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Foreword

In thirty-five years of continuous publication The Radio
Amatewr’s Handbook has become as much of an institution as
amateur radio itself. Produced by the amateur’s own organiza-
tion, 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 Ifand-
book is founded on its practical utility, its treatment of radio
communication problems in terms of how-to-do-it rather than
by abstract discussion.

Virtually continuous modification is a feature of the Handbook
— 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 headquarters group of
the League, is participated in by skilled and experienced amateurs
well acquainted with the practical problems in the art.

The Handbool: is printed in the format of the League’s monthly
magazine, QNT. This, together with extensive and usecful 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.

JonNy HGNTOON
General Manager, ARRL
West Ilartford, Conn.
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THE
AMATEUR'S
CODE

eONE

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.

e TWO

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

e THREE »

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

«FOUR »

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

eFIVE »

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.

e SIX o

The Amateur is Patriotic . . . His knowledge and his sta-
tion are always ready for the service of his country and

his community. Y ;
— Paul M. Sega



CHAPTER 1

Amateur Radio

Amateur radio is a scientific hobby, a means
of gaining personal skill in the faseinating art
of eleetronies and an opportunity tc com-
municate with fellow citizens by private short-
wave radio, Seattered over the globe are over
250,000 amatewr radio operators who perform
a service defined in international law as one of
“self-training, intercommunieation and teehni-
calinvestigations earried on by . duly author-
ized persons interested in radio technique solely
with a personal aim and without peeuniary
interest.”

IFrom a humble beginning at the turn of the
century, amateur radio has grown to become
an cstablished institution, Today the Ameri-
can followers of amateur radio number over
200,000, trained  communicators  from  whose
ranks will come the professional communica-
tions specialists and exeeutives of tomorrow
just as many ol today’s radio leaders were first
attracted to radio by their carly interest in
amateur radio communication. A powerful
and prosperous organization now provides a
bond between amateurs and protects their
interests; an internationally respected maga-
zine is published sclely for their benefit. The
military services seek the cooperation of the
amateur in developing communications re-
serves. Amateur radio supports a manufactur-
ing industry which, by the very demands of
amateurs for the latest and best equipment,
is always up-to-date in its designs and pro-
duction  techniques — in  itself 2  national
agset. Amateurs have won the gratitude of
the nation for their heroie performances in
times of natural disaster; traditional amateur
skills in claergeney eommnnication are also the
stand-by svstem for the nation’s civil defense,
Amateur radio is, indead, 0 magnificently useful
institution.

Although as old as the art of radio itself,
amateur radio did not always enjoy such
prostige. Tts first enthusiasts were private
citizens of an experimental turn of mind wlhose
mmaginations went wild when Marconi first
proved that mossages actually could be sent
by wireless. They set about learning enough
about the new seientifie marvel to build home-
mado spark transmitters, By 1912 there were
numerous Government and conumereial stations,
and hundreds of amateurs; regulation was needed,
8o laws, licenses amd wavelength specifications
appeared. There was then no amateur organiza-
tion nor spokesman. The official viewpoint toward
amateurs was something like this:

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

But as the years rolled on, amateurs found
out how, and DX (distance) jumped from local
to 500-mile and even oeeasional 1000-mile two-
way contacts. Because all long-distance mes-
sages had to be relayed, relaving developed into
a fine art — an ability that was to prove in-
valuable when the Government suddenly ealled
hundreds of skilled amateurs into war serviee
in 1917, Meanwhile U, 8. amateurs began to
wonder if there were amateurs in other eoun-
tries across the scas and if, some day, we might
not span the Atlantie on 200 meters.

Most important of all, this period witnessed
the birth of the Ameriean Radio Relay League.
the amateur radio organization whose name
was to be virtually synonvmous with subse-
quent amateur progress and short-wave de-
velopment. Conecived and formed by the
famous inventor, the late Hiram Perey Maxim,
ARRL was formally launched in enrly 1914, 1t
had just begun to exert its full foree in amateur
aetivities 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
vears. There were then over 6000 amateurs.
Over 4000 of them served in the armed forees
during that war.

Today, few amatceurs realize that World
War I not only marked the close of the first
phase of amateur development but came very

HIRAM PERCY MAXIM
President ARRL, 1914-1936



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 Armi-
stice. The Government, having had a taste of
supreme authority over communications in
wartime, was more than half inclined to keep
it. The war had not been ended a month before
Congress was considering legislation that would
have made it impossible for the amateur radio
of old ever to be resumed. ARRL's President
Maxim rushed to Washington, pleaded, ar-
gued, 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 ILeague’s offices had
been closed for a year and a half, its rec-
ords stored away. Most of the former amateurs
had goue into service; many of them would
never come back. Would those returning be
interested in such things as amateur radio?
Mr. Maxim, determined to find out, called a
meeting of the old Board of Directors. The
situation was discouraging: amateur radio still
banned by law, former members scattered, no
organization, no membership, no funds. But
those few determined men financed the pub-
lication 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 mem-
bers to obtain money for immediate running
expenses, bought the magazine QST to be the
League’s official organ, started activities, and
dunned officialdom until the wartime ban was
lifted and amateur radio resumed again, on
October 1, 1919. There was a headlong rush
by amateurs to get back on the air. Gang-
way for King Spark! Manufacturers were hard
put to supply radio apparatus fast enough.
Each night saw additional dozens of stations
crashing out over the air. Interference? Tt was
bedlam!

But it was an era of progress. Wartime needs
had stimulated technical development. Vac-
uum tubes were being used both for recciving
and transmitting. Amateurs immediately
adapted the new gear to 200-meter work.
Ranges promptly inercased 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 trans-
atlantic work. Could they get across? In De-
cember, 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 American 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
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the Atlantic! It must be possible — but some-
how it couldn’t quite be done. More power?
Many already were using the legal maximum.
Better receivers? They had superheterodynes.
Another wavelength? What about those un-
disturbed wavelengths below 200 meters? The
engincering world thought they were worth-
less — but they had said that about 200 met-
ers. So, in 1922, tests between Hartford and
Boston were made on 130 meters with encour-
aging results. Early in 1923, ARRL-sponsored
tests on wavelengths down to 90 meters were
successful. Reports indicated that as the wave-
length dropped the results were better. Iixcitement
began to spread through amateur ranks.

Finally, in November, 1923, after some
months of careful preparation, two-way ama-
teur transatlantic communication was accom-
phished, when Schnell, 1MO, and Reinartz,
IXAM (now WACF and KOBJ, respectively)
worked for several hours with Deloy, 8ADB,
in Franece, with all three stations on 110 mc-
ters! Additional stations dropped down to
100 meters and found that they, too, could
easily work two-way across the Atlantic. The
exodus from the 200-meter region 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 offi-
cials 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
became commonplace. Then how about 20 me-
ters? This new band revealed entirely unex-
pected possibilities when 1XAM worked 6TS
on the West Coast, direct, at high noon. The
dream of amateur radio — daylight DX! —
was finally true.

@ ruUBLIC 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 Government at international conferences.
There are other reasons. One of these is a thor-
ough appreciation by the military and civil de-
fense authorities of the value of the amateur
as a source of skilled radio personnel in time
of war. Another asset is best described as ““public
service.”

About 4000 amateurs had contributed their
skill and ability in ’17-"18. After the war it was
only natural that cordial relations should pre-
vail between the Army and Navy and the ama-
teur. These relations strengthened in the next
few years and, in gradual steps, grew into co-
operative activities which resulted, in 1925, in



Public Service

the establishment of the Naval Communica-
tions Reserve and the Army-Amateur Radio
System (now the DMilitary Affiliate Radio
System). In World War II thousands of ama-
teurs in the Naval Reserve were called to ac-
tive duty, where they served with distinetion,
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 engaged
in vital civilian electronie research, develop-
ment and manufacturing. They also organized
and manned the War Emergency Radio Serv-
ice, the communications section of OCD,

The “public-service’ record of the amateur
is a brilliant tribute to his work. These activi-
ties can be roughly divided into two classes,
expeditions and emergencies. Amateur co-
operation with expeditions began in 1923 when
a League member, Don Mix, 1TS, of Bristol,
Conn. (now assistant technieal editor of @ST"),
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
8o outstanding that other explorers followed suit.
During subsequent years a total of perhaps two
hundred voyages and expeditions were assisted by
amateur radio, the several explorations of the
Antarctic being perhaps the best known.

Since 1913 amateur radio has been the prin-
cipal, and in many cascs the only, means of
outside communication in several hundred
storm, flood and earthquake emergencies in
this country. The 1936 and 1937 castern states
floods, the Southern Culifornia flood and Long
Island-New Iingland hurricane disaster in 1938,
the Florida-Gulf Coust hurricanes of 1947, and
the 1955 flood disasters called for the amateur’s
greatest emergency effort. In these disasters
and many others — tornadoes, sleet storms,
forest fires, blizzards — amateurs played a major
role in the relief work and carned wide com-
mendation for their resourcefulness in effecting
communication where all other means had failed.
During 1938 ARRL inaugurated a new emer-
gency-preparedness program, registering person-
nel aind equipment. in its Emergency Corps and
putting into effect a comprehensive program of
cooperation with the Red Cross, and in 1947 a
National Emergency Coordinator was appointed
to full-time duty at League headqnarters.

The amateur’s outstanding record of organized
prepuration for emergeney commnunications and
performance under fire has boen largely respon-
sible for tho decision of the Federal Government
ta) sot up speeial regulations and set aside special
frequencies for use by amateurs in providing
auxiliary comniunieations for civil defense pur-
poses in the event of war. Under the banner,
“Radio Amsteur Civil Emergency Sorviee,” ama-
teure are setting up and manning community and
area networks integrated with civil defense fune-
tions of the municipal governments, Should a war
cause the shut-down of routine amateur aetivi-

ties, the RACES will be immediately available 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 develop-
ment in the enthusiasm incident to interna-
tional DX, The experimenter was constantly
at work on ever-higher frequencies, devising
improved apparatus, and learning how to
cram several stations where previously there
was room for only one! In particular, the ama-
teur pressed on to the development of the very
high frequencies and his experience with five
meters is especially representative of his in-
itintive and resourcefulness and his ability to
make the most of what isat hand. In 1924, first
amateur experiments in the vicinity of 56 Mec.
indicated that band to be practically worth-
less 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 inves-
tigations by the brilliant experimenter, Ross
Hull (later @QST"s editor), developed the theory
of v.lf. wave-bending in the lower atmos-
phere and led amateurs to the attainment of
better distances: while occasional manifesta-
tions of ionospheric propagation, with still
greater distances, gave the band uniquely er-
ratic performance. 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
soveral thousand miles. Transcontinental 6-
meter DX is not uncommon; during solar peaks,
even the oceans have been bridged! It is a
tribute to these indefatigable amateurs that
today's concept of v.h.f. propagation was de-
veloped largely through amateur 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
continually overcrowds its frequency assign-
ments, spurring amateurs to the development
and adoption of new techniques to permit the




accommodation of more stations. For examples,
amateurs turned from spark to c.w., designed
more selective receivers, adopted ervstal control
and pure d.c. power supplics. From the ARRI/’s
own laboratory in 1932 came James Lamb’s “sin-
gle-signal”’ superheterodyne — the world’s most
advanced high-frequency radiotelegraph receiver
—and, in 1936, the ‘noise-silencer’” circuit.
Amateurs 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 equip-
ment for greater efficiency in spectrum use.
During World War II, thousands of skilled
amateurs contributed their knowledge to the
development of seeret radio devices, both in
Government and private laboratories. Equally
as important, the prewar technical progress by
amateurs provided the keystone for the de-
velopment of modern military communications
equipment. Perhaps more important today
than individual eontributions to the art is the
mass cooperation of the amateur body in
iovernment projects such as propagation
studies; each participating station is in reality
a separate field laboratory from which re-
ports are made for correlation and analysis. An
outstanding example was varied amateur partici-
pation in several activities of the International
Geophysical Year program. ARRL, with Air
Force sponsorship, conducted an intensive study
of v.h.f. propagation phenomena — DX trans-
missions via little-understood methods such as
meteor and auroral refleetions, and transequa-
torial seatter. ARRL-affiliated clubs and groups
have operated precision receiving antennas and
apparatus to help track earth satellites via radio.
For volunteer astronomers searching visually for the
satellites, other amateurs have manned networks to
provide instant radio reports of sightings to a cen-
tral agency so that an orbit might be computed.
Emergeney relief, expedition contact, ex-
perimental work and countless instances of
other forms of publie service — rendered, as
they always have been and always will be,
without hope or expectation of material re-
ward — made amateur radio an integral part
of our peacetime national life. The importance
of amateur participation in the armed forees
and in other aspects of national defense have
emphasized more strongly than ever that ama-
teur radio is vital to our national existence

@ THE AMERICAN RADIO RELAY
LEAGUE

The ARRL is today not only the spokesman
for amateur radio in this country but it is the
Iargest amateur organization in the world. It is
strictly of, by and for amateurs, is noncom-
mercial and has no stockholders. The members
of the League are the owners of the ARRL and
QOST.

The League is pledged to promote interest in
two-way amateur communication and experi-
mentation, It is interested in the relaying of
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The operating room at W1AW,

messages by amateur radio. It is concerned with
the advancement of the radio art. It stands for
the maintenance of fraternalism and a high
standard of conduet. It represents the amateur
in legislative matters.

One of the League’s principal purposes is to
keep amateur activities so well conducted that
the amateur will continue to justify his ex-
istence. Amateur radio offers its followers
countless pleasures and unending satisfaction.
It also calls for the shouldering of responsi-
bilitics — the maintenance of high standards,
a cooperative loyalty to the traditions of
amateur radio, a dedication to its ideals and
principles, so that the institution of amateur
radio may continue to operate “‘in the publie
interest, convenicence and necessity."

The operating territory of ARRL is divided
into one Canadian and fifteen U. 8. divisions.
The affairs of the League are managed by a
Board of Dircctors. One director is elected
every two years by the membership of each
U. 8. division, and one by the Canadian member-
ship. These dircetors then choose the president
and vice-president, who are also members of the
Board. The secretary and treasurer are also ap-
pointed by the Board. 'The directors, as represen-
tatives of the amateurs in their divisions, meet
annually to examine current amateur problems
and formulate ARRL policies thereon. The di-
rectors appoint a general manager to supervise
the operations of the League and its headquarters,
and to carry out the policies and instructions of
the Board.

ARRL owns and publishes the monthly
magazine, QST. Acting as a bulletin of the
League's organized activities, QS7 also serves
as a medium for the exchange of ideas and fos-
ters amateur spirit. I'ts 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 in-
clude a subscription to QST.

ARRIL maintains a model headqguarters
amateur station, known as the Iliram Percy
Maxim  Memorial Station, in  Newington,
Conn, Its call is WIAW, the call held by Mr.
Maxim until his death and later transferred



The ARRL

to the League station by a special FCC action.
Separate transmitters of maximum legal power
on each amateur band have permitted the
station to be heard regularly all over the
world. More important, W1AW 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 material for QST and the Rudio
Amateur's Handbook. Among its other ac-
tivities, the League maintains a Communica-
tions Department concerned with the operat-
ing activities of League members. A large field
organization is headed by a Section Communi-
cations Manager in ecach of the League’s
seventy-three sections. There are appointments
for qualified members in various fields, as out-
lined in Chapter 21, Special activities and contests
promote operating skill. A special section is
reserved each month in QST for amateur news
from every section of the country.

@ AMATEUR LICENSING IN THE
UNITED STATES

Pursuant to the law, FCC has issued de-
tailed 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 pecuniaryinterest. Ama-
teur operator licenses are given to U. S. citi-
zens who pass an examination on operation
and apparatus and on the provisions of law
and regulations affecting amateurs, and who
demonstrate ability to send and receive code.
There are four available classes of amateur license
— Novice, Technician, General (called “Condi-
tional” if exam taken by muail), and Amateur
Extra Class. Each has different requirements, the
first two being the simplest and consequently con-
veying limited privileges as to frequencies avail-
able. Exams for Novice, Technician and Condi-
tional classes are taken by mail under the super-
vision of a volunteer examiner. Station licenses
are grauted only to licensed operators and permit
communication between such stations for ama-
teur purposes, i.e., for porsona.l 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 frequencics are allocated exelu-
sively for use by amateunr stations. Transmissions
may be on any frequency within the assigned
bands. All the frequenmes 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
amateur stations is limited to 1000 watts and
on frequencies below 144 Mc. must be ade-
quately filtered direet current. limissions must be
free from spurious radiations. The licensce must

provide for measurement of the transmitter
frequency and establish a procedure for check-
ing it regularly. A complete log of station oper-
ation must be maintained, with specified data.
The station license also authorizes the holder
to operate portable and mobile stations subject
to further regulations. All radio licensees are
subject to penalties for violation of regulations.

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
anyone who suecessfully completes the exam-
ination. When you are able to copy code at the
required speed, have studied basic transmitter
theory and are familiar with the law and ama-
teur regulations, you are ready to give serious
thought to securing the Government amateur
licenses which are issued you, after examina-
tion 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, 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

Iq starting to learn the code, you should
consider it simply another means of conveying

A didah N dahdit

B dahdididit O dahdahdah

C dahdidahdit P dldahdahdlt

D dahdidit Q dahdahdidah

E dit R didahdit

F dididahdit S dididit

G dahdahdit T dah

H didididit U dididah

I didit V didididah

J didahdahdah W didahdah

K dahdidah X dahdldldah

L didahdidit Y dahdidahdah

M dahdah Z dahdahdidit

1 didah@dihd_al_l 6 dahdidididit

2 dididahdahdah 7 dahdahdididit

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

Period: didahdidahdidah. Comma: dahdah-
dididahdah. Questlon mark: dldldahdahdldlt
Error:didididididididit. Doubledash: dahdldldl-
dah. Wait: didahdididit. End of message:
dldahdldahdlt Tnvitation to transmit: dahdi-
dah End of work: dldldldahdldah Fraction
bar: dahdididahdit.

Fig. 1-1—The Continental {Infernational Morse) code.
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information. The spoken word is one method,
the printed page another, and typewriting and
shorthand are additional examples. Learning
the code is as casy — 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. 1t is
easy to ‘“‘speak” code equivalents by using
“dit” and “dah,” so that A would be © didah”
(the “t” is dropped in such combinations). The
sound ‘“di” should be staccato; a code char-
acter such as ““‘5” should sound like a machine-
gun burst: dididididit! Stress each ‘“‘dah’”
cqually; they are underlined or italicized in
this text because they should be slightly
accented and drawn out.

Take a few characters at a time. Learn them
thoroughly in didak 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 requirement is
to learn the characters to the point where
you can recognize each of them without
hesitation. Coneentrate 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 Radiovtele-
graph Code, 50¢ postpaid.

Code-practice transmissions are sent hy W1AW
every evening at 2130 EST (EDST May through
October), See Chapter 24, ‘“‘Code Proficieney.”

@ THE AMATEUR BANDS

Amateurs are assigned bands of frequencies
at approximute harmonic intervals throughout
the spectrum, Like assignments to all services,
they arc subject to modification to fit the
changing picture of world communications
needs. Modifications of rules to provide for do-
mestic needs are also oceasionally issued by FCC,
and in that respeet each amateur should keep
himself informed by WI1AW bulleting, QST re-
ports, or by communication with ARRL Ilq.
concerning a specific point.

In the adjoining table is a summary of the
U. 8. amateur bands on which operation is per-
mitted as of our press date. Figures are mega-
cycles. A means an unmodulated carrier, Al
means ¢.w. telegraphy, A2 is tone-modulated ¢.w.
telegraphy, A3 is amplitnde-modulated phone
(n.f.m, may also be used in such bands, except on
1.8-2.0 Me.), At is facsimile, Ad ix television,
n.f.m. desiguates narrow-band frequency- or
phase-modulated radiotelephony, f.m. means fre-
quency modulation, phone (including n.t.m,) or
telegraphy, and F1 is frequency-shift keying.

1- AMATEUR RADIO

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

7.000-7.300 — A1l
40m.  7.000-7.200 —T1
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.  21.000-21.250 — F1
21.250-21. 450 — A3
28.000-29.700 — Al
10 m, 28.500-29.700 — A3
29.000-29.700 — f.m.

6 m, 50.0-50.1 — Al
50.1-54 — Al, A2, A3, A4
H1-54 — AY
52,551 —f.m.
2m. HH-147.9 — A@, AL A2, A3, A4 fm,
147.9-148 — Al
220-225 — A, AL A2, A3, A4, L

| A, AL A2 A3, A4, A5,
3000 fom,

A#, Al A2, A3, AL,
A, f.m,, pulse

21,000-22,000
All above 30,000
1 Input power must not excecd 50 watts,
2 No pulse permitted in this band.
Nore: The bands 220 through 10,500 Me. are
shared with the Government Radio Positioning
Service, which has priority.

In addition, A1 and A3 (except non.f.m.)
on portions of 1.800-2.000, as follows:

Power (watts)

irea Band, ke.  Day Night

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

N,D., 5. D., Nebr., Colo,, N. 1975-2000  500* 200*
Mex.. and states west, including
Hawalian Ids,

Okla., Kans.,, Mo.. Ark., I, 1800-1825 200 50
Ind., Ky., Tenn., Ohio., W, Va.,
Va., N. (., 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 fm,

Technician licensees are permitted all
amateur privileges in 50 Mec., 145-147 Me.
and in the bands 220 Me. and above.
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CHAPTER 2

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 ficld 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
ficld 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 magnetic
field will be subject to a force. Everyone has seen
demonstrations of magnetic ficlds with pocket
magnets, so intensity and direction are not hard
to grasp.

A “static” field is one that neither moves nor
changes in intensity. Such a field can be set up
by a stationary electric charge (electrostatic
field) or by a stationary magnet (magnetostatic
field). But if cither 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-
crules an oloctrie 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 clectric and mag-
netic fields.

Lines of Force

Although no one knows what it is that com-
poses the field itsclf, 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 foree is exerted will move. The number
of lines in a chosen cross section of the field is a
measure of the intensity of the force. The number
of lines per unit of ares (square inch or square
centimeter) i8 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 clec-
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
electrous 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
clectrons will be repelled from each other and so
will two nuclei.

In a normal atom the positive charge on the
nucleus i oxactly balanced by the negative
charges on the electrons. However, it is possible
for an atom to lose one of its clectrons. 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
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2-ELECTRICAL LAWS AND CIRCUITS

or ions of the same kind — moves past a point in
a circuit. Since the charge on a single clectron or
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
clectrons even when the electrie foree is extremely
strong. Materials in which electrons or jons can
be moved with relative ease are called conductors,
while those that refuse to permit such movement
are called nonconductors or insulators. The fol-
lowing list shows how some common materials
are classified:

Conduclors Insidutors
Metals Dry Air
Carbon Wood
Acids Poreelain

Textiles
Cilass
Rubber
Resins

Electromotive Force

The electric foree 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 chemieal solutions on dis-
similar metals sets up an e.nuf.; such a combina-
tion is called a cell, and a group of cells forms an
electrie 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 clectrical energy that c¢an 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 e.nuf. 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 foree 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
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-
odieally reverses. With this kind of e.nuf. the
current flows first in one direction through the
circuit and then in the other. Such an e.m.f. is
called an alternating e.m.f., and the current is
called an alternating current (abbreviated a.c.).
The reversals (alternations) may oceur at any
rate from a few per sccond up to several billion
per second, Two reversals make a cycle; in one
evele the foree acts first in one direetion, then in
the other, and then returns to the first direetion
to begin the next eyvele. The number of eyeles in
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one second is ealled the frequency of the alter-
nating current.

