq+ e e e e
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, R1 is 5000
ohms, Rz is 20,000 ohms, and Rs is 8000 ohms.
The total resistance is then

R = Ri1 4 Rs 4 Rs = 5000 4 20,000 - 8000
= 33,000 ohms
The current flowing in the circuit is then
E 250

= R = 33,600 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 Rs is called E3,
and that across Rs is called Es, then

Ey = IRy = 0.00757 X 5000 = 37.9 volts

Ea = IRs = 0.00757 X 20,000 = 151.4 volts
Es = IRs = 0.00757 X 8000 = 60.6 volts
The applied voltage must equal the sum of the
individual voltage drops:

E = Ex1 4+ Es 4 Es = 37.9 4 151.4 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

R:
°000 Fig. 2-5—An example
of resistors in series.
—-E«250V 30_0253, The solution of the cir-
cuit is worked out in
8000 the text.
Ry

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 emm.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 resistance present. This is because the
total current is always greater than the current
-in any individual resistor. The formula for finding
the total resistance of resistances in parallel is

R =

1 1 1 1
R 'E-}--—-}-E-}- .....

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-
mon case) the formula becomes

RiR,
Ri+ Ry

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

R =

R o _RiR: _ 500X1200 _ 600,000
Ri+ R: 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, R,< R3$
T-E 230%5500 20,0005, aooos

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 Rs, Is the current through R and /s the
current through Ra.

For convenience, the resistance will be ex:
pressed in kilohms so the current will be in
milliamperes.

= 50 ma.

o= =

R

E 250
®"-20 12.5 ma.

E 250
Iy = A ularyie 31.25 ma.
The total current is
I=I+Is+ Is=50+ 12.5 4 31.25
= 93.75 ma.

The total resistance of the circuit is therefore

E 250 A
T=wnE" 2.66 kilohms ( = 2660 ohms)

E _ 250
5

Iy =

R ==

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 Ra
and Rs 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 Ra can be com-
puted that will provide a given voltage drop
across Rs or a given current through R, Simple
algebra is required.



oy
5000
. d Re
= ETes0n S(Equivalent R
T P of Ry and Ry
in paralief)

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 Ra and Rs. From the formula
for two resistances in parallel,

Ruew RiR3 _20X8 160
"R+ R 20+8 28
= 5.71 kilohms

The total resistance in the circuit is then

R = R1 4 Req. = 5 4 5.71 kilohms
= 10.71 kilohms

The current is

E 250

E- ir“. = 23.3 ma.

1=
The voltage drops across R1 and Req. are
Ei1=1IR1 = 23.3 X 5 = 117 volts
Eg = 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 Ea appears across both
Ry and Rs,

Es 133
™= - 6.65 ma.
Es 133
I.-E - - 16.6 ma.
where Is = Current through Ry
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

Iy =

P=EJI
where P = Power in watts
E = E.mf{ 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:
E?
P = ®

P = PR

ELECTRICAL LAWS AND CIRCUITS

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 he used up
in a 4000-ohm resistor if the voltage applied
to it is 200 volts? From the equation
E? _ (200)* _ 40.000

-5 - = = 10 watts

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

P = IsR = (0.02)% X 300 = 0.0004 X 300
= 0.12 watt

Note that the current was changed from mil-
liamperes to amperes before suhstitution 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 radjo work
are made in many sizes, the smallest being rated
to “dissipate” (or carry safely) about 14 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,

P
Eﬁ'.-=—}7‘;



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
Po 60
Eff. = 100 0.6

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 work 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

—c/s
. Fig. 2-8—A
% simple ca-
—  pacitor.
Metal Plates ’

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 flow 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, and from the discussion above it should be
clear that a capacitor possesses the property of
storing electricity. (The energy actually is stored
in the electric field between the plates.) It should
also be clear that during the time the electrons
are moving—that is, while the capacitor is being
charged or discharged—a current is flowing in
the circuit even though the circuit is “broken”
by the gap between the capacitor plates. How-
ever, 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.

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 2-111
Dielectric Constants and Breakdown Voltages
Dielectric ~ Puncture
Material Constant *  Voltage **
Air 1.0
Alsimag 196 5.7 240
Bakelite 4454 300
Bakelite, mica-filled 4.7 325-375
Cellulose acetate 3.3-39 250-600
Fiber 5-7.5 150-180
Formica 4649 450
Glass, window 7.6-8  200-250
Glass, Pyrex 48 335
Mica, ruby 5.4 3800-5600
Mycalex 7.4 250
Paper, Royalgrey 3.0 200
Plexiglass 28 990
Polyethylene 2.3 1200
Polystyrene 26 500-700
Porcelain 5.1-5.9 40-100
Quartz, fused 38 410
Steatite, low-loss 5.8 150-315
Teflon 21 1000-2000
* At1 Mc. ** In volts per mil (0.001 inch)
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given in Table 2-II1. If a sheet of photographic
glass is substituted for air between the plates of
a capacitor, for example, the capacitance will be
increased 7.5 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 micromicro-
farads (upf.). The microfarad is one-millionth

=

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

of a farad, and the micromicrofarad is one-
millionth of a microfarad. Capacitors nearly al-
ways 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 upuf.
K = Dielectric constant of material be-
tween plates
A = Area of one side of ome 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

The usefulness of a capacitor in electrical cir-
cuits lies in the fact that it can be charged with
electrical energy at one time and then discharged
at a later time. In other words, it is an “electrical

: ”
FESEIVOIL"  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 extremely thin—much less
than any thickness that is practicable with a solid

dielectric. 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 slzes
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 papet-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 4+ Cs+Cs+Coe+ ...... sedaas

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) = 111 1
atatatat

fe s s ey

and, for only two capacitors in series,
GG,
G+ G

The same units must be used throughout ; that
is, all capacitances must be expressed in either
pf. or ppf.; 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 Jowest 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

C (total) =
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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

l 1 __l_

1,11 7.7

+ + T+_2+7 <
_0.57114.{.

The voltage across each capacitor is propor-
tional to the fofal capacitance divided by the

-

C=

p of the capacitor in question, so the
voltage across C1 is
Ey = 2372 5 2000 = 1142 volte
Similarly, the voltageu across Cs and Cp are
Es -MXZOOO-SHVOIH
Ey= 2 571 —— X 2000 = 286 volts

totaling approxxmately 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.

7 i
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E=2000% ;z Cz: :2jlf
Es C3- ~apf
e ! T
Fig. 2-11—An ple of copocitors cted in series.

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

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 em.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.{. 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.. 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 millihenry is one one-
thousandth of a henry) at low frequencies, and in
microhenrys (one one-millionth of a henry) at
medium frequencies and higher. Although coils
for radio frequencies may be wound on special
iron cores (ordinary iron is not suitable) most
r.f. coils made and used by amateurs are of the
“air-core” type; that is, wound on an insulating
support consisting of nonmagnetic material.

Every conductor has inductance, even though
the conductor is not formed into a coil. The in-
ductance of a short length of straight wire is
small, but it may not be negligille 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 left out of any
calculations 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
a’n?
Lwh) =5 "o
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 l

used in the inductance for- 2a
mula. The wire diameter
does not enter into the for- ——J——

mula.

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
r.f. 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. Thus a = 0.75 =- 2 =0.375, b= 48 =- 32
= 1.5, and » = 48. Substituting,

- 375 X .375 X 48 X 48
(9 X .378) 4 (10 X 1.5)
To calculate the number of turns of a single-

layer coil for a required value of inductance,

.= \/L (9a + 105)

a?

L = 17.6 uh.

Example: Suppose an inductance of 10xh. 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 1% inches.
Then a = 0.5, b = 1.25, and L = 10. Substl-
tuting,

o o [OASTIZ9) o o w 261 turm
" \/ SX .S V680 = 26.1 turne

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 ¥4 inch; curve B is for
coils of 34-inch inside diameter. In both curves
the wire size is No. 12, winding pitch 8 tarns to
the inch (34 inch center-to-center turn spacing).
The inductance values given include leads %4
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 134
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 uh. From curve

B in the figure the multiplying factor is 0.35,
so the inductance is

16.8 X 0.35 = 5.9 gh.
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 1%

inches. From Fig. 2.15, the multiplying factor

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

the maximum possible length of 1% 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 ph. From the Table

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

inch (reference inductance 16.8 gh.) 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
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Fig. 2-13—Measured inductance of coils wound with
No. 12 bare wire, 8 turns to the inch. The valves 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-
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°° 1 2 3 4 5

LENGTH OF COIL IN INCHES

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

Cosl diameter, No. of turns Inductance
Inches per inch n uh.
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
1% 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
2% 4 10.2
6 23
8 41
10 64
3 4 14
6 31.5
8 56
10 89

ELECTRICAL LAWS AND CIRCUITS

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

0 T T ! [ I T
9 /

8

MULTIPLY INDUCTANCE VALUE IN TABLE BY

1 2 3
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 uh.
% 4 0.18
(A) 6 0.40
8 0.72
10 1.12
16 2.9
32 12
% 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
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Fig. 2-16—Typical construction
of an iron-core inductor. The
small air gap prevents mag-
netfic 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{. 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,

Lco¢.|=Li+Lg+L;+L4+ R

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

1 1 1
+E+E+E+.....

Ltotal =
L
and for two inductances in parallel,
L,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

L=

Fig. 2-18—Mu-
tual induct-
ance. When
the switch, S, is
closed current
flows through
coil No. 1, set-
ting up a mag-
netic field that
induces an
\ — - emf. in the
turns of coil
No. 2.
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s=\/

-~
Vd

N




30

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-

ELECTRICAL LAWS AND CIRCUITS

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 e.m.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 em.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.

oo

S S

4

I
L

(A) B)

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-

patitor and a 250,00G-obm (0.25 megohm)
resistor is

T=R(C=0.25X2=0.5second

If the applied e.m.f. is 1000 volts, the voltage
between the capacitor plates will be 630 volts
at the end of 15 second.

If a charged capacitor is discharged through a

resistor, as indicated in Fig. 2-19B, the same
time eonstant 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 /ose 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 fower curve

shows the way in which the voltage decreases across the

capacitor terminals on discharging through the same
resistor.
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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.

?
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o L 2L 3L TIME
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R R
Fig. 2-21—Time constant of an LR circvit.

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 . 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

r=£
where T = Time constant in seconds
100
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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 ds, 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 baving an inductance of 20
henrys and a resistance of 100 okms has a time
constant of

L 2
T-E'To—o'o'zmm'd

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

E 10
I-E-m-o.lamp.orlmma.

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

Amplitude
R i~

— ¥oych

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 A4 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

Amplitude

-— —

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 A 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 4
might represent voltage and B current in the
same circuit. If A and B represent two currents
in the same circuit (or two voltages in the same
circuit) the total or resultant current (or 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 frequency
if the resistance is “pure”—that is, is free from
the reactive effects discussed in the next section.
Practically, it is offen difficult to obtain a purely

A ~8 e
AN /AN
|+l 2 o\t 3 a4 [ \
IAVZAN
It [y
O \./
— 90

(dcycte)

Amplitude
g —Oo—=4

Amplitude
=
L’
i >
e
by
S
/"
-
~—
~e
->

180"
(3Cycle)

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 volts 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 OA4. 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
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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 e.m.f. 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

Xp = L
< 2xfC
where X¢ = Capacitive reactance in ohms
f = Frequency in cycles per second
C = Capacitance in farads
r=3.14

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

The fundamental units (cycles per second,
farads) are too large for practical use in radio
circuits. However, if the capacitance is in micro-
farads and the frequency is in megacycles, the
reactance will come out in ohms in the formula.

Example: The reactance of a capacitor of
470 uuf. (0.00047 uf.) at a frequency of 7150

ke, (7.15 Mc.) is
e 1

1
= 22/C ~ 628 X 7.15 X 0.00047 ~ 47-4 ohme

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.md. is
proportional to inductance for a given rate of cur-
rent change, the current flow is inversely propor-
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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

X.=2rfL

where X1 = Inductive reactance in ohms
f = Frequency in cycles per second
L = Inductance in henrys
r= 3.14
Example: The reactance of a coil having an
inductance of 8 henrys, at a frequency of 120
cycles, is
XL = 2xfL = 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 Mec. 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=-‘?

E=1IX
E
X-=7

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

The reactance in the circuit may, of course, be
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either inductive or capacitive.

Example: If a current of 2 amperes is 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=1IX =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

400

E
I= X = 5025 ~ 0.0663 amp. (66.3 ma.)

Reactance Chart

The accompanying chart, Fig. 2-28, shows the
reactance of capacitances from 1 puf. to 100 uf.,
and the reactance of inductances from 0.1 gh. to
10 henrys, for frequencies between 100 cycles
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=X+ Xo 4 Xo + X

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

X = 1

1 1 1 1
X, + X, + X, + b'é
or for two in parallel,

o XX,

X1+ 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 X
is of opposite polarity to the voltage Eo across
the capacitive reactance Xc. Thus if we call Xy,
“positive” and Xo “negative” (a common con-
vention) the applied voltage Esc is Ev — Eo. In
the parallel circuit at B the total current, I, is
equal to I. — Io, since the currents are 180 de-
grees out of phase.

In the series case, therefore, the resultant re-

X
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Fig. 2-28—1Inductive and capacitive reactance vs. frequency. Heavy lines represent multiples of 10, intermediate light
lines multiples of 5; e.g., the light line between 10 1h. and 100 nh. represents 50 nh., the light line between 0.1 pnf.
and 1 uf. represents 0.5 uf., etc. Intermediate values can be estimated with the help of the interpolation scale
shown.
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-times decrease in frequency.

actance of X and X is
Reactive Power

X =Xiv—Xo . .
in th el In Fig. 2-29A the voltage drop across the in-
and in the parallel case XX ductor is larger than the voltage applied to the
X =— © circuit. This might scem to be an impossible

XL—Xo condition, but it is not; the explanation is that
Note that in the series circuit the total react- while energy is being stored in the inductor’s
ance is negative if Xo is larger than X; this

indicates that the total reactance is capacitive 1 1

in such a case. The resultant reactance in a series ]

R E, L L

circuit is always smaller than the larger of the XL

two individual reactances. Eac _g_ Eac X, Xe
In the parallel circuit, the resultant reactance X3 T ke

is negative (i.e., capacitive) if X1 is larger than ] — B

Xe, and positive (inductive) if Xv. is smaller
than Xo, but in every case is always larger than  Fig. 2-29—Series and parallel circuits containing op-
the smaller of the two individual reactances. posite kinds of reactance.

In the special case where X1 = Xc¢ the total
reactance is zero in the series circuit and infinitely — magnetic field, energy is being returned to the
large in the parallel circuit. 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 I?R. The power in a
reactance is equal to /*X, 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
5
B AT
El
AN
[

Fig. 2-30—Series and parallel circuits containing resist-
ance and reactance.

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=VvVR + X
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
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by the rules previously given, before substitution
into the formula above ; similarly for resistances.

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

Parallel Circuits

With resistance and reactance in parallel, as in
Fig. 2-30B, the impedance is
z RX
VR F+ X2
where the symbols have the same meaning as for
series circuits.

Just as in the case of series circuits, a number
of reactances in parallel should be combined to
find the resultant reactance before substitution
into the 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

E
1=5

E=IZ

E
Zi==
I
where E = E.m.f. 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+Xpi= V(757 + (100) = 125

ohms.
If the applied voltage is 250 volts, then
Il = & 20 = 2 amperes.

Z = 125



Impedance

This current flows though both the resistance
and reactance, so the voltage drops are

Er = IR = 2 X 75 = 150 volts
Exu=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

+/(150)1 F (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=2300 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

Re75 ohms
o
Eac
e %,~100 ohms

Fig. 2-31—Circuit used as an le for i

caleulations,
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TRANSFORMERS FOR

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 avajlable,
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-
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illustration, the reactive power is VAR = I"X =
(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.

AUDIO FREQUENCIES

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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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 section 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
E.=;—;Ep

where E, = Secondary voltage
E; = Primary applied voltage
n, = Number of turns on secondary
np = 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 1135 volts is applied to the primary.
The secondary voltage will be

e 2800
E, -”_DED"WXIIS-7X115
= 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 winding 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 = —], 8
np
where I, = Primary current
I. = Secondary current
n, = Number of turns on primary
n. = 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
- 2800

1, WXOJ =7X0.2=14amp.

I =2
np

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,

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

The efficiency, n, 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

Po 150
Py = > ~o8s 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 flux. 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.

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:

Zy=2Z,N*

where Z, = Impedance looking into primary ter-
minals from source of power
Z, = Impedance of load connected to
secondary
N = Turns ratio, primary to secondary

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

Zyp = ZuN*% = 3000 X (0.6)% = 3000 X 0.36
= 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. The trans-
formed 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 detdrmined
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, -
Z,

N == ~p

Nz



40

where N = Required turns ratio, primary to
secondary
Zy = 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

N-\/é-\/iggﬂ-\/soo-zu
‘]

Z

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

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.

L1

LANINATION SHAPE
SHELL TYPE

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-

ELECTRICAL LAWS AND CIRCUITS

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
six to eight turns per volt on a core of 1-square-
inch cross section and have a magnetic path 10
or 12 inches in length. A longer path or smaller
cross section requires more turns per volt, and
vice versa.

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

Avtotransformers

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

VY

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 -}’;:'

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:

Vs
Db. =20 log 7

or2010g§-—:

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

ltages) being pared 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 4), and a power
ratio of 100 times 2.5, or 250, is 24 db. (20 + 4).
A voltage or current ratio of 4 is 12 db., a voltage
or current ratio of 40 is 32 db. (20 4 12), and one
of 400 is 52 db. (40 4 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

L

Exc
¢
L3

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 Xv = X¢. Substitut-
ing the formulas for inductive and capacitive re-
actance gives

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

C = Capacitance in farads
=314

These units are inconveniently large for radio-
frequency circuits. A formula using more appro-
priate units is
108
I=aVic

where f = Frequency in kilocycles (kc.)

L = Inductance in microhenrys (uh.)

C = Capacitance in micromicrofarads

(ppf.)
= 3.14
Example: The resonant frequency of a series

circuit containing a 5-uh. inductor and a 35-
uuf. capacitor is

f 108 108
2rVIC  6.28 X V5 X 35
1 L]
19 10 . 12,050 ke.

“628X132" 3
The formula for resonant frequency is not
affected by the 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 valves 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
ot 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-

I

o
L.l

RELATIVE CURRENT

o i
-20 =10 [} +10 +20
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 resistance
in the circuit, is called the Q (quality factor)
of the circuit, or

-4

where Q = Quality factor
X = Reactance of either coil or capacitor
in ohms
R = Series resistance in ohms
Example: The inductor and capacitor in a
series circuit each have a reactance of 350

ohms at the resonant frequency. The re-
sistance is 5 ohms. Then the Q is
X 350

Q=F=75 "1

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.

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 QFE, where E is the voltage inserted in series
with the circuit.

Example: The inductive reactance of a cir-
cuit is 200 ohms, the capacitive reactance is
200 ohms, the resistance 5 ohms, and the ap-
plied voltage is 50. The two reactances cancel
and there will be but 5 ohms of pure resistance
to limit the current flow. Thus the current will
be 50/5, or 10 amperes. The voltage developed
across either the inductor or the capacitor will
be equal to its reactance times the current, or
200 X 10 = 2000 volts. An alternate method:
The Q of the circuit is X/R = 200/5 = 40.
The reactive voltage is equal to Q times the
applied voltage, or 40 X 50 = 2000 volts.

RESONANCE IN PARALLEL CIRCUITS

When a variable-frequency source of constant
voltage is applied to a parailel circuit of the type
shown in Fig. 2-40 there is a resonance effect
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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-
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.

Fig. 2-40—Circuit illustrating parallel resanance.

The resistance R shown in Fig. 2-40 is not
necessarily an actual resistor. In most cases it
will be an “equivalent” resistance that represents
the energy loss in the circuit. This loss can be in-
herent in the coil or capacitor, or may represent
energy transferred to a load by means of the
resonant circuit. (For example, the resonant cir-
cuit may be used for transferring power from a
vacuum-tube amplifier to an antenna system.)

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 R, 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 (Qs. (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 R,.

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

two circuits are resonont. The series resistar, R,, in A

can be replaced by on equivalent parallel resistor, Ry,
in B ond vice versa.
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Thus a circuit like that of Fig. 2-41A has an

equivalent parallel impedance (at resonance)
2
of RD:])Q(—; X is the reactance of either the

L]

inductor or the capacitor. Although R, is not
an actual resistor, to the source of voltage the
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

Zr=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,

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 résistance in
series with the coil, as in Fig. 2-414, is not so
easily defined. There is a set of values for L and
C that will make the parallel impedance a pure
resistance, but with these values the impedance
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Fig. 2-42.—Relative impedance of parallel-resonant
circuits with different Qs. These curves are similar to
those in Fig. 2-42 for current in a series-resonant circuit,
The effect of Q on impedance is most marked near the
resonant frequency.
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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 L 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 Mc.
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
Q must be high may have reactances of 1000
ohms or more at the frequency under considera-
tion.