The difference between direct current and
alternating current is shown in Fig. 2-1. In these
graphs the horizontal axis measures time, in-
creasing toward the right away from the vertical
axis. The vertical axis represents the amplitude
or strength of the current, inereasing in either
the up or down direction away from the hori-
zontal axis. If the graph is vbore the horizontal
axis the current is flowing in one direction through
the cireuit (indieated by the + sign) and if it is
helow the horizontal axis the current is flowing
in the reverse direetion through the cireuit (indi-
cated by the — sign). Fig. 2-1.\ shows that, if we
close the cireuit — that is, make the path for the
current complete — at the time indicated by X
the current instantly takes the amplitude indi-
cated by the beight A, After that. the current
continues at the same amplitude as time goes on,
This is an ordinary direet current.

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

In Fig. 2-1C the current starts at zero, in-
ereases in amplitude as time goes on until it
reaches the amplitude A, while lowing in the +
direction, then deereases until it drops to zero
amplitude once more. At that time (X) the
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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

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 cwrrent now fowing in the —
direction, until it reaches amplitude .1., Then
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-
queney, and the higher frequencies (2 times, 3
times the fundamental frequency, and so on) are
‘alled harmonics.

Fig. 2-2 shows how a fundamental and a
second harmonie (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 harmonie, Waveforms that are still more
complex can be construeted if more harmonics
are used.

Electrical Units

The unit of electromotive foree is called the
volt. An ordinary flashlight cell generates an
e.m.f. of about 1.5 volts, The e.m.f. commonly
supplied for domestic lighting and power is 113
volts, usually a.c. having a frequency of 60 eveles
per second. The voltages used in radio receiving
and transmitting circuits range from a few volts
(usually a.e.) 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
i thie civeuit in one second. Curprents 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.e. ampere” is a measure of a steady cur-
rent, but the “a.c. anmpere” must measure a
current that is continually varying in amplitude
and periodically reversing direetion. 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 direet current,
For sinc-wave a.c., this effective (or r.m.s., for
rool mean square, the mathematical derivation)
value is equal to the marinim (or peak) ampli-
tude (A or Az in Fig. 2-1C) multiplied by 0.707.
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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 bot-
tom. When the two components have the same polarity at
a selected instant, the resultant is the simple sum of the
two. When they have opposite polarities, the resultant is
the difference; if the negative-polarity component is
larger, the resultant is negative at that instant.

The instantaneous value is the value that the
current (or voltage) has at any sclected instant
in the evele, If all the instantancous values in a
sine wave are averaged over a half-cvele, the
resulting figure is the average value. It is equal
to 0.636 times the maximum amplitude.

@ FREQUENCY AND
WAVELENGTH

Frequency Spectrum

Frequencies ranging from about 15 to 15,000
cveles per second are ecalled audio frequencies,
hecause the vibrations of air particles that our
ears recognize as sounds oceur at a similar rate.
Audio frequencies (abbreviated a.f.) are used to
actuate loudspeakers and thus eroate sonnd
waves.

Frequencies above about 15,000 cyeles are
alled radio frequencies (r.f.) beeause 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. .\t radio fre-
quencies the numbers become so large that it be-
comes convenient to use a larger unit than the
cyele, Two such units are the kilocycle, which is
equal to 1000 cycles and is abbreviated ke., and
the megacycle, which is equal to 1,000,000 cycles
or 1000 kilocveles and is abbreeiated Mec.

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

17



2-ELECTRICAL LAWS AND CIRCUITS

Frequency Classification Abbreviation

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

30 to 300 ke. Low frequencies Lf.

300 to 3000 ke. Medium frequencies m.f.

3 to 30 Me. High frequencies h.f.

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

Wavelength

Radio waves travel at the same speed as light
— 300,000,000 meters or about 186,000 miles a
second in space. They can be set up by a radio-
frequency current flowing in a circuit, because
the rapidly changing current sets up a magnetic
field that changes in the same way, and the 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 frequeney 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 evcle 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
S

where A = Wavelength in meters
f = Frequency in kilocycles

or )\=.‘;Q

f
where A = Wavelength in meters
f = Frequency in megacycles
Example: The wavelength eorresponding to a
frequency of 3650 kilocycles is
A  300.000

——'—— = 82.2 meters
3650

A

Resistance

Given two conductors of the same size and
shape, but of different materials, the amount of
current that wiil 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 re-
sistance, 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 resistance,
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 2-1 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 conduetor.
For direct current and low-frequency alternating

TABLE 2.1
Relative Resistivity of Metals
Resistivity

Material Compared to Copper
Aluminum (pure) ... ...... 1.6
Brass.................... 3.74.9
Cadmium , ... ............ 4.4
Chromium . . .. ........... 1.8
Copper (hard-drawn) . ... .. 1.03

....... 1.00

Copper (annealed) .

Gold . . [ 1.4
Iron (pure) . ... .......... 5.68
ad. .. 12.8
Nickel. ....... ... ...... 5.1
Phosphor Bronze. . .. ... .. 2.8-5 1
Silver. ... ... 0.94
Steel ... 7.6-12.7
Pin. ... ... 6.7
Zine..................... 3.1

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 ohma is
needed and some No. 28 wire is on hand. The
wire table in Chapter 20 shows that No. 28 has
a resistance of 66.17 ohms per thousand feet.
Since the desired resistance is 3.5 ohms, the
length of wire required will be
3.5
66.17
Or, suppose that the resistance of the wire in
the eircuit must not exeeed 0.05 ohm and that
the length of wire required for making the con-
neetions totals 14 feet, Then

14
m X R = 0.05 ohm
where R is the maximum allowable resistanee in
ohms per thousand feet. Rearranging the for-
mula gives
R = 0.05 X 1000

14
Reference to the wire tuble shows that No. 15is
the smallest size having a resistance less than
this value,

X 1000 = 52,89 feet.

= 3.57 ohms/1000 ft.

When the wire is not copper, the resistance
values given in the wire table should be multi-



Resistance

Types of resistors used in radio equip-
ment. Those in the foreground with wire
leads are carbon types, ranging in size
from Y2 watt at the left to 2 watts at
the right. The larger resistors use re-
sistance wire wound on ceramic tubes; s
sizes shown range from 5 watts to 100
watts, Three are of the adjustable type,
having a sliding contact on an exposed
section of the resistance winding.

plied by the ratios given in Table 2-1 to obtain
the resistance.
Example: If the wire in the first example were

iron instead of copper the length required for
3.5 ohms would be

__ 35 1000 = 9.35 feet.
66.17 X 5.65

Temperature Effects

The resistance of a conductor changes with
its temperature. Although it ix 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 inecreasing tempera-
ture. Ctarbon, however, acts in the opposite way;
its resistance decreases when its temperature rises.
The temperature effect is important when it is
necessary to maintain a constant resistance under
all conditions. Special materials that have little
or no change in resistance over a wide tempera-
ture 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 1esistance and
the larger the current, the greater the amount of
heat developed. Resistors intended for carrying
large eurrents must be physically large so the heat
can be radiated quickly to the surrounding air.
If the resistor dues not get rid of the heat quickly
it may reach a temperature that will cause it to
melt or burn,

Skin Effect

The resistance of a conductor is not the same
for alternating current as it is for direct current.
When the current is alternating there are internal
effects that tend to force the current to flow
mostly i4 the outer parts of the conductor. This
decreases the effective cross-sectional area of the
conductor, with the result that the resistance
inereases.

For low audio frequencies the increase in re-
sistance is unimportant, bt at radio frequencies
this skin effect 1> so great that practically all the
current flow is confined within a few thousandths
of an inch of the conductor surface. The r.f.
resistance is conscquently 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
-alled conductance. It is usually represented by
the symbol (7. A circuit having large conductance
has low resistance, and viee versa. In radio work
the term is used chiefly in connection with
vacuum-tube characteristics. The unit of con-
ductance is the mho. .\ 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 elecliie ciieuit is o 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 circvit
consisting of a battery and

—Batt.
resistor. [

can flow out of the battery, through the apparatus
connected to it, and back into the battery, The
circuit is broken, or open, if a connection is re-
moved at any point. A switch is a device for
making and breaking connections and thereby
closing or opening the circuit, either allowing
current. to flow or preventing it from flowing.
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TABLE 2-11
Conversion Factors for Fractional and
Multiple Units
To change from)| To | Divide hy Multiply by
Units Micro-units [ 1,000,000
| Milli-unita | 1000
| Kilo-units 1000 |
| Mega-units 1,000,000(
Micro-units | Milli-units | 1000 |
| Units 1,000,000
Milliamits | Micro-units | 1000
' Units 1000
1
Kilo-units | Units f 1000
{ Mega-units 1000 |
Mega-units | Units 1,000,000
| Kilo-units | 1000

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
cuirent flowing in a circuit is directly propom=
tional to the applied e.m.f. and inversely propor-
tional to the resistance. Kxpressed as an cqua-~
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 cach of the three
quantitics may be found when the other two are
known:

I (amperes) =

E=1IR

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

E
k 1
(or, the resistance of the cireuit is equal to the
applied voltage divided by the current).

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

Table 2-11 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.
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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 con-
verted from milliamperes to amperes, and refer-
ence to the table shows that to do so it is neces-
sary to divide by 1000, Therefore,

150
E = —2° % 20,000 =
1005 < 20.000 = 3000 volts

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

E 150
R =—= _"==600ohms
I 25
No eonversion was neecessary hecause the volt-
age and eurrent were given in volts and amperes.

How much eurrent will flow if 250 volts is ap-

plied to a 5000-ohm resistor? Since I is unknown.
B 250

I =_"=
R 5000
Milliampere units would be more convenient for
the current, and 0.05 amp. X 1000 = 50 mil-
liamperes.

= 0.05 ampere

@ 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

Source SERIES
of EMF,
Ry
Fig. 2-4—Resistors
connected in series
and in parallel, —
ParaLLEL
Source R
of EMF. 2

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 e.m.f. (in the direction shown by the
arrow, let us say) down through the first re-
sistance, R1, then through the second, R., and
then back to the source. These resistors are con-
nected in series. The current everywhere in the
circuit has the same value.

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



Series and Parallel Resistance

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, Rs, Rj; etc., then

R(total) = Ry + Re+ B3+ Re+ . . . .
where the dots indicate that as many resistors as
necessary may be added.

Exaniple: Suppose that three resistors are
connected to a source of e.m.f. as shown in Fig.
2.5, The e.mf. is 250 volts, R1 is 5000 ohms,

R2is 20,000 ohms, and R3 is 8000 ohms. The
total resistance is then

R = R1 + Rg + R3 = 5000 + 20,000 + 8000

= 33,000 ohms
The eurrent flowing in the cireuit is then
=E 20 _ 00757 amp. = 7.57 ma.
R 33,000

(We need not carry caleulations beyond three
significant figures, and often two will suffice
beeause the aceuracy of measurements is seidom
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 R: (Fig. 2-5)

is called E1, that across /2 is ealled E2, and that
across 123 is called E3, then

Ey = IR1 = 0.00757 X 5000 = 37.9 volts
E2 = IR2 = 0.00757 X 20,000 = 151.4 volts
E3 = Ilt3 = 0.00757 X 8000 = 60.6 volts
The applied voltage must equal the sum of the
individual voltage drops:
E = E1 + E2 + K3 =37.9 + 151.4 4 60.6
= 249.9 volts

The answer would have been more nearly exact
if the eurrent had been calculated to more deci-
mal places, but as expluined above a very high
order of accuracy is not neeessary.

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,
3000 .
Fig. 2-5—An example
R of resistors in series.
=E-250V, 20023 The solution of the cir-
cuit is worked out in the
text.
3000
AN—
R

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

Resistors in Parallel

In a circuit with resistances in parullel, 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

1
1 1 1 1
mTRTRT®m
where the dots again indicate that any number
of resistors can be combined by the same method.
For only two resistances in parallel (a very com-
mon case) the formula becomes
_ RiR,
Ry + Re

Example: If a 500-ohm resistor is parallcled
with one of 1200 ohms, the total resistance is
_ MRz _ 500 X 1200 _ 600,000
TR+ Re 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-

+ccccc

=e-2s0v,

R, R4S
'5000 20.000$> 80005

Fig. 2-6—An example of resistors in parallel. The solution
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, [, being the current
through R,, I, the current through R, and I the
current through R,

For convenicnce, the resistanee will be expressed
in kilohms so the eurrent will be in milliainperes.

E 250

h == =225 )

1 = 3 50 ma.
E 250

Io = — ==— =125
Rz 20 v e

Iz -E _250 =31.25 ma.
R3 8

The total current is
=l +Iad I3 =501 1254+ 21,25

= 93.75 ma.
The total resistance of the cireuit is therefore
E 250 A
R = 2 = 373 = 2,66 kilohms ( = 2660 ohins)

Resistors in Series-Parallel

An actual circuit may have resistances both in
parallel and in series. T'o illustrate, we use the
same three resistances again, but now connected
as in Fig. 2-7. The method of solving a circuit
such as Iig. 2-7 is as follows: Consider R»
and 2y in parallel as though they formed a
single resistor. Find their equivalent resistance.
Then this resistance in series with R forms a
simple cories circuit, as shown at the right in
Ing, 2-7.
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R,
5000
Req.
—E=250v (Equivalent R
of Ry and Ry
in parallel)

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

Example: The first step is to find the equiva-
lent resistance of R2 and R3. From the formula
for two resistances in parallel,

Rea. = ReRz 20X 8 _ 160
““ " Re+ Ry 20+8 28
= 5.71 kilohms
The total resistanee in the eircuit is then
R = R1 + Rey. =54 5.71 kilohins
= 10.71 kilohms
The current is
E _ 250
R 10,71
The voltage drops aeross Ry and Req. are
Ey =IR1 =233 X 5 = 117 volts
Ez = IReq. = 23.3 X 5.71 = 133 volts
with sufficient aecuracy. These total 250 volts,
thus checking the calculations so far, beeause
the sum of the voltage drops must equal the
applied voltage. Since Ez appears aeross both Rz

I = = 23.3 ma.

and R3,
s = B2 _ 133 _ 665 ma.
Ry 20
=22 _138 _ 56na
Ra 8

where I2 = Current through Rz
I3 = Current through R3

The total is 23.25 ma., which ehecks elosely
enough with 23.3 ma., the eurrent through the
whole eireuit.

@ POWER AND ENERGY

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

P =FEI
where I = Power in watts
E = E.m.f. in volts

I = Current in amperes

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

Example: The plate voltage on a transmitting
vacuum tube is 2000 volts and the plate eurrent
is 350 milliamperes. (The eurrent must be
changed to amperes before substitution 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= 5
P= IR

These formulas are useful in power ealculations
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when the resistance and either the current or
voltage (but not both) are known.
Example: 1low much power will be used up
in a 4000-ohm resistor if the voltage applied to
it is 200 volts? From the equation
2 (20002 40,000

P= — = 000 = 10 watts

R 4000

Or, suppose a current of 20 milliamperes flows
through a 300-ohm resistor. Then
P = I?2R = (0.02)2 X 300 = 0.0004 X 300
= 0.12 watt

Note that the eurrent was echanged from mil-
liamperes to amperes before substitution in the
formula.

Electrical power in a resistance is turned
into heat. The greater the power the more
rapidly the heat is generated. Resistors for radio
work are made in many sizes, the smallest being
rated to “dissipate” (or carry safely) about 34
watt. The largest resistors used in amateur equip-
ment will dissipate about 100 watts.

Generalized Definition of Resistance

Klecetrical 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 characteristies 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
absorbs power at a definite voltage/current ratio
is very useful, since it permits substituting a
simple resistance for the load or power-consum-
ing part of the device receiving power, often with
considerable simplification of calculations. Of
course, every electrical device has some resistance
of its own in the more narrow sense, so a part of
the power supplied to it is dissipated in that
resistance and hence appears as heat even though
the major part of the power may be converted to
another form.

Efficiency

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

P

E

Ef.



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
efliciency is

g = Po 50

Pi 100

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 efficiency
in the above example is 60 per cent,

=0.6

Energy

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

Electrical work is equal to power multiplied by
time; the common unit is the watt-hour, which
means that a power of one watt has been used
for one hour. That is,

W = PT
where W = Energy in watt-hours
£ = 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
practice, but it is obvious that a small amount
of power used for a long time can eventually
result in a “power” bill that is just as large as
though a large amount of power had been
used for a very short time.

Capacitance

Suppose two flat metal plates are placed close
to each other (but not touching) and are con-
neeted to a battery through a switeh, as shown in
Iig. 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

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 connected.
Huwevcer, if a wire is tonched between the two
plates (short-circuiting them) the excess electrons
on the bottom plate will flow through the wire to
the upper plate, thus restoring electrical neutral-
ity. The plates have then been discharged.

The two plates constitute an electrical capacitor,
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 ficld 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-
cver, the current flows only during the time of
charge and discharge, and this time is usually
very short. There ean he 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 eapacitance. 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 eapacitance many times. The ratio
of the ecapacitance with some material other
than air between the plates, to the capacitance
of the same eapacitor 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
eapacitors are given in Table 2-II1. If a sheet
of photographic glass is substituted for air be-
tween the plates of a capacitor, for example, the
capacitance will be inereased 7.5 times,

TABLE 2.-1I1
Dielectric Constants and Breakdown Voltages
Dielectric Puncture

Material Constant * Voltage **
Air 1.0
Alsimag 196 5.7 240
Bakelite 4.4-5.4 300
Bakelite, mica-filled 4.7 325-375
Cellulose acetate 3.3-3.9 250-600
Fiber 5-7.5 150-180
Formica 1.64.9 450
Glass, window 7.6-8 200-250
Glass, Pyrex 4.8 335
Mica, ruby 5.4 3800-5600
Mycalex 7.4 250
Paper, Royalgrey 3.0 200
Plexiglass 2.8 990
Polyethylene 2.3 1200
Polystyrene 2.6 500-700
Porcelain 5.1-5.9 40-100
Quartaz, fused 3.8 410
Steatite, low-loss 5.8 150-315
Teflon 2.1 1000-2000

*At 1 Me. **1n volts per mil (0.001 inch)
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Units

The fundamental unit of capacitance is the
farad, but this unit is much too large for praec-
tical work. Capacitance is usually measured in
microfarads (abbreviated uf.) or micromicro-
farads (upf.). The microlarad is one-millionth

{

Fig. 2-9—A multiple-plate capacitor. Alternate plotes are
cannected tagether.

of a farad, and the micromicrofarad is one-mil-
lionth of a microfarad. Capacitors nearly alwayvs
have more than two plates, the alternate plates
being connected together to form two scts as
shown in IMig. 2-9. This makes it possible to attain
a fairly large eapacitanee in a small space, sinee
several plates of smaller individual arca can be
stacked to form the equivalent of a single large
plate of the same total area. Also, all plates,
oxeept the two on the ends, are exposed to plates
of the other group on hath sides, and so are twice
as effective in inereasing the capacitance.
The formul: for cadeuliting eapacitanee is:

C = 0.2341‘(74 (n—1)

where C = Capacitance in uuf.
K = Diclectrie constant of material be-
tween plates
A = Area of one side of one plate in
square inches
Separation of plate surfaces in inches
Number of plates

d
n

I

If the plates in one group do not have the same
arca as the plates in the other, use the area of
the smaller plates.

The usefulness of a capacitor in electrieal
circuits lies in the faet that it can be charged
with eleetrical energy at gne time and then dis-
charged at a later time. In other words, it is an
“clectrical reservoir.”
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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. 1n variable capacitors
(almost always construeted with air for the
dieleetric) one set of plates is made movable with
respeet to the other set so that the capacitance
can be varied. Fixed capacitors — that is, assem-
blies having o single, non-adjustable vilue of
capueitanee —also ean bhe made  with metal
plates and with air as the dieleetrie, but usually
are constructed from plates of metal foil with a
thin solid or liquid dielectric sandwiched in be-
tween, so that a relatively large capacitance
an be secured in a small unit. The solid dicleetries
commonly used are mica, paper and special
ceramics, An example of a liquid dielectrie is
mineral oil, The electrolytic eupacitor uses alumi-
num-foil plates with a semiliquid condueting
chemical compound between them; the actual
diceleetrie is a very thin film of insulating ma-
terial that forms on one set of plates through
clectrochemical action when a d.e. voltage is
applied to the eapacitor, The capacitance oh-
tained with a given plate area in an cleetrolytie
capacitor is very large, compared with eapaeitors
having other dicleetries, beeause the film is <o
extremely thin — mueh less than any thickness
that is practicable with a solid dieleetric,

Voltage Breakdown

When a high voltage is applied to the plates
of u capacitor, a considerable foree is exerted
on the eleetrons and nuclei of the dielectrie.
Because the dieleetrie is an insulator the clee-
trons do not hecome detached from atoms the
way they do in conductors. However, if the
foree is great enough the dicleetrie will “break
down™; usually it will puncture and may chai
(if it ix solid) and permit enrrent to flow. The
breakdown voltage depends upon the kind and
thickness of the dieleetrie, ax shown in Table
2-111. It is not direetly proportional to the
thickness; that is, doubling the thickness does
not quite double the breakdown voltage. if the
dielectric is air or any other gas breakdown is

Fixed ond varioble capacitars. The
large unit at the left is o tronsmitting-
type variable copacitar far r.f. tank
circuits. Ta its right are ather air-
dielectric variobles of different sizes
ranging from the midget "air padder™
ta the medium-pawer tank copacitar
at the top center. The cased capacitars
in the top row are for power-supply
filters, the cylindrical-can unit being an
electralytic and the rectangulor ane
o paper-dielectric copacitar. Variaus
types of mica, ceramic, and paper-
dielectric capacitars are in the fare-
graund.



Capacitors

evidenced by a spark or arc between the plates,
but if the voltage is removed the arc ceases and
the capacitor is ready for use again. Break-
down will occur at a lower voltage between
pointed or sharp-edged surfaces than between
rounded and polished surfaces; consequently,
the breakdown voltage between metal plates of
given spacing in air can be increased by buffing
the edges of the plates.

Since the dielectric must be thick to 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-vollage 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 arc 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(tota]) = +Co+Ca+Co4 -vemvveene

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

C (total) = — - — =

and, for only two capacitors in series,

Ci(y
C (total) D

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

Capacitors are connected in parallel to ob-
tain a larger total capacitance than is available
in one unit. The largest voltage that can be ap-
plied safely to a group of capacitors in parallel
is the voltage that can be applied safely to the
one having the lowest voltage rating.

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

o . .
Source l J. J_
of EMF. CIT CZT CST
e, . ¢
PARALLEL
Fig. 2-10—Capac-
itors in parallel and
l—_l_ in series.
C
Source c I
of EMF 2
T_j
SERIES

compared 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

=7 ll -

1 1
C C2 (3 1 +
0.571 uf.

The voltage across each capacitor is propor-
tional to the tofal capacitance divided by the ea-
pacitance of the capacitor in question, so the
voltage across Cj is

IS

1
1
2

o =3 -

AL
4

E - @ X 2000 = 1142 volts
Similarly, the voltages across C2 and C3 are
E2 = (%7-1 X 2000 = 571 volts

E3 = (—)% X 2000 = 286 volts

totaling approximately 2000 volts, the applied
voltage.

Cupacitors are frequently connected in series
to enable the group to withstand a larger voltage
(at the expense cf decreased total capacitance)
than any individual eapacitor is rated to stand.
ITowever, as shown by the previous example, the
applied voltage does not divide equally among
the capacitors (except when all the capacitances
are the sutne) su care must he taken to see that
the voltage rating of no capacitor in the group
is exceeded.

E, (o ipf
E=2000V. E, Cpo=2pt
i S

Es C3 4 pf
'S LT
Fig. 2.11—An |

ple of capacitors ¢ ted In series.
The solution to this arrangement Is worked out in the text,
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Inductance

1t is possible to show that the flow of current
through a conductor is accompanied by magnetie
effects; a compass needle brought near the con-
ductor, for example, will be deflected from its
normal north-south position. The current, in
other words, sets up a magnetic field.

The transfer of energy to the magnetic field
represents work done by the source of e.m.f.
Power is required for doing work, and since power
is equal to current multiplied by voltage, there
must be a voltage drop in the cireuit 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
cireuit) is the result of an opposing voltage
“induced” in the dreuit while the field is building
up to its final value. When the field becomes
constant the induced e.m.f. or back e.m.f. disap-
pears, since no further energy is being stored.

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

Inductance depends on the physical char-
acteristies of the conductor. If the conductor
is formed into a coil, for example, its inductance
is inereased. 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 induetance will be
greater than it was without the magnetie core.

The polarity of an induced e.m.f. is always
such as to oppose any change in the current in the
cireuit. This means that when the current in the
eireuit is increasing, work is being done against
the induced e.m.f. by storing energy in the mag-
netie field. If the current in the cireuit tends to
decrease, the stored energy of the field returns to
the cireuit, and thus adds to the energy being

supplied by the souree of e.m.f. This tends to keep
the current flowing even though the applied
e.m.f. may be deercasing or he removed entirely.

The unit of induetance 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
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
cireuits, the inductance values used will be mens-
ured in millihenrys (a millihenry is one onc-
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,

LEvery conductor has induetance, even though
the conductor is not formed into a coil. The
inductance of a short length of straight wire
is small, but it may not be negligible because
if the current through it changes its intensity
rapidly enough the induced voltage may be
appreciable. This will be the case in even a few
inches of wire when an alternating current having
a frequency of the order of 100 Me. or higher is
flowing. llowever, at much lower frequencies the
inductance of the same wire could be left out of
any caleulations because the induced voltage
would be negligibly small.

Calculating Inductance
The approximate inductance of single-layer
air-core coils may be caleulated from the sim-
plified formula

a*n’®
Lteh) =G0+ o

where L = Inductance in microhenrys

Inductors for power and radio fre-
quencies. The two iran-core coils at the
left are ''chokes” for power-supply
filters. The mounted air-core coils at
the top center are adjustable inductors
for transmitting tank circuits. The "pie-
wound"’ coils at the left and in the fore-
ground are radio-frequency choke
coils. The remaining coils are typicel of
inductors used in r.f. tuned circuits, the
larger sizes being used principally for
transmitters.
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Inductance

a = Coil radius in iuches
b = Coil length in inches
n = Number of turns

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

I
Fig. 2-12—Coil dimensions 20
used in the inductance for- :
mula. The wire diameter does 4

not enter into the formula.

——b

formula is a close approximation for coils having
a length equal 1o or greater than 0.8q.

Fxample: Assume a coil having 48 turns
wound 32 turns per inch and a diameter of 3¢
inech, Thusa = 0.75 + 2 = 0.375, b = 48 + 32
= 1.5, and » = 48. Substituting,

I = .375 X .375 X 48 X 48 = 17.6 uh.

© (9 X.375) + (10 X 1.5
To calculate the number of turns of a single-
laxyer coil for a required value of induetanee,

W \/L (9 + 100)
a-

Example: Suppose an inductance of 10 ph. 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 134 inches.
Then a = 0.5, b = 1.23, and L = 10. Substi-
tuting,

n= '\‘“_).(4‘" +12.5 _ V680 = 26.1 turns
BH X5

A 26-turn ecoil would be ¢lose enough in prac-
tical work. Sinec the coil will be 1.25 inches
long, the number of turns per ineh will be
26.1 + 1.25 = 20.8. Consulting the wire table,
we find that No. 17 enameled wire (or anything
smaller) ean be used. The proper induetance is
ohtained by winding the required number of
turns on the form and then adjusting the spae-
ing between the turus to make a uniformiy-
spaced coil 1.25 inche~ long.

Inductance Charts

Most induetance formulas lose aceuracy when
applied to small coils (such as are used in
v.h.f. work and in low-pass filters built for reduc-
ing harmonie interference to television) beeuuse
the conductor thickness is no longer negligible in
eomparison with the size of the coil. IMig. 2-13
shows the measured inductance of v hf eoils,
and may be used as a bhasis for circuit design.
Two curves are given: curve A is for eoils wound
to an inside diameter of ¥4 inch; curve B is for
cotls of 34-inel inside diameter. In both curves
the wire size is No. 12, winding pitch 8 turns to
the inch (14 inch center-to-center turn spacing).
The inductance values given include leads 4
inch long.

The charts of Figs. 2-11 and 2-15 are useful
for rapid determination of the indvetance of
coils of the type commonly used in radio-fre-
queney circuits in the range 3-30 Mec. They are
of sufficient accuracy for most practical work.
Given the coil length in inches, the curves show
the multiplving factor to be applied to the in-
ductance value given in the table helow the curve
for a coil of the same diameter and number of
turns per inch,

Example: A coil 1 ineh in diameter ia 1}
inches long and has 20 turns. Therefore it has
16 turns per inch, and from the table uader Fig.
2-15 it is found that the reference inductance
for a coil of this diameter and number of turng
per inch is 16.8 sh. From curve B in the figure
the multiplying factor is 0.35, so the inductance
is

16.8 X 0.35 = 5.9 uh.

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

Example: A coil having an inductance of 12
uh. is required. It is to be wound on a form
having a diameter of 1 inch, the length available
for the winding being not more than 11{ inches.
From Fig. 2-15, the multiplying factor for a 1-inch
diameter coil (curve B) having the maximum
possible length of 13 inches is 0.35. Hence the
number of turns per ineh must be ehosen for a
reference induetance of at least 12/0.35, or 34 uh.
From the Table under Fig. 2-15 it is seen that 16
turns per inch (reference induetance 16.8 wh.)
is too amall. Using 32 turns per inch, the multi-
plying factor is 12/68, or 0.177, and from curve
B this corresponds to a eoil length of 3{ inch.
There will be 24 turns in this length, sinee the
winding " piteh” 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 Miniduetor” and “Ilumitronie 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 eore. 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

2
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Fig. 2-13—Measured inductance of coils wound with
No. 12 bare wire, 8 turns to the inch. The values include
half-inch leads.

27



2-ELECTRICAL LAWS AND CIRCUITS

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 magnetie material varics
with the flux density. At low flux densities (or
with an air core) increasing the current through
the coil will cause a proportionate increase in flux,
but at very high flux densities, inereasing 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 deerease in
permeability, because it decreases the ratio of

flux lines to those obtainable with the same cur-
rent 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
beceause air does not saturate.

Iron core coils such as the one sketched in

MULTIPLY INDUCTANCE VALUE IN TABLE BY

1.0
S /]
uy 9 f
3 /|
N 711
ol 4 .
2, / 0 1 2 3
s / LENGTH OF COIL IN INCHES
e ) —
BN / [ Fig. 2-15—Factor to be applied to the inductance of coils
o 3 74 listed in the table below, as a function of coil length. Use
s . / R curve A for coils marked A, curve B for coils marked B.
) / -
g 3 / ) Coil diameter, No. of turns | Inductance
3 // Inches per inch in wh.
> 2 14 s | nig
> 5
X j/ ) 6 0.40
3 V4 8 0.72
g o ' 10 112
o 1 2 3 4 5 16 249
LENGTH OF COIL IN INCHES o 3 I N1
Fig. 2-14—Factor to be applied to the inductance of coils (5/_\“) (4} 8(2.8,
listed in the table below, for coil lengths up to 5 inches, : 8 1']'"
- 10 1.7
Coil diameter, No. of turns Inductance 16 | 4.4
Inches per inch in wh, | 32 | 18
1% a 275 % ’ 1 , 0.6
6 63 () 6 ‘ 1.35
8 11.2 8 2.4
10 17.5 10 3.8
16 425 16 9.9
B I 32 40
¢ 4 3.9 1 4 10
; N ) 6 2.3
5.6 ;
M ( 8 4.2
o i 10 6.6
N 16 16.8
13 4 5.2 3 68
6 1.8 . . . R .
8 21 Fig. 2-16 are used chiefly in power-supply equip-
:g 2;‘ ment. They usually have direet current flowing
B - e through the winding, and the variation in induet-
2 1 6.6 ance with current is usually undesirable. Tt may
g 1)" be overcome by keeping the flux density below
=0
10 42
16 108 Air gap
214 4 10.2 Fig. 2-16—Typical construction
g 23 of an iron-core inductor. The
10 é; small air gap prevents mag-
- o netic saturation of the iron and
3 . 4 14 thus maintains the inductance at
6 31.5 high currents.
8 56
10 89
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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-
netie “resistance” introduced by such a gap is so
large — even though the gap is only a small
fraction of an inch — compared with that of the
iron that the gap, rather than the iron, controls
the flux density. This reduces the inductance,
but makes it practically constant 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 in-
dueed, as previously explained, and since iron is a
conductor a current will flow in the core. Such
currents (called eddy currents) represent a waste
of power because they flow through the resist-
ance of the iron and thus cause heating. Eddy-
eurrent losses can be reduced by laminating
the eore; that is, by cutting it into thin strips.
These strips or laminations must be insulated
from ecach 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
increase rapidly as the frequency of the alter-
nating current is increased. For this reason, ordi-
nary iron cores can be used only at power and
audio frequencies — up to, say, 15,000 cycles.
Even so, a very good grade or 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 mix-
ing it with a “binder” of insulating material
in such a way that the individual iron particles
are insulated from each other. By this means
cores can be made that will funetion satisfactorily
even through the v.L.f. range — that is, at fre-
quencics up to perhaps 100 Me. Because a large
part of the magnetic path is through a nonmag-
netic material, the permeability of the iron is
low compared 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 eonstruc-
tion, the major portion of the magnetic path for
the flux is in air, the slug is quite effective in
increasing the coil inductanee. By pushing the
slug in and out of the coil the inductance can be
varied over a considerable range.

@ INDUCTANCES IN SERIES AND
PARALLEL

When two or more inductors are connected
in series (Fig. 2-17, left) the total inductance is

14
LJ
Fig. 2-17—Induc-
tances in seriesand ¢~ Lp Ly
parallel.
Ls

equal to the sum of the individual induectances,
provided the coils are suffictently separated so that
no coil is in the magnetic field of another. That is,

Ltotal = Li + Lo+ Ly + Lo+ ...... ..

If inductors are connected in parallet (Fig. 2-17,
right), the total inductance is
1

1 1 1 1
L—I'I-E 'Z; Z;+"'"

and for two inductances in parallel,
_ LiL,
Ly + Ly

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.

Liotal =

@ 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.nm.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 cuils.

1f 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 inductanece are
said to be coupled.

The ratio of actual mutual inductance to the
maximum possible value that could theoretically
be obtained with two given coils is called the
coefficient of coupling between the coils. It is
frequently expressed as a percentage. Coils that
have nearly the maximum possible (coefficient =
1 or 1009%) mutual inductance are said to be
closely, or tightly, coupled, but if the mutual
inductance is relatively small the coils are
said to be loosely coupled. The degree of coupling
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Fig. 2-18—Mu-
tual inductance.
When the switch,
S, is closed
current flows
through coil No.
1, sefting up a
magnetic field
thot induces an
e.m.f.intheturns
of coil No. 2.

depends upon the physical spaeing 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 possi-
ble (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 cou-
pling is closely approached only when the two
coils are wound on a closed iron core. The co-
efficient 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 mueh less if the two eoils are separated.

Time Constant

Capacitance and Resistance

Connecting a source of e.muf. to a capaeitor
snuses the eapacitor to hecome charged to the full
e.mf. practically instantancously, if there is no
resistance in the cireuit. However, if the circuit
contains resistance, as in Fig. 2-19\, the resist-
ance limits the current flow and an appreeiable
length of time is required for the e.muf. between
the capacitor plates to build up to the same value
as the e.m.f. of the source. During this “building-
up” period the current gradually decreases from
its initial value, because the inereasing e.m.f.
stored on the eapacitor offers inereasing opposi-
tion to the steady e.m.f. of the sourece,
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Fig. 2-19—lllustrating 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 i8 the length of time, in seconds,
required for the voltage across the eapacitor 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 eonstant is

T =RC
where 7' = Time constant in seconds
(' = 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

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

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

Example: If the capacitor of the example
above is charged to 1000 volts, it will discharge
to 370 volts in 14 second through the 250,000+
ohm resistor.
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usually are more convenient. Fig. 2-20—How the voltage across a capacitor rises, with

time, when charged through a resistor. The lower curve
shows the way in which the voltage decreases across the
capacitor terminals on discharging through
the same resistor

Lixample: The time constant of a 2-uf. ca-
pacitor and a 250,000-ohim  (0.25 egohm)
resistor is

T =RC =0.25 X 2 = 0.5second

30



Time Constant

N

(O N I B I = —
gao!—-l 1 e 4
3 7%

$ T
< 40 T— 11—

5 | |
ﬁzo: +—t _l J_ +—
g OLJ_LJ_ 111
S % T TY 3L TiMe
Q R R R

Fig. 2-21—Time constant of an [R circuit,

Inductance and Resistance

A comparable situation exists when resist-
ance 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 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
e.m.f. The result is that the initial current is very
small.

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 lLaw
the current would increase forever, always
growing just fast enough to keep the c.m.f.
of self-induction equal to the applied e.m.f.

When resistance is in series, Ohm’s Law sets
a limit to the value that the current can reach.
"The back e.m.f. generated in L has only to equal
the difference between E and the drop across R,
because that difference is the voltage actually
applied to L. This difference becomes smaller as
the current approaches the final Ohm’s Law
value. Theoretically, the back e.m.f. never quite
disappears and so the current never quite reaches
the Ohm's Law value, but practically the differ-
ence becomes unmensurable after a time. The
time constant of an inductive circuit is the time
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Fig. 2-22—Voltage across capacitor terminals in a dis-

charging RC circuit, in terms of the initial charged voltage.

To obtain time in seconds, multiply the factor t, RC by the
time constant of the circuit.

in seconds required for the current to reach 63 per
cent of its final value. The formula is

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

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

Exaniple: A coil having an inductance of 20
henrys and a resistance of 100 ohms has a time
constant of

= 0.2 second

if there is no other resistance in the circuit. If a
d.e. eem.f. of 10 volts is applied to such a coil,
the final current, by Ohm’s Law, is
= E—'= i(-)— = 0.1 amp. or 100 ma.
R 100
The current would rise froni zero to 63 milliam-
peres in 0.2 second after closing the switch.

An inductor cannot be ‘‘discharged” in the
sime way as a capacitor, because the magnetic
field disappears as soon as current flow ceascs.
Opening .S does not leave the inductor “charged.”
The energy stored in the magnetic ficld 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 — ordi-
narily many times larger than the voltage
applied, because the induced voltage is pro-
portional 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. 1f 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.
1t is not at all unusual for the switch contacts to
burn or melt under such circumstances.

Time constants play an important part in
numerous devices, such as clectronic keys, timing
and coutrol 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 ad such applications a resistance-capaci-
tance (RC) time coustant is uvo! ed, 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 eir-
cuit 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 ca-
pacitor, in terms of percentage of the initial
charge, for percentages between 5 and 100, at
any time after discharge begins.

Example: A 0.01-4f. capacitor is charged to
150 volts and then allowed to discharge through
a 0.1-megohm resistor. How long will it take
the voltage to fall to 10 volta? In percentage,
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 miilliseconds.
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Alternating Currents

@ PHASE

The term phase essentially means “time,” or
the time interval between the instant when one
thing oceurs and the instant when a second re-
lated thing takes place. The later event is said to
lag the earlier, while the one that oceurs first is
said o 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. eycle oceupies exactly the same amount of
time as every other cycle of the same frequency,
we can use the evele itself as the time unit, Using
the cyele as the time unit makes the specification
or measurement of phase independent of the fre-
quency of the current, so long as only onc fre-
queney 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 respeet to the
lowest, or fundamental, frequeney,

The time interval or “phase difference” under
consideration usually will be less than one eycle.
Phase difference could be measured in decimal
parts of a cycle, but it is more convenient to di-
vide the eycle into 360 parts or degrees. A phase
degree is thercfore 1/360 of a eycle. The reason for
this choice is that with sine-wave alternating
current the value of the current at any instant is
proportional to the sine of the angle that corre-
sponds to the number of degrees — that is, length
of time —from the instant the cyele began.
There is no actual “angle” associated with an
alternating current. Fig. 2-23 should help make
this method of measurement clear.

fe————1 Cycle —————

] ‘
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Fig. 2-23—An a.c. cycle is divided off into 360 degrees
that are used as o 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 eyveles of the two
currents. This is shown in Iig, 2-24. The current
labeled A leads the one marked B by 15 degrees,
since A's cycles begin 45 degrees earlier in time.
It is equally correct to say that B lags A by 45
degrees.
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Fig. 2-24—When two waves of the same frequency start

their cycles at slightly different times, the time difference

or phase difference is measured in degrees. In this drawing

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

Two important special cases are shown in
FFig. 2-25. In the upper drawing B lags 90 de-
grees behind A that is, its eycle begins just one-
quarter eycle 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 ease it does not matter
which one is considered to lead or lag. B is always
positive while A is negative, and vice versa.
The two waves are thus eompletely out of phase.

The waves snown in Figs. 2-211 and 2-25 could
represent current, voltage, or both. A and B
might be two currents in separate circuits, or A
might represent voltage and B current in the
same cireuit. If A4 and B represent two currents
in the saue cireuit (or two voltages in the same
circuit) the total or resultant current (or voltage)
also is a sine wave, beeause adding any number
of sine waves of the same frequency always gives
a sine wave also of the same frequency.

Phase in Resistive Circuits

When an alternating voltage is applied to a
resistance, the eurrent 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 seetion.
Practically, it is often difficult to obtain a purely
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Fig. 2-25-—Two important special cases of phase differ-

ence. In the upper drawing, the phase difference between

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 beccome 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 04, 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 04,
because the voltage rise during interval AB is
smaller. Consequently the average current during
AB is smaller than during O 4. In the third inter-
val, BC, the voltage rises from 71 to 92 volts, an
increase of 21 volts. This is less than the voltage
increase during AB, so the quantity of electricity
added is less; in other words, the average current
during interval BC is still 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 cvcle 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 cyele the current is flowing in the

Current
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Fig. 2-26—Voltage and current phase relationships when
an alternating voitage is applied to a capacitor.

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 [oses its charge. Applying the sume reasoning,
it is plain that the current is small in interval DE
and continues to increase during each succeeding
interval. However, the current is Howing against
the applied voltage because the capacitor is
discharging into the circuit. Hence the current is

negative 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 eircuit 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

1
2xfC
where X¢ = Capacitive reactance in ohms

J = Frequency in cycles per second
C = Capacitance in farads
T = 3.14

Xo =

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
puf. (000047 uf.) at & frequency of 7150 ke.
(7.15 Me.) is

X 1 1

= m—— - 4740h
3.0 " R2R X 7.15 X 0.00047 onms

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.m.f. is
proportional to inductance for a given rate of cur-
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rent change, the current flow is inversely propor-
tional to inductance for a given applied voltage
and frequency. (Another way of saying this is
that just enough current flows to gencrate an in-
duced e.m.f. that equals and opposes the applied
voltage.)

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

= 2xfL

where X, = Inductive reactance in ohms

/ = Frequeney in eyeles per second
L = Inductance in henrys
r =314

Example: The reactanee of a coil having an
inductance of 8 henrys, at a frequency of 120
cyeles, is

Xy = 2xfL =6.28 X 120 X 8 = 6029 ohms

—-— O — 3
s sl affs
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—
I
=
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Fig. 2-27 — Phase relatianships between valtage and
current when an alternating valtage is applied ta 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 kiloeycles, 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 frequeney is in megacyeles,

Example: The reactance of a l3-microhenry
coil at a frequency of 14 Me. is

Xp = 2nfL = 6.28 X 14 X 15 = 1310 ohms

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

Ohm’s Law for Reactance

Ohm'’s Law for an a.c. circuit containing only
reactance is

E
[ ==
X
E =1IX
E
X ==
i

where £ = E.n.l. in volts
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I
X

Current in amperes
Reaetance in ohms

The reactance may be either inductive or
capacitive.