(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
0-%
where Q = Quality factor
R = Parallel load resistance (ohms)
X = Reactance (ohms) of either the in-
ductor or capacitor
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

R _ 3000
Q=5 =

250 12
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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 Transfarmatian

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

z=%
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-

POSCES L/C Ratia
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-

INDUCTANCE IN MICROHENRYS
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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 considcrable extent upon the particular ap-

CAPACITANCE IN MICROMICROFARADS
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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:

q IC = 25}.2330

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

(npf.)
f = Frequency in megacycles

Example: Find the inductance required to
resonate at 3650 kc. (3.65 Mc.) with capaci-
tances of 2§, 50, 100, and 500 uuf. The LC

constant is
25.330 _ 25,330
LC = Gesy ~ Taas ~ 1900
With 25 puf. L = 1900/C = 1900/25
=76 ph.
50 uuf. L = 1900/C = 1900/50
= 38 uh.
100 ppuf. L = 1900/C = 1900/100
= 19 gh,
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:Cs. At C, Cx and C: form a
capacitive voltage divider across L:(C:, and some
of the voltage developed across L:C. is applied
across L:Cs.

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 = L;, Ci=Cs and Q) = Qs:
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Fig. 2-46—Three methods of circuit coupling.

(A) Lu =~ Li/Oh; (B) Cu =~ QiCh; (C) Cu =~
G/ O

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 °
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input C7é L,% ELZ 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 every 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 of 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
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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 Ly 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.

W ith 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 the same as that
of a single tuned circuit having a Q equal to the
product of the Qs of the individual circuits—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.

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 couple, 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 Q =+/(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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Fig. 2-50—Relative response for a single tuned circuit
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respectively.

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 coefficient of coupling between air-
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Fig. 2-51—Link coupling. The mutual inductances ot

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.

e Rin)R
(A) Ry~ =cC R X =RR-RT
xc= R Rin
X0
o_rY‘[Y\__L_J‘ Rin (R
(B)  Rin— cx 3R XRYiR,
17 x,= R
R
©) ¢ C= 3R, @ -
= R
X e

X,= QRy#(R R, /Xep)
Q1

Rin= T%'—I
(CJ.' +.I)

(D)

Rin

Fig. 2-52—Impedance-maiching networks adaptable to
amateur work. (A) L network for transforming to a
higher value of resistance. (B) L network for transform-
ing to a lower resistance value. (C) Pi network. Ry is the
larger of the two resistors; Q is defined as Ri/Xci.
(D) Tapped tuned circuit used in some receiver applica-
tions. The impedance of the tuned circuit is transformed
to a lower valve, Rin, by the capacitive divider.
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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 rcsembles
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, Rin, 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 Xiv/R or Rin/Xc in Fig. 2-52A, and to
Xu/Rin or R/Xo 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 Rin are pure resistances.

The Pi Network

The pi network, shown in Fig. 2-52C, offers
more flexibility than the L since the operating O
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
Ri1/Xa, so the choice of a value for the operat-
ing Q immediately sets the value of Xc: 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. 2-52C 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, fo 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 2Cx.

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-k 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 m-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, f» 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 - (;i)zfor 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 Resanators

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 5 to 10 times the Qs obtain-
able with good LC resonant circuits.

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
mechanicol properties of ¢
the crystal; Cp 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 Cy 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 Ca
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 Ca to C, and
when this ratio is large (as in the case of a crystal
resonator, where C» 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.

\ RESISTANCE
|
[}
.

INCREASING ==/ \ ¢
i

IMPEDANCE
~— 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, fi, 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 hoth 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. Tt 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

-3

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
r.f. 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+

D C
Supply

[

5. 0.C ]
Supply
Series Feed

Paraliel 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.{. 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
rf. 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.f. 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.{.
current will tend to flow through it rather than
through the d.c. supply.

To be effective, the reactance of the bypass
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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 rf. choke may be
connected in the lead to the latter, as shown in
Fig. 2-58.

The same type of bypassing is used when audio
frequencies are present in addition to 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 uf.
is practically a short circuit for r.f., for example,
but is almost an open circuit at audio frequencies.
(The actual valie of capacitance that is usable
will be modified Ly the impedances concerned.)
Bypass 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 a tuned circuit, resonant at the fre-
quency where its capacitance and distributed
inductance have the same reactance. The same
thing is true of a coil and its distributed capaci-
tance. At frequencies well below these natural
resonances, the capacitor will act like a normal
capacitance and the coil will act like a normal
inductance. Near the natural resonant points,
the coil and capacitor act like self-tuned circuits.
Above resonance, the capacitor acts like an in-
ductor 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 millihenrys and
capacitances of a few thousand micromicrofarads
are the largest practicable. At high radio fre-
quencies, usable inductance values drop to a few
microhenrys and capacitances to a few hundred
micromicrofarads.

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

Grounds
Throughout this book there are frequent refer-
ences to ground and ground potential. When a
connection is said to be “grounded” it does not
necessarily mean that it actually goes to earth.

ELECTRICAL LAWS AND CIRCUITS

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 Balanced Circuits

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

Typical single-ended and balanced circuits are
shown in Fig. 2-59. R.{. circuits are shown in
the upper row, while iron-core transformers
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Fig. 2-59—Single-ended and balanced cirevits.

(such as are used in power-supply and audio
circuits) are shown in the lower row. The r.f.
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 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
comparahle 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 circvits.

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 proxxmlty effect,” which causes eddy currents
and an increase in loss. Above 300 Mc. it is difh-
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), Jdiminishing 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 TELo mode of propagation is depicted.

There s 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 designitions are
preferred.

The particular mode of transmission is iden-
tified by the group letters followed by two sub-
script numerals; for example, TEyo, TMi,, 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 # 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 ¥5# 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 # is the width of a rectangular guide and
r is the radius of a circular guide. All figures are
in terms of the dominant mode.

Rectangular Circular

Cut-off wavelength ...... 2z 3.41r
Longest wavelength trans.
mitted with little atten.
uation .....eevreeenan
Shortest wavelength before
next mode hecomes pos-
sible ....coovieveiienes

3.2r

2.8r

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 .. ..ccvivvieiininennnnnens 2.61r
Square box ....iiiiiiiiiiiiieeana 1.41
Sphere ....0000 cevesoassasssecccas 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

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 Mc. (1,000,000
cycles per second), One possible way might be
to add 1.000 Mc. and 1 ke. 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) 1% cycles of an
avdio 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 circvit; 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 shaw the spectrums far the signals in
A, B, C and D, respectively. Nate the new frequencies
in H, resulting from the madulation process.

1,001

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-Mec.
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-Mc. 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 replusion
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 thin wire or filament is heated to in-
candescence in a vacuum, electrons near the sur-
face are given enough energy of motion to fly
off into the surrounding space. The higher the
temperature, the greater the number of electrons
emitted. A more general name for the filament
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-

Representative tube types. Transmitting tubes having

up to 500-watt capability are shown in the back row.

The tube with the top cap in the middle row is a low-

power transmitting type. Others are receiving tubes,

with the exception of the one in the center foreground
which is a v.h.f. transmitting type.

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

wor |}
CATHODE

A B8
A==k

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

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 source
of e.m.f. 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 source of em.f. In Fig. 3-1 this
em.f. is supplied by a battery (“B” battery);
a second battery (“A” battery) is also indicated
for heating the cathode or filament 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 or filament 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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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, ane a twisted loop and the other
bunched heater wires. Both types tend to cancel the magnetic
fields set up by the current through the heater.

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 directly heated. Fig.
3-2 shows both types in the forms in which they
are commonly used.

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 much
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.

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 when the plate is
positive with respect to the cathode, but by shut-
ting off 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
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Fig. 3-3—The diode, or two-element tube, and a typical curve
showing how the plate current depends upon the valtage applied

to the plate.



Vacuum-Tube Amplifiers

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
of the power must do useful

T @
.

R

AC.

Fig. 3-4—Rectification in a diode.

Current flows only when the plate

is positive with respect to the cath-

ode, so that only haff-cycles of

current flow through the load re-
sistor, R.
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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,

the polarity of the voltage across 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-
uum tube, showing the 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.

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 value 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 1ol —
add to the space charge. This will

reduce the number of electrons that

can reach the plate at any selected
plate voltage.

The grid is inserted in the tube
to control the space charge and not
to attract electrons to itself, so it is
made in the form of a wire mesh or

Plate Curreni-MA.
)

spiral. Electrons then can go through S

the open spaces in the grid to reach
the plate.

-15 =10
Grid Voltage

Fig. 3-6—Grid-voltage-vs.-plate-current curves at various fixed values

of plate voltage (Ev) for o typical small triode. Characteristic curves of

Characteristic Curves
For any particular tube, the effect

this type can be taken by varying the bottery 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 source
of e.m.f. 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, deter-
mines the relative effectiveness of the grid and
plate in controlling the plate current. If a very
small change in the grid voltage has just as much
effect on the plate current as a very large change
in plate voltage, the tube is said to have a high
amplification factor. Amplification factor is
commonly designated by the Greek letter u. An
amplification factor of 20, for example, means
that if the grid voltage is changed by 1 volt, the
effect on the plate current will be the same
as when the plate voltage is changed by 20 volts.
The amplification factors of triode tubes range
from 3 to 100 or so. A high-ux tube is one with an
amplification factor of perhaps 30 or more;
medium-u tubes have amplification factors in the
approximate range 8 to 30, and low-x tubes in
the range below 7 or 8.

It would be natural to think that a tube that
has a large 1 would be the best amplifier, but to
obtain a high u it is necessary to construct the
grid with many turns of wire per inch, or in the
form of a fine mesh. This leaves a relatively
small open area for electrons to go through to
reach the plate, so it is difficult for the plate to
attract large numbers of electrons. Quite a large
change in the plate voltage must be made to effect
a given change in plate current. This means that
the resistance of the plate-cathode path—that is,
the plate resistance-—of the tube is high. Since
this resistance acts in series with the load, the
amount of current that can be made to flow
through the load is relatively small. On the other
hand, the plate resistance of a low-u tube is rel-
atively low.

The best all-around indication of the effective-
ness of the tube as an amplifier is its grid-plate
transconductance—also called mutual conduct-
ance. This characteristic takes account of both
amplification factor and plate resistance, and
therefore is a figure of merit for the tube. Trans-
conductance is the change in plate current divided
by the change in grid voltage that causes the
plate-current change (the plate voltage being
fixed at a desired value). Since current divided
by voltage is conductance, transconductance is
measured in the unit of conductance, the mho.
Practical values of transconductance are very
small, so the micromho (one-millionth of a mho)
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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.

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.

Plate Current, MA.

-36 -2 = s =6 =5
Grid Voltage

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, Ey. Iy 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 flow. 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.

Amplifier Ovtput Circvits

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 R, 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 coil (usually sev-
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TRANSFORMER COUPLING

Fig. 3-10—Three basic forms of coupling between
vacuum-tube amplifiers.

eral hundred henrys for audio frequencies) for
the plate resistor. The advantage of using an in-
ductance rather than a resistor is that its im-
pedance is high for alternating currents, but its
resistance is relatively low for d.c. It thus per-
mits obtaining a high value of load impedance for
a.c. without an excessive d.c. voltage drop that
would use up a good deal of the voltage from the
plate supply.

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 amplifier). 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.
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Fig. 3-11—An elementary power-amplifier circuit in
which the power-consuming load is coupled to the plate
circuit through an impedance-matching transformer,

Signal

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



PUSH-PULL

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 requifed 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 hali-¢ycle 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
time 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 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 practically 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 plate current for the whole 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 150 and 180 degrees and the plate efficiency
lies in the range of 70 to 80 percent. 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 thie 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 feedbock.

In the circuit shown at A in Fig. 3-14 resistor
R, is in series with the regular plate resistor, K,
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 connected in series with
the grid circuit, and so the output voltage that
appears across K, 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 causs 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 micromicrofarads at
most—but they frequently have a very pro-
nounced 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 o.c. voltage appearing between the
grid and plate of the amplifier is the sum of the signal
voltage and the output voltage, os 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

Clnpnt = C[k + C‘p(A + 1) .

where C,, is the grid-to-cathode capacitance,
C,, is the grid-to-plate capacitance, and A 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.

Ovutput 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 arrangement of elements in
a screen-grid tetrade, with part of plate and screen cut
away. This is “single-ended” canstruction with a button
base, typical of miniature receiving tubes. Ta reduce
capacitance between control grid and plate the leads
fram these elements are brought aut at oppasite sides;
actual tubes prabably wauld have additianal 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-u 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 amplifiors 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 A,
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 E2/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 function
point between the
input ond output
circvits. In the lower
drowing, the plote
is the junction. In
either case the out-
put is developed in
the lood resistor,
R, ond moy be
coupled to o fol-
lowing omplifier by
the usvol methods.

CATHODE 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.hf. and uw.hf., 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

71

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
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tances) where r; is the tube plate resistance and
u 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

® ®)

shield between the cathode and plate, c C; A
reducing the plate-cathode capacitance {—t BRI B PLATE
to a very low value. GRID I PLATE  RETURN it RETURN
RETURN™ x RETURN A A
Cathode Follower U
The cathode follower uses the plate
of the tube as the common element. rrYYLI rﬂy\j
The input signal is applied between
the grid and plate (assuming negli- Fig. 3-18—Fil t center-topping methods for use with di-

gible impedance in the batteries) and

rectly heoted tubes.
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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 amount of hum introduced is ex-
tremely 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 very frequently
used.

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

r=E_.8

T ~0013 = 667 ohms.

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 Y4-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=T=%on
A 270-ohm resistor would be satisfactory. The
power in the resistor is

P=EI =3 X 0.011 = 0.033 watt.

= 272 ohmas.

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 screen 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

A

Signal

Plote Voltoge 9

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

EL0 e 75,000 chms.

E
R=7= 5002

The power to be dissipated in the resistor is

P = EI =150 X 0.002 = 0.3 watt.

A Y. or l.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 rf. 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
relatioriship 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

Cq RFC
+ (A)
Ry
Z Plote Voltage
- L _
Cb
HARTLEY CIRCUIT
RFC
. (B)
Plote Voltage

COLPITTS CIRCUIT

Fig. 3-21—Basic oscillator circuits. Feedback voltage is

obtained by tapping the grid and cathode across a

portion of the tuned circuit. In the Hartley circuit the

tap is on the coil, but in the Colpitts circuit the voltage
is obtained from the drop across a capacitor,
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feedback usually is obtained when the tap is
somewhere near the center of the coail

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

Capacitor Cy 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
R; 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 Cg 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 tunecl-grid circuit, is shown in Fig. 3-22.

Cp,

I

,.J., Plate

Voitage

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

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, CiL., is
tuned to a slightly higher frequency than the
grid circuit, L,C,. The amount of feedback 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 series feed for the plate circuit,
so Cp 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
show 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. No r.f. choke is
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Fig. 3-23—Shawing haw the plate moy be grounded for
rf. in o typicol oscillotar circuit (Hartley).

needed in the plate circuit because the plate al-
ready is at ground potential and there is no r.f.
to choke off. All that is necessary is a bypass
capacitor, Cs, across the plate supply. Direct
current flows to the cathode through the lower
part of the tuned-circuit coil, L. An advantage of
such a circuit is that the frame of the tuning
capacitor can be grounded.

Tubes having indirectly heated cathodes are
more easily adaptable to circuits grounded at
other points than the cathode than are tubes
having directly heated filaments. With the latter
tubes special precautions have to be taken to pre-
vent the filament from being bypassed to ground
by the capacitance of the filament-heating trans-
former.

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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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

Fig. 3-24—Series and shunt
diade clippers. Typical aper-
=) atian is shawn at the right.

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
output voltage results from the current flow
through the load resistor R.

In the shunt-type diode clipper negative bias
is applied to the plate so the diode is normally
nonconducting. In this case the signal voltage
is fed through the series resistor R to the output
circuit (which must have high impedance 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 circuit 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 V1 is a cathode follower with its out-
put circuit directly connected to the cathode of
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Vi, 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 Vy, 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

At ultrahigh frequencies, interelectrode capaci-
tances and the inductance of internal leads deter-
mine the highest possible frequency to which a
vacuum tube can be tuned. The tube usually
will not oscillate up to this limit, however, be-
cause of dielectric losses, transit time and other
effects. In low-frequency operation, the actual
time of flight of electrons between the cathode
and the anode is negligible in relation to the
duration of the cycle. At 1000 kc., for example,
transit time of 0.001 microsecond, which is typi-
cal of conventional tubes, is only 1/1000 cycle.
But at 100 Mc., this same transit time represents
140 of a cycle, and a full cycle at 1000 Mc. These
limiting factors establish about 3000 Mc. as the
upper frequency limit for negative-grid tubes.

With most tubes of conventional design, the
upper limit of useful operation is around 150 Mc.
For higher frequencies tubes of special con-
struction are required. About the only means
available for reducing interelectrode capaci-
tances is to reduce the physical size of the ele-
ments, which is practical only in tubes which do
not have to handle appreciable power. However,
it is possible to reduce the internal lead induct-
ance very materially by minimizing the lead
length and by using two or more leads in parallel
from an electrode.

In some types the electrodes are provided with

up to five separate leads which may be connected
in parallel externally. In double-lead types the
plate and grid elements are supported by heavy
single wires which run entirely through the en-
velope, providing terminals at either end of the

Fig. 3-26—Sectional view of the “lighthouse’’ tube’s

construction. Close electrode spacing reduces transit

time while the disk electrode connections reduce lead
inductance.

bulb. With linear tank circuits the leads become
a part of the line and have distributed rather than
lumped constants.

In “lighthouse” tubes or disk-seal tubes, the
plate, grid and cathode are assembled in parallel
planes, as shown in Fig. 3-26, instead of co-
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axially. The disk-seal terminals practically elim-
inate lead inductance.

Velocity Modulation

In conventional tube operation the potential on
the grid tends to reduce the electron velocity
during the more negative half of the cycle, while
on the other half cycle the positive potential on
the grid serves to accelerate the electrons. Thus
the electrons tend to separate into groups, those
leaving the cathode during the negative half-
cycle being collectively slowed down, while those
leaving on the positive half are accelerated.
After passing into the grid-plate space only a
part of the electron stream follows the original
form of the oscillation cycle, the remainder trav-
eling to the plate at differing velocities. Since
these contribute nothing to the power output at
the operating frequency, the efficiency is reduced
in direct proportion to the variation in velocity,
the output reaching a value of zero when the
transit time approaches a half-cycle.

This effect is turned to advantage in velocity-
modulated tubes in that the input signal voltage
on the grid is used to change the velocity of the
electrons in a constant-current electron beam,
rather than to vary the intensity of a constant-
velocity current flow as is the method in ordinary
tubes.

The velocity modulation principle may be used
in a number of ways, leading to several tube de-
signs. The major tube of this type is the “kly-
stron.”

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
the buncher. the high-frequency electric field be-
tween the grids is parallel to the electron stream.

+HV
HWSV,AC
Fig. 3-27—Circuit diagram of the klystron oscillator,
showing the feedback loop coupling the frequency-con-
trolling cavities.

77

This field accelerates the electrons at one mo-
ment and retards them at another, in accordance
with the variations of the r.f. voltage applied.
The resulting velocity-modulated beam travels
through a field-free “drift space,” where the
slower-moving electrons are gradually overtaken
by the faster ones. The electrons emerging from
the pair of grids therefore are separated into
groups or “bunched” along the direction of mo-
tion. The velocity-modulated electron 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 fre-
quency 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. 3-27, 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 O of the catcher
cavity suppresses the unwanted harmonics.l

Magnetrons

A magnetron is fundamentally a diode with
cylindrical electrodes placed in a uniform mag-
netic field, with the lines of magnetic force par-
allel to the axes of the elements. The simple cy-
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Fig. 3-28—Conventional magnetrons, with equivalent

schematic symbols at the right. A, simple cylindrical

magnetron. B, split-anode negative-resistance magne-
tron.

Pleliet

lindrical magnetron consists of a cathode sur-
rounded by a concentric cylindrical anode. In
the more efficient split-anode magnetron the cyl-
inder is divided lengthwise.

Magnetron oscillators are operated in two

1 A discussion of the operation of a three-cavity trans-
mitting klystron operating above 1000 Mc. will be found
in OST for August, 1961 (Badger, ‘“An Introduction to
the Klystron.”). Practical Information on klystron opera-
tion will be found in QST for August, 1960 (Prechtel,
“An Experimental Transceiver for 5660 Mc.””) and May,
1959 (Sharbaugh and Watters, ‘“The World Above
20,000 Mc.”).
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different ways. Electrically the circuits are simi-
lar, the difference being in the relation between
electron transit time and the frequency of oscil-
lation.