Example: 1f a current of 2 amperes is flowing
through the capacitor of the previous example
{reactance = 47.4 ohuns) at 71350 ke, the volt-
age drop across the capacitor is

E =1IN =2X 17.1 = 918 volts

If 400 volts at 120 cyeles is applied to the 8-

henry inductor of the previous example, the
current throngh the coil will he
E 400
I == == = 00663 amp, (66.3 ma.)
X 6029

Reactance Chart

The accompanying chart, Fig. 2-28, shows the
reactance of capacitances from 1 uuf. to 100 pf.,
and the reactance of inductanees from 0.1 gh. to
10 henrys, for frequencies between 100 eycles
and 100 megaeyveles per second. The approximate
value of reactanee ean be read from the ehart or,
where more exaet values are ueeded, the chart
will serve as a cheek on the order of m.u,nim(le of
reactances ealeulated from the formulas ;.,lven
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 resultani reactance is

N=N+ N+ 340
and for reactances of the same kind in parallel
the resultant is

Y=1 ‘]'1_ 1
- +‘\:2+_\3+_\1
or for two in pamllul,
o XX
Y=x +x

The situation is different when reactances of
0p])0~itv kinds are combined. Sinee the current in
eapacitance leads the applied voltage by 90
(lvgw(\ and the current in an inductance l.tg& the
applied volltage by 90 degrees, the voltages at the
terminals of opposite types of reactance are 180
degrees out of phase in a series eircuit (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
cireuit (in which the same voltage is applied to
all clements), The 180-degree phase relationship
means that the currents or voltages are of oppo-
site polarity, so in the series cireuit of Fig, 2-20A
the voltage Ey, across the inductive reactance X,
is of opposite polarity to the voltage E¢ across
the eapacitive reactance Xe. Thus if we call X,
“positive’” and X¢ “negative’” (a common con-
vention) the applied voltage Kac is KL —FEc. In



Reactance

100,000

X A AN AL ===
70,000 - NTHT— ii 7 \&f ]
50,000 X1 Z AT Z T N T |
30,000 ! 3 11174
N\ & NN A NN 1 TN bl
20,000 S o >
\>\< A NN & ! N B
- ] N/ INANAUINA L
7 = 1 e =S /'K“ 7% ¥/'x‘\ 7 1
7,000 s /4\ i ‘1' | ”1 = !
> %
5000 — —~ % 7 7T\
3000 > ' W A
o / N/
2000~ Zd) <o%\ AN
;(Ky/ INAN INANAINANA
1,000 N HH— gt : NI
700 S A I HZ—
y I N, T NS
500 = ) O N 7 B N €
2 300 77N ™ N7 TSN >—
3 200 \\ Vi /> f {\\ P 5<\\ LA \/ﬂ\\ N/
‘ h Zih 7 N
z DN I AN dilil
S von \/ \ A |
w i AN 2K AR
S X SN AKX
Z 718 1 X \/H\ N 54 8|
g S0 T 7 DI Z TN p. <l
S . 7 Vil DNIN NN
7S 1 B J /
"N AN ) i @f//-\\\ /:)/ el \\‘\’
\ il | 11N
N NAIINAHIIN
=== = FHEANEAS N AN AN
u 7 % . /- ./(_ N :"‘}W{ *“ X NS N
SEZ [ 7 7 UZ ‘
s i N il S .
2 / > \\ o d X \\ /x( \\ o7 \\ \& |
IINAUATTINAUATIIN XUATIRN XU i
oL LATINUATINAUA IR KU KON N
g 88 888 "™ “"2 88838323 88888 “™ er2 gR3%° 8
= S o or g - N® o~ T
CYCLES » % KILOCYCLES a3 MEGACYCLES —"
FREQUENGY
075432 1 INTERPOLATION

AL
FOR LBC

Fig. 2-28—Inductive and capacitive reactance vs. frequency. Heavy lines represent multiples of 10, intermediate light
lines multiples of 5; e.g., the light line between 10 ph. and 100 uh. represents 50 ph., the light line between 0.1 uf. ond

1 uf. represents 0.5 uf., etc. Intermediate values can be
Reactances outside the range of the chart may be found

estimated with the help of the interpolation scale shown.
by opplying appropriate factors to values within the chart

ronge. For example, the reactance of 10 henrys at 60 cycles can be found by taking the reactance of 10 henrys at
600 cycles and dividing by 10 for the 10-times decrease in frequency.

the parallel circuit at B the total current, [, is
oqual to Iy, — /e since the cinrents are 180 de-
grees out of phase.

In the series case, therefore, the resultant
reactance of X; and Xc ie

X =X - Xc
and in the parallel case
-Xi.Xc
X =
XL - ‘YC

Note that in the series circuit the total react-
ance is negative if NXc¢ is larger than X; this
indicates that the total reactance is capacitive
in such a case, The resultant reactance in a series
circuit is always smaller than the larger of the
two individual reactances.

In the parallel cireuit, the resultant reactance
is negative (i.e., capacitive) if X, is larger than
Xc¢, and positive (inductive) if X7, is smaller
than Xe, but in every case is always larger than

the smaller of the two individual reactances.

In the special ease where Xi, = Xc the total
reactanee is zerv iin the sorios eirenit and infinitely
large in the parallel cireuit.

Reactive Power

In Fig. 2-29A the voltage drop across the in-
ductor is larger than the voltage applied to the
circuit. This might seem to be an impossible
condition, but it is not; the explanation is that
while energy is being stored in the inductor’s

1
T
x 3 B

EAC
1._’“:‘_%6
() -

Fig. 2.29—Series and paralle| circuits containing opposite
kinds of reactance.

35



2-ELECTRICAL LAWS AND CIRCUITS

magnetic field, energy is being returned to the
circuit from the capacitor’s clecetric field, and
vice versa. 'This stored energy is responsible for
the fact that the voltages across reactances in
series can be larger than the voltage applied to
them.

In a resistance the flow of current causes heat-
ing and a power loss equal to /7R, The power in a
reactance is equal to /%Y, 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 o more general term than either
resistance or reactance, and is frequently used
even for circuits that have only resistance or
reactance, although usually with o 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 circnit the current is the same in both ele-
ments, with (generally) different voltages appear-
ing across the resistance and reactance. In the
parallel cireuit the same voltage is applied to both
clements, but different currents flow in the two
branches.

I - 1
[ R% Er !' I In
Eac i 1 *‘ Eac x| R
© [
g}
[} (8

Fig. 2-30—Series and parallel circuits containing resist-
ance ond 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 Y90 degrees, depending on the relative
amounts of resistance and reactance.

Series Circuits
When resistance and reactance are in series,
the impedance of the cireuit is
Z = VI? 4 X*
where Z = impedance in ohms

¢ = resistance in ohms
X = reactance in ohms,
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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
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
RX

VR + X?
where the symbols have the ssune meaning as for
series cireuits.

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.

7
/]

Equivalent Series and
Parallel Circuits

The two cireuits shown in Fig. 2-30 are equiva-
lent if the same cwrrent 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 eircuit into an equivalent
parallel eircuit. 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 cireuits 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 oniy. The formulas are

[
VA
E =17
7ok
/

where E = E.m.f. in volts
I = Current in ampercs
Z = Impedance in ohms

Fig. 2-31 shows a simple ecireuit consisting of
a resistance of 75 ohms and a reactance of 100
ohms in series. From the formula previously
given, the iinpedance is



Impedance

Z=VR+ X2 = V(75 + (10002 = 125

ohms.
1f the applied voltage is 250 volts, theo
E _ 250
= 2= =2 b
! 7" 125 amperes,

This current Hows through both the resistance
and reactance, so the voltage drops are

Eg = IR =2 X75 =150 velts

Ex,. = IXL =2 X 100 = 200 volts
I'he simple arithmetical sum of these two drops,
350 volig, 1s greater than the applied voltage be-
cause the two voltages are 90 degrees out of
phase. Their actual resultant, when phase is

taken into account, is V/(130)? + (20002 = 230
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 =Pk = (2 X 75 = 300 watts

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

R=75 ohms
(o]
Eac
Q X,*100 chms

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

“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
illustration, the reactive power is

VAR = I*X = (2)? X 100 = 400 volt-amperes.

Reactance and Complex Waves

Tt 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 cireuit contain-
ing reactance, the current through the eireuit 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 harmonie the inductor
reactance is three times and the eapacitor 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 reaet-
ance involved and how the eireuit is arranged.
In a simple circuit with resistance and inductive
reactance in series, the amplitudes of the har-
monic currents will be reduced beeause the in-
ductive reactance inereases in proportion to fre-
queney. When eapacitance and resistance are in
series, the harmonie current is likelv to be ac-
centuated beeause the capacitive reactance be-
comes lower as the frequeney is raised. When both
inductive and capacitive reactance are present
the shape of the current wave can be altered in a
variety of ways, depending upon the cirenit and
the “constants,”’ or the relative values of 1, C,
and R, selected.

This property of nonuniform behavior with
respect to fundamental and harmonies is an ex-
tremely useful one. 1t is the basis of *“filtering,”
or the suppression of undesired frequencies in
favor of a single desired frequency or group of
such frequencies.

Transformers for Audio Frequencies

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

The usefulness of the transformer lies in the
fact that clectrical energy can be transferred
from one circuit to another without direct eon-
nection, and in the process can be readily changed
from one voltage level to another. Thus, if a de-
vice to be operated requires, for example, 115
volts a.c. and only a 440-volt source is available, a
transformer can be used to change the source
voltage to that required. A transformer can be
used only with a.c., since no voltage will be in-

dueed in the secondary if the magnetic field is not
changing. If d.c. is applied to the primary of a
transformer, a voltage will be induced in the
secondary only at the instant of closing or open-
ing the primary cirenit, 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 induct-
ance 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. .\ closed core (one
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IRON CORE

e

D SECONDARY

3E

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
tronsformer, the lower one an air-core transformer.
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having a continuous magnctie path) such as that
shown in Fig. 2-32 also tends to insure that prac-
tically all of the field set up by the current in the
primary coil will eut the turns of the secondary
coil. However, the core introduces a power loss
because of hysteresis and eddy currents so this
type of construction is normally practicable only
at power and audio frequencies. The discussion
in this section is confined to transformers operat-
ing at such frequencies.

Voltage and Turns Ratio

For a given varyving magnetic ficld, 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 deseribed carlier. Henee,

Tty o,

Ey=—FE,

ny

where E, = Secondary voltage
E, = Primary applied voltage
ns = Number of turns on secondary
np = Number of turns on primary

‘T'he ratio n,/n, is called the secondary-to-primary
turns ratio of the transformer.

Example: A transfornier has a primary of 400
turns and a serondary of 2800 turns, and an
e.m.f. of 115 valts is applied to the primary. The
seconduary voltage will be

2
Eo="E, =30 s =7 x s
np 400
= 805 volts
Also, if an e.nf. of 805 volts is applied to the
280)0-turn winding (which then beeomes the
primary) the output voltsge from the 100-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 sccondary is called the
magnetizing current of the transformer. In any
properly-designed transformer the primary in-
ductance will be so large that the magnetizing
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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
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 oppoxite to the field set up
by the =ccondary current.

I practical ealculations 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 comparizon with the primary “load”
current at rated power ontput.

If the magnetic ficlds set up by the primary
and secondary currents are to be equal, the
primary current multiplied by the primary turns
must equal the sccondary current mltiplied by
the secondary turns. From this it follows that

1=221,
"y,
where /, = Primary current
ls = Secondary current
np = Number of turns on primary
ns = 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 anpere to a load. Then the
primary current will be

' 2801
Iy = —1:. =

np 400
Althongh the serondary voltage is higher than
the primary voltage, the secondary current is
lower than the primary current, and by the same
ratio.

X02=7X02=14any

Power Relationships; Efficiency

A transformer cannot create power; it ean only
transfer it and change the eanf. Henee, 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 eoils and in the iron core, so in all
practical eases the power taken from the source
will exceed that taken from the secondary. Thus,

I’ = nl’,

where I’, = Power output from secondary
I’ = Power input to primary
n = Eflicieney factor

The eflicieney, n, always is less than 1, 1t is usu-
ally expressed as a percentage; if » is 0.63, for
instance, the efficiency is 65 per cent.
Example: A transformer has an efficiency of
859, at its full-lond output of 150 watts. The
power input to the primary at full secondary
load will be

= 176.5 watts




Transformers

A transformer is usually designed to have its
highest efficiency at the power output for which
it is rated. The efliciency 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,
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 eause the insulation to break down. A
transformer always can be operated at reduced
output, even though the efficiency is low, because
the actual loss also will be low under such condi-
tions.

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

Leakage Reactance

In a practical transformer not all of the mag-
netie 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 pereentage of the total flux. This leakage
flux causes an e.m.f. of self-induction: conse-
quently, there are small ammounts 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 induetance inserted in series with the eireuit.

Re Xp Xs R
Ep SR PRI, “ SEC. Es
oL )

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

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

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 incrcases
directly with the frequeney.

Impedance Ratio

In an ideal transformer — one without losses
or leakage reactance — the following relationship
is true:

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

Zs

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

Example: A transformer has a primary-to-
secondary turns ratio of 0.6 (primary has 6/10
as many turns as the secondary) and a load of

3000 ohms is connected to the secondary. The
impedance looking into the primary then will be

Zy = ZaN? = 3000 X (0.6)2 = 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 tt appears to the source of power — is determined
wholly by the load cunnected 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 frequeney at which
it is being used. Most transformers will operate
quite well at voltages from slightly above to well
helow the design figure.

Impedance Matching

Many devices require a specific value of load
resistance (or impedance) for optimum operation.
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
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the preceding,
v = Z,
Ze
Required turns ratio, primary to
secondary
Primary impedanee required
Impedance of load conneeted to see-
ondary

where .V

NN
I

Example: A vacuum-tube waf. amplitier re-
qures a load of 5000 ohms for optimum per-
formanee, and is to be connectsd to a loud-
speaker having an impedance of 10 ohws. The
tnrns ratio, primary to secondary, required in
the coupling transformer is

Z, 5000 —
=422 =A== = V600 = 22.4
Zs 10
I'he prunary therefore st have 22.4 times as
many turns as the secondary.,

N

Impedance matching means, in general, ad-
justing the load impedance — by means of a
transformer or otherwise — to a desired value.
ITowever, 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 eflicieney is only 50 per e¢ent 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.

—

LAMINATION SHAPE

CORE TYPE

Fig. 2-34—Two common types of transformer construction.
Core pieces are interleaved to provide a continuous
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
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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-
times done when it is necessary to minimize
capacitive effects between the primary and sec-
ondary, or when one of the windings must op-
crate 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
magnetie path as eontinuous as possible and thus
reduee 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 frequeney. 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 eross seetion 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
lavers, with a thin sheet of treated-paper insula-
tion between each laver. Thicker insulation is
used between coils and between coils and core.

Autotransformers

The transformer principle can be utilized with
only one winding instead of two, as shown in
Fig. 2-35; the principles just discussed apply

=} /ron Core

Line

T
A

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

equally well. A one-winding transformer is called
an autotransformer. The current in the common
section (\) of the winding is the difference be-
tween the line (primary) and the load (secondary)
currents, sinee these currents are out of phase.
Ilence 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 hoosting
or reducing the power-line voltage by relatively
small amounts.



The Decibel

The Decibel

In most radio communication the received
signal is converted into sound. This being the
case, it is useful to appraise signal strengths in
terms of relative loudness as registered by the
car. A peculiarity of the earis that an increase
or decrease in loudness is responsive to the
ratio of the amounts of power involved, and is
practically independent of absolute value of the
power. I'or example, if a person estimates that
the signal is “twice as loud” when the trans-
mitter power is incereased 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 re-
sponse.

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:

Py
10 log 1’1‘

Db. =

Common logarithms (base 10) are used.

Voltage and Current Ratios

Note that the decibel is based on power
ratios. Voltage or current ratios ean be used,
but only when the impedanee is the same for both
values of voltage, or current. The gain of an
amplifier cannot be expressed correctly in db.
if it ix based on the ratio of the output voltage
to the input voltage unless both voltages are
measured aeross the same value of impedance,
When the impedance at both points of measure-
ment is the same, the following formula may
be used for voltage or current ratios:

Db, = 20 log:—,2
1

Is
or 20 log =
Iy

Decibel Chart

The two formulas are shown graphically in
Fig. 2-36 for ratios from 1 to 10. Gains (in-
creases) expressed in deeibels may be added
arithmetically ; losses (decrenses) may be sub-
tracted. A power decrease is indicated by
prefixing the decibel figure with a minus
sign. Thus 46 db. means that the power has
been multiplied by 4, while —6 db. means
that the power has been divided by 4.

Decibels

Fig. 2-36—Decibel chart for power, voltage and current

ratios for power ratios of 1:1 to 10:1. In determining

decibels for current or voltage ratios the currents (or

voltages) being compared must be referred to the same
value of impedance,

The chart may be used for other ratios by
adding (or subtracting. if a loss) 10 db. each time
the ratio scale is multiplied by 10, for power
ratios: or by adding (or subtracting) 20 db. each
time the scale is multiplied by 10 for voltage or
current ratios. For example, a power ratio of 2.5
is 4 db. (from the chart). A power ratio of 10
times 2.5, or 23, is 14 db. (10 + 4), and a power
ratio of 100 times 2.5, or 250, is 24 db. (20 + 4).
A voltage or current ratio of 4is 12.dh., a voltage
or current ratio of 40 is 32 db. (20 + 12), and a
voltage or enrront ratio of 400 s 52 (b, (40 + 12).

Radio-Frequency Circuits

@ RESONANCE IN SERIES CIRCUITS

Fig. 2-37 shows a resistor, capacitor and in-
ductor connected in series with a source of alter-
nating current, the frequency of which can be
varied over a wide range. At some low frequency
the capacitive reactance will be much larger than
the resistance of 2, and the inductive renctance
will be small compared with either the reactance
of C or the resistance of 2. (12 is assumed to be the
same at all frequencies.) On the other hand, at
some very high frequency the reactance of " will
be very small and the reactance of L will be very
large. In cither of these cases the current will he

small, because the reactance is large at either low
or high frequencies.

2
?

Eac f

:
i

C
R

Fig. 2-37 —A series circuit containing L, C and R is "'reso-
nant" at the applied frequency when the reactance of C
is equal to the reactance of L.
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At some intermediate frequeney, the reactances
of C and L will be equal and the voltage drops
across the coil and capacitor will be equal and
180 degrees out of phase. Thercfore they cancel
cach 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 cffects 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 ecircuit to reso-
nance.”’

Resonant Frequency
The frequency at which a serics circuit is
resonant is that for which X, = X¢. Substitut-
ing the formulas for inductive and capacitive
reactance gives
1
2r\/ LC

where f = Frequeney in eveles per second

L. = Inductance in henrys

C = Capacitance in farads

r =314
These units are inconveniently large for radio-
frequency circuits. A formula asing more appro-
priate units is

10°
2/ LC
where f = Frequeney in kiloeyeles (ke.)
, = Inductance in microhenrys (¢h.)
(" = Capacitance in  micromicrofarads
(uef.)
r =314

Example: The resonant frequency of a series
circuit containing a 5-wh. inductor and a 33-
uuf. capacitor is

10¢ 108 i
2rVLC 628 X V5 X 35

100 108

o1 105 050 ke
628 X 13.2 83 v ke

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

Resonance Curves

1f 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 ag the resistance,
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Fig. 2-38—Current in a series-resonant circuit with various
values of series resistance. The values are arbitrary and
would not apply to all circuits, but represent o typical
case. It is assumed that the reactances (at the resonant
frequency) are 1000 ohms. Note that at frequencies
more than plus or minus ten per cent away from the reso-
nant frequency the current is substantially unaffected by
the resistance in the circuit.

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
rapidly as the frequency moves away from
resonance and the circuit is said to be sharp. A
sharp cireuit will respond a great deal more read-
ily to the resonant frequency than to frequencics
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 diseriminate
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,

o
<

RELATIVE CURRENT

—_— —_—
o =19 o 10 (X0
VER CENT CHANGE FRO™ RESONa~T
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 fre-
quency is moved uway from resonance.
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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 Me. this resist-
ance is mostly in the wire of the coil. Above this
frequency energy loss in the capacitor (princi-
pally in the solid diclectric which must be used
to form an insulating support for the capacitor
plates) also hoeomes a factor. This energy loss is
equivalent to resistance. When maximum sharp-
ness ui scleetivity 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 cireuit, divided by the resistance
in the cirenit, is called the Q (quality factor)
of the cireuit, or

X
O=%

where Q = Quality factor
X = Reuetance of either coil or capacitor
in ohms
R = Series resistance in ohms
Example: The inductor and eapacitor in a
series circuit each have a reactance of 350 ohims
at the resonant frequency. The resistance is 3
ohts. Then the Q is
X 350
Q= % = el 70
The effect of (2 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 cireuit, the volt-
age that appears across either the inductor or
capacitor is considerably higher than the applied
voltage. The current in the citeuit is limited only
by the resistance and may have a relatively
“high vnlne; however, the same current flows
through the high reactances of the inductor and
capacitor and causes large voltage drops. The ra-
tio 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 cither the inductor or capacitor
is equal to QL, where E is the voltage inserted
in series with the cireuit.

Example: Theinductive reactance of a circuit
is 200 ohms, the capacitive reactance is 200
ohnis, the resistance 5 ohms, and the applied
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
350/5, or 10 amperes. The voltage developed
across either the inductor or the capacitor will be
equal to its reactance times the current, or
2QQ 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 parallel circuit of the type
shown in Fig. 2-40 there is a resonance efiect
similar to that in a series circuit. However, in this
case the “line” current (measured at the point
indicated) is g ‘“%llgg"nt the frequency for which
the induetive and capacifive reactances are equal.
At that frequency the current through I is ex-
actly canceled by the out-of-phase current
through C, so that only the current taken by I
flows in the line. At frequencies below resonance
the current through L is larger than that through
C, because the reactance of L is smaller and
that of C higher at low frequencies; there is
only partial cancellation of the two reactive
currents and the line current therefore is larger
than the current taken by R alone. At frequencies
above resonance the situation is reversed and
more current flows through C than through L,
so the line current again increases. The current
At resonance, being determined wholly by R,
will be small if R is large and large if R is small.

Eac c== RS 3L

Fig. 2-40—Circuit illustrating parallel resonance.

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 cireuit. 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
circuit may be used for transferring power from
a vacuum-tube amplificr 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 €' are the same in both cases; and (2) R,
multiplied by s equals the square of the react-
ance (at resonance) of either L or C. When these
conditions are met the two circuits will have the

(A) (B)

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

two circuits are resonant, The series resistor, Rs, in A

can be reploced by an equivalent parallel resistor, Rp, in
B ,ond vice versa,
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gsame Qs. (These statements are approximate, but
are quite aceurate if the ¢ is 10 or more.) The cir-
cuit at A iz a serfes circuit if it is viewed from the
“inside” - that is, going around the loop
formed by L, C and R — so its Q cap be found
from the ratio of X to R,.

Thus a circuit like that of I'ig. 2-41A has an
equivalent ,parallel impedance (at resonance)
of Ity =

RS
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
Z:=0QX

where Z. = Resistive impedance at resonance

Q = Quality factor of inductor

X = Reactance (in ohms) of either the

inductor or capacitor

X is the reactance of cither the

Example: The parallel impedance of a circuit
with a coil @ of 50 and having inductiveand ca-
pacitive reactances of 300 ohms will be

Z:. = QX =50 X 300 = 15.000 ohms.

At frequencies off resonance the impedance
is no longer purely resistive because the inductive
and eapacitive 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. 2-12 is a set of such curves.
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RELATIVE IMPEDANCE

%2 0 0 o 420
PER CENT CHANGE FROM RESONANT FREQUENCY
Fig. 2-42—Relative impedance of parallel-resanani
circuits with different Qs. These curves are similar ta
thase in Fig. 2-42 far current in a series-resanant circuit.
The effect of Q an impedance is mast marked near the
resanant frequency.

Parallel Resonance in Low-Q Circuits

The preceding discussion is accurate only for
Qs of 10 or more. When the Q is below 10, reso-
nance in a parallel circuit having resistance ip
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series with the coil, as in Vig. 2-11A, is not so
casily defined. There is a set of values for L and
C that will make the parallel impedance a pure
resistance, but with these values the impedance
does not have its maximum possible value. An-
other set of values for L and C will make the
parallel impedanee a maximum, but this maxi-
mum value is not a pure resistance. Kither
condition could be called “resonance,” so with
low-() circuits it is necessary to distinguish be-
tween maximum impedance and resistive im-
pedance parallel resonance. The difference be-
tween these L and (" values and the equal react-
ances of a series-resonant circuit is appreciable
when the Q is in the vicinity of 5, and beeomes
more marked with still lower Q vulues.