In the negative-resistance or dynatron type of
magnetron oscillator, the element dimensions and
anode voltage are such that the transit time
is short compared with the period of the oscil-
lation frequency. Electrons emitted from the
cathode are driven toward both halves of the
anode. If the potentials of the two halves are un-
equal, the effect of the magnetic field is such
that the majority of the electrons travel to the
half of the anode that is at the lower potential.
That is, a decrease in the potential of either half
of the anode results in an increase in the electron
current flowing to that half. The magnetron con-
sequently exhibits negative-resistance character-
istics. Negative-resistance magnetron oscillators
are useful between 100 and 1000 Mec. Under the

_— Fig. 3-29—
Split-onode
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best operating conditions efficiencies of 20 to 25
per cent may be obtained.

In the transit-time magnetron the frequency
is determined primarily by the tube dimensions
and by the electric and magnetic field intensities
rather than by the tuning of the tank circuits.
The intensity of the magnetic field is adjusted so
that, under static conditions, electrons leaving
the cathode move in curved paths which just fail
to reach the anode. All electrons are therefore
deflected back to the cathode, and the anode cur-
rent is zero. An alternating voltage applied be-
tween the two halves of the anode will cause the
potentials of these halves to vary about their

Fig. 3-30—Schemotic drow-
ing of o troveling-wove

GUN ANODE
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it. Meanwhile other electrons gain energy from
the field and are returned to the cathode. Since
those electrons that lose energy remain in the
interelectrode space longer than those that gain
energy, the net effect is a transfer of energy
from the electrons to the electric field. This en-
ergy can be used to sustain oscillations in a res-
onant transmission line connected between the
two halves of the anode.

Split-anode magnetrons for uh.Jf. are con-
structed with a cavity resonator built into the
tube structure, as illustrated in Fig. 3-29. The
assembly is a solid block of copper which assists
in heat dissipation. At extremely high frequen-
cies operation is improved by subdividing the
anode structure into 4 to 16 or more segments,
the resonant cavities for each anode being
coupled to the common cathode region by slots of
critical dimensions.

The efficiency of multisegment magnetrons
reaches 65 or 70 per cent. Slotted-anode mag-
netrons with four segments function up to 30,000
Mec. (1 em.), delivering up to 100 watts at effi-
ciencies greater than 50 per cent. Using larger
multiples of anodes and higher-order modes, per-
formance can be attained at 0.2 cm.

Traveling-Wave Tubes

Gains as high as 23 db. over a bandwidth of
800 Mc. at a center frequency of 3600 Mc. have
been obtained through the use of a traveling-
wave amplifier tube shown schematically in Fig.
3-30. An electromagnetic wave travels down the
helix, and an electron beam is shot through the
helix parallel to its axis, and in the direction
of propagation of the wave. When the electron
velocity is about the same as the wave veloc-
ity in the absence of the electrons, turning on the
electron beam causes a power gain for wave
propagation in the direction of the electron
motion.

The portions of Fig. 3-30 marked “input” and
“output” are waveguide sections to which the

A
COLLECTOR

HELIX

omplifier tube.
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average positive values. If the period (time re-
quired for one cycle) of the alternating voltage
is made equal to the time required for an electron
to make one complete rotation in the magnetic
field, the a.c. component of the anode voltage
reverses direction twice with each electron rota-
tion. Some electrons will lose energy to the elec-
tric field, with the result that they are unable to
reach the cathode and continue to rotate about

1,1 1,r

CATHODE INPUT OUTPUT

ends of the helix are coupled. In practice two
electromagnetic focusing coils are used, one
forming a lens at the electron gun end, and the
other a solenoid running the length of the helix.

The outstanding features of the traveling-
wave amplifier tube are its great bandwidth and
large power gain. However, the efficiency is
rather low. Typical power output is of the order
of 200 milliwatts.
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Devices

Certain materials whose resistivity is not high
enough to classify them as good insulators, but
is still high compared with the resistivity of
common metals, are known as semiconductors.
These materials, of which germanium and silicon
are examples, have an atomic structure that
normally is associated with insulators. How-
ever, when small amounts of impurities are
introduced during the manufacture of germa-
niumn or silicon crystals, it is possible for free
electrons to exist and to move through the cry-
stals under the influence of an electric field. It
is also possible for some of the atoms to be de-
ficient in an clectron, and these electron de-
ficiencies or holes can move from atom to
atom when urged to do so by an applied electric
force. (The movement of a hole is actually the
movement of an electron, the electron becoming
detached from one atom, making a hole in that
atom, in order to move into an existing hole int
another atom.) The holes can be considered to
be equivalent to particles carrying a positive
electric charge, while the electrons of course
have negative charges. loles and electrons are
called charge carriers in semiconductors.

Electron and Hole Conduction

Material which conducts by virtue of a de-
ficiency in electrons — that is, by hole conduc-
tion — is called p-type material. In n-type ma-
terial, which has an excess of electrons, the con-
duction is termed ‘‘electronic.” If a piece of p-
type material is joined to a piece of n-type ma-
terial as at A in Fig. 4-1 and a voltage is applied
to the pair as at B, current will low 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 symibol, are attracted in the
opposite direction across the junction by the neg-
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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
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 mate-
rial. The principal ones are called majority car-
riers, while the lesser ones are minority carriers,

The process by which the carriers cross the
junction is essentially diffusion, and takes place
comparatively slowly. This, together with the
fact that the junction forms a capacitor with the
two plates separated by practically zero spacing
and hence has relatively high capacitance, places
a limit on the upper frequency at which semicon-
ductor devices of this construction will operate,
as compared with vacuum tubes. Also, the num-
ber of excess electrons and holes in the material
depends upon temperature, and since the con-
ductivity in turn depends on the number of ex-
cess holes and electrons, the device is more tem-
perature 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.

SEMICONDUCTOR DIODES

Diodes of the point-contact type are used for
many of the same purposes for which tube diodes

CURRENT NO CURRENT
+ +
P + + P t++4 Fig. 4-1—A p-n junction (A) and its
behavior when conducting (B) and non-
NT T conducting (C).
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Fig. 4-2—Construction of a germanium-point-contact
diode. In the circuit symbol for a contact rectifier the
arrow points in the direction of minimum resistance
measured by the conventional method—that is, going
from the positive terminal of the voltage source
through the rectifier to the negative terminal of the
source. The arrow thus corresponds to the plate and
the bar to the cathode of a tube diode.

are used. The construction of such a diode is
shown in Fig. 4-2. Germanium and silicon are
the most widely used materials, the latter prin-
cipally in the u.h.f. region.

As compared with the tube diode for r.f. ap-
plications, the crystal diode has the advantages
of very small size, very low interelectrode ca-
pacitance (of the order of 1 puf. or less) and
requires no heater or filament power.

Characteristic Curves

The germanium crystal diode is characterized
by relatively large current flow with small ap-
plied voltages in the “forward” direction, and
small, although finite, current flow in the reverse
or “back” direction for much larger applied
voltages. A typical characteristic curve is shown
in Fig. 4-3. The dynamic resistance in 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 voltages, but the curve is for the most
part quite straight, indicating fairly constant
dynamic resistance. For small applied voltages,
the forward resistance is of the order of 200
ohms in most such diodes. The back resistance
shows considerable variation, depending on the
particular voltage chosen for the measurement.
It may run from a few hundred thousand ohms
to over a megohm. In applications such as meter
rectifiers for r.f. indicating instruments (r.f.
voltmeters, wavemeter indicators, and so on)
where the load resistance may be small and the
applied voltage of the order of several volts, the
resistance vary with the value of the applied
voltage and are considerably lower.

Junction Diodes

Junction-typ€ diodes made of germanium or
silicon are employed principally as power recti-
fiers, in applications similar to those where sele-
nium rectifiers are used. Depending on the
design of the particular diode, they are capable
of rectifying currents up to several hundred
milliamperes. The safe inverse peak voltage of a
junction is relatively low, so an appropriate

SEMICONDUCTOR DEVICES

number of rectifiers must be connected in series
to operate safely on a given a.c. input voltage.

Ratings

Crystal 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 opposite to that
which causes maximum current flow. The aver-
age current is that which would be read by a d.c.
meter connected in the current path.

It is also customary 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 volt-
age at which the maximum tolerable back cur-
rent is specified varies with the type of diode.

Fig. 4-3—Typical point 50
contact germanium diode 3
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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
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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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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.

Two zener diodes connected in opposition, Fig.
4-5, form a simple and highly effective clipper.

Voltage-Variable Capacitors

Voltage-variable capacitors are p-n junction
diodes that behave as capacitors of reasonable Q
(35 or more) up to 50 Mc. and higher. 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 capacitor the
capacitance can be varied over a 10-to-1 range
with a bias change from 0 to — 100 volts. The
current demand on the bias supply is on the order
of a few microamperes.

Typical applications include remote control of
tuned circuits, automatic frequency control of
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Fig. 4-5—Full-wave clipping action with two zener

diodes in opposition. The output level would be at a

peak-to-peak voltage of twice the zener rating of a

single diode. R, should have a resistance value sufficient
to limit the current to the zener diode rating.

receiver local oscillators, and simple frequency
modulators for communications and for sweep-
tuning applications.

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 2000
Mec. and higher.

TRANSISTORS

Fig. 4-6 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).
However, there are now additional holes avail-
able at the junction to travel to point B and
electrons can travel toward point A, so a current
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Fig. 4-6—The basic arrangement of a transistor. This
represents a junction-type p-n-p unit.

can flow even though this section of the sandwich
considered alone is biased to prevent conduction.
Most of the current 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-
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 several types
shown in Fig. 4-7. The assembly of p- and n-type
materials may be reversed, so that p-n-p and
n-p-n transistors are both possible,
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Point-Contact Transistors

The point-contact transistor, shown at the
left in Fig. 4-7, has two “cat whiskers” placed
very close together on the surface of a germanium
wafer. It is principally of historical interest and
is now superseded by the junction type. It is
difficult to manufacture, since the two contact
points must be extremely close together if good
high-frequency characteristics are to be secured.

Junction Transistors

The junction transistor, shown at the center
in Fig. 4-7, has higher capacitances and higher
power-handling capacity than the point-contact
type. The “electrode” areas and thickness of the
intermediate layer have an important effect on
the upper frequency limit. Ordinary junction
transistors may have cut-off frequencies (see
next section) up to 50 Mc. or so. The types used
for audio and low-radio frequencies usually have
cut-off frequencies ranging from 500 to 1000 kc.

The upper frequency limit is extended con-
siderably in the drift transistor. This type has a
particular form of distribution of impurities in
the base material resulting in the creation of an
internal electric field that accelerates the car-
riers across the junction. Typical drift transis-
tors have cut-off frequencies of the order of 100
Me.

Another type of transistor useful in high-fre-
quency work is the surface barrier transistor,
using plated emitter and collector eclectrodes on
a wafer of n-type material, as shown at the right
in Fig. 4-7. Surface-barrier transistors will op-
erate as amplifiers and oscillators at frequencies
of 250 Mec. or higher.

TRANSISTOR CHARACTERISTICS

An important characteristic of a transistor is
its current amplification factor, usually desig-
nated by the symbol a. This is the ratio of the
change in collector current to a small change in
emitter current, measured in the common-base
circuit described later, and is comparable with
the voltage amplification factor (u) of a vacuum
tube. The current amplification factor is almost,
but not quite, 1 in a junction transistor. It is
larger than 1 in the point-contact type, values in
the neighborhood of 2 being typical.

The a cut-off frequency is the frequency at
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which the current amplification drops 3 db. below
its low-frequency value. Cut-off frequencies
range from 500 kec. to frequencies in the v.h.(f.
region. The cut-off frequency indicates in a gen-
eral 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 ochms being typical of the base resistance.

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. 4-8. It
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Fig. 4-8—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.

shows the collector current vs. collector voltage
for a number of fixed values of emitter current.
Practically, the collector current depends almost
entirely on the emitter current and is 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. 4-9,
together with the circuit used for obtaining it.
This also shows collector current wvs. collector
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voltage, but for a number of different values of
base current. In this case the emitter element is
used as the common point in the circuit. The
collector current is not independent of collector
voltage with this type of connection, indicating
that the output resistance of the device is fairly
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Fig. 4-9—Collector current vs. collector voltage for vari-
ous volues of base current, for a junction-type transistor.
The values ore determined by meons of the circuit
shown.

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. 4-8.

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, usually
expressed in milliwatts, that can safely be dissi-
pated by the transistor as heat. With some types
of transistors provision is made for transferring
heat rapidly through the container, and such
units usually require installation on a heat
“sink,” or mounting that can absorb heat.

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 grounded-
base, grounded-emitter, and grounded-collec-
tor circuits. These are shown in Fig. 4-10 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-
circuited. The cut-off frequency is the frequency
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at which the amplification decreases by 3 db.
from its value at some frequency well below that
at which frequency effects beginto assume im-
portance. The input and output impedances are,
respectively, the impedance which a signal source
working into the transistor would see, and the
internal output impedance of the transistor
(corresponding to the plate resistance of a vac-
uuin tube, for example).

Grounded-Base Circuit

The input circuit of a grounded-base amplifier
must be designed for low impedance, since the
emitter-to-base resistance is of the order of 25/1,
ohms, where I, is the emitter current in milli-
amperes. The optimum output load impedance,
Ry, may range from a few thousand ohms to
100,000, depending upon the requirements,

The current transfer ratio is a and the cut-off
frequency is as defined previously.

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. A junction transistor is
stable in this circuit since a is less than 1, but
a point-contact transistor will oscillate,

Grounded-Emitter Circuit

The grounded-emitter circuit shown in Fig.
4-10 corresponds to the ordinary grounded-
cathode vacuum-tube amplifier. As indicated by
the curves of Fig. 4-9, 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 ratio in the common-
emitter circuit is equal to

l1—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 a« = 0.98 would
have a cut-off frequency of 1000 X 0.02 = 20
kc. in the grounded-emitter circuit.)

Within its frequency limitations, the grounded-
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 with either junction or
point-contact transistors.

Grounded-Collector Circuit

Like the vacuum-tube cathode follower, the
grounded-collector transistor amplifier has high
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input impedance and low output impedance. The
latter is approximately equal to the impedance of
the signal input source multiplied by (1 — a).
The input resistance depends on the load 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

l1—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 transistor is essentially a low-voltage
device, so the use of a battery power supply
rather than a rectified-a.c. supply is quite com-
mon. Usually, it is more convenient to employ
a single battery as a power source in preference
to the two-battery arrangements shown in Fig.
4-10, so most circuits are designed for single-
battery operation. Provision must be included,
therefore, for obtaining proper biasing voltage
for the emitter-bhase circuit from the battery that
supplies the power in the collector circuit.

Fig. 4-10—Basic tran-
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Coupling arrangements for introducing the
input signal into the circuit and for taking out
the amplified signal are similar to those used
with vacuum tubes. However, the actual com-
ponent values will in general be quite different
from those used with tubes. This is because the
impedances associated with the input and output
circuits of transistors may differ widely from the
comparable impedances in tube circuits. Also, d.c.
voltage drops in resistances may require more
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Fig. 4-11—Practical grounded-emitter circuits using
transformer and resistance coupling. A combination of
either also can be used—e.g., resistance-coupled input
and transformer-coupled output. Tuned transformers
may be used for r.f. and i.f. circuits.

With small transistors used for low-level amplification
the input impedance will be of the order of 1000 ohms
and the input circuit should be designed for an imped-
ance step-down, if necessary. This can be done by ap-
propriate choice of turns ratio for T or, in the case of
tuned circuits, by tapping the base down on the tuned
secondary circuit. In the resistance-coupled circuit Rz
should be large compared with the input impedance,
values of the order of 10,000 ohms being used.

In low-level circuits Ry will be of the order of 1000
ohms. R; should be chosen to bias the transistor to the
desired no-signal collector current; its value depends on
Ry and R; (see text).

careful attention with transistors because of the
much lower voltage available from the ordinary
battery power source. Battery economy becomes
an important factor in circuit design, both with
respect to voltage required and to overall current
drain. A bias voltage divider, for example, easily
may use more power than the transistor with
which it is associated.

Typical single-battery grounded-emitter cir-
cuits are shown in Fig, 4-11. Ry, 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
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achieved through adjustment of voltage divider
R2Rs, 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 Ci
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, Rs is
in parallel with R; and thus becomes part of the
input load resistance. Cs must have low reactance
compared with the parallel combination of Re, Rs
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 Ry 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.

Bias Stabilization

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 I..) — 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. 4-11, bias stabilization is im-
proved by making the resistance of R: as large
ds possible and both R; and Rs as small as possi-
ble, consistent with gain and battery economy.

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 and thus
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Fig. 4-12—Typical transistor oscillator circuits, Com-
ponent values are discussed in the text.

sustain self-oscillation. Representative oscillator
circuits are shown in Fig. 4-12.

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:Cs:. R;, Rz and Rs have the
same functions as in the amplifier circuits given
in Fig. 4-11. Bypass capacitors Cs and Cs 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 Ls in the tickler circuit, and ratio of the sec-
tions of C; in the Colpitts,



Chapter 5

High-Frequency

Receivers

A good receiver in the amateur station makes
the diffepence between mediocre contacts and
solid QSOs, and its importance cannot be over-
emphasized. In the less crowded v.h.f. bands,
sensitivity (the ability to bring in weak signals)
is the most important factor in a receiver. In the
more crowded amateur bands, good sensitivity
must be combined with selectivity (the ability to
distinguish between signals separated by only a
small frequency difference). To receive weak
signals, the receiver must furnish enough ampli-
fication to amplify the minute signal power de-
livered by the antenna up to a useful amount of
power that will operate a loudspeaker or set
of headphones. Before the amplified signal can
operate the speaker or phones, it must be con-
verted to audio-frequency power by the process
of detection. The sequence of amplification is not
too important—some of the amplification can
take place (and usually does) before detection,
and some can be used after detection.

There are major differences between receivers
for phone reception and for code reception. An
a.m. phone signal has sidebands that make the
signal take up about 6 or 8 kc. in the band, and
the audio quality of the received signal is im-
paired if the bandwidth is less than half of this.
A code signal occupies only a few hundred cycles
at the most, and consequently the bandwidth of
a code receiver can be small. A single-sideband
phone signal takes up 3 to 4 kc.,, and the audio
quality can be impaired if the bandwidth is much
less than 3 kc. although the intelligibility will
hold up down to around 2 kc. In any case, if the
bandwidth of the receiver is more than nec-

essary, signals adjacent to the desired one can be
heard, and the selectivity of the receiver is less
than maximum. The detection process delivers
directly the audio frequencies present as modula-
tion on an a.m. phone signal. There is no modula-
tion on a code signal, and it is necessary to intro-
duce a second radio frequency, differing from the
signal frequency by a suitable audio frequency,
into the detector circuit to produce an audible
beat. The frequency difference, and hence the
beat note, is generally made on the order of 500
to 1000 cycles, since these tones are within the
range of optimum response of both the ear and
the headset. There is no carrier frequency present
in an s.s.b. signal, and this frequency must be
furnished at the receiver before the audio can be
recovered. The same source that is used in code
reception can be utilized for the purpose. If the
source of the locally generated radio frequency is
a separate oscillator, the system is known as
heterodyne reception; if the detector is made to
oscillate and produce the frequency, it is known
as an autodyne detector. Modern superhetero-
dyne receivers generally use a separate oscillator
(beat oscillator) to supply the locally generated
frequency. Summing up the differences, phone
receivers can’'t use as much selectivity as code
receivers, and code and s.s.b. receivers require
some kind of locally generated frequency to give
a readable signal. Broadcast receivers can receive
only a.m. phone signals because no beat oscillator
is included. Communications receivers include
beat oscillators and often some means for varying
the selectivity. With high selectivity they often
have a slow tuning rate.

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 Mc., where atmospheric
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
recciver 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 by random irregularities in the
current flow within them ; it is convenient to ex-
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press this shot-effect noise as an equivalent re-
sistance in the grid circuit of a noise-free tube.
This equivalent noise resistance is the resistance
(at room temperature) that placed in the grid
circuit of a noise-free tube will produce plate-
circuit noise equal to that of the actual tube. The
equivalent noise resistance of a vacuum tube in-
creases with frequency.

An ideal receiver would generate no noise in its
tubes 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 in the plate cir-
cuit of the input stage. (It is assumed that the
first stage in any good receiver will be the deter-
mining factor; the noise contributions of subse-
quent stages should be insignificant by com-
parison.) At frequencies below 20 or 30 Mc. 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 Mc. Although noise figures of
2 to 4 db. can be obtained, they are of little or no
use below 30 Mc. except in extremely quiet loca-
tions or when a very small antenna is used. The
noise figure of a receiver is not modified by
changes in bandwidth.

Selectivity

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

The selectivity of a receiver is shown graph-
ically by drawing a curve 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 cycles or
kilocycles) of a receiver at a specified ratio; in
the typical curve of Fig. 5-1 the bandwidths for
response ratios of 2 and 1000 (described as “-6
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Fig. 5-1—Typical selectivity curve of a modern super-

heterodyne receiver. Relative response is plotted

against deviations above and below the resonance

frequency. The scale at the left is in terms of voltage

ratios, the corresponding decibel steps are shown at
the right.

db.” and “-60 db.”) are 2.4 and 12.2 kc. respec-
tively.

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 cycles for code reception
and about 2000 cycles 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 is the process of recovering the
modulation from a signal (see “Modulation,
Heterodyning and Beats”, page 58). Any device
that is “nonlinear” (i.e.,, whose output is not
exactly proportional to its input) will act as a
detector. It can be used as a detector if an im-
pedance for the desired modulation frequency is
connected in the output circuit.

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
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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
galena, silicon or germanium crystal is an imper-
fect form of diode (a small current can pass in
the reverse direction), and the principle of detec-
tion in a crystal 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.C:, a coupling coil, L, from which
the rf. energy is fed to L,C,, and the diode, D,

L

RF INPUT%

Ly

RF INPUT 3

(B)

A FOUTPUT

L, CL

RF |NPUT3

A F OUTPUT

Fig. 5-2—Simplified and practical diode detector cir-
cuits. A, the elementary half-wave diode detector; B, a
practical circuit, with rf. filtering and audio output
coupling; C, full-wave diode detector, with output
coupling indicated. The circuvit, L2Cy, is tuned to the
signal frequency; typical values for C2 and R; in A and
C are 250 puf. and 250,000 ohms, respectively; in B,
Cs and C; are 100 uuf. each; Ry, 50,000 ohms; and R.,
250,000 ohms. C4 is 0.1 uf. and Ry may be 0.5 to 1
megohm,
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with its load resistance, R:, and bypass capac-
itor, C2. The flow of rectified r.f. current causes
a d.c. voltage to develop across the terminals of
R:. The — and 4 signs show the polarity of the
voltage. The variation in amplitude of the r.f.
signal with modulation causes corresponding
variations in the value of the d.c. voltage across
Ri. In audio work the load resistor, R,, is usu-
ally 0.1 megohm or higher, so that a fairly large
voltage will develop from a small rectified-
curret flow.

The progress of the signal through the de-
tctor or rectifier is shown in Fig. 5-3. A typi-
cal modulated signal as it exists in the tuned

Modulated
rza[;applled }WMM’—QMWMWWMH (A)
detectar
Signal
ahter HMMMHI unﬂﬂﬂﬂﬂnn ﬂnnﬂﬂﬂﬂm | ®
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filtered ouﬁ

DRI NN\
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condensér ‘
Fig. 5-3—Diagrams showing the detection process.

circuit is shown at A. When this signal is ap-
plied to the rectifier tube, current will flow only
during the part of the r.f. cycle when the plate
is positive with respect to the cathode, so that
the output of the rectifier consists of half-cycles
of rf. These current pulses flow in the load cir-
cuit comprised of R: and (,, 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. compo-
ent 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 capacitor (C, in Fig. 5-2), only the
variations 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 tube. The audio-
frequency variations can be transferred to
another circuit through a coupling capacitor,
Cs, to a load resistor, Rs, which usually is a



Detectors

AF
P-I ouT-
PUT

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

Com-
ponent

Circuit A Circuit B

Cy 0.5 uf. or larger. 0.5 uf. or larger.

Cs 0.001 to 0.002 uf. 250 to 500 ppuf.

C. 0.1 4f. 0.1 uf.

Cs 0.5 uf. or larger.

R: 25,000 to 150,000 ohms. 10,000 to 20,000 ohms.

Rs 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.

“potentiometer” so that the audio volume can
be adjusted to a desired level.

Coupling to the potentiometer (volume con-
trol) through a capacitor also avoids any flow
of d.c. through the control. The flow of d.c.
through a high-resistance volume control 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
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 other detectors, the sensitiv-
ity 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,
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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-
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.

Circuits for triodes and pentodes are given
in Fig. 5-4. Cs is the plate bypass capacitor, and,
with RFC, prevents r.f. from appearing in the
output. The cathode resistor, R,, provides the
operating grid bias, and Cs is a bypass for both
radio an audio frequencies. R: is the plate load
resistance and C, is the output coupling capacitor.
In the pentode circuit at B, Rs and R, form a
voltage divider to supply the proper screen po-
tential (about 30 volts), and Cs is a bypass ca-
pacitor. C2 and (s must have low reactance for
both radio and audio frequencies.

In general, transformer coupling from the
plate circuit of a plate detector is not satisfac-
tory, because the plate impedance of any tube
is very high when the bias is near the plate-
curret 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 O and selectivity.

Infinite-lImpedance Detector

The circuit of Fig. 5-5 combines the high
signal-handling capabilities of the diode detector

T
% A5
. outeut

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

L
R F INPUT 3

+B

Ce—250 puf. R1—0.15 megohm.
Cs—0.5 uf. R3—25,000 ohms.
C—0.1 uf. Rs—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—Two versions of the
"product detector” circuit. In
the circuit at A separate tubes
are used for the signal circuit
cathode follower, the b.f.o.
cathode follower and the
mixer tube. In B the mixer
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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 audio 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 initial drop across Rj, the grid usu-
ally cannot be driven positive by the signal, and
no grid current can be drawn.

Product Detector

The product detector circuits of Fig. 5-6 are
useful in s.s.b. and code reception because they
minimize intermodulation at the detector. In Fig.
5-6A, two triodes are used as cathode followers,
for the signal and for the b.f.0., working into a
common cathode resistor (1000 ohms). The
third triode also shares this cathode resistor and
consequently the same signals, but it has an audio
load in its plate circuit and it operates at a higher
grid bias (by virtue of the 2700-ohm resistor in
its cathode circuit). The signals and the b.f.o.
mix in this third triode. If the b.f.o. is turned off,
a modulated signal running through the signal
cathode follower should yield little or no audio
output from the detector, up to the overload
point of the signal cathode follower. Turning on
the b.f.o. brings in modulation, because now the
detector output is the product of the two signals.
The plates of the cathode followers are grounded
and filtered for the i.f. and the 4700-uuf. capacitor
from plate to ground in the output triede

and b.f.o. follower are com-

bined in one tube, and a low-

pass filter is used in the out-
put.
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furnishes a bypass at the i.f. The b.f.o. voltage
should be about 2 r.m.s., and the signal should
not exceed about 0.3 volts r.m.s.

The circuit in Fig. 5-6B is a simplification re-
quiring one less triode. Its principle of operation
is substantially the same except that the addi-
tional bias for the output -tube is derived from
rectified b.f.o. voltage across the 100,000-ohm re-
sistor. More elaborate r.f. filtering is shown in
the plate of the output tube (2-mh. choke and
the 220-uuf. capacitors), and the degree of plate
filtering in either circuit will depend upon the
frequencies involved. At low intermediate fre-
quencies, more elaborate filtering is required.

REGENERATIVE DETECTORS

By providing controllable r.f. feedback (re-
generation) in a triode or pentode detector cir-~
cuit, the incoming signal can be amplified many
times, thereby greatly increasing the sensitivity
of the detector. Regeneration also increases the
effective O 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.
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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.

The circuit of Fig. 5-7B uses a variable bypass
capacitor, (s, 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 Ls are wound end-to-end in the
same direction, the plate connection is to the
outside of the plate or “tickler” coil, Ls, 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 cou-
pling is often critical.

Tuning

For c.w. reception, the regeneration control
is advanced until the detector breaks into a
“hiss,” which indicates that the detector is oscil-
lating. Further advancing the regeneration con-
trol will result in a slight decrease in the hiss.

The proper adjustment of the regeneration
control for best reception of code signals is
where the detector just starts to oscillate. Then
code signals can be tuned in and will give a tone
with each signal depending on the setting of the
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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, Ry, an auvdio choke coil
or transformer could be vsed.

(B) Feeding some signal from the plate circuit back
to the grid makes the circuit regenerative. When feed-
back is sufficient, the circuit will osciliate. 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
Ls and Ls.

tuning control. As the receiver is tuned
through a signal the tone first will be heard
as a very high pitch, then will go down
through ‘‘zero beat” and rise again on the
other side, finally disappearing at a very
high pitch. This behavior is shown in Fig.
5-8. A low-pitched beat-note cannot be ob-
tained from a strong signal because the de-
tector ‘pulls in” or “blocks”; that is, the
signal forces the detector to oscillate at the
signal frequency, even though the circuit may not
be tuned exactly to the signal. It usually can be
corrected by advancing the regeneration control
until the beat-note is heard again, or by reducing
the input signal.

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.

If the detector is in the oscillating condition
and a phone signal is tuned in, a steady audible
beat-note will result. While it is possible to lis-
ten to phone if the receiver can be tuned to exact
zero beat, it is more satisfactory to reduce the
regeneration to the point just before the receiver
goes into oscillation. This is also the most sensi-
tive operating point.

Single-sideband phone signals can be received
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Fig. 5-8—As the tuning dial of a receiver is turned past
a code signal, the beat-note varies from a high tone
down through “zero beat’ (no audible frequency dif-
ference) and back up to a high tone, as shown at A,
B and C. The curve is a graphical representation of the
action. The beat exists past 8000 or 10,000 cycles but
usually is not heard because of the limitations of the
auvdio system.
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with a regenerative detector by advancing the
regeneration control to the point used for code
reception and tuning carefully across the s.s.b.
signal. The tuning will be very critical, however,
and the operator must be prepared to just

HIGH-FREQUENCY RECEIVERS

“creep” across the signal. A strong signal will
pull the detector and make reception impossible,
so either the regeneration must be advanced far
enough to prevent this condition, or the signal
must be reduced by using loose antenna coupling.

TUNING AND BAND-CHANGING METHODS

Band Changing

The same coil and tuning capacitor cannot be
used for, say, 14 Mc. to 3.5 Mc., because of the
impracticable maximum-to-minimum capacity
ratio required, and also because the tuning would
be excessively critical with such a large frequency
range. It is necessary, therefore, to provide a
means for changing the circuit constants for vari-
ous frequency bands. As a matter of convenience
the same tuning capacitor usually is retained, but
new coils are inserted in the circuit for each band.

One method of changing inductancges is to use
a switch having an appropriate number of con-
tacts, which connects the desired coil and discon-
nects the others. The unused coils are sometimes
short-circuited by the switch, to avoid the possi-
bility of undesirable self-resonances in the un-
used coils. This is not necessary if the coils are
separated from each other by several coil diame-
ters, or are mounted at right angles to each other,

Another method is to use coils wound on
forms with contacts (usually pins) that can be
plugged in and removed from a socket. These
plug-in coils are advantageous when space in a
multiband receiver is at a premium. They are
also very useful when considerable experimental
work is involved, because they are easier to
work on than coils clustered around a switch.

Bandspreading

The tuning range of a given coil and variable
capacitor will depend upon the inductance of the
coil and the change in tuning capacity. For ease
of tuning, it is desirable to adjust the tuning

™ § 11,

] Fig. 5-9—Essentials of
jf the three basic band-
< spread tuning systems.
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range so that practically the whole dial scale is
occupied by the band in use. This is called band-
spreading. Because of the varying widths of the
bands, special tuning methods must be devised
to give the correct maximum-minimum capacity
ratio on each band. Several of these methods are
shown in Fig. 5-9.

In A, a small bandspread capacitor, C; (15-
to 25-ppf. maximum capacity), is used in par-
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allel with capacitor, C; which is usually large
enough (100 to 140 pupf.) to cover a 2-to-1 fre-
quency range. The setting of C, will determine
the minimum capacitance of the circuit, and the
maximum capacity for bandspread tuning will be
the maximum capacity of C, plus the setting of Cs.
The inductance 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 reset each time the band is changed.

If the capacitance change of a tuning capacitor
is known, the approximate total fixed shunt ca-
pacitance (Fig. 5-9A) for covering an amateur
band is given by

GF
=
where C, = capacitance change
C: = total shunt capacitance
F = low-frequency limit of band
f = width of band

Example: What fixed shunt capacitance will allow a
capacitor with a range of 5 to 15 uuf. to tune 6.95 to
7.35 Mec.?

G} A= )EXE =70 L 88 uut.

2X(7.35—-6.95) .8

The 5-uuf. minimum of the tuning capacitor, the tube
capacitance and any stray capacitance must be included
in the 88 uuf.

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

The circuit at C also gives complete spread
on each band. C, the bandspread capacitor, may
have any convenient value; 50 upf. is satisfac-
tory. C. may be used for continuous frequency
coverage (“general coverage”) and as a band-
setting capacitor. The effective maximum-mini-
mum 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
tap, the bandspread will be greater if C; is set at
bandspread, and vice versa. For a given coil and
higher capacitance. C, may be connected perma-
nently across the individual inductor and preset,
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if desired. This requires a separate capacitor for
each band, but eliminates the necessity for reset-
ting 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 at
each setting of the tuning control.

True tracking can be obtained only when the
inductance, tuning capacitors, and circuit induc-
tances and minimum and maximum capacities
are identical in all “ganged” stages. A small trim-
mer or padding capacitor may be connected
across the coil, so that variations in minimum
capacity can be compensated. The use of the trim-
mer necessarily increases the minimum circuit
capacity, but it is a necessity for satisfactory
tracking. Midget capacitors having maximum ca-
pacities of 15 to 30 uuf. are commonly used.

The same methods are applied to bandspread
circuits that must be tracked. The circuits are
identical with those of Fig. 5-9. If both general-
coverage and bandspread tuning are to be avail-
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able, an additional trimmer capacitor must be
connected across the coil in each circuit shown.
If only amateur-band tuning is desired, however,
the Cs in Fig. 5-9B, and C; in Fig. 5:9C, serve
as trimmers.

The coil inductance can be adjusted by starting
with a larger number of turns than necessary
and removing a turn or fraction of a turn at a
time until the circuits track satisfactorily. An
alternative method, provided the inductance is
reasonably close to the correct value initially, is
to make the coil so that the last turn is variable
with respect to the whole coil.

Another method for trimming the inductance
is to use an adjustable brass (or copper) or pow-
dered-iron core. The brass core acts like a single
shorted turn, and the inductance of the coil is
decreased as the brass core, or “slug,” is moved
into the coil. The powdered-iron core has the
opposite effect, and ncreases the inductance as
it is moved into the coil. The Q of the coil is not
affected materially by the use of the brass slug,
provided the brass slug has a clean surface or is
silverplated. The use of the powdered-iron core
will raise the Q of a coil, provided the iron is
suitable for the frequency in use. Good powdered-
iron cores can be obtained for use up to about 50
Mec.

THE SUPERHETERODYNE

For many years (until about 1932) practi-
cally the only type of receiver to be found in
amateur stations consisted of a regenerative de-
tector and one or more stages of audio amplifi-
cation. Receivers of this type can be made quite
sensitive but strong signals block them easily
and, in our present crowded bands, they are sel-
dom used except in emergencies. They have been
replaced by superheterodyne receivers, generally
called “superhets.”

The Superheterodyne Principle

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
(first detector) to produce a side frequency equal
to the intermediate frequency. The other side
frequency is rejected by selective circuits. The
audio-frequency signal is obtained at the second
detector. Code signals are made audible by auto-
dyne or heterodyne reception at the second
detector.

As a numerical example, assume that an inter-
mediate frequency of 455 kc. is chosen and that
the incoming signal is at 7000 kc. Then the high-
frequency oscillator frequency may be set to
7455 kc., in order that one side frequency (7455
minus 7000) will be 455 kc. The high-frequency
oscillator could also be set to 6545 kc. and give

the same difference frequency. To produce an
audible code signal at the second detector of, say,
1000 cycles, the autodyning or heterodyning
oscillator would be set to either 454 or 456 kc.
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 frequencies (percentage-wise), they are not
normally “pulled” by the incoming signal.

Each h.f. oscillator frequency will cause i.f. re-
sponse at two signal frequencies, one higher and
one lower than the oscillator frequency. If the
oscillator is set to 7455 kc. to tune to a 7000-kc.
signal, for example, the receiver can respond also
to a signal on 7910 kc., which likewise gives a
455-kc. beat. The undesired signal is called the
image. It can cause unnecessary interference if
it isn’t eliminated.

The radio-frequency circuits of the receiver
(those used before the signal is heterodyned
to the i.f.) normally are tuned to the desired
signal, so that the selectivity of the circuits 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
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tube. Also, the higher the intermediate fre-
quency, the higher the image ratio, since raising
the if. 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. Most re-
ceiver designs represent a compromise between
economy (few input tuned circuits) and image
rejection (large number of tuned circuits).

Other Spurious Responses

In addition to images, other signals to which
the receiver is not ostensibly tuned may be heard.
Harmonics of the high-frequency oscillator may
beat with signals far removed from the desired
frequency to produce output at the intermediate
frequency ; such spurious responses can be re-
duced by adequate selectivity before the mixer
stage, and by using sufficient shielding to prevent
signal pick-up by any means other than the an-
tenna. When a strong signal is received, the har-
monics generated by rectification in the second
detector may, by stray coupling, be introduced
into the r.f. or mixer circuit and converted to the
intermediate frequency, to go through the re-
ceiver in the same way as an ordinary signal.
These “birdies” appear as a heterodyne beat on
the desired signal, and are principally bother-
some 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 oper-
ating it at a low power level.

The Double-Conversion Superheterodyne

At high and very-high frequencies it is diffi-
cult to secure an adequate image ratio when the
intermediate frequency is of the order of 455 kc.
To reduce image response the signal frequently
is converted first to a rather high (1500, 5000,
or even 10,000 kc.) 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 i.f. voltage 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
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-
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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 first detector and high-frequency oscilla-
tor are separate tubes, the first detector is called
a “mixer.” If the two are combined in one en-

=5

To 0sC

I F TRANS

Fig. 5-10—Typical circuits for separately excited mixers.
Grid injection of a pentode mixer is shown at A, cath-
ode injection at B, and separate excitation of a penta-
grid converter is given in C. Typical values for C will
be found in Table 5-1—the values below are for the
pentode mixer of A and B.
C1—10 to 50 puf.
C2—5 10 10 pupf.
Cs, Ci, Cs—0.001 uf.
R1—6800 ohms.
Positive supply voltage can be 250 volts with a 6AHS,
150 with a 6AKS.

R:—1.0 megohm.
R;—0.47 megohm.
R,—1500 ohms.
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velope (as is often done for reasons of economy
or efficiency), the first detector 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; the oscil-
lator voltage is capacity-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 6AH6, 6AKS or 6U8 (pentode
section). Triode tubes can be used as mixers in
grid-injection circuits, but they are commonly
used only at 50 Mc. and higher, where mixer
noise may become a significant factor. The tri-
ode mixer has the lowest inherent noise, the
pentode is next, and the multigrid converter
tubes are the noisiest.

The circuit in Fig. 5-10B shows cathode in-
jection at the mixer. Operation is similar to the
grid-injection case, and the same considerations
apply.

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
shown in Fig. 5-10C, 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 K. 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.

Many receivers use pentagrid converters, and
two typical circuits are shown in Fig. 5-11. The
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Fig. 5-11—Typical circuits for triode-hexode (A) and
pentagrid (B) converters. Values for Ry, Rz and Rs can
be found in Table 5-1; others are given below.

C1—47 ppuf. Cs—0.01 uf.
Ca, Cy, Cs—0.001 uf. R—1000 ohms.

circuit shown in Fig. 5-11A, which is suitable for
the 6K8, is for a “triode-hexode” converter. A
triode oscillator tube is mounted in the same
envelope with a hexode, and the control grid of
the oscillator portion is connected internally to
an injection grid in the hexode. The isolation
between oscillator and converter tube is reason-
ably good, and very little pulling results, except
on signal frequencies that are quite large com-
pared with the i.f.

The pentagrid-converter circuit shown in Fig.
5-11B can be used with a tube like the 6SA7,
6BA7 or 6BE6. Generally the only care neces-
sary is to adjust the feedback of the oscillator
circuit to give the proper oscillator r.f. voltage.
The condition is checked by measuring the d.c.
current flowing in grid resistor R..

A more stable receiver generally results, par-

Plate voltage — 250
SELF-EXCITED

1 Miniature tube 2 Octal base, metal.

TABLE 5-1

Circuit and Operating Values for Converter Tubes
Screen voltage = 100, or through specified resistor from 250 volts

Cathode Screen Grid Grid Cathode  Screen Grid Grid
Tube Resistor Resistor Leak Current Resistor Resistor Leak Current
6BA7L ... 0 12,000 22,000 0.35 ma. 68 15,000 22,000 0.35 ma.
6BE6! .... 0 22,000 22.000 0.5 150 22,000 22,000 0.5
6IK82 ..... 240 27,000 47,000 0.15-0.2 — — — —
6SA72 ... 0 18,000 22,000 0.5 150 18,000 22,000 0.5

SEPARATE ExcCITATION
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ticularly at the higher frequencies, when separate
tubes are used for the mixer and oscillator. Prac-
tically the same number of circuit components is
required whether or not a combination tube is
used, so that there is very little difference to be

realized from the cost standpoint.
Typical circuit constants for converter tubes

are given in Table 5-1. The grid leak referred
to is the oscillator grid leak or injection-grid
return, R; or Figs. 5-10C and 5-11.