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 Me.
most of this resistance is in the coil. Within
limits, increasing the number of turns in the
coil inereases 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) (B)

‘Fig. 2-43—The equivalent circuit of o resanant circuit

delivering pawer ta a laad. The resistar R represents

the laad resistance. At B the laad is tapped acrass part

of L, which by transfarmer action is equivalent ta using
a higher laad resistance acrass the whale 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. 2-43.\, where
the parallel resistor represents the load to which
power is delivered. If the power dixsipated in the
load is at least ten times as great as the power
fost 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 @ of a parallel-
resonant circuit loaded by a resistive impedance is
R
N
where @ = Quality factor
R = larallel load resistance (ohms)
X = Reactance (ohms) of either the in-
ductor or capacitor

Example: A resistive load of 3000 ohmsis con~
oected across a resonant circuit in which the in-
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ductive and capacitive reactances are each 250
ohms. T'he circuit @ is then

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

high Q.
Impedance Transformation

An important application of the parallel-
resonant circuit is as an impedance-matching de-
vice in the output circuit of a vacuum-tube r.f.
power amplifier. As described in the chapter on
vacuum tubes, there is an optimum value of load
resistance for each type of tube and set of operat-
ing conditions. However, the resistance of the
load to which the tube is to deliver power usually
is considerably lower than the value required for
proper tube operation. To transform the actual
load resistance to the desired value the load may
be tapped across part of the coil, as shown in
Tig. 2-43B. This is equivalent to connecting a
higher value of load resistance across the whole
cireuit, and is similar in prineiple to impedance
transformation with an iron-core transformer.
In high-frequency resonant ecircuits the im-
pedance 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
experimental adjustment.

\When the load resistance has a very low value
(say below 100 ohms) it may be connected in
series in the resonant circuit (as in Fig. 2-414,
for example), in which case it is transformed to
an equivalent parallel impedance as previously
described. If the Q is at least 10, the equivalent
parallel impedance is

\’2
R
where Z, = Resistive parallel impedance at reso-
nance

Z:

X = Reactance (in ohms) of ecither the
coil or ecapacitor
R = Load resistanee 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 2-15 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 Mec. 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
purposes.

INDUCTANCE IN MICROHENRYS

0 20 30 4050 100 200 300 400500
INDUCTIVE REACTANCE IN OHMS

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

L/C Ratio

The formula for resonant frequency of a circuit
shows that the same frequency always will be
obtained so long as the product of L and C is con-
stant. Within this limitation, it is evident that L
can be large and € small, L small and C large, ete.
The relation between the two for a fixed fre-
quency is called the L/C ratio. A high-C circuit

CAPACITANCE IN MICROMICROFARADS

200 300400500
CAPACITIVE REACTANCE IN OHMS

10 20 30 4050 loo

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

LC Constants

It isfrequently convenient to use the numerical
value of the LC constant when a number of caleu-
lations have to be made involving different L/C
ratios for the same frequency. The constant for
any frequency is given by the following equation:

25,330
Lo =224
f
where L = Inductance in microhenrys (zh.)
C = Capacitance in micromicrofarads
(ppf.)

f = Frequency in megacycles
Example: Find the inductance required to

resonate at 3650 ke, (3.65 Me.) with capaci-
tances of 25, 50, 100, and 500 uuf. The LC

constant is
LC = 25,330 _ 25,330 _ 1900
(3.65)r  13.35
With 25 puf. L = 1900/C = 1900/25
= 76 uh.
50 puf. L = 1900/C = 1900/50
= 38 ph.
100 ppuf. L. = 1900/C = 1900/100
= 19 uh,
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 cir-
cuit. The power may be practically all dissipated
in the secondary circuit itself (this is usually the
case in receiver circuits) or the secondary may
simply act as & medium through which the power
is transferred to a load. In the latter case, the
coupled circaits 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. 2-16; the circuit
element common to both circuits carries the sub-
seript M. At A and B current circulating in
L1C1 flows through the common element, and the
voltage developed across this element causes
current to flow in LoCy. At C, Cm and Cs form a
capacitive voltage divider across L1C1, and some
of the voltage developed across L,C) is applied
across Lo('y,
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Fig. 2-46—Three methods of circuit coupling.

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 L1 = Ly, C; = C2 and @) = Q.

(A) Lv = Li/Qr; (B) Cm = iCy; (C) Cm =
C1/Qh.

The coupling can be increased by increasing
the above coupling clements 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
elements in A and C are decreased, or when the
coupling clement in I3 is increased, the coupling
between the circuits is decreased below the
critical coupling value on which the above
approximations arc based. Less than eritical
coupling will decrease the bandwidth and the
energy transfer; the principle is often used in
receivers to improve the selectivity.,

Inductive Coupling

Figs. 2-47 and 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— —0
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Fig. 2-47 —Single-tuned inductively coupled circuits.



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
ratio in the iron-core transformer do not hold.

Two types of inductively-coupled circuits are
shown in Fig. 2-17. 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 eoupling 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 eoupling between the
coils is large. With very tight coupling either cir-
cuit operates nearly as though the device to which
the untuned coil is connected were simply tapped
across a corresponding number of turns on the
tuned-cireuit coil, thus either circuit is approxi-
mately 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 coeflicient of coupling
is obtained when the reactance of the untuned
coil is equal to the resistance of its load.

The Q and parallel impedance of the tuned
circuit are reduced by coupling through an un-
tuned coil in much the same way as by the
tapping arrangement shown in Fig. 2-438.

Coupled Resonant Circuits

When the primary and secondary ecircuits are
both tuned, as in Fig. 2-48, the resonance effects

o O
mpUt 7 C| L| L2 Cz ,é Oufpuf
(o O
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1Y%
(o L ACI o)
Input 7-\C| Ly L2 d Uutput
O O
(B)

Fig. 2-48—Inductively-coupled resonant circuits. Circuit A

is used for high-resistance loads {load resistance much

higher than the reactance of either L2 or C2 at the resonant

frequency). Circuit B is suitable for low resistance loads

{load resistance much lower than the reactance of either
L2 or C: at the resonant frequency).

in both ecircuits make the operation somewhat
more complicated than in the simpler eireuits just
considered. Imagine first that the two cireuits are
not coupled and that each is independently tuned
to the resonant frequency. The impedance of each
will be purely resistive. If the primary eircuit is
conneeted to a source of r.f. energy of the resonant

frequency and the secondary is then loosely
coupled to the primary, a current will low in the
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 cireuit, and
manifests it=elf in the primary as an increase in
the equivalent resistance in series with the
primary coil. ITence 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 inercase 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 cireuits. A higher coeflicient of coupling is
required to reach critical coupling when the Qs
are low; if the Qs are high, as in receiving applica-
tions, a coupling coeflicient of a few per cent may
give eritical coupling.

With loaded cireuits such as are used in trans-
mitters the  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 @ of cither circuit
will be helpful, although it is generally better to
inerease the Q of the lower-Q circuit rather than
the reverse. The Q of the parallel-tuned primary
(input) cireuit ean 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 (cffect of coupled-in resist-
ance). In the parallel-tuned secondary circuit,
Tig. 2-4847, the Q can be increased, for a fixed
value of load resistance, either by deereasing the
L/C ratio or by tapping the load down (see lig.
2-43). In the series-tuned secondary cireuit, Fig.
2-18B, the Q may be increased by increasing the
L/ C ratio. There will generally be no difficulty in
securing sufficient coupling, with practicable
eoils, if the product of the Qs of the two tuned
etrcuils 18 10 or worc, X smaller proadnet. will
suffice if the coil construction permits tight
coupling.

Selectivity

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

In Fig. 2-48, the selectivity is the same as that
of a single tuned eireuit having a Q equal to the
product of the Qs of the individual circuits —if
the coupling is well below critieal (this is not the
condition for optimum power transfer discussed
immediately above) and both eireuits are tuned
to resonance. The Qs of the individual eircuits
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RELATIVE OUTPUT VOLTAGE

FREQUENCY

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 ocross the secondary.

are affected by the degree of coupling, because
each couples resistance into the other; the
tighter the coupling, the lower the individual Qs
and therefore the lower the over-all selectivity.

If both circuits are independently tuned to
resonance, the over-all selectivity will vary about
as shown in Fig. 2-19 as the coupling is varicd.
With loose coupling, 4, the output voltage
(across the secondary circuit) is small and the
selectivity is high. As the coupling is increased
the secondary voltage also increases until eritical
coupling, 13, is reached. At this point the output
voltage at the resonant frequency is maximum
but the selectivity is lower than with looser
coupling. At still tighter coupling, C, the output
voltage at the resonant frequency decreases, but
as the frequency is varied either side of resonance
it ‘is found that there arc 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 oalled flat-
topped becausc the output voltage does not change
much over an appreciable band of frequencies.

Note that the off-resonance humps have the
same maximum value as the resonant output volt-
age at critical coupling. Thesc humps are caused
by the fact that at frequencies off resonance the
secondary cireuit is reactive and couples reactance
as well as resistance into the primary. The cou-
pled resistance decreases off resonance, and cach
hump represents a new condition of eritical cou-
pling at a frcquency to which the primary is
tuned by the additional coupled-in rcactance
from the secondary.

Fig. 2-50 shows the response curves for various
degrecs of coupling between two circuits tuned
to a frequency f,. Equal Qs are assumed in both
circuits, although the curves are representative
if the Qs differ by ratios up to 1.5 or even 2 to 1.

In these cases, a value of Q = VQ;(; 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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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
increase, and the curve become more flat-topped,
as the Qs are lowered.

Band-pass operation also is secured by tuning
the two circuits to slightly diffcrent frequencies,
which gives a double-humped resonance curve
even with loose coupling. This is called stagger
tuning. Iowever, to secure adequatc power
transfer over the frequency band it is usually
necessary touse tight coupling and experimentally
adjust the cireuits for the desired performance.

Link Coupling

A modification of induetive coupling, called
link coupling, i¢ shown ip Fig. 2-51. This gives

——o

[ —
Input 7&(?. L h ng Cz é Output
o —0
—— ——
M M

Fig. 2-51—Link coupling. The mutual inductances at both
ends of the link are equivalent to mutual inductance be-
tween the tuned circuits, and serve the same purpose.

the cffect of inductive coupling between two coils
that have no mutual inductance; the Iink 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 themsclves were coupled. This is
because the coeflicient of coupling between air-
core coils is considerably less than 1, and since



Impedance Matching

there are two coupling points the over-all coupling
coefficient is less than for any pair of coils. In
practice this need not be disadvantageous because
the power transfer can be made great enough by
making the tuned circuits sufficiently high-.
Link coupling is convenient when ordinary in-
ductive coupling would be impracticable for con-
structional 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 coeflicient 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 cither 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.
There is, in fact, a wide variety of such circuits

L RinD> R

(A) R~ =c R X.= YRR~ R
XC= R Rin
X

Rin (R
= Rin_
X=R f-R;,
R Rin
X.= Xe

(B)

(©)

[R/R,

=R
XC: 2\JQ2¢|_(R'/R1)

Fig. 2-52—Impedance-matching networks adaptable to
amateur work. {A) L network for transforming to o higher
value of resistance. {B) L network for transforming
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 value, Riy, by the capacitive divider.

available, all of them being classified generally as
impedance-matching networks. Several net-
works frequently used in amateur equipment are
shown in Fig. 2-52.

The L Network

The L network is the simplest possible im-
pedance-matching circuit. It closely resembles
an ordinary resonant circuit with the load resist-
ance, R, Fig. 2-52, either in series or parallel.
The arrangement shown in Fig. 2-52A is used
when the desired impedance, Rix, 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 Xv/R or Rin/Xc in Fig. 2-52A, and to
Xv/Rw~ or R/Xc in Fig. 2-52B. The value of
Q is determined by the ratio of the impedances
to be matched, and cannot be seclected inde-
pendently. In the equations of Fig. 2-52 it is as-
sumed that both R and Rix are pure resistances.

The Pi Network

The pi network, shown in Tig. 2-52C, offers
more flexibility than the L since the operating @
may be chosen practically at will. The only limita-
tion 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 ap-
plied in amateur equipment, this limiting value
of reactance would represent a network with an
undesirably low operating Q, and the circuit val-
ues ordinarily used are well on the safe side of
the liiiting values.

In its principal application as a “tank” circuit
matching a transmission line to a power amplifier
tube, the load R2 will generally have a fairly
low value of resistance (up to a few hundred
ohms) 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
1/ X, so the choice of a value for the operat-
ing Q immediately sets the value of X¢; and hence
of Cy. The values of Xc¢o and Xp are then
found from the equations given in the figure.

Graphical solutions of these equations for the
most important practical cases are given in the
chapter on transmitter design in the discussion
of plate tank circuits. The L and C values may be
calculated from the reactances or read from the
charts of Figs. 2-14 and 2-45.
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Tapped Tuned Circuit

The tapped tuned circuit of Fig. 2-52C is use-
ful in some recciver applications, where it is desir-
able 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 tunc the circuit to resonance.

@ FrILTERS

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
sclected band of frequencies with substantially
no loss, but that will attenuate all frequencies
cither 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 beyond
the scope of this Handbook, but it is not difficult
to build satisfactory filters from the circuits and
formulas given in Fig. 2-53. Filter circuits are
built up from elementary sections as shown in the
figure. These sections can be used alone or, if
greater attenuation and sharper cut-off (that is, a
more rapid rate of rise of attenuation with fre-
quency beyond the cut-off frequency) are re-
quired, several sections can be connected in
series. In the low- and high-pass filters, f. repre-

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 Li/2, while the
balanced constant-k w-scction high-pass filter
would use two capacitors each equal to 2C\.

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
attenuation, fou. Where only one m-derived see-
tion is used, a value of 0.6 is generally used for m,
although a deviation of 10 or 15 per cent from
this value is not too serious in amateur work.
For a value of m = 0.6, fo will be 1.25f. for the
low-pass filter and 0.8f; for the high-pass filter.
Other values can be found from

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

4

m = \/1 = (:;._;“’)z for the high-pass filter.
(]

The output sides of the filters shown should be
terminated in a resistance equal to 12, and there
should be little or no reactive component in the
termination.

@ PIEZOELECTRIC CRYSTALS

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

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

Crystal Resonators

Crystalline plates also are mechanical resona-
tors that have natural frequencies of vibration
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ranging from a few thousand cycles to tens of
megacycles per second. The vibration frequency
depends on the kind of crystal, the way the plate
is cut from the natural erystal, 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 L(' 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 capacitor 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
450 ke., 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

Fig. 2-54—Equivalent cir-
cuit of a crystal resonator. L
L, C and R are the electrical
equivalents of mechanical
properties of the crystal;
Cy, is the capacitance of the
holder plates with the crys-

tal plate between them. R

o
\

=~C,

micromicrofarad. Although the cequivalent I is
of the order of a few thousand ohms, the reaet-
ance at resonance is so high that the Q of the
crystal likewise is high.

A circuit of the type shown in Iig. 2-51 has a
series-resonant frequency, when viewed from the
circuit terminals indicated by the arrowheads,
determined by L and C ounly. At this frequency
the circuit impedance is simply equal to R, pro-
viding the reactance of Ci, is large compared with

R (this is generally the case). The circuit also
has a parallel-resonant frequency determined by
L and the equivalent capacitance of (' and Ch
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 Cy to C, and
when this ratio is large (as in the case of a erystal
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 ke. is typical of a quartz crystal.

Fig, 2-55 shows how the resistance and react-

Fig. 2-55—Re-
actance and re-
sistance vs, fre-
h quency of a cir-

-~ and the sepa-
ration between
the series- and
paratlel-res-
onant frequen-
cies, fi, and f2,
respectively,
depend on the
circuitconstants.
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ance of such a circuit vary as the applied fre-
quencey is varied. The reactance passes through
zero at both resonant frequencies, but the resist-
ance rises to a large value at parallel resonance,
just as in any tuned cireuit.

Quartz crystals may be used either as simple
resonators for their selective properties or as the
frequeney-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 eireuits 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.
2-36. It is convenient to consider that the alter-
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.
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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
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
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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. isa
sine wave having a peak value just equal to the
d.c., the power in the cireuit is 1.5 times the d.c.
power. An instrument whose readings are pro-
portional to power will show such an increase.

Series and Paralle!l 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+

0. C
Supply

o~

-~ DC +
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Series Feed

Parallel Feed

Fig. 2-57 —Ilustrating 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
ix 50 low that it does not affect the flow of r.f. cur-
rent, 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 sccond coil,
RFC (radio-frequency choke). Direct current
cannot flow through L because a blocking capaci-
tance, C, is placed in the circuit to prevent it.
(Without C, the d.c. supply would be short-
circuited by the low resistance of L.) On the
other hand, the r.f. current generated by the tube
can easily flow through C to the tuned circuit be-
cause the capacitance of C is intentionally chosen
to have low reactance (compared with the im-
pedance of the tuned circuit) at the radio fre-
quency. The r.f. current cannot flow through the
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 fecd may be used for both a.f,
and r.f. circuits. In parallel feed there is no d.c.
voltage on the a.c. circuit, a desirable feature
from the viewpoint of safety to the operator, be-
cause the voltages applied to tubes — particu-
larly transmitting tubes — are dangerous. On the
other hand, it is somewhat difficult to make an
r.f. choke work well over a wide range of fre-
quencies. Series feed is often preferred, therefore,
because it is relatively easy to keep the impedance
between the a.c. circuit and the tube low,

Bypassing

In the series-feed circuit just discussed, it was
assumed that the d.c. supply had very low ime
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. llence the r.f.
current will tend to flow through it rather than
through the d.c. supply.

To be cffective, the reactance of the bypass

fig. 2.58—Typical use

of a bypass capacitor

and r.f. choke in a
series-feed circuit.

~Len
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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 r.f. choke may be
conneeted in the lead to the latter, as shown in
Iig. 2-58.

The same type of by passing is used when audio
frequencies are present in addition to r.f. Because
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 pf.
is practically a short circuit for r.f., for example,
but is almost an open circuit at audio frequencies.
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(The actual value of capacitance that is usable
will be modified by the impedances concerned.)
Bypass capacitors also are used in audio eircuits
to carry the audio frequencies around a d.c.
supply.

Distributed Capacitance and Inductance

In the discussions earlier in this chapter it
was dassumed that a eapacitor hasz only capaci-
tance and that an inductor has only induetance.
Unfortunately, this i= not strietly true. There is
alwavs a certain amount of inductance in a con-
ductor of any length, and a capacitor is bhound
to have a little inductance in addition to its
intended eapacitance. Also, there is always ca-
paeitance 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 ea-
pacitor is a tuned cireuit, resonant at the fre-
queney where its eapacitance and distributed
inductance have the same reactance. The same
thing is true of a coil and its distributed eapaei-
tance. At frequencies well below these natural
resonances, the capacitor will act like & normal
capacitance and the coil will act like a normal
inductance. Near the natural resonant points,
the coil and capacitor uct 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 eapacitance
that can be used at a given frequeney. There is a
similar limit to the inductance that ean be used.
At audio frequeneies, capacitanees measured in
microfarads and inductances measured in henrys
are practicable. At low and medium radio fre-
quencies, inductances of a few millihenrys and
capaeitances of a few thousand micromicro-
farads are the largest practicable. At high radio
frequencies, usable inductance values drop to
a few microkenrys and capacitances to a few
hundred micromicrofarads.

Distributed ecapacitance and inductance are
important not only in r.f. tuned cireuits, but in
bypassing and choking as well. 1t will be appre-
ciated that a bypass capacitor that actually
acts like an inductance, or an r.f, choke that acts
like o low-reactance eapacitor, cannot work as it
is intended they should.

Grounds

Throughout this book there are frequent refer-
ences to ground and ground potential. When a
connection is said to be “grounded” it does not
necessarily mean that it actually goes to earth.
What it means is that an actual earth connection
to that point in the cireuit should not disturb
the operation of the circuit in any way. The
term also is used to indicate a “common” point
in the circuit where power supplies and metallic
supports (such as a metal chassis) are electrically
tied together. It is general practice, for example,
to “ground” the negative terminal of a d.c. power
supply, and to “ground” the filament or heater
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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 clements
have at least one point connected to eathode,
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” — that
s, no voltage — between the eireuit point and
the earth.

Single-Ended and Balanced Circuits

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

Typieal single-ended and balaneed cireuits are
shown in Iig. 2-34. 1L, cireuits are shown in
the upper row, while iron-core transformers (such
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Fig. 2.59—Single-ended and balanced circuits.

as are used in power-supply and audio cireuits)
are shown in the lower row. The r.f. cireuits may
be balanced either by connecting the center of
the coil to ground or by using a “balanced” or
“split-stator’” capacitor and connecting its rotor
to 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 eapacitance through which energy can be
transferred by means of the electric field. Also,
the magnetic field about the coil or wiring of
one circuit can couple that circuit to a sccond
through the latter’s coil and wiring. In many
cases these unwanted couplings must be prevented
if the cireuits are to work properly.

Capacitive coupling may readily be prevented
by enclosing one or both of the circuits in
grounded low-resistance metallie  containers,
called shields. The electric field from the cireuit
components does not penetrate the shield. A
metallic plate, called a baflle shield, inserted be-
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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 cffeet for magnetic fields increases with
frequeney and with the conduectivity 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 baftle shield
is rather ineffective for magnetic shielding, al-
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 shicld. 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
induetance and Q. Copper is the best material,
but aluminum is quite satisfactory.

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

U.HF. 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 induetor has a certain amount of
self-capacitance, as well as some resistance,
while a capacitor also possesses a small self-
induectance, can uwsually be disregarded.

At the verv-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 he no more than a single turn of wire,
vet even this single turn may have dimensions
comparable to a wavelength at the operating
frequency. Thus the energy in the field surround-
ing the “coil” may in part be radiated. At a
sufficiently high frequency the loss by radiation
may represent a major portion of the total energy
in the circuit.

For these reasons it is common practice to
utilize resonant sections of transmission line as
tuned circuits at frequencies above 100 Me. or so.
A quarter-wavelength line, or any odd multiple
thereof, shnrted at one end and open at the
other exhibits large standing waves, as deseribed
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 re-
sponse is very similar to that of a parallel res-
onant circuit The equivalent relationships are
shown in Fig. 2-60. At frequencies off resonance
the line displays qualities comparable with the
inductive and capacitive reactances of a con-
ventional tuned circuit, so sections of transmis-
sion line can be used in much the same manner as
inductors and capacitors.