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-Mc. signal and an i.f. of 455
kec., this voltage can become considerable because
the selectivity of the signal circuit will be unable
to reject it. If the signal grid is not returned
directly to ground, but instead is returned
through a resistor or part of an a.v.c. system,
considerable bias can be developed which will
cut down the gain. For this reason, and to reduce
image response, the if. following the first con-
verter of a receiver should be not less than 5 or
10 per cent of the signal frequency, for best re-
sults.

Transistors in Mixers

Typical transistor circuitry for a mixer operat-
ing at frequencies below 20 Mc. is shown in Fig.
5-12. The local oscillator current is injected in
the emitter circuit by inductive coupling to L,;
L, should have low reactance at the oscillator
frequency. The input from the r.f. amplifier

T

&I.ﬁ AMR
J;.os/n‘.'

2N372

FROM
REAMP

2200 uuf

<
4700 <

AM—o0-~13/a %

470

Fig. 5-12=Typical transistor mixer circvit.
Li—Low-impedance inductive coupling to oscillator.
Ta—Transistor i.f. transformer. Primary impedance of

50,000 ohms, secondary impedance of 800
ohms (Miller 2066).

should be at low impedance, obtained by induc-
tive coupling or tapping down on the tuned cir-
cuit. The output transformer T, has the collector
connection tapped down on the inductance to
maintain a high Q in the tuned circuit.

Audio Converters

Converter circuits of the type shown in Fig.
5-11 can be used to advantage in the reception of
code and single-sideband suppressed-carrier sig-
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nals, by introducing the local oscillator on the
No. 1 grid, the signal on the No. 3 grid, and
working the tube into an audio load. Its opera-
tion can be visualized as heterodyning the in-
coming signal into the audio range. The use of
such circuits for audio conversion has been lim-
ited to selective if. amplifiers operating below
500 kc. and usually below 100 kc. An ordinary
a.m. signal cannot be received on such a detector
unless the tuning is adjusted to make the local
oscillator zero-beat with the incoming carrier.

Since the beat oscillator modulates the elec-
tron stream completely, a large beat-oscillator
component exists in the plate circuit. To prevent
overload of the following audio amplifier stages,
an adequate if. filter must be used in the output
of the converter.

The “product detector” of Fig. 5-6 is also a
converter circuit, and the statements above for
audio converters apply to the product detector.

THE HIGH-FREQUENCY OSCILLATOR

Stability of the receiver is dependent chiefly
upon the stability of the h.f. oscillator, and par-
ticular care should be given this part of the re-
ceiver. 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 or circuit
heating) should be minimized. They can be re-
duced by using ceramic instead of bakelite insu-
lation in the r.f. circuits, a large cabinet relative
to the chassis (to provide for good radiation 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
with the mounting of the dial and tuning ca-
pacitors. They should have good alignment and
no back-lash. 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
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Fig. 5-13—High-frequency oscillator circuits. A, pentode
grounded-plate oscillator; B, triode grounded-plate
oscillator; C, triode oscillator with tickler circuit. Cou-
pling to the mixer may be taken from points X and Y.
In A and B, coupling from Y will reduce pulling effects,
but gives less voltage than from X; this type is best
adapted to mixer circuits with small oscillator-voltage
requirements. Typical values for components are as
follows:

Circuit A Circuit B Circuit C
C1—100 puf. 100 puf. 100 puf.
Cs—0.01 uf. 0.01 uf. 0.01 uf.
Cs—0.01 uf.

R1—47,000 ohms. 47,000 ohms. 47,000 ohms.
Rs—47,000 ohms. 10,000 to 10,000 to
25,000 ohms. 25,000 ohms.

The plate-supply voltage should be 250 volts. In circuits

B and C, R; is used to drop the supply voltage to 100

150 volts; it may be omitted if voltage is obtained from
a voltage divider in the power supply.

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.

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

If the hf.-oscillator frequency is affected by
changes in plate voltage, a voltage-regulated
plate supply (VR tube) can be used.

Circuits

Several oscillator circuits are shown in Fig.
5-13. Circuits A and B will give about the same
results, and require only one coil. However, in
these two circuits the cathode is above ground
potential for r.f., which often is a cause of hum
modulation of the oscillator output at 14 Mc. and
higher f{requencies when a.c.-heated-cathode
tubes are used. The circuit of Fig. 5-13C reduces
hum because the cathode is grounded. It is simple
to adjust, and it is also the best circuit to use
with filament-type tubes. With filament-type

X
CLIl Y -
T4
Le ¢ A Ry
~ R
C, 2 +
LZ

tubes, the other two circuits would require r.f.
chokes to keep the filament above r.f. ground.

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 tapped-coil circuits (A,
B), the feedback is increased by moving the tap
toward the grid end of the coil. In C, more feed-
back is obtained by increasing the number of
turns on L; or moving L, closer to L,.

THE INTERMEDIATE-FREQUENCY AMPLIFIER

One major advantage of the superhet is that
high gain and selectivity can be obtained by using
a good if. 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 interinediate 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.f. 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 kc. gives good selec-
tivity and is satisfactory from the standpoint of
image ratio and oscillator pulling at frequencies
up to 7 Mc. The image ratio is poor at 14 Mc.
when the mixer is connected to the antenna, but
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adequate when there is a tuned r.f. amplifier be-
tween antenna and mixer. At 28 Mc. and on the
very high frequencies, the image ratio is very
poor unless several r.f. stages are used. Above 14
Mc., pulling is likely to be bad without very loose
coupling between mixer and oscillator.

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

In choosing an i.f. 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

Modulation of a carrier causes the generation
of sideband frequencies numerically equal to the
carrier frequency plus and minus the highest
modulation frequency present. If the receiver is
to give a faithful reproduction of modulation that
contains, for instance, audio frequencies up to
5000 cycles, it must at least be capable of ampli-
fying equally all frequencies contained in a band
extending from 5000 cycles above or below the
carrier frequency. In a superheterodyne, where
all carrier frequencies are changed to the fixed
intermediate frequency, the i.f. amplification
must be uniform over a band 5 kc. wide, wlien the
carrier is set at one edge. If the carrier is set
in the center, a 10-kc. 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 i.f.-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 if.-amplifier, and hence
the tendency to cut sidebands, increases with the
number of amplifier stages and also is greater
the lower the intermediate frequency. From the
standpoint of communication, sideband cutting
is never serious with two-stage amplifiers at fre-
quencies as low as 455 kc. A two-stage i.f. ampli-

Fig. 5-14—Typical intermediate-fre- PLATE
quency amplifier circuit for a super-

heterodyne

receiver. Representative

values for components are as follows:

Ci, Cs, Ci, C—0.02 uf. at 455 ke; 0.01
uf. at 1600 ke. and higher.

C-0.01 uf.

R], Rg—See Table 5-11.

Rs, Rs—1500 ohms.

R—0.1 megohm.

I.F. TRANS.
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fier at 85 or 100 kc. will be sharp enough to cut
some of the higher-frequency sidebands, if good
transformers are used. However, the cutting is
not at all serious, and the gain in selectivity is
worthwhile in crowded amateur bands.

Circuits

If. amplifiers usually consist of one or two
stages. At 455 kc. two stages generally give all
the gain usable, and also give suitable selectivity
for phone reception.

A typical circuit arrangement is shown in Fig.
5-14. A second stage would simply duplicate the
circuit of the first. The if. amplifier practically
always uses a remote cut-off pentode-type tube
operated as a Class A amplifier. For maximum
selectivity, double-tuned transformers are used
for interstage coupling, although single-tuned
circuits or transformers with untuned primaries
can be used for coupling, with a consequent loss
in selectivity. All other things being equal, the
selectivity of an i.f. amplifier is proportional to
the number of tuned circuits in it.

In Fig. 5-14, the gain of the stage is reduced
by introducing a negative voltage to the lead
marked “AGC” or a positive voltage to R, at
the point marked “manual gain control.” In
either case, the voltage increases the bias on the
tube and reduces the mutual conductance and
hence the gain. When two or more stages are
used, these voltages are generally obtained from
common sources. The decoupling resistor, Rs,
helps to prevent unwanted interstage coupling.
C: and R, are part of the automatic gain-control
circuit (described later) ; if no a.g.c. is used, the
lower end of the if.-transformer secondary is
connected to chassis.

Tubes for I.F. Amplifiers

Variable-p (remote cut-off) pentodes are al-
most invariably used in if. amplifier stages,
since grid-bias gain control is practically always
applied to the i.f. 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.

Typical values of cathode and screen resistors
for common tubes are given in Table 5-1I. The
6BA6, 6BJ6 and 6BZ6 are recommended for i.f.
work because they have desirable remote cut-off
characteristics. The indicated screen resistors

I.F TRANS,

I NEXT
| STAGE

CONTROL

AG.C. +250



L.F. Amplifiers

TABLE 5-11
Cathode and Screen-Dropping
Resistors for R.F. or I.F. Amplifiers
Tube Plate Screem Cathode Screen
Volts  Volts Resistor Ri1 Resistor Ra
6ACN 300 160 62,000
6AHG6% 300 150 160 62,000
6AKS? 180 120 200 27,000
6AU62 250 150 68 33,000
6BA62" 250 100 68 33,000
6BH62 250 150 100 33,000
6BJ63* 250 100 82 47,000
6BZ6%* 200 150 180 20,000
6CB6 200 150 180 56,000
6DC62 200 135 18 24,000
6SG71* 250 125 68 27,000
6SH71 250 150 68 39,000
6SJ71 250 100 820 180,000
6SK71* 250 100 270 56,000
1 Octal base, metal. 2 Miniature tube
* Remote cut-off type.

drop the plate voltage to the correct screen
voltage, as R. in Fig. 5-14. :

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

When single-ended tubes are used, the plate
and grid leads should be well separated. With
these 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 shielding. If a paper capac-
itor is used, the outside foil should be grounded
to the chassis.

LLF. 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
grecater selectivily 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-capacity effects.

For tuning, air-dielectric tuning capacitors are
preferable to mica compression types because
their capacity 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
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selectivity of the amplifier. Typical if.-trans-
former construction is shown in Fig. 5-15.

The normal interstage if. 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
finite load presented by a diode dectector. 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 type of i.f. transformer shown in
Fig. 5-15, special units to give desired selectiv-
ity characteristics are available. For higher-
than-ordinary adjacent-channel selectivity tri-
ple-tuned transformers, with a third tuned
circuit inserted between the input and output
windings, are sometimes used. The energy is
transferred from the input to the output wind-
ings via this tertiary winding, thus adding its
selectivity to the over-all selectivity of the trans-
former.

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,
are used in some advanced receivers.

Variable air
capacifors

High-Stability mica
fixed capacitors

AIR TUNED

PERMEABILITY TUNED

Fig. 5-15—Representative if.-transformer construction.
Coils are supported on insulating tubing. The shield in
the air-tuned transformer prevents capacity coupling
between the tuning capacitors. In the permeability-
tuned transformer the cores consist of finely-divided
iron particles supported in an insulating binder, formed
into cylindrical “plugs.” The tuning capacitance is
fixed, and the inductances of the coils are varied by
moving the iron plugs in and out.

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 :
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1000
W o-
Fig. 5-16—Typical circuit for a two- 150K2 T o1 9v.
stage transistor if. amplifier. The +
stages are neutralized by the 5- and

|

8.2-uuf. capacitors. Unless specified
otherwise, capacitances are in uf.

VOLUME

25K

T'
T1—50K to 800-chm secondary (Miller
2066). g
T:—30K to 500-ochm secondary (Miller 05
2067). ' J; ?L
Tae—20K to 5K secondary (Miller J:
2068).
Tuned Circuit Bandwidth, kc.
Circuits Frequency Q —6 db. —20 db. —60 db.
4 50 ke. 60 0.5 0.95 2.16
4 455 ke. 75 3.6 6.9 16
6 1600 ke. 90 8.2 15 34

Transistor 1. F. Amplifier

A typical circuit for a two-stage transistor i.f.
amplifier is shown in Fig. 5-16. Constants are
given for a 455-kc. amplifier, but the same gen-
eral circuitry applies to an amplifier at any fre-
quency within the operating-range of the tran-
sistors. When high frequencies are used, it is
generally advisable to neutralize the amplifier to
avoid overall oscillation; this is done by con-
necting the small capacitors of a few uuf. from
base to primary, as shown in the diagram.

Automatic gain control is obtained by using

TO CONTROLLED

I F TRANS  STAGES

TD CONTROLLED

I F TRANS  STAGES

the developed d.c. at the IN34A diode detector
to modify the emitter bias current on the first
stage. As the bias current changes, the input and
output impedances change, and the resultant
impedance mismatches causes a reduction in
gain, Such a.g.c. assumes, of course, that the
amplifier is set up initially in a matched, con-
dition.

THE SECOND DETECTOR AND
BEAT OSCILLATOR

Detector Circuits

The second detector of a superheterodyne re-
ceiver performs the same function as the detector
in the simple receiver, but usually operates at a
higher input level because of the relatively great
aniplification ahead of it. Therefore, the ability

Fig. 5-17—Delayed automatic gain-control cir-

cuits using a twin diode (A) and a dual-diode

triode. The circuits are essentially the same and

differ only in the method of biasing the a.g.c.

rectifier. The a.g.c. control voltage is applied to

the controlied stages as in (C). For these circuits
typical values are:

Ci, Cp, Ci—100 puf.

C!, Cs, C7, Cs—0.01 ,u.f.

Co—5-uf. electrolytic.

Ri, Ro, R1o—0.1 megohm.

R:—0.47 megohm.

Rz—2 megohms.

R—0.47 megohm.

Rs, Re—Voltage divider to give 2 to 10 volts bias
at 1 to 2 ma. drain.

R:—0.5-megohm volume control.

Rs—Correct bias resistor for triode section of
dual-diode triode.

FROM
Rs  AGC RECT
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to handle large signals without distortion is pref-
erable to high sensitivity. Plate detection is used
to some extent, but the diode detector is most
popular. It is especially adapted to furnishing
automatic gain or volume control. The basic
circuits have been described, although in many
cases the diode elements are incorporated in a
multipurpose tube that contains an amplifier sec-
tion in addition to the diode.

Audio-converter circuits and product detec-
tors are often used for code or s.s.b. detectors.

The Beat Oscillator

Any standard oscillator circuit may be used for
the beat oscillator required for heterodyne re-
ception. Special beat-oscillator transformers are
available, usually consisting of a tapped coil
with adjustable tuning; these are most con-
veniently used with the circuits shown in Fig.
5-13A and B, with the output taken from Y.
A variable capacitor of about 25-uuf. capacitance
can be connected between cathode and ground
to provide fine adjustment of the frequency. The
beat oscillator usually is coupled to the second-
detector tuned circuit through a fixed capacitor
of a few upuf.

The beat oscillator should be well shielded, to
prevent coupling to any part of the recciver 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
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.

Circuits

Although some receivers derive the a.g.c. volt-
age from the diode detector, the usual practice
is to use a separate a.g.c. rectifier. Typical cir-
cuits are shown in Figs. 5-17A and 5-17B. The
two rectifiers can be combined in one tube, as in
the 6H6 and 6ALS. In [Fig. 5-17A }; is the diode
detector ; the signal is developed across R:R- and
coupled to the audio stages through Cs. C,, R:
and C; are included for r.f. filtering, to prevent
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a large r.f. component being coupled to the audio
circuits. The a.g.c. rectifier, V., is coupled to the
last if. transformer through C,, and most of the
rectified voltage is developed across Ra. }'2 does
not rectify on weak signals, however; the fixed
bias at Rs must be exceeded before rectification
can take place. The developed negative a.g.c. bias
is fed to the controlled stages through R..

The circuit of Fig., 5-17B is similar, except
that a dual-diode triode tube is used. Since this
has only one common cathode, the circuitry is
slightly different but the principle is the same.
The triode stage serves as the first audio stage,
and its bias is developed in the cathode circuit
across Rs. This same bias is applied to the a.g.c.
rectifier by returning its load resistor, R, to
ground. To avoid placing this bias on the detec-
tor, V,, its load resistor R,R. is returned to
cathode, thus avoiding any bias on the detector
and permitting it to respond to weak signals.

The developed negative a.g.c. bias is applied
to the controlled stages through their grid cir-
cuits, as shown in Fig. 5-17C. C:Ry and C:Ru
serve as filters to avoid common coupling and
possible feedback and oscillator. The a.g.c. is
disabled by closing switch Si.

The a.g.c. rectifier bias in Fig. 5-17B is set by
the bias required for proper operation of V. If
less bias for the a.g.c. rectifier is required, Rs
can be tapped up on R instead of being returned
to chassis ground. In Fig. 5-17A, proper choice
of bias at Rs depends upon the over-all gain of
the receiver and the number of controlled stages.
In general, the bias at Rs will be made higher for
receivers with more gain and more stages.

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.
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 Fig. 5-17 will give a time constant that is
satisfactory for average reception.

C.W. and 5.5.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-
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RECOVERY
blooe Fig. 5-18—Avudio “hang” a.g.c. system. Re-
T sistors are % watt unless specified otherwise.
EROMIOET I 68%7‘\ Ri—Normal audio volume control in re-
< 1uf = PRI, ceiver.
Ug { T:—1:3 step-up audio transformer (Stancor
/J 470K 9| A A-53 or equiv.)

AA
VW

ATTACK

The hang time can be adjusted by changing
the value of the recovery diode load resistor
(4.7 megohms shown here). The a.g.c. line in

AGC.LINE

IN RECEIVER

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. 5-18 is appli-
cable to many receivers without too much modi-
fication. Audio from the receiver is amplified in
Via and rectified in Pz, The resultant voltage
is applied to the a.g.c. line through V.. The
capacitor C, charges quickly and will remain
charged until discharged by Fis. This will
occur some time after the signal has disappeared,

—
3.3K=:E l
A
C
&

the receiver must have no d.c. return to

ground and the receiver should have good

skirt selectivity for maximum effectiveness of
the system.

because the audio was stepped up through T,
and rectified in V., and the resultant used to
charge C. This voltage holds Vs 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. 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
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.

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
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 “silencers”
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
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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.

SECOND-DETECTOR NOISE
LIMITER CIRCUITS

Most audio limiting circuits are based on one
of two principles. In a series limiting circuit, a
normally conducting element (or elements) is
connected in the circuit in series and operated
in such a manner 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 conductive above a given signal
level, thus short-circuiting the signal and pre-
venting 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.

A full-wave clipping circuit that operates at a
low level (approximately 14 volt) is shown in
Fig. 5-19. Each diode is biased by its own contact
potential, developed across the 2.2-megohm re-
sistors. The .001-uf. capacitors become charged
to close to this value of contact potential. A
negative-going signal in excess of the bias will
be shorted to ground by the upper diode; a posi-
tive-going signal will be conducted by the lower
diode. The conducting resistance of the diodes is
small by comparison with the 220,000 ohms in
series with the circuit, and little if any of the
excessive signal will appear across the 1-megohm
volume control. In order that the clipping does
not become excessive and cause distortion, the
input signal must be held down by a gain control
ahead of the detector. This circuit finds good
application following a low-level detector.

To minimize hum in the receiver output, it is
desirable to ground the center tap of the heater
transformer, as shown, instead of the more
common practice of returning one side of the
heater circuit to chassis.
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Fig. 5-19—Full-wave shunt limiter using contact-poten-

tial-biased diodes. A low-level limiter (Y2 volt), this

circuit finds greatest usefulness following a product
detector.

Ci, Co—Part of low-pass filter with cutoff below if.

RFC1—Part of low-pass filter; see Ci.

T.—Center-tapped heater transformer.

A circuit for a higher-level audio limiter is
shown in Fig. 5-20. Because it operates at a
higher level, it is ideal for use between receiver
output and headphones, requiring no alteration
to the receiver. The principle of operation is
similar to that of the preceding limiter; when
the signal level exceeds the level of the bias pro-
vided by the flashlight cells, the diodes conduct
and short-circuit the signal.

Second-detector noise-limiting circuits that
automatically adjust themselves to the received
carrier level are shown in Fig. 5-21. In either
circuit, /; is the usual diode second detector,
R\R, is the diode load resistor, and C, is an
r.f. bypass. A negative voltage proportional to
the carrier level is developed across C,, and this
voltage cannot change rapidly because R; and C,
are both large. In the circuit at A, diode V/, acts
as a conductor for the audio signal up to the
point where its anode is negative with respect to
the cathode. Noise peaks that exceed the maxi-
mum carrier-modulation level will drive the an-
ode negative instantaneously, and during this
time the diode does not conduct. The long time
constant of C,R; prevents any rapid change of
the reference voltage. In the circuit at B, the
diode V/, is inactive until its cathode voltage ex-
ceeds its anode voltage. This condition will
obtain under noise peaks and when it does, the
diode V', short-circuits the signal and no voltage
is passed on to the audio amplifier. Diode recti-
fiers such as the 6H6 and 6ALS can be used for
these types of noise limiters. Neither circuit is
useful for c.w. or s.s.b. reception, but they are
both quite effective for a.m. phone work. The
series circuit (A) is slightly better than the
shunt circuit.

'

+
; -~ 1%V,
L ON

Fig. 5-20—Circvit diagram of a simple auvdio limiter,
to be plugged into the headphone jack of a receiver.
The flashlight cells draw very little current (it depends
vpon the back resistance of the crystal diodes), but it
is advisable to open S; when the limiter is not in use.
Crystal diodes can be 1N34As or similar.
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Fig. 5-21—Self-adjusting series (A) and

shunt (B) noise limiters. The functions of V,

and V3 can be combined in one tube like
the 6H6 or 6ALS.

C1—100 upuf.
Cg,C;—0.05 ‘lf.
R1—0.27 meg. in A; 47,000 ohms in B.

TOAF
AMP

I.LF. NOISE SILENCER

The if. noise silencer circuit shown in Fig.
5-22 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
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,
Vs 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.

+ 250

R:—0.27 meg. in A; 0.15 meg. in B.
Rz—1.0 megohm.

R4—0.82 megohm,

Rs—6800 ohms.

It is necessary to avoid i.f. feedback around
the 6BE6 stage, and the closer RF(C, 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-uuf. capacitors
because this will tend to “stretch” the pulses and
reduce the signal strength when the silencer is
operative.

SIGNAL-STRENGTH AND
TUNING INDICATORS

The simplest tuning indicator is a milliamme-
ter connected in the d.c. plate lead of an ag.c.-
controlled r.f. or i.f. stage. Since the plate cur-
rent is reduced as the a.g.c. voltage becomes
higher with a stronger signal, the plate current
is a measure of the signal strength. The meter
can have a 0-1, 0-2 or 0-5 ma. movement, and it
should be shunted by a 25-ohm rheostat which is

CONTROLLED LE TO SELECTIVE

100K
= 6BEG|y STAGES
MIXER OR 7 CLAMP
LF. AMP { v
S 1A
ot SALS
Ry —r— pre=—g
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RFC,
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6CB6 T,
———f—2—t-—q Vis
1 | B6ALS
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5K 00K
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Fig. 5-22—Practical circuit diagram of an if. noise si-
lencer. For best results the silencer should be used
ahead of the high-selectivity portion of the receiver.

Ti—Interstage i.f. transformer

Ts—Diode i.f. transformer.

R;—33,000 to 68,000 ohms, depending upon gain up
to this stage.

RFCi—R.f. choke, preferably self-resonant at i.f,
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Fig. 5-23—Tuning indicator or S-meter circvits for super-
heterodyne receivers.

MA—0-1 or 0-2 milliammeter. R,~R4—See text.

used to set the no-signal reading to full scale on
the meter. If a “forward-reading” meter is de-
sired, the meter can be mounted upside down.

Two other S-meter circuits are shown in Fig.
5-23. The system at A uses a milliammeter in a
bridge circuit, arranged so that the meter read-
ings increase with the a.g.c. voltage and signal
strength. The meter reads approximately in a
linear decibel scale and will not be “crowded.”

To adjust the system in Fig. 5-23A, pull the
tube out of its socket or otherwise break the
cathode circuit so that no plate current flows,
and adjust the value of resistor R, across the
meter until the scale reading is maximum. The
value of resistance required will depend on the
internal resistance of the meter, and must be
determined by trial and error (the current is
approximately 2.5 ma.). Then replace the tube,
allow it to warm-up, turn the a.g.c. switch to
“off” so the grid is shorted to ground, and adjust
the 3000-ohm variable resistor for zero meter
current. When the a.g.c. is “on,” the meter will
follow the signal variations up to the point where
the voltage is high enough to cut off the meter
tube’s plate current. With a 6]J5 or 6SN7GT this
will occur in the neighborhood of 15 volts, a
high-amplitude signal.

The circuit of Fig. 5-23B requires no addi-
tional tubes. The resistor R, is the normal cath-
ode resistor of an a.g.c.-controlled i.f. stage; its
cathode resistor should be returned to chassis
and not to the manual gain control. The sum of
R; plus Ry should equal the normal cathode re-
sistor for the audio amplifier, and they should be
proportioned so that the arm of R; can pick off.a
voltage equal to the normal cathode voltage for
the i.f. stage. In some cases it may be necessary
to interchange the positions of R; and Ry in the
circuit.

The zero-set control R; should be set for no
reading of the meter with no incoming signal,
and the 1500-ohm sensitivity control should be
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set for a full meter reading with the if. tube
removed from its socket.

Neither of these S-meter circuits can be
“pinned,” and only severe misadjustment of the
zero-set control can injure the meter.

HEADPHONES AND LOUDSPEAKERS

There are two basic types of headphones in
common use, the magnetic and the crystal. A
magnetic headphone uses a small electromagnet
that attracts and releases a steel diaphragm in
accordance with the electrical output of the radio
receiver ; this is similar to the “receiver” por-
tion of the household telephone. A crystal head-
phone uses the piezoelectric properties of a pair
of Rochelle-salt or other crystals to vibrate a
diaphragm in accordance with the electrical out-
put of the radio receiver. Magnetic headphones
can be used in circuits where d.c. is flowing, such
as the plate circuit of a vacuum tube, provided
the current is not too heavy to be carried by the
wire in the coils; the limit is usually a few
milliamperes. Crystal headphones can be used
only on a.c. (a steady d.c. voltage will damage
the crystal unit), and consequently must be
coupled to a tube through a device, such as a
capacitor or transformer, that isolates the d.c.
but passes the a.c. Most modern receivers have
a.c. coupling to the headphones and hence either
type of headphone can be used, but it is wise to
look first at the circuit diagram in the instruc-
tion book and make sure that the headphone jack
is connected to the secondary of the output
transformer, as is usually the case.

In general, crystal headphones will have con-
siderably wider and “flatter” audio response than
will magnetic headphones (except those of the
“hi-fi” type that sell at premium prices). The
lack of wide response in the magnetic head-
phones is sometimes an advantage in code recep-
tion, since the desired signal can be set on the
peak and be given a boost in volume over the
undesired signals at slightly different frequen-
cies.

Crystal headphones are available only in high-
impedance values around 50,000 ohms or so,
while magnetic headphones run around 10,000
to 20,000 ohms, although they can be obtained in
values as low as 15 ohms. Usually the impedance
of a headphone set is unimportant because there
is more than enough power available from the
radio receiver, but in marginal cases it is possible
to improve the acoustic output through a better
match of headphone to output impedance. When
headphone sets are connected in series or in
parallel they must be of similar impedance levels
or one set will “hog” most of the power.

Loud speakers are practically always of the
low-impedance permanent-field dynamic variety,
and the loudspeaker output connections of a
receiver can connect directly to the voice coil of
the loudspeaker. Some receivers also provide a
“500-ohm output” for connection to a long line to
a remote loudspeaker. A loudspeaker requires
mounting in a suitable enclosure if full low-
frequency response is to be obtained.
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IMPROVING RECEIVER SELECTIVITY

INTERMEDIATE-FREQUENCY
AMPLIFIERS

As mentioned earlier in this chapter, one of
the big advantages of the superheterodyne re-
ceiver is the improved selectivity that is possible.
This selectivity is obtained in the i.{. amplifier,
where the lower frequency allows more selec-
tivity per stage than at the higher signal fre-
quency. For phone reception, the limit to useful
selectivity in the i.f. amplifier is the point where
so many of the sidebands are cut that intelligi-
bility is lost, although it is possible to remove
completely one full set of sidebands without
impairing the quality at all. Maximum receiver
selectivity in phone reception requires good sta-
bility in both transmitter and receiver, so that
they will both remain “in tune” during the trans-
mission. The limit to useful selectivity in code
work is around 100 or 200 cycles for hand-key
speeds, but this much selectivity requires good
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 kc. (the i.f. being
455 ke.) to give a 1000-cycle beat note. Now, if
an interfering signal appears at 453 kc., or
if the receiver is tuned to heterodyne the in-
coming signal to 453 kc., it will also be hetero-
dyned by the beat oscillator to produce a 1000-
cycle beat. Hence every signal can be tuned
in at two places that will give a 1000-cycle beat
(or any other low audio frequency). This audio-
frequency image effect can be reduced if the
i.f. selectivity is such that the incoming signal,
when heterodyned to 453 kc., is attenuated to a
very low level.

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 heat
characteristic of less-selective reception, hence
the name : single-signal reception.

The necessary sclectivity is not obtained with
nonregencrative amplifiers using ordinary tuned
circuits unless a low i.f. 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 kc.
or lower. The resonance curve of an i.f. stage at
critical regeneration (just below the oscillating
point) is extremely sharp, a bandwidth of 1 kc.
at 10 times down and 5 kc. 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-cycle
beat note (image 2000 cycles 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 regencrative, 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.
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Fig. 5-24—Typical response curve of a crystal filter.

The notch can be moved to the other side of the re-

sponse peak by adjustment of the "‘phasing’’ control.

With the above curve, setting the b.f.o. at 454 kc. would
give goad single-signal c.w. reception.

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 sclectivity 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

Probably the simplest means for obtaining
high selectivity is by the use of a piezoelectric
quartz crystal as a selective filter in the i.f. ampli-
fier. 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 if. stages.

Fig. 5-24 gives a typical crystal-filter reso-
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nance curve. 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.

Two crystal-filter circuits are shown in Fig.
5-25. The circuit at A (or a variation) is found
in many of the current communications receiv-
ers. The crystal is connected in one side of a
bridge circuit, and a phasing capacitor, C; is
connected in the other. When C; is set to balance
the crystal-holder capacitance, the resonance
curve of the filter is practically symmetrical ; the
crystal acts as a series-resonant circuit of very
high Q and allows signals over a narrow band of
frequencies to pass through to the following
tube. More or less capacitance at C; introduces
the “rejection notch” of Fig. 5-24 (at 453.7 kc.
as drawn). The Q of the load circuit for the filter
is adjusted by the setting of R;, which in turn
varies the bandwidth of the filter from ‘“sharp”
to a bandwidth suitable for phone reception.
Some of the components of this filter are special
and not generally available to amateurs.

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-
ception might have a bandwidth of 2500 cycles
at -6 db. and 10 kc. at -60 db.; a filter for a.m.
would require twice these bandwidths if both
sidebands wcre to be accommodated.

The simplest band-pass crystal filter is one
using two crystals, as in Fig. 5-25B. The two
crystals are separated slightly in frequency. If
the frequencies are only a few hundred cycles
apart the characteristic is a good one for c.w.
reception. With crystals about 2 kc. 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 kc.,
which is typical of what can be expected from a
two-crystal band-pass filter. Compare this with
the single-crystal characteristic of Fig. 5-24.

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 Mc. 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.,” OST, October, 1960.)

“Mechanical” filters can be built at frequen-
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Fig. 5-25—A variable-selectivity crystal filter (A) and a
band-pass crystal filter (B).

cies below 1 Mc. These are made up of three
sections: an input transducer, a mechanically-
resonant filter section, and an output transducer.
The transducers use the principle of magne-
tostriction to convert the electrical signal to
mechanical energy and back again. The mechani-
cally-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.

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 (coupling from input to output outside
the filter), which can only degrade the.action of
the filter.

Band-pass filters can also be made by using a
number of high-Q inductance-and-capacitance
circuits, but their use is generally restricted to
frequencies around 100 kc. At higher frequencies
it is easier to get desirable selectivity by other
means,

Q Multiplier

The “Q Multiplier” is a stable regenerative
stage that is connected in parallel with one of
the if. stages of a receiver. In one condition it
narrows the bandwidth and in the other condi-
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tion it produces a sharp “null” or rejection
notch. A “tuning” adjustment controls the fre-
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 1is adjustable over a wide range. A Q0 Multi-
plier is most effective at an if. of 500 kc. or
less; at higher frequencies the rejection notch
becomes wide enough (measured in cycles per
second) to reject a major portion of a phone
signal. Within its useful range, however, the Q
Multiplier will reject 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.fo. is turned on.

Vacuum-tube versions of the Q Multiplier for
455-kc. i.f. amplifiers are available in kit form;
a transistorized version is described later in this
chapter. A Q Multiplier will be of no use on
c.w. or s.s.b. reception when used with a receiver
that employs an oscillating i.{f. stage for the h.f.o.
Some of the inexpensive “communications” re-
ceivers are of this type.

Tee Notch Filter

At low intermediate frequencies (50 - 100 kc.)
the T notch filter of Fig. 5-26 will provide a
sharp tunable null without an extra vacuum tube.

I.F.
6C4a 470
33K
12K
22K 05
m T
+250

Fig. 5-26—Typical T-notch filter, to provide a sharp

rejection notch at a low i.f. Adjustment of L changes

the frequency of the notch; adjustment of R controls
the depth.

The inductor L resonates with C at the rejection
frequency, and when R = 4X,/Q the rejection
is maximum. (X is the coil reactance and Q
is the coil Q). In a typical 50-kec. circuit, C
might be 3900 wuf., making L approximately
2.6 mh. When R is greater than the maximum-

HIGH-FREQUENCY RECEIVERS

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.

Additional LF. Selectivity

Many commercial communications receivers,
and particularly the older ones, do not have
sufficient selectivity for amateur use, and their
performance can be improved by additional i.f.
selectivity. One method is to loosely couple a
BC-453 aircraft receiver (war surplus, tuning
190 to 550 kc.) to the front end of the 455-kc.
if. amplifier in the communications receiver
and use the resultant output of the BC-453.
The aircraft receiver uses an 85-kc. if. ampli-
fier that is sharp for voice work (6.5 kc. wide
at -60 db.) and it helps considerably in backing
up single-crystal filters for improved c.w. re-
ception.

The BC-453—sometimes called “The Poor
Man’s Q-Fiver”—uses 12-volt heater tubes and
is designed for 24-volt operation. If a 24-volt
transformer is available, no wiring changes will
be necessary. If a 12-volt transformer is avail-
able, the heaters can be rewired. It is usually
less expensive to obtain the proper transformer
than it is to buy 6.3-volt tubes for the receiver.
Any plate-voltage source of 125 to 250 volts at
40 to 80 ma. will be adequate for the B4 supply.
A b.f.o. switch and audio and i.f. gain controls
should be added to the BC-453 before it is used
with the short-wave receiver. Its performance
can be checked by tuning in aircraft beacons or
low-frenquency broadcast stations.

Maximum selectivity will be obtained from
the BC-453 when the plungers in the i.f. cans,
accessible by unscrewing the caps, are pulled
up as far as they will go.

The BC-453 can be coupled to the receiver
through a length of shielded wire or small co-
axial line. The inner conductor is connected to
the antenna post of the BC-453 and the shield
is connected to the case. The shield should be
connected at the other end to the short-wave
receiver chassis, and the inner conductor, suitably
insulated, should be wrapped once or twice
around the plate pin of the first i.f. amplifier
tube in the short-wave receiver. It may require
a little experimentation before the proper cou-
pling is obtained; the objective is enough cou-
pling so that the short-wave receiver noise will
mask any BC-453 noise, but not so much coupling
that the BC-453 is overloaded. Reports of poor
performance when using the BC-453 have prac-
tically always reduced to overload of the surplus
aircraft receiver through too much coupling or
coupling at a high-level point in the short-wave
receiver.

If a BC-453 is not available, one can still enjoy
the benefits of improved selectivity. It is only
necessary to heterodyne to a lower frequency the
455-kc. signal existing in the receiver i.f. ampli-
fier and then rectify it after passing it through
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the sharp low-frequency amplifier. The J. W.
Miller Company offers 50-kc. transformers for
this application.

RADIO-FREQUENCY AMPLIFIERS

While selectivity to reduce audio-frequency
images can be built into the if. 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
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 Mc. and higher).

In general, receivers with an i.f. of 455 kc. can
be expected to have some noticeable image re-
sponse at 14 Mc. and higher if there are only two
tuned circuits (one r.f. stage) ahead of the mixer
or converter. Regeneration in the r.f. amplifier
will reduce image response, but regeneration usu-
ally requires frequent readjustment when tun-
ing across a band. Regeneration is, however, a
useful device for improving the selectivity of an
r.f. amplifier without requiring a multiplicity
of tuned circuits; a practical example will be
found later in this chapter.

With three tuned circuits between the antenna
and the first mixer, and an i.f. of 455 kc., no im-
ages should be encountered up to perhaps 25 Mec.
Four tuned circuits or more will eliminate any
images at 28 Mc. when an i.f. of 455 kc. is used.

Obviously, a better solution to the r.f. selec-
tivity problem (elimination of image response)
is to use an i.f. higher than 455 kc., and most
modern receivers use an i.f. of 1600 kc. or higher.
The owner of a receiver with a 455-kc i.f. am-
plifier 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 i.f. amplifier” at 3.5 or
7.0 Mc.

For best selectivity r.f. amplifiers should use
high-Q circuits and tubes with high input and
output resistance, Variable-u pentodes are prac-
tically always used, although triodes (neutral-
ized or otherwise connected so that they won't
oscillate) are often used on the higher frequen-
cies because they introduce less noise. However,
their lower plate resistance will load the tuned
circuits. Pentodes are better where maximum im-

109

age rejection is desired, because they have less
loading effect on the tuned circuits.

Transistor R. F. Amplifier

A typical r.f. amplifier circuit using a 2N370
transistor is shown in Fig. 5-27. Since it is de-
sirable to maintain a reasonable Q in the tuned
circuits, to reduce r.f. image response, the base
and collector are both tapped down on their
tuned circuits. An alternative method, using low-
impedance inductive coupling, is shown in Fig.
5-27B; this method is sometimes easier to adjust
than the taps illustrated in Fig. 5-27A. The tuned
circuits, L:Cy and L.C., should resonate at the
operating frequency, and they should be mounted
or shielded to eliminate inductive coupling be-
tween each other.
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Fig. 5-27—Transistor r.f. amplifier circvit. The low-im-

pedance connections to the base and collector can be

(A) taps on the inductors or (B) low-impedance coupling
links. L1Cy, L:Cs—R t at signal freq Y.

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 furnishing the only cou-
pling between the two circuits. An oscillation
can be obtained in an r.f. or if. stage if there is
any undue capacitive or inductive coupling be-
tween output and input circuits, if there is too
high an impedance between cathode and ground
or screen and ground, or if there is any appre-
ciable impedance through which the grid and
plate currents can flow in common. This means
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good shielding of coils and tuning capacitors in
rf. and if. circuits, the use of good bypass
capacitors (mica or ceramic at r.f., paper or
ceramic at if.), and returning all bypass capaci-
tors (grid, cathode, plate and screen) for a given
stage with short leads to one spot on the chassis.
When single-ended tubes are used, the screen or
cathode bypass capacitor should be mounted
across the socket, to serve as shield between
grid and plate pins. Less care is required as the
frequency is lowered, but in high-impedance cir-
cuits, it is sometimes necessary to shield grid and
plate leads and to be careful not to run them close
together.

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
(the “hot” grid and plate leads) can’t be filtered,
the best design for any multistage amplifier is a
straight line, to keep the output as far away
from the input as possible. For example, an r.f.
amplifier might run along a chassis 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 difference between
the r{. and the if. 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 over-all 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
over-all 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 kc.
at 14 Mec. or higher, strong signals will be ampli-
fied 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 volts 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 (by
driving the grid into the positive region), the
undesired signal will modulate the desired signal.
This effect is called cross-modulation, and is of-
ten 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 signal
can be tuned in at several points. It can be re-
duced or ecliminated by greater selectivity in the
antenna and rf. stages (difficult to obtain), the
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use of variable-u tubes in the r.f. amplifier, re-
duced gain in the r.f. amplifier, or reduced
antenna input to the receiver. The 6BJ6, 6BA6
and 6DC6 are recommended for r.f. amplifiers
where cross-modulation may be a problem.

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-mocdulation 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-x 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 stage with the two types of
gain control is shown in schematic form in Fig.
5-28. 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 B4 supply,
since the bias can be changed even though little
plate current is being drawn.

Tracking
In a receiver with no r.f. stage, it is no incon-
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Fig. 5-28—Typical radia-frequency amplifier circuit far
a superheteradyne receiver. Representative valuves far
campanents ore as fallaws:

Ci ta Ci—0.01 uf. below 15 Mc., 0.001 uf. ot 30 Mc.
R, Rz—See Table 5-11.
Rs—1800 ohms.
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Fig. 5-29—A practical squelch circuit for cutting off the
receiver output when no signal is present.

venience to adjust the high-frequency oscillator
and the mixer circuit independently, because
the mixer tuning is broad and requires little
attention over an amateur band. However, when
r.f. stages are added ahead of the mixer, the r.f.
stages and mixer will require retuning over an
entire amateur band. Hence most receivers with
one or more r.f. stages gang all of the tuning con-
trols to give a single-tuning-control receiver.
Obviously there must exist a constant difference
in frequency (the i.f.) between the oscillator and
the mixer/r.f. circuits, and when this condition
is achieved the circuits are said to track.