To minimize radiation loss the two conductors
of a parallel-conductor line should not be more
than about one-tenth wavelength apart, the
spacing being measured between the conductor
axes. On the other hand, the spacing should not
be less than about twice the conductor diameter
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Fig. 2-60—Equivalent coupling circuits for parallel-line,
coaxial-line and conventional resonant circvits.

because of “proximity effect,” which causes
eddy currents and an increase in loss. Above 300
Me. it is difficult to satisfy both these require-
ments simultaneously, 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 preferred, since it is inherently shielded.
Representative methods for adjusting coaxial
lines to resonance are shown in Fig. 2-G1. At the
left, a sliding shorting disk is used to reduce the
effective length of the line by altering the position
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Fig. 2-61 —Methods of tuning coaxial resonant lines.

of the short-circuit. In the center, the same effect
is accomplished by using a telescoping tube in
the end of the inner conductor to vary its length
and thereby the effective length of the line. At
the right, two possible methods of using parallel-
plate capacitors are illustrated. The arrange-
ment with the loading capacitor at the open
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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 illustrated will be shorter, physieally, than
unloaded 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 eapacitor 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. Although a low-eapacitance varia-
ble capacitor of ordinary construction can be
used, the circular-plate type shown is symmet-
rical and thus does not unbalance the line. It
also has the further advantage that no insulat-
ing material is required.

@ WAVEGUIDES

A waveguide is a conducting tube through
which energy is transmitted in the form of elee-
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Fig. 2-63—Field distribution in o rectangular waveguide.
The TE),0 mode of propagotion is depicted
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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
enclosed space. Skin effeet prevents any clec-
tromagnetic 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 mercly confines the
encrgy of the fields, which are propagated
through it to the receiving end by means of
reflections against its inner walls.

Analysis of waveguide operation is based on
the assumption that the guide material is a
perfect conductor of electricity. Typical dis-
tributions of electric and magnetic fields in a
rectangular guide are shown in Fig. 2-63. Tt will
be observed that the intensity of the electrie
field is greatest (as indieated by closer spacing
of the lines of force) at the center along the
dimension, Iig. 2-63(B), diminishing to zero at
the end walls. The Iatter 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 perfeet conductor. This repre-
sents an impossible situation.

Modes of Propagation

Fig. 2-63 represents a relatively simple dis-
tribution of the cleetric and magnetic fields.
There is in general an infinite number of ways
in which the fields ean arrange themselves in a
guide so long as there is no upper limit to the
frequency to be transmitted. Each field conlig-
uration is called & mode. All modes may be
separated into two general groups. One group,
designated 7'/ (transverse magnetic), has the
magnetice field entirely transverse to the diree-
tion of propagation, but hax a component of
electrie field in that direction. The other type,
designated TE (transverse electric) has the elece-
tric ficld entirely transverse, but has a com-
ponent of magnetic field in the direction of
propagation. 7'M waves are sometimes called
I waves, and TE waves are sometimes ealled
II waves, but the T/ and T'E designations are
preferred.

The particular mode of transmission is
identified by the group letters followed by two
subscript  numerals; for example. 7T'Ey,
T M. ete. The number of possible modes in-
creases with frequeney for a given size of guide,
There is only one possible mode (called the
dominant mode) (or 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 dimen-
sion is x in Fig. 2-63; this dimension must be
more than one-half wavelength at the lowest
frequency to be transmitted. In practice, the y
dimension usually is made about equal to Y4
to avoid the possibility of operation at other
than the dominant mode.



Waveguides

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

Wavelength  formulas for rectangular and
circular guides are given in the following table,
where z 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 .. ., ., 2 3.41r
Longest wavelength trans-
mitted with little atten-
nation , Cee...... 1.6z 3.2r
Shortest wivelength before
next mode beeomes pos.
sible. . oo Lz 2.8

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 seetion 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
depends upon the dimensions of the cavity and
the mode of oscillation of the waves (ecompar-
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Fig. 2-64—Forms of cavity resonators.
able to the transmission modes in a waveguide).

For the lowest modes the resonant wavelengths
are as follows:

Cylinder. . ............ 00000D000D0G 2.61r
Square box. ... 1.41¢
Sphere. ... oo iiia. 00DDODO00ADS 2. 28r

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

pattern of the electric and magnetic fields can
be varied.

A form of cavity resonator in practical use is
the re-entrant cylindrical type shown in I'ig.
2-65. In construction it resembles a concentric
line elosed at both ends with capacitive loading
at the top, but the actual mode of oscillation may
differ considerably from that occurring in
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Fig. 2.65—Re-entrant cylindrical cavity resonator.

coaxial lines. The resonant frequency of such a
cavity depends upon the diameters of the two
cylinders and the distance d between the ends
of the inner and outer evlinders.

Compared with ordinary resonant circuits,
cavity resonators have extremely high Q. A value
of @ 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 ab-
stracted 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 con-
ductor 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 propa-
gation in the guide or cavity; the coupling
will be maximum when the coupling device
is in the most intense field.

(8)

Fig. 2.66— Coupling to waveguides and resonators.

Coupling can be varied by turning either the
probe or loop through a 90-degree angle.
When the probe is perpendicular to the elee-
tric lines the coupling will be minimum; simi-
larly, when the plane of the loop is parallel
to the magnetic lines the coupling will have
its least possible value.
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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 he transmitted by radio is a pure 1000-cyvele
tone, and we wish to transmit it at 1 Me., (1,-
000,000 ceveles per second). One possible way
might be to add 1.000 Me. and 1 ke. together,
thereby obtaining a radio frequeney of 1.001
Me. No simple method for doing this directly
has been devised, althongh the effeet is obtained
and used in “single-sideband transmission.”

When two different frequencies are present
simultaneously in an ordinary eireuit (specifi-
callv, one in which Ohm's Law holds) each be-
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
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Fig. 2-67 —Amplitude-vs.-time and amplitude-vs.-fre-
quency plots of various signals. (A} 1%2 cycles of an audio
signal, assumed to be 1000 c.p.s. in this example. (B) A
radio-frequency signal, assumed to be 1 Mc.; 1500 cycles
are completed during the same time as the 1%2 cycles in
A, so they cannot be shown accurately. (C) The signals of
A and B in the same circuit; each maintains its own identity.
(D) The signals of A and B in a circuit where the amplitude
of A can control the amplitude of B. The 1-Mc. signal is
modulated by the 1000-cycle signal.

E. F, G and H show the spectrums for the signals in A,
B, C and D, respectively. Note the new frequencies in H,
resulting from the modulation process.
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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-Me. current is not affected by the presence of
the 1-ke. eurrent, but the axis is shifted back and
forth at the 1-ke. rate. An attempt to transmit
such a combination as a radio wave would result
in only the radiation of the 1-Me. frequeney,
since the 1-ke. frequency retains its identity as an
audio frequeney and will not radiate.

There are devices, however, which make it
possible for one frequeney to control the ampli-
tude of the other. Ii, for example, & 1-ke. tone is
used to control & 1-Me. signal, the maximum r.f,
output will be obtained when the 1-ke. signal is
at the peak of one alternation and the minimum
will occur at the peak o the next alternation.
The process is ealled amplitude modulation, and
the effeet is shown in [ig. 2-67D. The resultant
signal is now entirely at radio frequeney, but
with its amplitude varving at the modulation
rate (1 ke.). Receiving equipment adjusted to
receive the 1-Me. r.f. signal ean reproduce these
changes in amplitude, and reveal what the audio
signal is, throngh a process called detection.

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

When an audio frequeney is used to control
the amplitude of a radio frequency, the process
is generally called “amplitude modulation,”” as
mentioned, but when a radio frequency modu-
lates another radio frequency it is ealled hetero-
dyning. 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
specifie 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-
queneies making up speech or music. In this
case, the side frequencies are grouped into the
upper sideband and the lower sideband.

In .\, B, C and D of Fig. 2-67, amplitude is
plotted against time. For better understanding
it is often more helpful to visualize the spectrum,
a plot of amplitude vs, frequency, as illustrated
by E, I, G and H. Any one frequency is repre-
sented by a vertical line.

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
gets) 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 throngh
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 evac-
uated space will be attracted to a positively
charged object within the same space. or will
he repelled by a negatively charged object.
The movement of the electrons under the at-
traction or repulsion of such charged objects
constitutes the current in the vacuum.

The most practical way to introduce a suffi-
ciently  Iarge number of electrons into the
evacuated space is by thermionic emission.

Thermionic Emission

If a thin wire or filament is heated to in-
candescence in a vacuum, electrons near the
surfuce 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
cathode. The reason for this is that the elec-
trons in the space, being negative electricity,
form a negative charge (space charge) in the
region of the cathode. The space charge repels

— 2]

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

tfransmitting type. Others ore receiving tubes, with the

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

those electrons neavest the cathode, tending to
make them fall back on it.

Now suppose a second conductor is intro-
duced into the vacuum, but not connected to
anything else inside the tube. If this second
conductor is given a positive charge by con-
necting a source of e.m.f. between it and the

POSITIVE
PLATE

A B
H=3 1k

Fig. 3-1—Conduction by thermionic emission in o vacuum

tube. The A battery is used to heat the filament ta o tem-

perature that will couse it to emit electrons. The B

battery makes the plote positive with respect to the fila-

ment, thereby cousing the emitted electrans ta be attracted

to the plate. Electrons captured by the plate flow back
through the B battery ta the filament.

cathode, as indicated in Fig, 3-1, electrons emitted
by the cathode are attracted to the positively
charged conductor. An electric current then
flows through the circuit formed by the cathode,
the charged conductor, and the source of e.m.f.
In Fig, 3-1 this e.m.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
eathode) aind 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 [ig.
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 negutive electricity, they
will be attracted to the plate only when the
plate is positive with respect to the cathode.
If the plate is given a negative charge, the
electrons will be repelled back to the cathode
and no current will flow. The vacuum tube
therefore can conduet only in one direction.

Cathodes

Before electron emission can  occur, the
cathode must be heated to a high temperature.
However, it is not essential that the heating cur-

59



3-VACUUM-TUBE PRINCIPLES

%Y e © ()]

Fig. 3-2—Types of cathode construction. Directly heated cathodes
or filaments are shown at A, B, and C. The inverted V filament is

-

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

used in small receiving tubes, the M in both receiving and frans-
mitting tubes. The spiral filament is a transmitting-tube type. The

indirectly-heated cathodes at D and E show two types of heater

@ RECTIFICATION

construction, one a twisted loop and the other bunched heater

wires. Both types tend to cancel the magnetic fields set up by the

current through the heater.

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

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

Although the oxide-conted cathode has much
the highest efficiency, it ean be used suecessfully
only in tubes that operate at rather low plate
voltages. Its use is therefore confined to receiv-
ing-type tubes and to the smaller varicties of
transmitting tubes. The thoriated filament, on
the other hand, will operate well in high-voltage
tubes.

Plate Current

1f there is only a small positive voltage on the
plate, the number of electrons reaching it will
be small because the space charge (which is
negative) prevents those electrons nearest the
cathode from being attracted to the plate. As
the plate voltage is increased, the effect of the
space charge is incereaxingly overcome and the
number of electrons attracted to the plate be-
comes larger, That is, the plate current increascs
with increasing plate voltage.

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 millininmeter) at each volt-
age. The plate eurrent is zero with no
plate voltage and the eurve rises until a
saturation point is reached. This is where
the positive charge on the plate has sub-
stantially overcome the space charge and
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Sinee current ean flow through a tube in
only one direction, a diode can be used to
change alternating current into direet current. It
does this by permitting current to flow when the
plate is positive with respect to the cathode,
but by shutting off current flow when the plate
is negative,

Fig. 3-4 shows a representative circuit. Al-
ternating voltage from the sccondary of the
transformer, T, is applied to the diode tube in
series with a load resistor, . 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-cyele there is simply a gap in the
current flow. This rectified alternating current
therefore is an tntermittent direct current.

The load resistor, I, represents the actual
circuit in which the reetified alternating current
does work. All tubes work with a lowl of one
tvpe or another; in this respeet a tube is much
like a generator or transformer. A circuit that
did not provide a load for the tube would be
like a short-circuit across a transformer; no
useful purpose would be accomplished and the
only result would be the generation of heat
in the transformer. So it is with vacuum tubes;
they must cause power te be developed in a load
in order to serve a useful purpose. Also, to be effi-
cient most of the power nust do useful work in the
load and not be used in heating the plate of the
tube. This means that most of the voltage should
appear-as a drop across the load rather than as a
drop between the plate and cathode.

\Saiurahon

Paoint

Increase —»

Plate Current

Increase —————mw-

Frate Voltage
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Ik 0
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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 voltage applied

to the plate.
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With the diode conneeted
as shown in Fig. 3-4, the
polarity of the voltage drop
across the load is such that
the end of the load nearest the
cathode is positive. If the
connections to the diode ele-
ments are reversed, the direc-
tion of rectified current flow
also will be reversed through
the load.

AC Diode

t

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

Voltoge
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Vacuum-Tube Amplifiers

@ TRIODES
Grid Control

If a third element — ealled the control grid,
or simply grid —is inserted between the cath-
ode and plate as in Fig. 3-5, it can be used to
control the effect of the space charge. If the
grid is given a positive voltage with respect to
the cathode, the positive charge will tend to
neutralize the

negative space charge. The

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

result is that, at any seleeted plate voitage,
more electrons will flow to the plate than if the
grid were not present. On the other hand, if
the grid is made necgative with respect to the
cathode the negative charge on the grid will
add to the space charge. This will reduce the
number of eclectrons that can reach the plate
at any selected plate voltage.

The grid is iuserted in Lhe tube Lo coulbiol
the space charge and not to attract

a value of negative grid voltage that will cut off
the plate eurrent.

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 eircuit. IHowever, when
the grid is positive, it attracts electrons and a
current (grid current) flows, just as current flows
to the positive plate. Whenever there is grid
current there is an accompanying power loss in
the grid circuit, but so long as the grid is negative
no power is used.

It is obvious that the grid can act as a valve
to control the flow of plate current. Actually,
the grid has a much greater effect on plate
current flow than does the plate voltage. A
small change in grid voltage is just as effective
in bringing about a given change in plate current
as is a large change in plate voltage.

The fact that a small voltage acting on the
grid is equivalent to a large voltage acting on
the plate indicates the possibility of amplifica-
tion with the triode tube. The many uses of
the electronic tube nearly all are based upon
this amplifying feature. The amplified output
is not obtained from the tube itself, but from the
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” cireuit,
jusl as in the diode enso. Tho load may he

clectrons to itself, so it is made in the 18

7
form of a wire mesh or spiral. Elec- vl '_4' |

trons then ean go through the open
spaces in the grid to reach the plate.

S

Characteristic Curves

For any particular tube, the effect
of the grid voltage on the plate cur-
rent can be shown by a set of char-
acteristic curves. A typical set of 2
eurves is shown in Fig. 3-6, together f
with the eircuit that is used for get-
ting 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

Plate Currenl-MA
o o

»

RE) -10
Grid Voltage

Fig. 3-6—Grid-voltage-vs.-plate-current curves at various fixed valves
of plate voltage {Ey) for a typical small triode. Characteristic curves of
this type can be taken by varying the battery voltages in the circuit

at the right.
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either a resistance 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. Amplitica-
tion factor is commonly designated by the
Greek letter p. An amplification factor of 20,
for example, means that if the grid voltage is
changed by 1 volt, the effect on the plate eur-
rent will be the same as when the plate voltage
is changed by 20 volts. The amplifieation factors
of triode tubes range from 3 to 100 or so. .\ high-p
tube is one with an amplification factor of per-
haps 30 or more; medium-g tubes have ampli-
fication 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 ¢ would be the best amplifier,
but to obtain a high g it is necessary to construet
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 relatively 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 eauses 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) 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 am-
plification,

@ 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
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circuit used for obtaining it, is shown in Fig. 3-7.
The curves are taken with the plate-supply
voltage fixed at the desired operating value. The
difference between this circuit and the one shown
in Fig. 3-6 is that in Fig. 3-7 a load resistance is
connected in series with the plate of the tube.
[Fig. 3-7 thus shows how the plate current will
vary, with different grid voltages, when the plate
current is made to flow through a load and thus
do useful work.
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Fig. 3-7—Dynamic characteristics of a small triode with
various load resistances from 5000 to 100,000 ohms.

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.,

I'ig. 3-8 is the same type of curve, but with
the circeuit 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
indicated in the circuit diagram. If there is no
a.c. signal in the grid cireuit, the voltage drop in
the load resistor is 50,000 X 0.002 = 100 volts,
leaving 200 volts between the plate and cathode.

When a sine-wave signal having a peak value of
2 volts is applied in series with the bias voltage
in the grid circuit, the instantaneous voltage at
the grid will swing to —3 volts at the instant the
signal reaches its positive peak, and to —7 volts
at the instant the signal reaches its negative
peak. The maximum plate current will oceur at
the instant the grid voltage is —3 volts. As shown
by the graph, it will have a value of 2.65 milli-
amperes. 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
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Fig. 3-8—Amplifier operation. When the plate current
varies in response to the signol applied to the grid, o
varying voltage drop appears across the load, R,, os
shown by the dashed curve, E.. I, is the plate current.

and ecathode of the tube also is shown on the
graph. When the plate current is maximumn,
the instantaneous voltage dvop in 12, i= 50,000
X 0.00265 = 1325 volts: when the plate cur-
rent minimum the instantancous  voltage
drop in 2, i 50,000 X 0.00135 = 67.5 volts,
The actual voltage between plate and eathode
is the difference between the plate-supply po-
tentinl, 300 volts, and the voltage drop in the
load resistance. The plate-to-eathode  voltage
is therefore 167.5 volts at maximum plate current
and 232.5 volts at minimum plate current.

This varying plate voltage is an a.c. voltage
superimposed on the steady plate-cathode poten-
tial of 200 volts (as previously determiued 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 illus-
tration this difference is 2325 — 200 or 200 —
167.5; that is, 32,5 volts in either case. Sinee the
grid signal voltage has a peak value of 2 volts, the
voltage-amplification ratio of the amplifier is
32,5 2 or 16,25, That is, approximately 16 times
as much voltage is obtained from the plate cireuit
as is applied to the grid cireuit,

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

1=

Plate Current-MA,

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 seleeted. 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 g, 3-9, the shape of the a.c.
wave in the plate eireuit will not be the same as
the shape of the grid-signal wave. In such a ease
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 ear-
rent flow there ix 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 eireuit daring the time
the grid is positive.

Distortion of the output wave shape that
results from working over a part of the eurve that
= not straight (that ix, a nonlinear part of the
curve’ has the effeet 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
noulinearity causes the generation of harmonic
frequencies —frequencies that are not present
in the signal applied to the grid. Harmonie dis-
tortion is undesirable in most amplifiers, although
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Fig. 3-9—Harmonic distortion resulting from choice of an

operating point on the curved part of the tube character-

istic. The lower half-cycle of plate current does not have
the same shape os the upper half-cycle,
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there are occasions when harmonies are deliber-
ately generated and used.

Amplifier Output Circuits

The useful output of a vacuum-tube amplifier
is the alternating component of plate current or
plate voltage. The d.c. voltage on the plate of the
tube is essential for the tube’s operation, but it
almost invariably would cause difficulties if it
were applied, along with the a.c. output voltage,
to the load. The output circuits of vacuum 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 I, (that is,
the a.c. voltage between the plate and cathode of
the tube) is applied to a second resistor, I,
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 in 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
compared with the resistance of R so that the
a.c. voltage drop in (. is negligible at the lowest
frequency 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 Ry is made as high in resistance as possi-
ble; then it will have the least effect on the load
represented by Rp.

The impedance-coupled circuit differs from
that using resistance coupling only in the sub-
stitution of a high-inductance coil (usually sev-
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 permits
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 trans-
former with its primary connected in the plate
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Fig. 3-10—Three basic forms of coupling between
vacuum-tube amplifiers.

circuit of the tube and its secondary connected
to the load (in the circuit shown, a following
amplifier). There is no direct connection between
the two windings, so the plate voltage on tube A
is isolated from the grid of tube B. The trans-
former-coupled amplifier has the same advantage
as the impedance-coupled circuit with respect to
loss of d.c. voltage from the plate supply. Also,
if the secondary has more turns than the primary,
the output voltage will be “stepped up” in pro-
portion 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
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. Ilowever, 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
constant over the audio-frequency range. On the
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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 ealled a Class A, amplifier. Voltage ampli-
fiers are always Class Ay amplifiers, and their
primary use is in driving a following Class .\,
amplifier.

Power Amplifiers

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

Output
Tronsformer

Fig. 3-1 1 —An elementary power-amplifier circuit in which
the power-c¢ ing load is coupled to the plate circuit
through an imgedance-matching transformer.

Signal

1-

Fig. 3-11 shows an elementary power-amplifier
circuit. It is simply a transformer-coupled ampli-
fier with the load conunected to the secondary.
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
resistance from plate to cathode, usually some
thousands of ohms, for optimum operation. The
resistance of the actual load is rarely the right
value for “matching” this optimum load re-
sistance, so the transformer turns ratio is chosen
to reflect the proper value of resistance into the
primary. The turns ratio may be either step-up
or step-down, depending on whether the actual
load resistance is higher or lower than the load
the tube wants.

The power-amplification ratio of an ampli-

" fier 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 fashion is known as a
Class A, amplifier. It is necessary to use a power
amplifier to drive a Class A, amplifier, because a
voltage amplifier cannot deliver power without
serious distortion of the wave shape.

Another term used in connection with power
amplifiers is power sensitivity. In the case of a
Class Ay amplifier, it means the ratio of power
output to the grid signal voltage that causes it.
If grid current flows, the term usually means
the ratio of plate power output to grid power
input. 0

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 efliciency, 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 & 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
secured by connecting two tubes in push-pull.
In this case the grids and plates of the two
tubes are connected to opposite ends of a balanced
circuit as shown in Fig. 3-12, At any instant the
ends of the secondary winding of the input
transformer, 7’1, 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. llence, in any push-pull-connected
amplifier the voltages and currents of one tube
are out of phase with those of the other tube.
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Fig. 3-12—Parallel and push-pull a.f. amplifier circuits.

PUSH-PULL

In push-pull operation the even-harmonic
(second, fourth, ete.) 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 exeiting voltage measured between the
two grids must be twice that required for one
tube. If the grids consume power, the driving
power for the push-pull amplifier is twice that
taken by either tube alone.

Cascade Amplifiers

1t 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.
Ilach amplifier is called o stage, and stages used
successively are said to be in cascade.

Class B Amplifiers

Fig. 3-13 shows two tubes connected in a
push-pull circuit. If the grid bias is set at the
point where (when no signal is applied) the
plate current is just cut off, then a signal can
canse 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
m the balanced grid circuit the signal voltages on
the grids of the two tubes always hiave opposite
polarities, 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
direction, through the primary of the output
transformer, to the plate current of tube A.
Thus each half of the output-transformer pri-
mary works alternately to induce a half-cycle
of voltage in the secondary. In the secondary
of T'a, the original waveform is restored. This
type of operation is called Class B amplification.

The Class B amplifier has considerably higher
plate efficiency than the Class A amplifier. Fur-
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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 \
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 ean deliver approximately twelve
times as much audio power as the same two tubes
in a Class A amplifier.

A Class B amplifier usually is operated in
such a way as to secure the maximum possible
power output. This requires rather large values
of plate current, and to obtain them the signal
voltage must completely overcome the grid hias
during at least part of the cycle, so grid cur-
rent flows and the grid cireuit 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 evele means that the load on the preceding
amplifier or driver stage varies in magnitude
during the eyele: the effective load resistance ix
high when the grids arve not drawing current and
relatively low when they do take current. Thix
must be allowed for when dexigning the driver.

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

Class 13 amplifiers used at vadio frequencies
are known as linear amplifiers because they are
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Fig. 3-13—Class B amplifier operation,



Class B Amplifiers

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
o 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 am-
plifiers, 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 con-
siderably higher than with pure Class .\ opera-
tion. A Class AB amplifier can be operated
either with or without driving the grids into
the positive region. A Class AB; amplifier is
one in which the grids are never positive with
respect to the cathode; therefore, no driving
power is required — only voltage. A Class AB,
amplifier is one that has grid-current flow during
part of the cvele if the applied signal is large;
it takes a small amount of driving power, The
Class AB2 amplifier will deliver somewhat more
power (using the same tubes) but the Class AB;
amplifier avoids the problem of designing a driver
that will deliver power, without distortion, into
a load of highly variable resistance.

Operating Angle

Inspection of Iig. 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
" 18U-degree’ excilalion, o half-oycle heing 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
A 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 becontes.

An operating angle of less than 180 degrees
leads to a considerable amount of distortion,
because there is no way for the tube to reproduce
even a half-evcle 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
cireuits “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 called Class C operation. The
advantage is that the plate efficiency is in-
creased, because the loss in the plate is propor-
tional, 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
fundamentals, to transform the resistance of the
actual load to the value required by the tube.
The grid is driven well into the positive region,
so that grid current flows and power is consumed
in the grid circuit. The smaller the operating
angle, the greater the driving voltage and the
larger the grid driving power required to develop
full output in the load resistance. The best com-
promise between driving power, plate efficiency,
and power output usually results when the
minimum plate voltage (at the peak of the driv-
ing cycle, when the plate current reaches its high-
est vilue) is just equal to the peak positive grid
voltage. Under these conditions the operating
angle is usually between 150 and 180 degrees and
the plate efficiency lies in the range of 70 to 80
percent. While higher plate efficiencies are pos-
sible, attaining them requires excessive driving
power and grid bias, together with higher plate
voltage than is “normal” for the particular tube
type.

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

@ rEEDBACK

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
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.
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Negative Feedback

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

The greater the amount of negative feedback
(when properly applied) the more independent
the amplitication becomes of tube charneteristics
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—Simgle circuits for producing feedback.

In the cireuit shown at A in Fig. 3-14 resistor
I is in secries with the regular plate resistor, I2p,
and thus is a part of the load for the tube. There-
fore, part of the output voltage will appear across
R.. Tlowever, R, also is connected in series with
the grid circuit, and so the output voltage that
appears across . is in series with the signal
voltage. The output voltage across R. opposes
the signal voltage, so the actual a.c. voltage
between 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
feedback voltage. Reversing the terminals of
either transformer winding (but not both simul-
taneously) will reverse the phase.

Positive Feedback

Positive feedback increases the amplifieation
because the feedback voltage adds to the original
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signal voltage and the resulting larger voltage on
the grid causes a larger output voltage. The
amplification tends to be greatest at one fre-
queney (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 “oseillators,” and in
addition is used for selective amplification at both
audio and radio frequencies, the feedback being
kept helow the value that eauses self-oscillation.

@ INTERELECTRODE CAPACITANCES

liach 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 previously 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
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. llence the
signal souree “sees” an effective capacitance that
is larger than the grid-cathode capacitance. This
is known as the Miller Effect.

Fig. 3-15—The a.c. voltage appearing between the grid

and plate of the amplifier is the sum of the signal voltage

and the output voltage, as shown by this simplified circuit.
Instantaneous polarities are indicated.



Screen-Grid Tubes

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

C'mput = Cuk + Cgp(A + 1)

where Cy is the grid-to-cathode ecapacitance,
C.p is the grid-to-plate eapacitance, 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,

Output Capacitance

The principal eomponent of the output ca-
pacitance of an amplifier ix the actual plate-to-
eathode eapacitance of the tube. The output
capacitance 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 resistanee-coupled amplifier
gives very little amplification at r.f., for example,
heeause the reactances of the interelectrode “ea-
pacitors™ are so low that they practieally short-
cireuit the input and output eircuits and thus the
tube is unable to amplify. This is overcome at
radio frequencies by using tuned cirenits 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 eapacitance is important at
radio frequencies hecause its reactance, relatively
low at r.f., offers a path over which energy can be
fed back from the plate to the grid. In practieually
every ease the feedback is in the right phase and
of sufficient amplitude to eause self-oseillation, so
the circuit becomes useless as an amplifier.

Special “neutralizing” cireuits 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, ealled the screen
grid, acts as an electrostatic shield to prevent
capacitive coupling hetween the control grid and
plate. It is made in the form of a grid or coarse
screen so that eleetrons can pass through it,

Because of the shielding action of the screen
grid, the positively charged plate cannot attract
electrons from the cathode as it does in a triode.
In order to get clectrons 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 friode tube. In traveling toward the screen the
clectrens acquire such velocity that most of them

i
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Fig. 3-16—Representative arrangement of elements in o
screen-grid tetrode, with part of plate and screen cut
away. This is "single-ended"” construction with o button
base, typical of minigture receiving tubes. To reduce
capacitance between control grid and plate the leads
from these elements are brought out at opposite sides;
actual tubes probably would have additional shielding
between these leads.

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 sereeu-grid cireuit.

To be a good shield, the sereen grid must be
connected to the cathode through a cireuit that
has low impediince at the frequencey being ampli-
fied. 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 cathade, control grid, sereen
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 ealled
secondary emission. In a triode the negative grid
repels the secondary electrons back into the plate
and they cause no disturbance. In the sereen-grid
tube, however, the positively charged sereen
attraets the sccondary electrons, causing a re-
verse current to flow between sereen and plate.

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

Although the sereen grid in either the tetrode
or pentode greatly reduces the influence of the
plate upon plate-ciwrrent flow, the control grid
still ean control the plate current in essentially
the same way that it does in a triode. Conse-
quently, the grid-plate transconductance (or
mutual eonductance) of a tetrode or pentode will
be of the same order of value as in a triode of cor-
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responding structure. On the other hand, since
a change in plate voltage has very little effect on
the plate-current flow, both the amplification
factor and plate resistance of a pentode or tetrode
are very high, In small receiving pentodes the
amplification factor is of the order of 1000 or
higher, while the plate resistance may be from
0.5 to 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 incrcase in input capacitance 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 control-
grid-to-screen capacitance. The output cepaci-
tance of a sereen-grid tube is equal to the capaci-
tance between the plate and screen.

In addition to their applications as radio-
frequency amplifiers, pentodes or tetrodes also
are used for audio-frequency power amplification.
In tubes designed for this purpose the chief func-
tion of the screen is to serve as an accelerator of
the electrons, so that large values of plate current
can be drawn at relatively low plate voltages.
Such tubes have quite high power sensitivity
compared with triodes of the same power output,
although harmonie 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 sccondary emission so that a sup-
pressor grid is not needed. The “beam” con-
struction 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
decreases when its grid bias is made more nega-
tive, assuming that the other electrode voltages
are held constant. Since the mutual conductance
controls the amount of amplification, it is possible
to adjust the gain of the amplifier by adjusting
the grid bias. This method of gain control is uni-
versally used in radio-frequency amplifiers de-
signed for receivers.

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

@ INPUT AND OUTPUT IMPEDANCES

The input impedance of a vacuum-tube 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 £2/P,
where E is the r.m.s. driving voltage and P is the
power in watts consumed in the grid. The re-
sistance usually will vary during the a.c. cycle
because grid current may flow only during part
of the cycle; also, the grid-voltage/grid-current
characteristic is seldom linear.

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

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

. OTHER TYPES OF AMPLIFIERS

In the amplifier circuits so far discussed, the
signal has been applied between the grid and
cathode and the amplified output has been taken
from the plate-to-cathode circuit. That is, the
cathode has been the meeting point for the input
and output circuits. ITowever, 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 repre-
sents the load into which the amplifier works;
the actual load may be resistance-capacitance-
coupled, transformer-coupled, may be a tuned
circuit if the amplifier operates at radio fre-
quencies, 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



Cathode Circuits and Grid Bias

Fig. 3-17—In the
vpper circuit, the
grid is the junction
point between the
input and output
circvits. In the lower
drawing, the plate
is the junction. In
either case the out-
putis developed in
the load resistor,
R, and may be
coupled to a fol-
lowing amplifier by
the usual methods.

CATHODE FOLLOWER

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 ecathode. 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 suit-
able for grounded-grid service.

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

The grounded-grid amplifier is widely used
at v.hf. and u.h.(,, where the more conventional
amplifier eircuit fails to work properly. With a
triode tube designed for this type of operation,
an r.f. amplifier can be huilt that is free from the
type of feedback that causes oscillation. This
requires that the grid act as a shield between the
cathode and plate, reducing the plate-cathode
capacitance to a very low value.

Cathode Follower

The cathode follower uses the plate
of the tube as the common element.
The input signal is applied between
the grid and plate (assuming negligible
impedance in the batteries) and the
output is taken between cathode and

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

"o
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whete 7, is the tube plate resistance and u is the
amplification factor. Low output impedance is a
valuable characteristic in an amplifier designed
to cover a wide band of frequencies. In addition,
the input capacitance is only a fraction of
the grid-to-cathode capacitance of the tube, a
feature of further henefit in o wide-band ampli-
fier. The cathode follower is useful as a step-down
impedance  transformer, sinee the input im-
pedance is high and the output impedance is low.

Zou

. 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 reetified and filtered to give pure d.c.
— that is, dircet current that is constant and
without a superimposed a.c. component — the
relatively large currents required by filaments
and heaters usually make a reetifier-type d.c.
supply impracticable.

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
eathodes or filaments, because with such cathodes
there has to be a direct connection between the
source of heating power and the rest of the cir-
cuit. The hum can be minimized by either of the
connections shown in Fig, 3-18, 1n 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.
Tlie Lalunce is never quite perfect, however, so
filament-type tubes are never completely hum-
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plate. This circuit is degenerative: in c. ¢
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the output voltage: that is, the cathy
ode follower gives a. loss in voltage,.
although it gives the same power gain
as other circuits under equivalent op-.
arating conditions, ’

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

heated tubes.
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free. For this reason direetly-heated filaments are
employed for the most part in power tubes,
where the amount of hum introdueed is ex-
tremely small in comparison with the power-
output level.

With indirectly heated cathodes the chief
problem is the magnetie field set up by the heater.
Occasionally, also, there is leakage between the
heater and cathode, allowing a small a.e. 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 I"ig. 3-18.

Cathode Bias

In the simplified amplifier circuits discussed in
this chapter, grid bias has been supplied by a bat-
tery. Ilowever, in equipment that operates from
the power line cathode bias is very frequently
used.

The eathode-bias method uses a resistor (cath-
ode resistor) connected in series with the cathode,
as shown at ‘& in Fig. 3-19. The direction of plate-
current flow is such that the end of the resistor
nearest the eathode is positive. The voltage drop

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

across I therefore places o nregative voltage on
the grid. This negative bias is obtained from
the steady d.c. plate current.

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 cireuit and
that of Fig. 3-14.\). To prevent this the resistor
is bypassed by a capacitor, (', that has very
low reactanee compared with the resistance of 2.
Depending on the type of tube and the particular
kind of operation, 2 may be between about 100
and 3000 ohms. FFor good bypassing at the low
audio frequencies, ' should be 10 to 50 micro-
farnds  (eleetrolvtic capacitors are used for this
purpose). At radio frequencies, eapacitances of
about 100 pef. to 0.1 uf, are used; the small
values are sufficient at very high frequencies and
the largest at low and medium frequencies. In
the range 3 to 30 megacyceles a capacitanee of
0.01 uf. is satisfactory.

The value of eathode resistor for an amplifier
having negligible d.c. resistance in its plate cir-
cuit (transformer or impedance coupled) can
casily be ealeulated 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,
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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 re-
quired cathode resistance is then

E 8 667 ohms,
! 0.012

T'he nearest standard value, 680 ohuns, would be
elose enongh, The power used in the resistor is

P =ElI =8 X 0,012 = 0.006 watt,

A Ti-watt or Lg-watt resistor would have wmple
rating,

The current that flows through R is the total
cathode eurrent. In an ordinary triode amplifier
this is the same as the plate current, but in a
sereen-grid tube the eathode current is the sum of
the plate and screen currents. Ilenee these two
currents must be added when caleulating 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 recommended
plate and screen voltages, its plate current is 9
. and its sercen current is 2 ma. The cathode

eurrent is thercfore 11 ma. (0.011 amp.). The
required resistance is
£ 3
R == =—— =272 ohms,
1 0.011
A 270-ohm resistor would be satisfactory, The
power in the resistor is

P = EI =3 X 0011 = 0.033 watt.

The eathode-resistor method of hiasing is self-
regulating, beeause if the tube characteristies
vary slightly from the published values (as they
do in practice) the bins will inercase 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.

Caleulation of the cathode resistor for a re-
sistance-coupled amplifier is ordinarily not prac-
ticable by the method deseribed 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
amplifiers are given in the chapter on audio
amplifiers, including cathode-resistor values.

‘“Contact Potential’’ Bias

In the absence of any negative bias voltage on
the grid of a tube, some of the electrons in the
space charge will have enough veloeity to reach
the grid. This causes a small current (of the order
of microamperes) to flow in the external circuit
between the grid and cathode. If the current is
made to flow through a high resistance — a meg-
ohm 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 obtaincd is called
eontact-potential bias.

Contact-potential bias can be ueod to advan-
tage in circuits operating at low signal levels (less
than one volt peak) since it eliminates the eath-
ode-bias resistor and bypass capacitor. It is prin-
cipally used in low-level resistance-coupled audio
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amplifiers. The bias resistor is connected direetly
hetween grid and eathode, and must be isolated
from the signal source by o 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
resistor, and C is the screen bypass capacitor.
In flowing through R, the screen current eauses
a voltage drop in I that reduces the plate-supply
voltage to the proper value for the sereen. When
the plate-supply voltage and the sereen current
are known, the value of 2 ean be ealeulated from
Ohm'’s Law,

Example: An r.i, receiving pentode has a rated
screen current of 2 milliamperes (0.002 amp.) at
normal operating conditions, The rated séreen
voltage is 100 volts, and the plate supply gives
250 volts. To put 100 volts on the sereen, the
drop across I must be equal to the difference
hetween the plate-supply voltage and the sereen
voltage; thut is, 230 — 100 = 150 volts. Then

R == =_"" =735000 ohms.
! 0.002

The power to be dissipated in the resistor is

Signal

5T

. J—
S

Fig. 3-20—Screen-voltage supply for a pentode tube

through o 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.

P = EI =150 X 0.002 = 0.3 watt,
A }4- or 1-watt resistor would be satisfactory.

The reactance of the screen bypass capacitor,
C, should be low compared with the sereen-to-
cathode impedance. IFor radio-frequency applica-
tions a capacitanee in the vieinity of 0.0 uf. is
amply large.

In some vacuum-tube eireuits the seraen volt-
age is obtained from a voltage divider conneceted
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 cireuit, sclf-
sustaining oscillutions will be set up. When an
amplifier is arranged so that this condition exists
it is ealled an oscillator.

Oscillations normally take place at only one
frequency, and a desired frequency of oscillation
can be obtained by using a resonant cireuit tuned
to that frequeney. For example, in Fig. 3-21A
the circuit LC is tuned to the desired frequency
of oscillation. The eathode of the tube is con-
neeted to a tap on coil L and the grid and plate
are connected to opposite ends of the tuned cir-
cuit. Whon an r.f enrrent. flows in the tuned
cireuit 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
cireuit, which flows through the bottom section of
L., is in phase with the current already flowing in
the circuit and thus in the proper relationship for
positive feedbaek.

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 eathode is ton
#mall 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
feedback usually is obtained when the tap is
somewhere near the eenter of the coil.

The eireuit of Fig. 3-21A is parallel-fed, ¢,
being the blocking capacitor. The value of ¢/,
is not eritieal so long as its reactance is low (not
more than a few hundred ohms) at the operating
frequeney.

Capacitor Cy is the grid capacitor. It and 2,
(the grid leak) are used for the purpose of ob-

RFC
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Z Plote Voltage
7e 3
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o
Lt e J
____) _

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 Colgitts circvit the voltage is obtained from
the drop across a capacitor.
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taining grid bias for the tube. In most oscillator
circuits the tube generates its own bias. During
the part of the evele when the grid is positive
with respect to the cathode, it attracts electrons.
These electrons cannot flow through L back to
the cathode because Cp “blocks” direct current.
They thercfore have to flow or “leak” through
R, to cathode, and in doing so cause a voltage
drop in I, that places a negative bias on the
grid. The amount of bias so developed is equal
to the grid current multiplied by the resistance
of R, (Ohm’s Law). The value of grid-leak
resistance required depends upon the kind of
tube used and the purpose for which the oscil-
lator is intended. Values range all the way from a
few thousand to several hundred thousand ohms.
The capacitance of Cy should be large enough to
have low reactance (a few hundred ohms) at the
operating frequency.

The circuit shown at B in Fig. 3-21 uses the
voltage drops across two capacitors in series in
the tuned circuit to supply the feedback. Other
than this, the operation is the same as just
deseribed. The feedback can be varied by vary-
ing the ratio of the reactances of C1and Cq (that
is, by varying the ratio of their capacitances).

Another type of oscillator, called the tuned-
plate tuned-grid circuit, is shown in Fig. 3-22.

Voitage

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

Resonant circuits tuned approximately to the
same frequency are connected between grid and
cathode and between plate and cathode. The two
coils, L and Lo, 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, C2Ls, is
tuned to a slightly higher frequency than the
grid cireuit, L1C;. The amount of feedback can
be adjusted by varying the tuning of either cir-
cnit. The frequency of oscillation is determined
by the tuned circuit that has the higher Q. The
grid leak and grid capacitor have the same
functions as in the other cireuits. In this case it is
convenient to use series feed for the plate circuit,
so Cb is a bypass capacitor to guide the r.f,
current around the plate supply.

There are many oscillator circuits (examples of
others will be found in later chapters) but the
basic feature of all of them is that there is 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
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the cireuit. If the feedback is not large enough —
grid excitation too small —a small inerease in
load may tend to throw the circuit out of oscilla-
tion. On the other hand, too much fecdback
will make the grid current excessively high,
with the result that the power loss in the grid
circuit becomes larger than necessary. Since the
oscillator itself supplies this grid power, excessive
feedback lowers the over-all efficiency because
whatever power is used in the grid circuit is not
available as useful output.

One of the most important considerations in
oscillator design is frequency stability. The 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 ca-
pacitances. Since these are umavoidably part
of the tuned circuit, the frequency will change
correspondingly. 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 rela-
tively slow in operation, and the frequency
change caused by them is called drift.

A change in plate voltage usually will cause
the frequency to change a small amount, an
effect called dynamic instability. Dynamic in-
stability 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 encrgy
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
coupling between the tuned circuit and the tube
and load must be kept as loose as possible. ref-
erably, the oscillator should not he 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 cireuit. 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 oseillators for
amateur transmitters and described in a later
chapter. Alternatively, the L/C ratio may be
made as small as possible while sustaining stable
oscillation (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-
mum when the feedback is adjusted to the least
value that permits reliable oscillation. The use
of a tube having a high value of transconductance
is desirable, since the higher the transconductance
the looser the permissible coupling to the tuned
circuit and the smaller the feedback required.

Load variations act in much the same way as
plate-voltage variations. A temperature change
in the load may also result in drift.

Mechanieal variations, usually caused by
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vibration, cause changes in inductance and/
or capacitance that in turn cause the frequency
to ‘““wobble” in step with the vibration.

Methods of minimizing frequency variations
in oscillators are taken up in dctail in later
chapters.

Ground Point

In the oscillator circuits shown in Figs. 3-21
and 3-22 the cathode is connected to ground.
It is not actually essential that the radio-
frequency circuit should be grounded at the
cathode; in fact, there are many times when
an r.f. ground on some other point in the circuit
is desirable. The r.f. ground can be placed at
any point so long as proper provisions are
made for feeding the supply voltages to the
tube elements.

IFig. 3-23 shows the Iartley circuit with the
plate end of the circuit grounded. No r.f. choke is
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
eapacitor, Cb, across the plate supply. Direct

Clipping

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 particular
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
the negative half of the signal during which the
instantancous voltage does not exceed the bias.
When the negative signal voltage exceeds the
positive bias the resultant voltage at the diode

Fig. 3-24—Series ond shunt
diode clippers. Typicol opera-
tion is shown ot the right.

Voltage

Fig. 3-23—Showing how the plote may be grounded for
r.f. in o typicol oscillotor circuit {Hartley).

current flows to the cathode through the lower
part of the tuned-cireuit 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 prevent the filament from being by-
passed to ground by the capacitance of the
filament-heating transformer.

Circuits

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 volt-
age, and the proportion of signal clipping de-
pends 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 out-
put wave shape is the same as the input wave
shape, as shown in the lower sketch. The out-
put 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 /2 to the output
circuit (which must have high impedance com-
pared with the resistance of ). When the nega-
tive half of tlie signal volluge excecds the hiag
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 the negative and positive peaks of the signal
are clipped.

Triode Clippers
The circuit shown at A in Fig. 3-25 is capable
of clipping both negative and positive signal
peaks. On positive peaks its operation is similar
to the shunt diode clipper, the clipping taking
place when the positive peak of the signal voltage
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Fig. 3-25—Triode clippers. A—Single triode, using shunt-type
diode clipping in the grid circult 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.

is large enough to drive the grid positive, The
positive-clipped signal is amplified by the tube
a8 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 circuit.
In the cathode-coupled clipper shown at B
in Fig. 3-25 V| is a cathode follower with its out-
put circuit direetly connected to the cathode of
73, which is a grounded-grid amplifier. The tubes
are biased by the voltage drop across R;, which
carries the d.c. plate currents of both tubes.
When the negative peak of the signal voltage ex-
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ceeds the d.c. voltage across R; clipping occurs
in V1, and when the positive peak exceeds the
same value of voltage Va's plate current is cut
off. (The bias developed in R, tends to be constant
because the plate current of one tube increases
when the plate current of the other decreases.)
Thus the circuit clips both positive and negative
peaks. The clipping is symmetrical, providing the
d.c. voltage drop in Rz 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.HF. and Microwave Tubes

At ultrahigh frequencies, interelectrode ca-
pacitances and the inductance of internal leads
determine the highest possible frequency to which
a vacuum tube can be tuned. The tube usually
will not oscillate up to this limit, however, bhe-
cause of dielectrie 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 dura-
tion of the evele. At 1000 ke., for example, transit
time of 0.001 microsecond, which is typical of
conventional tubes, is only 1/1000 cycle. But at
100 Me., this same transit time represents {g
of a cycle, and a full eycle at 1000 Mec. These
limiting factors establish about 3000 Mec. as the
upper frequency limit for negative-grid tubes.