In amateur-band receivers, tracking is sim-
plified by choosing a bandspread circuit that
gives practically straight-line-frequency tuning
(equal frequency change for each dial division),
and then adjusting the oscillator and mixer tuned
circuits so that both cover the same total number
of kilocycles. For example, if the if. is 455 kc.
and the mixer circuit tunes from 7000 to
7300 kc. between two given points on the dial,
then the oscillator must tune from 7455 to 7755
kc. between the same two dial readings. With

the bandspread arrangement of Fig. 5-9A, the
tuning will be practically straight-line-frequency
if C: (bandset) is 4 times or more the maximum
capacity of C: (bandspread), as is usually the
case for strictly amateur-band coverage. Ci
(semicircular plates).

Squelch Circuits

An audio squelch circuit is one that cuts off the
receiver output when no signal is coming
through the receiver. It is useful in mobile or net
work where the no-signal receiver noise may be
as loud as the signal, causing undue operator fa-
tigue during no-signal periods.

A practical squelch circuit is shown in Fig.
5-29. A dual triode (12AX7) is used as an ampli-
fier and as a control tube. When the a.g.c. volt-
age is low or zero, the lower (control) triode
draws plate current. The consequent voltage
drop across the adjustable resistor in the plate
circuit cuts off the upper (amplifier) 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.
The tube now functions as an 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.

Connections to the receiver consist of two a.f.
lines (shielded), the a.g.c. lead, and chassis
ground. The squelch circuit is normally inserted
between detector output and the audio volume
control of the receiver. Since the circuit is used
in the low-level audio point, its plate supply
must be free from a.c. or objectionable hum will
be introduced.

IMPROVING RECEIVER SENSITIVITY

The sensitivity (signal-to-noise ratio) of a re-
ceiver on the higher frequencies above 20 Mc.
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-Mc. 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 Mc. 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 Mc. and higher,
a high-gm pentode or triode should be used.
Among the pentodes, the best tubes are the

6AH6, 6AKS and the 6BZ6, in the order named.
The 6AKS takes the lead around 30 Mc. The
6J4, 66, and triode-connected 6AKS are the best
of the triodes. For best noise figure, the an-
tenna circuit should be coupled a little heavier
than optimum. This cannot give best selectivity
in the antenna circuit, so it is futile to try to
maximize sensitivity and selectivity in this cir-
cuit.

When a receiver is satisfactory in every
respect (stability and selectivity) except sensi-
tivity on 14 through 30 Mc,, 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
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-
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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 as described
fater in this chapter. Overcoupling the input cir-
cuit will often improve sensitivity but it will, of
course, always reduce the image-rejection con-
tribution of the antenna circuit.

Regeneration

Regeneration in the r.f. stage of a receiver
(where only one stage exists) will often improve
the sensitivity because the greater gain it pro-
vides serves to mask more completely the first-
detector noise, and it also provides a measure of
automatic matching to the antenna through
tighter coupling. However, accurate ganging be-
comes a problem, because of the increased selec-
tivity of the regenerative r.f. stage, and the re-
ceiver almost invariably becomes a two-handed-
tuning device. Regeneration should not be
overlooked as an expedient, however, and ama-
teurs have used it with considerable success.

TUNING A

C.W. Reception

For making code signals audible, the beat os-
cillator should be set to a frequency slightly dif-
ferent from the intermediate frequency. To ad-
just the beat-oscillator frequency, first tune in a
moderately weak but steady carrier with the beat
oscillator turned off. Adjust the receiver tuning
for maximum signal strength, as indicated by
maximum hiss. Then turn on the beat oscillator
and adjust its frequency (leaving the receiver
tuning unchanged) to give a suitable beat note.
The beat oscillator need not subsequently be
touched, except for occasional checking to make
certain the frequency has not drifted from the
initial setting. The b.f.o. may be set on either the
high- or low-frequency side of zero beat.

The 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 i.f. stages are controlled simulta-
neously.

Tuning with the Crystal Filter

If the receiver is equipped with a crystal filter
the tuning instructions in the preceding para-
graph still apply, but more care must be used
both in the initial adjustment of the beat oscil-
lator and in tuning. The beat oscillator is set as
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High-gm tubes are the best as regenerative am-
plifiers, antl the feedback should not be controlled
by changing the operating voltages (which
should be the same as for the tube used in a high-
gain amplifier) but by changing the loading or
the feedback coupling. This is a tricky pro-
cess and another reason why regeneration is not
too widely used.

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 i.f. (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 rf.)
stages. The first r.f. stage gain would be re-
duced only for extremely strong signals.

RECEIVER

described above, but with the crystal filter set
at its sharpest position, if variable selectivity is
available. The initial adjustment should be made
with the phasing control in an intermediate posi-
tion. Once adjusted, the heat oscillator should be
left set and the receiver tuned to the other side
of zero beat (audio-frequency image) on the
same signal to give a beat note of the same tone.
This beat will be considerably weaker than the
first, and may be “phased out” almost completely
by careful adjustment of the phasing control.
This is the adjustment for normal operation; it
will be found that one side of zero beat has prac-
tically disappeared, leaving maximum response
on the other.

An interfering signal having a beat note differ-
ing from that of the a.f. image can be similarly
phased out, provided its frequency is not too
near the desired signal.

Depending upon the filter design, maximum
selectivity may cause the dots and dashes to
lengthen out so that they seem to “run together.”
It must be emphasized that, to realize the bene-
fits of the crystal filter in reducing interference,
it is necessary to do all tuning with it in the cir-
cuit. Its high selectivity often makes it difficult
to find the desired station quickly, if the filter is
switched in only when interference is present.

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
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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.
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 kc. 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.
No ordinary a.g.c. circuit can handle the syllabic
bursts of energy from the sideband station, but
there are special circuits that will.

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. Such a heterodyne can be reduced by ad-
justment of the phasing control in the crystal
filter.

A tone control often will be of help in reducing
the effects of high-pitched heterodynes, sideband
splatter and noise, by cutting off the higher audio
frequencies. This, like sideband cutting with high
selectivity circuits, reduces naturalness.
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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 if. 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 Mec., 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
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
if. 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 coupled through a
capacitor to the grid of the last if. amplifier
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
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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 i.f, 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-filtter i.f. amplifier, since the
high selectivity cuts sidebands and the results
may be inaccurate if the audio output is used as
the tuning indication. Lacking the a.g.c. tuning
meter, the transformers may be conveniently
aligned by ear, using a weak unmodutated 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-kc. 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 if. for
maximum output.

If you bought your receiver instead of making
it, be sure to read the instruction book carefully
before attempting to realign the receiver. Most
instruction books include alignment details, and
any little special tricks that are peculiar to the
receiver will also be described in detail.

R.F. Alignment

The objective in aligning the rf. 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-kc. standard or other known oscillator,
or even on noise or such signals as may be heard.
First set the tuning dial at the high-frequency
end of the range in use. Then set the test oscil-
lator to the frequency indicated by the receiver
dial. The test-oscillator output may be connected
to the antenna terminals of the receiver for this
test. Adjust the oscillator trimmer capacitor
in the receiver to give maximum response on
the test-oscillator signal, then reset the receiver
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dial to the low-frequency end of the range. Set
the test-oscillator frequency near the frequency
indicated by the receiver dial and tune the test
oscillator until its signal is heard in the receiver.
If the frequency of the signal as indicated by the
test-oscillator calibration is higher than that
indicated by the receiver dial, more inductance
(or more capacity in the tracking capacitor) is
needed in the receiver oscillator circuit; if the
frequency is lower, less inductance (less track-
ing capacity) is required in the receiver oscil-
lator. Most commericial receivers provide some
means for varying the inductance of the coils or
the capacity of the tracking capacitor, to permit
aligning the receiver tuning with the dial calibra-
tion. Set the test oscillator to the frequency indi-
cated by the receiver dial, and then adjust the
tracking capacity 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
capacity is secured. In many cases, better over-
alt 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

" 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 capacity in any circuit, more inductance
is needed; conversely, if less capacity 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.

Oscillation in R.F. or LLF. Amplifiers

Oscillation in high-frequency amplifier and
mixer circuits shows up as squeals or “birdies”
as the tuning is varied, or by complete lack of
audible output if the oscillation is strong enough
to cause the a.g.c. system to reduce the receiver
gain drastically. Oscillation can be caused by
poor connections in the common ground circuits.
Inadequate or defective bypass capacitors in
cathode, plate and screen-grid circuits also can
cause such oscillation. A metal tube with an un-
grounded shell may cause trouble. Improper
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screen-grid voltage, resulting from a shorted or
too-low screen-grid series resistor, also may be
responsible for such instability.

Oscillation in the i.f. circuits is independent
of high-frequency tuning, and is indicated by
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a continuous squeal that appears when the gain
is advanced with the c.w. beat oscillator on. It
can result from defects in i.f.-amplifier circuits.
Inadequate screen or plate bypass capacitance is
a common cause of such oscillation.

IMPROVING THE PERFORMANCE OF RECEIVERS

Frequently amateurs unjustly criticize a re-
ceiver’s performance when actually part of the
trouble lies with the operator, in his lack of
knowledge about the receiver’s operation or in
his inability to recognize a readily curable fault.
The best example of this is a complaint about
“lack of selectivity” when the receiver contains
an if. crystal filter and the operator hasn’t
bothered to learn how to use it properly. “Lack
of sensitivity” may be nothing more than poor
alignment of the r.f. and mixer tuning. The cures
for these two complaints are obvious, and the
details are treated both in this chapter and in the
receiver instruction book.

However, many complaints about selectivity,
sensitivity, and other points are justified. In-
expensive, and most second-hand, receivers can-
not be expected to measure up to the perform-
ance standards of some of the current and top-
priced receivers. Nevertheless, many amateurs
overlook the possibility of improving the per-
formance of these “bargains” (they may or may
not be bargains) by a few simple additions or
modifications. From time to time articles in QST
describe improvements for specific receivers, and
it may repay the owner of a newly-acquired
second-hand receiver to examine past issues and
see if an applicable article was published. The
annual index in each December issue is a help
in this respect.

Where no applicable article can be found, a
few general principles can be laid down. If the
complaint is the inability to separate stations,
better i.f. (and occasionally audio) selectivity is
indicated. The answer is not to be found in
better bandspread tuning of the dial as is some-
times erroneously concluded. For code reception
the addition of a “Q Multiplier” to the i..
amplifier is a simple and effective attack; a Q
Multiplier is at its best in the region 100 to 900
kc., and higher than this its effectiveness drops
off. The Selectoject is a selective audio device
based on similar principles. For phone reception
the addition of a Q Multiplier will help to reject
an interfering carrier, and the use of a BC-453
as a “Q5-er” will add adjacent-channel sclectiv-
ity.

With the addition of more i.f. selectivity, it
may be found that the receiver’s tuning rate
(number of kc. tuned per dial revolution) is too
high, and consequently the tuning with good i.f.
selectivity becomes too critical. If this is the
case, a 5-to-1 reduction planetary dial drive
mechanism may be added to make the tuning
rate more favorable. These drives are sold by
the larger supply houses and can usually be added
to the receiver if a suitable mounting bracket is

made from sheet metal. If there is already some
backlash in the dial mechanism, the addition of
the planetary drive will magnify its effect, so it
is necessary to minimize the backlash before at-
tempting to improve the tuning rate. While
this is not possible in all cases, it should be in-
vestigated from every angle before giving up.
Replacing a small tuning knob with a larger one
will add to ease of tuning; in many cases after
doing so it will then be desirable or necessary to
raise the receiver higher above the table.

If the receiver appears to lack the ability to
bring in the weak signals, particularly on the
higher-frequency bands, the performance can of-
ten be improved by the addition of an antenna
coupler (described elsewhere in this chapter) ; it
will always be improved by the addition of a pre-
selector (also described elsewhere in this chapter).

If the receiver shortcoming is inadequate r.f.
selectivity, as indicated by rf. “images” on the
higher-frequency bands, a simple antenna coup-
ler will often add sufficient selectivity to cure the
trouble. However, if the images are severe, it is
likely that a preselector will be required, pref-
erably of the regenerative type. The preselector
will also add to the ability of the receiver to
detect weak signals at 14 Mc. and higher.

In many of the inexpensive receivers the fre-
quency calibration of the dial is not very accu-
rate. The receiver’'s usefulness for determining
band limits will be greatly improved by the ad-
dition of a 100-kc. crystal-controlled frequency
standard. These units can be built or purchased
complete at very reasonable prices, and no ama-
teur station worthy of the name should be with-
out one.

Some receivers that show a considerable fre-
quency drift as they are warming up can be
improved by the simple expedient of furnishing
more ventilation, by propping up the lid or by
drilling extra ventilation holes. In many cases
the warm-up drift can be cut in half. A 7-watt
115-volt lamp mounted under the receiver chassis
and wired so that it is turned on when the re-
ceiver is turned off will maintain the receiver
temperature above the room temperature and
will reduce the warm-up drift. The auxiliary heat
source is also of help in reducing or eliminating
the ill effects of condensation in the receiver,
where the receiver is used in a damp location.

Receivers that show frequency changes with
line-voltage or gain-control variations can be
greatly immproved by the addition of regulated
voltage on the oscillators (high-frequency and
b.f.o.) and the screen of the mixer tube. There
is usually room in any receiver for the addition
of a VR tube of the right rating.
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THE “SimpleX Super Mark II” THREE-TUBE RECEIVER

The name of the receiver shown in_Figs. 5-30
and 5-33 derives from “simple,” “X” for crystal
(filter) and “super” for superheterodyne; hence
a “simple crystal-filter superheterodyne.” It is
an improved version of an earlier model (QST,
December, 1958), hence the “Mark I1.” For less
than fifty dollars and a few nights at the work-
bench, this little receiver will allow you to copy
practically any c.w. or s.s.h. signal in the 40- or
80-meter band that a much more expensive re-
ceiver might bring in. By the throw of a switch
you can tune in WWYV on 5.0 Mc. for time sig-
nals and standard-frequency transmissions.

Referring to the circuit diagram in Fig. 5-31,
the receiver is a superheterodyne with an inter-
mediate frequency of 1700 kc. With the h.f. os-
cillator tuning 5.2. to 5.7 Mc,, the 3.5- or 7-Mc.
amateur bands can be tuned merely by retuning
the input circuit. Since (s is large enough to hit
the two bands without a coil change, the band-
changing process consists of turning C: to the
low- or high-capacitance end of its range. To
copy WWYV at 5 Mc,, the oscillator must be
tuned to 3.3 Mc., and this is done by switching in
(via S2a) a preset capacitor, Cs, across the os-
cillator circuit.

The advantage of a two-band receiver of this
type is that the absence of coil switching makes
it easy to build a stable high-frequency oscillator,
and the stability of this oscillator then deter-
mines the stability of the receiver. Higher-
frequency bands (14, 21 and 28 Mc.) can be
listened to by adding a crystal-controlled con-
verter ; the construction of such a converter is
described later in this chapter.

Selectivity at the i.f. is obtained through the
use of a single crystal. This, in conjunction with
the regeneration provided by the detector, is
sharp enough to provide a fair degee of single-
signal c.w. reception and yet is broad enough for
copy of an s.s.b. phone signal.

In the detector stage, the pentode section of a
6UBA 13 used as a regenerative detector, and the
triode section serves as the b.f.o. Stray coupling
at the socket and in the tube provides adequate
injection. The regeneration control is not

mounted on the panel because, once set below the
threshold of oscillation, it is not touched. The

regeneration is not essential to good c.w. or s.s.b.
reception, but it helps considerably on a.m. re-
ception. Audio amplification is obtained from the
two triode sections of a 6CG7. The primary of a
small output transformer, T4, serves as the coup-
ling for high-impedance headphone output, and a
small loudspeaker or low-impedance headphones
can be connected to the secondary.

The power supply uses a small transformer
and two selenium rectifiers in a full-wave volt-
age-doubling circuit. This is about as inexpen-
sive a power supply as can be built, and it also
has the advantages of not occupying much space
and not generating much heat.

A switch, Sua, at the input of the receiver is
included so that the receiver can be used to lis-
ten to one’s own transmitter without too severe
blocking. Another section of the same switch,
S, shifts the mixer screen voltage from its
operating value to zero, to reduce further the
sensitivity of the receiver while one is transmit-
ting. If it reduces it so much that the receiver
has too little gain, this section of the switch can
be omitted from the circuit and the mixer oper-
ated at full screen voltage at all times.

An 8 X 12 X 3-inch aluminum chassis takes
all of the parts without crowding, and the loca-
tion of the components can be seen in the photo-
graphs. The receiver is shown with a 7-inch
high standard relay-rack panel, which leaves
room at one end of the panel for auxiliary
equipment or a small transmitter. If desired, a
shorter panel of #%-inch aluminum can be used.
The panel is held to the chassis by the two
switches and the headphones jack. The tuning
capacitor, (5 is mounted on a small aluminum
bracket, and the capacitor is driven by a Jackson
Brothers Planetary Vernier (Arrow Elec-
tronics, N.Y.C.) via a Millen 39016 coupling.
Before the bracket is finally fastened to the chas-
sis the capacitor and bracket should be used to
locate the center for the vernier hole. It pays to
take care in mounting the tuning capacitor and
its drive, since a smooth tuning drive is essen-
tial to any receiver. A National HRT knob
is used to turn the vernier, and a paper scale
is made as can be seen in one of the photographs.

Tie points are used liberally throughout the

Fig. 5-30—The SimpleX Super receiver uses three dual
tubes and a crystal filter to cover the 80- and 40-meter
bands, and it can tune to 5 Mc. for copying WWY,
The dial scale is' made from white paper held to the
panel by black tape; the index is clear plastic.

Extra panel space is provided for control circuits or
a small transmitter.
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Fig. 5-31—Circuit diagram of the SimpleX Super receiver. Unless otherwise indicated, capacitances are in uuf., resistances are in ohms, resistors are % watt. Polarity is shown on
electrolytic capacitors, 680 uuf. or less are silver mica or NPO ceramic, 2000-upuf. fixed capacitor is mica. Capacitors specified in decimal-uf. values are ceramic.

C1—3- to 30-uuf. mica compression trimmer.

C2—140-140 dual variable (Hammarlund HFD-140).

Cs—35-uuf. midget variable (Hammarlund HF-35).

Ci—100-puf. midget trimmer (Hammarlund MAPC-100).

Cs—180-uuf. silver mica in parallel with 150-puf. mica-
compression trimmer (Arco 424).

Ce—3- to 30-uuf. mica compression trimmer with ad-
justment screw removed.

C:—15-puf. midget variable (Hammarlund HF-15).

Ce—60-uf. 350-v. electrolytic (Mallory TC-68 or equiv.).

Co—40-40-u4f. 150-v. electrolytic, negative not common
(Mallory TCS-48 or equiv.).

CR;, CRz—50-ma. 130-v. selenium rectifier (Tarzian 50
or equiv.).

J1, Js—Phono jack,

Ja—Phone jack.

L1, Ls, Li,—See Fig. 5-32.

L;—18 t. No. 22 enam., closewound on Y%-diam. form
(1-watt resistor, 100K or more).

Ls, L—105-200 uh. shielded inductor (North Hills SE-
120-H).

Li—36-64 uh. shielded inductor (North Hills SE-120-F).

Ls—16-henry 50-ma. filter choke (Knight 62G137 or
equiv.).

Pi—A.c. line plug, preferably fused.

S:—D.p.d.t. toggle.

S;—Two-pole 6-position (4 used) rotary switch (Cen-
tralab PA-2003 or equiv.).

S5—S.p.s.t. toggle

RFC;, RFC2—1-mh. r.f. choke (Millen J300-1000).

Ti—Small output transformer, 10K plate to voice coil
(Stancor A-3879 or equiv.).

Ts—125-v. 50-ma. and 6.3-v. 2-amp. power transformer
(Knight 61G411 or equiv.).

Y1—1700-ke. crystal (International Crystal FA-5 or
equiv.) (All radio stores do not handle all of
the above components. For prices and names
of dealers, write to North Hills Electronics Inc.,
Glen Cove, L1, N.Y.; Knight is handled by
Allied Radio, 100 N. Western Ave., Chicago 80,
1)
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Fig. 5-32—Details of the coil construction. Each one is
made from B & W 3012 Miniductor or Illumitronic 632
stock, which is wound 32 t.p.i. and Y%-inch diameter.
The separation between coils in Ly is 1% turns; the
separation between coils in L is 1 turn. La is 43 turns
of the same stock.

It is important that the coils be connected as in-
dicated. The coil stock can be cut to the required lengths
by pushing in a turn, cutting it inside the coil and then
pushing the newly cut ends through to outside the coil.
Once outside, the wire can be peeled away with the
help of long-nose pliers. When sufficient turns have
been removed, the support bars can be cut with a fine
saw. *
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receiver, as junctions for components and inter-
connecting wires. The coils Ls and L. are
mounted on tie points, using short leads, and L,
is mounted on Su. If the leads from L, are too
long, the coil will be “floppy” and the receiver
may be unstable. Fig. 5-32 shows how the coils
are constructed and connected. The leads from
C: are brought through the chassis in insulating
rubber grommets. The 3- to 30-uuf. mica com-
pression trimmer across L, is soldered to the
associated section of C.. C: is mounted on top of
the chassis and surrounded by a Bud CU-3002-A
Minibox, which serves as a dust cover. The par-
tition between the two sections of Cs should be
grounded to the chassis, to prevent capacitive
coupling between the two sections. The coil L.
is wound on a high-resistance l-watt resistor;
the ends of the coil are soldered to the leads of
the resistor, and the winding will stay in place
readily if the resistor is notched at each end be-
fore the winding is started.

The receiver is wired with shielded wire for
many of the leads, in an effort to minimize hum

|
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in the audio and feedthrough around the crystal
filter. The shielded leads are marked in Fig. 5-31
where feasible; the simple rule to follow is to
shield all B4 leads along with those shown
shielded in Fig. 5-31. For ease of wiring, these
shielded leads should be installed first or at least
early in the construction. As the wiring pro-
gresses, a neat-looking unit can be obtained by
dressing the leads and components in parallel
lines or at right angles. D.c. and a.c. leads can be
tucked out of the way along the edges of the
chassis, while r.f. leads should be as direct as is
reasonable,

If this is a first receiver or construction job,
there are several pitfalls to be avoided. When in-
stalling a tube socket, orient the socket so the grid
and plate leads will be direct and not cross over
the socket. .

Another thing is to avoid stranded wire for
making connections throughout the receiver.
Where stranded wire must be used, be careful to
avoid wild strands that stray over to an adjacent
socket terminal. No. 20 or 22 insulated solid
tinned copper wire should be used for connections
wherever no shielding is used. Long bare leads
from resistors or capacitors should be covered
with insulating tubing unless they go to chassis
grounds.

The final bugaboo is a poorly-soldered con-
nection. If this is first venture, by all means prac-
tice soldering before starting to wire this re-
ceiver. Read an article or two on how to solder,
or get a friend to demonstrate. A good soldering
iron is an essential; there have been instances of
a first venture having been “soldered” with an
iron that would just barely melt the solder; the
iron was incapable of heating the solder and
work to where the solder would flow properly.

When the wiring has been completed and
checked once more against the circuit diagram,
plug in the tubes and the line cord and turn on
the receiver through Ss. The tube heaters should
light up and nothing should start to smoke or get
hot. If you have a voltmeter you should measure
about 270 volts on the B+ line.

With headphones plugged in the receiver, you
should be able to hear a little hum when the
volume control is advanced all the way. If you
can’t hear any hum, touching a screwdriver to
Pin 2 of Vs should produce hum and a loud
click. This shows that the detector and audio
amplifier are working. The 100K regeneration
control should be set at mid range.

The next step is to tune Ls, Ls and L; to 1700
kc., the crystal frequency. If you have or can

Fig. 5-33—Top view of the SimpleX Super. The tube at
the left is the mixer-oscillator 6USA; the 6CG7 audio
amplifier is at the far right. The black knob is on the
regeneration control. Toggle switch under the a.c. line
cord is the a.c. line switch, Sa. Phono jack at left is the
antenna terminal; phono jack at right near volume con-
trol is speaker jack, Js.



SimpleX Super

borrow a signal generator, put 1700-kc. rf. in at
the grid of the 6UBA mixer and peak Ls and L.
Lacking a signal generator, you may be lucky
enough to find a strong signal by tuning around
with Cs, but it isn’t likely. Your best bet is to
tune a broadcast receiver to around 1245 kc.; if
the receiver has a 455-kc. if. the oscillator will
then be on 1700 kc. Don’t depend upon the cali-
bration of the broadcast receiver ; make your own
by checking known stations. The oscillator of the
broadcast receiver will furnish a steady carrier
that can be picked up by running a wire tempo-
rarily from the grid of the 6U8A mixer to a point
near the chassis of the b.c. receiver. Adjust L,
until you get a beat with the 1700-kc. signal, and
then peak Ls and Le. If the signal gets too loud,
reduce the signal by moving the wire away from
the b.c. receiver. Now slowly swing the signal
frequency back and forth with the b.f.o. turned
off; a spot should be found where the noise
rushes up quickly and then drops off. This is the
crystal frequency, and L; and Le should be
peaked again on this frequency.

An antenna connected to the receiver should
now permit the reception of signals. With (s
nearly unmeshed, the input tuning will be in the
region of the 7-Mc. band, and with C. almost

completely meshed, the input circuits will be near -

3.5 Mc. Do the tuning with the C, in the oscil-
lator circuit, until a known frequency is found
(it can be a signal from the station transmitter).
Let’s say the transmitter has a crystal at 3725 kc.
Set (s at half capacitance and tune with C. un-
til the transmitter is heard. No antenna should be
needed on the receiver for this test. Once C. is
set, put the antenna on the receiver and look
around for other known signals. (CHU, the
Canadian standard-frequency station at 7335 kc.,
is a good marker.) With luck the tuning should
just be able to cover the 80-meter band; if it
covers one end but not the other, a minor read-
justment of the trimmer is indicated.

Once the receiver is aligned to receive signals,
switch S2 so that the b.f.o. is
turned off. Advance the regen-
eration control (turn arm away
from grounded end) and a
point will be found where the
noise increases and a slight
“thump” is heard. This is the
point where the detector oscil-

Fig. 5-34—Shielded wire, used for
most of the d.c. and 60-cycle leads,
lends to the clean appearance un-
derneath the chassis. Toggle switch
at the left shorts the input of the re-
ceiver, and the adjacent rotary
switch handles the b.f.o. and the
padding capacitor for WWYV,
The pitch control, C-, is at the right,
next to the headphone jack. Power
supply components (Cs, Co and CR,,
CR2) are mounted on or near rear
wall of chassis.
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lates; just below this is the most sensitive con-
dition for the reception of a.m. phone signals. Set
the regeneration control at this point.

Turn the b.f.0. back on and tune in a c.w. sig-
nal. Tuning through the signal with the tuning
knob on (s, note that the signal is louder on one
side of zero beat than on the other. Experiment
with the setting of the prTcH control until the
maximum single-signal effect (louder one side
than the other) is obtained. It may be necessary
to pull up the plate of Cs and to retune
Lq and Ls before this is accomplished. After a lit-
tle adjustment, however, the single-signal effect
should be quite apparent.

All that remains is to install the dial scale and
calibrate it. A 100-kc. oscillator is ideal for this
job; lacking one or the ability to borrow one,
other signals must be used. If the crystal filter
is 1700 kc. exactly, the 80- and 40-meter calibra-
tions will coincide as they do on the scale shown
in Fig. 5-30; if not, the calibration marks will be
offset on the two bands.

To find WWYV at 5 Mc,, set S; so that Cs is
switched in and the b.f.o. is on and adjust Cs so
that WWYV f{alls on scale.

It may be noticed that tuning C. has a slight
effect on the tuning of the signal. In other words,
tuning C. “pulls” the oscillator slightly. To
remedy this would have made the receiver more
complicated, and the simple solution is merely to
first peak C: on noise and then tune with Cs.
If two peaks of noise are found in the 80- or 40-
meter bands, adjust C: until they coincide.

This will be found to be a practical receiver in
every way for the c.w. (or s.s.b.) operator. The
tuning rate is always the same on 80 or 40, or 15
with a converter, and 21-Mc. s.s.b. signals tune as
easily as those on 3.9 Mc. The warm-up drift is
negligible, and the oscillator is surprisingly in-
sensitive to voltage changes. Whether or not the
oscillator is insensitive to shock and vibration
will depend upon the care with which the compo-
nents are anchored to their respective tie points.
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THE 2X4+1 SUPERHETERODYNE

The receiver shown in Figs. 5-35, 5-37 and 5-38
is a two-band four-tube (2X4) receiver with a
transistor (41) 100-kc. frequency standard.
Other features include the ability to tune to 5
Mc., for the reception of WWYV, and a dual-
cystal filter for single-sideband and single-signal
c.w. reception. Tuning the 40- and 80-meter ama-
teur bands with good stability and selectivity,
the receiver can be used on other bands by the
addition of crystal-controlled converters ahead
of it.

Referring to the circuit in Fig. 5-36, the
pentode section of a 6U8-A is used as a mixer,
with the triode portion of the same tube serving
as the oscillator. The if. is 1700 kc. and the
oscillator tunes 5.2 to 5.7 Mc.; tuning the input
circuit to the 80-meter band brings in 80-meter
signals, and all that is required to hear 40-meter
signals is to swing the input tuning, C,, to the
low-capacitance end of its range. Although, e.g.,
a 7.05-Mc. (5.35 + 1.7) and a 3.65-Mc. (5.35 —
1.7) signal will appear at the same setting of the
tuning dial, the two signals cannot be received
simultaneously because the double-tuned circuit,
Ci, Ly, and Cis, Ls, between antenna and mixer
grid provides the necessary rejection. Coupling
between the two circuits is provided by a small
common inductor, L.. To make the two circuits
track over the entire range, a 3- to 30-uuf trim-
mer is provided to compensate for the input
capacitance of the mixer. For WWYV reception,
capacitance Cs is added to the oscillator circuit
to bring its frequency to 3.3 Mc.

The mixer is followed by the dual crystal filter
at 1700 kc. and a stage of i.f. amplification. If.

gain is manually controlled by a variable bias
control in the cathode circuit of the 6BA6 if.
amplifier stage. A triode section of a 6CG7, Vaa,
serves as a grid-leak detector, and the other sec-
tion is used as the b.f.o. A two-stage audio
amplifier follows, providing high-impedance out-
put for headphones or low-impedance output for
a loudspeaker. The audio power is sufficient to
give more than enough high-impedance head-
phone volume and quite adequate loudspeaker
volume in a quiet room.

The power supply includes a 0C3 to supply
regulated 105 volts for the two oscillators and
the screen of the mixer.

The transistor 100-kc. calibration oscillator
uses for its power source the 8 volts developed
across the cathode resistor of Vas. Switch S
turns the oscillator on and off and also adds the
capacitance to the oscillator circuit that permits
WWYV reception. The four positions of S, are
ofFF—wwv (only)—caL (oscillator only)—BoTH.
Although the 100-kc. standard as not essential
to the operation of the receiver, its inclusion will
be found to be quite valuable.

Construction

The receiver is built on an 8 X 12 X 3-inch
aluminum chassis. A panel can be made from
.080-inch thick sheet aluminum or from a stand-
ard 834-inch rack panel. While the rack panel
will be more substantial, it really isn’t necessary,
and the sheet stock will be adequate. The panel
is held to the chassis by the b.f.o. capacitor, Cs,
the line/b.f.o. switch, S:, the dial, and an extra
pair of 6-32 screws.
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Fig. 5-35—The 2X4 4 1 superheterodyne is a four-tube receiver with 7-tube performance. It tunes the 80- and 40-

meter amateur bands, and provision is included for receiving WWYV on 5 Mc. A built-in crystal oscillator provides

100-ke. frequency markers throughout the bands. Black knob on the left-hand side controls the calibration oscilla-
tor and the WWY reception.
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Fig. 5-36—Circuit diagram of the 2X4 4- 1 super-heterodyne. Unless indicated otherwise, decimal capacitances are in uf., other capacitances in uuf., resistors are %2 watt.

Ci—Dual variable, 140 puf. per section (Hammarlund
MCD-140-M).

Ca, C3—480-uuf. mica compression trimmer (Arco-
Elmenco 466).

C.—4-30 puf. trimmer (Erie TS2A).

Cs—100-uuf. midget variable (Hammarlund HF-100).

Ce—240 puf. +=5% mica in parallel with 30-uuf. mica
compression trimmer.

Cr—35-puf. midget variable (Hammarlund HF-35).

Cs—5-upf. midget variable (Hammarlund HF-15 with 3
plates removed).

Co—3 puf. approx. Insulated wires twisted together for
3 turns,

J;—Phono jack.

L, Ls—43 turns No. 24, %-inch diam., 32 t.p.i. (B&W
3012 or lHumitronic 632). Coupling coi! on Ly
is 5 turns, spaced 1 turn from Li.

Le—16 turns No. 20 enam., closewound on Y-inch diam.
form (100K or higher 1-watt resistor).

L—7 turns No. 24, part of Ls stock, 1/32 inch from Ls.

Le—17 turns No. 24, %-inch diam., 32 t.p.i. (B&W
3012 or Hlumitronic 632).

Ls, L—64 to 105 ph., adjustable (Neorth Hills 120-G in
North Hills $-120 shield can).

Le—36 to 64 ph., adjustable (North Hills 120-F in North
Hills 5-120 shield can).

Le—15-henry, 75-ma. filter choke (Stancor C-1002).

RFC;, RFC:—2.2 mh., self resonant at 1.6 Mc. (Miller
9350-36 or Miller J300-1500).

RFC3s—10 mh. (National R-50-I).

$;—2-pole é-position (4 used) miniature ceramic switch
(Centralab PA-3 with Centralab PA-301 index,
2% inches used).

$:—2-pole 3-position rotary switch (Centralab 1472).

T:—3-watt, 8000 to 3.2 ohms, output transformer (Stan-
cor A-3329).

T:—650 v.c.t. at 55 ma., 5 v., 6.3 v. at 2 amp. (Stancor
PC-8407).

Y1, Ye—1700-ke. crystals, FT-243 holders.

Y;—100-kc. (James Knight H-93 or equiv.)

toysedng | 4 pXT
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It is worth while to mount the tuning capaci-
tor, Cs, as accurately as possible with respect to
the National ICN dial. For minimum backlash
and maximum strength, C: is mounted on a three-
sided aluminum housing that is securely fastened
to the chassis on three sides by 3g-inch lips. A
good flexible insulated coupling should be used
between dial and capacitor shaft—a Millen 39006
is shown is the photograph.

The location of most of the major components
can be determined by reference to the photo-
graphs. The inductors L, Ly and L,, Ls are sup-
ported by suitable tie strips, as are the two 480-
upf. mica compression trimmers, C: and C;, in
the crystal filter circuit and the pair of 330-uuf.
capacitors in the b.f.o. L; should be wired so that
the outside ends go to antenna and grid, and L4, Ls
should be wired with outside ends to plate and
grid. L. is supported by its leads in a hole in the
chassis; a rubber grommet prevents a short to
chassis.

Since the rotor of C; must not make contact
with the panel, a large clearance hole must be
provided for the shaft bushing, and a pair of ex-
truded fiber washers used to insulate the bushing
from the panel. A brass screw or bayonet lug
should be set into the chassis at the shield parti-
tion between the two stators of (i, and the
shield soldered to this chassis connection. The
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3- to 30-puf. compression trimmer across Cia
can be soldered between rotor and shield parti-
tion.

Many of the connections are made with
shielded lcads, to minimize hum and chances for
feedback or feedthrough. The shiclded leads are
indicated in Fig. 5-36. The lcad from the antenna
jack is run in RG-58/U coaxial cable, as is the
short lead from Cs to a 330-uuf. capacitor. Heater
leads to the tubes are made of shielded wire. The
shielded leads to the dial lamps are not in-
dicated in Fig. 5-36 but they can be seen in Fig.
5-37.

Alignment

The alignment procedure can be simplified if a
short-wave receiver or a signal generator can be
borrowed. Lacking these, a grid-dip meter can be
used to provide a signal source and to check the
resonances of the tuned circuits. If the 100-kec.
oscillator can be checked on another receiver, it
can be used to align the receiver. A broadcast
receiver will tell if the 100-ke. oscillator is func-
tioning—it should be possible to identify several
of the oscillator’s harmonics at 100-kc. intervals
in the broadcast band, by the reduction in noise at
those points.

The audio amplifier of the receiver can be
checked by turning on the receiver and listening

Fig. 5-37—Top view of the 2X4 4 1 receiver. The dual capacitor at the left tunes the receiver input. The main

tuning capacitor, rear center, is mounted on a three-sided aluminum bracket for maximum stability. The tube to

the left of the bracket is the 6U8-A mixer-oscillator stage, and the 6BA6 i.f. stage is in front of the main tuning ca-

pacitor. The remaining tubes in shields are the 6CG7 detector/b.f.0. and the audio 6CG7 (near panel). Metal can
plugged in socket above antenna jack houses 100-kc. calibrating crystal.
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to the headphones as the audio gain control is
advanced. When it is full clockwise a low-pitched
hum should be just audible in the headphones.
A further check can be made by bringing a finger
near the arm of the audio gain control—the hum
should increase.

If a means is available for checking the fre-
quency of the b.f.o, it should be turned on at S,
and set on or about 1700 kc. by means of the slug
in Ls. Do this with Cs set at half scale. If a hroad-
cast receiver is the only measuring equipment
you have, a 1700-kc. signal can be derived from
it by tuning the receiver to 1245 kc., which puts
its oscillator on 1700 kc. if the standard 455-kc.
if. is used. A wire from around the receiver to
the 2X4 4 1 should provide sufficient signal.
Feeding a 1700-kc. signal into the detector by
laying the source wire near the grid of the 6BA6
(i.f. gain arm at ground), it should be possible to
peak L. for maximum signal and, as the signal
frequency is changed slightly, a change in pitch
of the whistle should be heard. With no incoming
signal, a slight rushing noise should be heard in
the headphones when the b.f.o. is switched on by
S.. If this rushing noise is just barely discernible
increase the capacitance at C; by adding a few
more twists.

If the oscillator V/ap is operating, a voltmeter
connected across the 4700-ohm 1-watt resistor in
its plate lead should show an increase in voltage

S
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when the stator of Cs or C; is shorted to ground
momentarily with a screwdriver or other con-
ductor. Connect the 4 lead of the voltmeter to
the side of the resistor running to 4 105 and the
—connection to the .001-uf. side. If the oscillator
doesn’t work, it may be because the outside turns
of L, and Ls are not connected to plate and grid
respectively. With the b.f.o. on and C, almost
fully meshed, set the tuning capacitor Cr at about
90 per cent full capacitance. Run Cs to full capaci-
tance and slowly reduce capacitance. At one
point you should hear a loud signal, the second
harmonic of the b.f.o. at 3400 kec. If the b.f.o. is
reasonably close to frequency, turning on the
calibration oscillator should give a weaker sig-
nal nearby (on the main tuning dial). Tune C;
to a higher frequency (less capacitance) and you
should hear another weaker signal, the 35th har-
monic of the oscillator (3500 kc.). Peak C, for
maximum signal and leave it. Run C; back to
about 90 per cent full capacitance and then slowly
reduce capacitance at Cs until the 35th harmonic
of the oscillator is again heard. If a 3500-kc. sig-
nal is available the adjustment can be made in a
more straightforward manner.

Once the oscillator trimmer Cs has been set to
give the proper tuning range of the oscillator
circuit (5.2 to 5.7 Mc.), the next problem is that
of adjusting the crystal filter circuit. With a ca-
pacitance bridge, or a grid-dip meter and an in-

Fig. 5-38—The input inductor L, is supported by a terminal strip on the side of the chassis (upper right), and L; is

supported nearby by a terminal strip mounted on the chassis. The coils are at right angles to minimize inductive

coupling. Lz is supported by the grommet in the chassis. The oscillator inductors, Lils, are also supported by a term-

inal strip (top center). A mica compression trimmer to the left of the oscillator inductors is used to center WWV on
the tuning dial; the pair of compression trimmers below Ls are in the crystal filter circuit.
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ductance, are set the two capacitors C: and C, at
the same capacitance (near maximum compres-
sion) before soldering them in the receiver. The
actual value of capacitance isn’t important, Lack-
ing these instruments, tighten the capacitors to
full compression and then loosen their screws by
3 turn. Tune in a signal—it can be from the
100-ke. oscillator or any other steady source—
and peak L, for maximum response. Tune off
the signal until it disappears and set the pitch
control, Cs, to a point where the background
noise is reasonably high-pitched. This is easy to
determine because at the lowest-pitched point
there will be an increase in hum; make the low-
est-pitched point the center of the knob scale by
adjustment of Ls, and then set the pitch control
to one end of its range. Tune back to the signal
and “rock” the tuning, Cs, as you change the ad-
justment of Ls. Look for a condition that gives
considerably more response on one side of zero
beat than on the other. It is a good idea to buy
several extra 1700-kc. crystals and try them in
different combinations. Small changes in the set-
ting of C: or Cs will have an effect on the selec-
tivity characteristic, but bear in mind that a
change in C: or Cs must be compensated for by
a readjustment of Le.. With a little patience it
should be possible to obtain a marked difference
in the output strength on the two sides of zero
beat. This will “flip over” to the other side if the
pitch control is set at the other end of its range.
The remaining alignment job consists of bring-
ing the input circuits into resonance on both
bands. With a signal tuned in at 40 meters,
“rock” C, back and forth to see if there are two
(close-together) points where the signal peaks.
If there are, adjust the 3-30-uuf. trimmer across
L, until only one peak is found. Check on 80
meters in a similar fashion. If for any reason it
is found that the two-peak condition can be elim-
inated on only one band at a time, it indicates an
abnormal amount of antenna reactance, and a
compromise adjustment will have to be made. It
can also mean that the antenna is not coupled
tightly enough to L, which will require increas-
ing the number of turns in the antenna coil.
The antenna coil on L; is of necessity a com-
promise. The 5 turns specified i