With most tubes of conventional design, the
upper limit of useful operation is around 150 Me.
For higher frequencies tubes cf special construc-
tion are required. About the only means available
for reducing interelectrode capacitances is to re-
duce the physical size of the elements, which is
practical only in tubes which do not have to
handle appreciable power. However, it is possible
to reduce the internal lead inductance very ma-
terially 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
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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

0.C.Cathode
connection

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.

planes, as shown in Fig. 3-26, instead of coaxially.
The disk-seal terminals practically eliminate 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 clectrons. Thus
the electrons tend to separate into groups, those
leaving the cathode during the negative half-
cycle being collectively slowed down, while those



U.HF. and Microwave Tubes

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 exele, the remainder traveling to
the plate at differing veloeities. Since these con-
tribute nothing to the power output at the op-
erating 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 “kiy-
stron.”

The Klystron

In the klystron tube the clectrons emitted by
the cathode pass through an cleetrie field estab-
lished by two grids in a cavity resonator ealled
the buncher. The high-frequeney eleetric field
between the grids is parallel to the electron
stream, This field wecelerates the electrons at one
moment and retards them at another, in accord-
ance with the variations of the r.f. voltage ap-
plicd. The resulting velocity-modulated beam
travels through a field-free “drift space,” where
the slower-moving eleetrons are gradually over-
taken by the faster ones. The clectrons emerging
from the pair of grids therefore are separated into
groups or “bunched” along the direction of mo-
tion. The velocitv-modulated clectron  stream
then goes to a catcher cavity where it again
passes  through two parallel grids, and  the
r.f. eurrent created by the bunching of the elec-
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Fig. 3-27—Circuit diogram of the klystron oscillotor,
showing the feed-back loop coupling the frequency-con-
trolling covities.

tron beam induces an r.f. voltage between the
grids. The eateher cavity is made resonant at the
frequency of the velocity-modulated electron
heam, so that an oscillating field is set up within
it by the passage of the electron bunches through
the grid aperture.

It a feedback loop is provided between the
two cavities, as shown in Fig. 3-27, oscillations
will occur. The resonant frequency depends on
the electrode voltages and on the shape of the
cavities, and may be adjusted by varying the
supply voltage and altering the dimensions of the
cavities. Although the bunched beam current is
rich in harmonics the output wave form is re-
markably pure because the high Q of the catcher
cavity suppresses the unwanted harmonics.

Magnetrons

A magnetron is fundamentally a diode with
cyvlindrical electrodes placed in a uniform mag-
netie field, with the lines of magnetic force parallel
to the axes of the elements. The simple eylindrical
magnetron consists of a cathode surrounded by
a concentric cylindrical anode. In the more effi-
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Fig. 3-28—Conventionol magnetrons, with equivolent
schemotic symbols ot the right. A, simple cylindricol
magnetron. B, split-onode negotive-resistonce mognetron.

cient gplit-unode magnetron the cylinder is di-
vided lengthwise.

Magnetron oscillators are operated in two dif-
ferent ways. Electrically the circuits are similar,
the difference being in the relation hetween ele-
tron transit time and the frequency of oscillation.

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 oscillation
frequency. Electrons emitted from the cathode
are driven toward hoth halves of the anode. If
the potentials of the two halves are unequal, the
effect of the magnetic field is such that the ma-
jority 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 Me. Under the
best operating conditions efficiencies of 20 to 25
per eent may be obtained.
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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
eathode move in curved paths which just fail to
reach the anode. All electrons are therefore de-
flected 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

Cathode Fig. 3.29—
Split-anode
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potentials of these halves to vary about their av-
erage positive values. If the period (time required
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 di-
rection twice with each electron rotation. Some
clectrons will lose energy to the electric field, with
the result that they are unable to reach the cath-
ode and continue to rotate about it. Meanwhile
other electrons gain energy from the field and are

Fig. 3-30—Schematic draw.
ing of a traveling-wave

assembly i8 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 multiscgment magnetrons
reaches G5 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 em.

Traveling-Wave Tubes

Gains as high as 23 db. over a bandwidth of
800 Me. at a center frequency of 3600 Me. have
heen 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 clectron
velocity is about the same as the wave velocity
in the absence of the eleetrons, turning on the
eleetron heam causes a power gain for wave prop-
agation in the direetion of the electron motion,

The portions of Fig. 3-30 marked “input’” and
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amplifier tube.

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
clectric field. This energy can be used to sustain
oscillations in a resonant transmission line con-
nected between the two halves of the anode.
Split-anode magnetrons for u.h.f. are con-
structed with a cavity resonator built into the
tube structure, as illustrated in Fig. 3-29. The
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“output” are waveguide scctions to which the
ends of the helix are coupled. In practice two
electromagnetic focusing coils are used, one form-
ing a lens at the clectron 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.
Tvpical power output is of the order of 200
milliwatts.
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CHAPTER 4

Semiconductor

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 netals, are known as semiconductors.
These materials, of which germanium and silicon
are examples, have an atomic structure that
normally is associated with insulators. However,
when small amounts of impurities are introdueed
during the manufacture of germanium or silicon
erystals, it is possible for free clectrons to exist
and to move through the erystals under the influ-
enee of an eleetrie field. Tt is also possible for some
of the atoms to be deficient in an eleetron, and
these eleetron deficiencies or holes can move from
atom to atom when urged to do so by an applied
electric force. (The movement of a hole is actu-
ally 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 in another aton.) The holes ean be
considered to be equivalent to particles carrving
a positive eleetric charge, while the electrons of
course have negative charges. Ioles 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
material, which has an excess of electrons, the
conduction is termed “electronic.” If o piece of
p-type material is joined to a piece of n-type
material as at A in Fig. 4-1 and a voltage is ap-
plied to the pair as at 13, eurrent will flow across
the boundary or junction between the two (and
also in the external circuit) when the battery has
the polarity indicated. Electrons, indicated by
the minus svmbol, are attracted across the junc-
tion from the n material through the p material
to the positive terminal of the battery, and
holes, indicated by the plus symbol, are attracted
in the opposite direction across the junction by
the negative potentinl of the battery. Thus
current. flows through the circuit by means of

clectrons moving one way and holes the other.

If the battery polarity is reversed, as at C,
the excess electrons in the n material are ar-
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 eur-
rent carriers, consequently there is no conduction.

In other words, a junction of p- and n-type
materials constitutes a reetifier. It differs from
the tube diode rectifier in that there is a measur-
able, although comparatively very small, reverse
current. The reverse current results from the
presence of some carriers of the type opposite to
those which principally characterize the material.
The prineipal ones are called majority carriers,
while the lesser ones are minority carriers.

The process hy which the ecarriers cross the
junetion is essentially diffusion, and takes place
comparatively slowly. This, together with the fact
that the junection forms a capacitor with the two
plates separated by practically zero spacing and
hence has relatively high capacitance, places a
limit on the upper frequeney 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-
duectivity 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 arex very small. This is done by means
of a point contact, a tiny p-type region heing
formed under the contact point during manu-
facture when n-type material is used for the
matin body of the device.

@ SEMICONDUCTOR DIODES

Diodes of the point-contact type are used for
many of the same purposes for which tube diodes
are used. The construction of such a diode ix

CURRENT NO CURRENT
+ + ++++
14 4 f
+ + = Fig. 4-1—A p-n junction (A) and its
A= = behavior when conducting (B) and non-
- - conducting {C).
(A) (8)
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GERMANIUM  WAFLR

METAL BASE CATWHISKER
/}ss
— -
SYMBOL

METAL SUPPORTS
WIRE LEADS

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 meas-
ured 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 fo the plate and the bar to the cathode of a
tube diode.

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 | uuf. or less) and
requires no heater or filament power.

Characteristic Curves

The germanium erystal diode is characterized
by relatively large current flow with small ap-
plied voltages in the “forward” direction, and
small, although finite, current How in the reverse
or “back” direction for much larger applied
voltages. A typical characteristic curve is shown
in Fig. 4-3. The dynamic resistance in cither the
forward or back direction is determined by the
change in current that oceurs, 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 ap-
plied voltages, but the eurve is for the most part
quite straight, indicating fairly constant dynamie
registance. For small applied voltages. the forward
resistance i8 of the order of 200 ohms in most
such diodes. The back resistance shows con-
siderable variation, depending on the particular
voltage chosen for the measurement. It may run
from a few 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 re-
sistances vary with the value of the applied
voltage and are considerably lower.

Junction Diodes

Junction-type diodes made of germanium or
silicon are employed prineipally as power recti-
fiers, in applications similar to those where seleni-
um 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 appropriste
number of rectifiers must be connected in series
to operate safely on a given a.c. input voltage.
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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 eauses maximum current flow. The average
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 voltage
at which the maximum tolerable back current is
specified varies with the type of diode,
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Zener Diodes

The “zener diode’ is a speeial type of silicon

junction diode that has a characteristic similar
to that shown in Fig. 4-4. The sharp break from
non-conductance to conduectance is called the
Zener Knee: at applied voltages greater than this
breakdown point, the voltage drop across the
diode is essentially constant over a wide range
of currents. The substautially constant voltage
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Fig. 4-4—Typical characteristic of a zener diode. In this

example, the voltage drop is substantiaily constant at 30

volts in the (normally) reverse direction. Compare with Fig.

4.3. A diode with this characteristic would be called a
**30-volt zener diode.”



Transistors

drop over a wide range of currents allows this
semiconduetor deviee to be used as a eonstant
voltage reference or control element, in a manner
somewhat similar to the gascous voltage-regulator
tube. Voltages for zener diode aetion 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 eoeflicient is improved
over that of a single diode of equivalent rating
and the power-handling capability is inereased.

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 junetion
diodes that behave as capacitors of reasonable Q
(35 or more) up to 50 Me. and higher. They are
useful in many applications because the actual
capacitance value is dependent upon the d.e. bias
voltage that is applied. In a typical capacitor
the capacitance ean be varied over a 10-to-1
range with a bias change from 0 to —100 volts.
The eurrent demand on the bias supply is on the
order of a few microamperes.

Typical applications include remote eontrol
of tuned eircuits, automatie frequency control
of reeeiver local oscillators, and simple frequency

Ry
" VWV\V—-
INPUT OUTPUT
o—_ — o

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 u single diode. Ri

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

modulators for communications and for sweep-
tuning applications.

Tunnel Diode

Mueh hepe is held for the future use of the
“tunnel diode,” a junetion semiconductor of
special construetion that has a “negative re-
sistance” eharaeteristic at low voltages. This
charaeteristic (decrease of ewrrent with increase
of voltage) permits the diode to be used as an
oscillator and as an amplifier. Sinee eleetrieal
charges move through the diode with the speed
of light, in contrast to the relatively slow motion
of ecleetrical  charge carriers in other  semi-
conductors, it has been possible to obtain oseil-
lations at 2000 Me. and higher.

Transistors

Iig. 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
cffect two p-n junction diodes back to back. If a
positive bias is applied to the p-tvpe material at
the left, current will flow through the left-
hand junection, 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 he 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 llow in this civeuit (sce I'ig. 1 1C).
However, there are now additional holes avail-
able at the junection to travel to point B and
electrons ean travel toward point (A, so a current
can flow even though this section of the sandwich
considered alone is biased to prevent conduction.

P N P
R T CTE[+ 4 _COLLECTOR
Al 4+ ISt 4+ e
N base
4= +y =
i 1

Fig. 4-6—The basic arrangement of o transistor, This
represents a junction-type p-n-p unit.

Most of the eurrent is between A 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
alled o transistor, and the three sections are
known as the emitter, base and collector, re-
spectively. The amplitude of the eollector eur-
rent 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
direction the collector-to-base resistance is high.
On the other hand, the emitter and collector
eurrents are suhstantially equal, so the power
in the colleetor cireuit is larger than the power
in the emitter cireuit (= /2R, =0 the powers
are proportional to the respective resistances, if
the currents are the same). In practieal transistors
emitter resistanee is of the ovder of a few hundred
ohms while the ecollector 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 possihle.
Point-Contact Transistors

The point-contact transistor, shown at the
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left in g, 4-7, has two “cat whiskers” placed
very close together on the surface of 4 germanium
wafer. It is principally of historical interest and
i« 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 sccured.

Junction Transistors

I'he 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 Me. or so. The types used
for audio and low-radio frequencies usually have
cut-off frequencies ranging from 500 to 1000 ke.

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 eleetrie field that accelerates the carriers
across the junction. Typical drift transistors have
cut-off frequencies of the order of 100 Me.

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

@ TRANSISTOR CHARACTERISTICS

An important characteristic of a transistor is
its current amplification factor., usually desig-
nated by the symbol «. ‘This is the ratio of the
change in collector current to a small change in
emitter current, measured in the common-base
circuit deseribed 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 « cut-off frequency is the frequency at
which the current amplification drops 3 db. below
its low-frequency value. Cut-off frequencies range
from 500 ke. to frequencies in the v.h.f.
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region. The cut-off frequency indieates in a
general way the frequency spread over which the
transistor is useful.

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

-0 10
"

- s
ﬁ 8 I 8
& -6 Jez 6 MAL |
S P
i
Qo |
2 | 2
gz [ [

[ -0 =20 =30
COLLECTOR VOLTS

Fig. 4-8—A typical collector-current vs. collector-voltage
characteristic of a junction-type transistor, for various
emitter-current volues. 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 re<stance.

shows the collector current vs. coilector voitage
for a number of fixed values of emitter current.
Practically, the collector current depends almost
entirely on the emitter current and is inde-
pendent of the collector voltage. The separation
between curves representing equal steps of emit-
ter 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 us. collector
voltage, but for a number of different values of
base current. In this case the emitter element is
used as the common point in the circuit. The
collector current is not independent of collector
voltage with this type of connection, indicating
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that the output resistance of the device is fairly
low. The base current also is quite low, which
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Fig. 4-9—Collector current vs. collector voltage for vari-
ous values of base current, for a junction-type transistor.
The values are determined by means of the circuit shown.

means that the resistance of the base-emitter
cirenit is moderately high with this method of
connection. This may be contrasted with the
high values of emitter current shown in Fig. 1-8.

Ratings

The principal ratings applied to transistors arc
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. Increasing
the collector voltage extends the range of linear
operation, but must not be carried beyond the
point where cither 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-collector
eircuits. These are shown in Fig. 4-10 in elemen-
tary form. The three circuits correspond approx-
imately to the grounded-grid, grounded-cathode
and cathode-follower circuits, respectively, used
with vacuum tubes.

The important transistor parameters in these
circuits are the short-circuit current transfer
ratio, the cut-off frequency, and the input and
output impedances. The short-circuit current
transfer ratio is the ratio of a small change in
output current to the change in input current
that causes it, the output circuit being short-
circuited. The cut-off frequency is the frequency
at which the amplification decreases by 3 db.
from its value at some frequency well below that
at which frequency effects begin to assime impor-
tance. 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-
uum tube, for example).

Grounded-Base Circuit

The input circuit of a grounded-base amplifier
must be designed for low impedance. since the
emitter-to-hase resistance is of the order of 25/1/,
ohms, where /. 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 cireuit 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 cireuit 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 « 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
cireuit is equal to

(23

l—-a

Since « 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 « cut-off
frequency multiplied by (1 — a), and thercfore
is relatively low. (For example, a transistor with
an a cut-off of 1000 ke. and a = 0.98 would
have a cut-off frequency of 1000 X 0.02 = 20
ke. 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
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
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resistance is a disadvantage of this type of am-
plifier if the load is one whose resistance or
impedance varies with frequency.

The current transfer ratio with this circuit is

1
l —a

and the cut-off frequency is the same as in the
grounded-emitter circuit. The output and input
currents are in phase.

Practical Circuit Details

The transistor is essentially a low-voltage
device, so the use of a battery power supply
rather than a rectified-a.e. supply is quite com-
mon, Usually, it is more eonvenient to em-
ploy a single battery as a power souree in pref-
erenee to the two-battery arrangements shown in
Fig. 1-10, so most eircuits are designed for single-
battery operation. Provision must be included,
therefore, for obtaining proper biasing voltage
for the emitter-base cireuit from the battery that
supplies the power in the collector circuit.

!

SIGNAL Ry
INPUT

Fig. 4-10—Basic tran-
sistor amplifier circuits.
R, the load resistance,
may be an actual re-
sistor or the primary of
a tronsformer. The input
signal may be supplied
from a transformer sec-
ondary or by resistance-
capacitance coupling.
In any case it is to be
understood that o d.c.
path must exist be-
tween the base and
emitter.

P-n-p transistors are
shown in these circuits.
If n-p-n types are used
the battery polarities
must be reversed.
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Coupling arrangements for introducing the
input signal into the circuit and for taking out
the amplified signal are similar to those used with
vaeuum tubes. Ilowever, the actual eomponent
values will in general be quite different from
those used with tubes. This is hecause the imped-
ances associated with the input and output
circuits of transistors may differ widely from the
comparable impedances in tube cireuits. Also, d.e.
voltage drops in resistances may require more
eareful attention with transistors because of the
much lower voltage available from the ordinary
battery power source. Battery economy becomes
an important factor in eirenit 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
whieh it is associated.

Typieal single-battery grounded-emitter cir-
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Fig. 4-11 —Practical grounded-emitter circuits using trans-
former and resistance coupling. A combination of either
also con be used—e.qg., resistance-coupled input and
transformer-coupled output. Tuned transformers may be
used for r.f. and i.f. circuits.

With small tronsistors used for low-level omplification
the input impedance will be of the order of 1000 ohms
and the input circuit should be designed for on 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 Rq
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
Ri and R: (see text).

cuits are shown in Fig. 1-11. R, in series with
the emitter, is for the purpose of “swamping
out " the resistance of the emitter-base diode; this
swamping helps to stabilize the emitter current.
The resistance of ) should be large compared
with that of the emitter-base diode, whieh, as
stated earlier, is approximately equal to 25
divided by the emitter current in ma.

Sined the eurrent in 2 flows in sueh a direction
as to bias the emitter negatively with respect to
the base (a p-n-p transistor is assumed), a base-
emitter bias slightly greater than the drop in R,
must be supplied. The proper operating point is
achieved through adjustment of voltage divider
RaRR3, the constants of which are ehosen to give
the desired value of collector current at the no-
signhal operating point.

In the transformer-coupled cireuit, input signal
currents flow through £, and R, and there would
be u loss of signal power at the base-emitter diode
if these resistors were not bypassed by 'y and o,
The capacitors should have low reactance com-
pared with the resistances across which theyv are
connected. In the resistance-coupled circuit R
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has the dual function of acting as part of the hias
voltage divider and as part of the load resistance
for the signal-input source. Also, as seen by the
signal source, Ifg is in parallel with Rg and thus
becomes part of the input load resistance. ('
must therefore have low reactance compared with
the net resistance of the parallel combination of
Rs, Rz and the base-to-emitter resistance of the
transistor, The reactance of C¢ will depend on
the impedance of the load into which the circuit
delivers output.

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 R 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 rather sensitive to temn-
perature variations, and so the operating point
tends to shift as the transistor heats. The shift in
operating point unfortunately is in such a diree-
tion as to increase the heating, leading to “ther-
mal 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 dissipation as
possible: i.c., the d.c. input should be kept to
the lowest value that will permit the type of
operation desired, and in any event 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
improved by making the resistance of R, as large
as possible and both B3 and Rj; as small as possi-
ble, consistent with other considerations such as
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 sustain self-oscillation. Representative oseil-
lator circuits are shown in Fig. 4-12. Their resem-
blance to the similarly-named vacuum-tube
cireuits is ¢vident,

I
\

COLPITTS

Fig. 4-12—Typica! transistor oscillator circuits.
ponent values are discussed in the text,

Com-

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 e cut-off frequency of the particular
transistor used.

The approximate oscillation frequency is that
of the tuned circuit, L;C). Ry, Ry and B3 have the
same functions as in the amplifier circuits given
in Fig. 4-11. Capacitors Cz and Cj are bypass or
blocking capacitors and should have low react-
ance compared with the resistances with which
they are associated.

Feedback in these circuits is adjusted in the
same way as with tube oscillators. In the Hartley
cireuit it is dependent on the position of the tap
on the tank coil; in the tickler circuit, on the
number of turns in Ly and degree of coupling
between L; and Lg; and in the Colpitts circuit,
on the ratio of the tank capacitance between
base and emitter to the tank capacitance between
collector and emitter,
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CHAPTER 5

High-Frequency

Recelvers

A good receiver in the amateur station makes
the difference between mediocre contacts and
solid Q50s, 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 scnsi-
tivity 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
amplification to amplify the minute signal power
delivered 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 ke. 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 eycles
at the most, and consequently the bandwidth of
a code receiver can be small. A single-sideband
phone signal takes up 3 to 4 ke., and the audio
quality ean be impaired if the bandwidth is much
less than 3 ke. although the intelligibility will
hold up down to around 2 ke. 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 fur-
nished at the receiver hefore 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 differcnces, 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 commerecial circles “‘sensitivity’’ is defined as
the strength of the signal (in microvoits) at the
input of the receiver that is required to produce
a specified audio power output at the speaker or
headphones. This is a satisfactory definition for
broadecast and communications receivers operat-
ing below about 20 Mec., 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 output
some stated ratio (generallv 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
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is not merely a measure of the over-all amplifica-
tion 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-
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
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(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 ecircuits, 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,
noisc overrides the other noise in the piate cireuit
of the input stage. (It is assumed that the first
stage in any good recciver will be the determining
factor; the noise contributions of subsequent
stages should be insignificant by comparison.) At
freauencies below 20 or 30 Me. 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 receiver to
the signal-to-noise power ratio of the actual re-
ceiver 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 helow 30
Me. Although noise figures of 2 to 4 db. can be
obtained, they are of little or no use below 30 Me.
except in extremely quiet locations or when a very
small antenna is used. The noise figure of a re-
ceiver is not modified by changes in handwidth.

Selectivity

Selectivity is the ability of a receiver to
discriminate against signals  of frequencies
differing from that of the desired signal. The
over-all seleetivity will depend upon the se-
leetivity of the individual tuned eircuits 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 frequen-
cies off resonance to the signal strength at
resonance, to give constant output. A reso-
nance curve of this type is shown in Fig. 5-1.
The bandwidth is the width of the resonance
curve (in eycles or kilocycles) of a receiver at a
specified ratio; in Fig. 5-1, the bandwidths are
indicated for ratios of response of 2 and 10 (“6
db. down”” and “20 db. down”").
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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 cor-
responding decibe! steps are shown at the right.

The bandwidth at 6 db. down must be sufficient
to pass the signal and its sidebands if faithful
reproduction of the signal is desired. ITowever, in
the crowded amateur bands, it is generally advisa-
ble 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 attenua-
tion. In a receiver with good skirt selectivity, the
ratio of the 6-db. bandwidth to the 60-db. band-
width will be about 0.25 for code and 0.5 for
phone. The minimum usable bandwidth at 6 db.
down is ahout 150 eyeles 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 dis-
tortion. The term “unstable’” is also applied to a
receiver that breaks into oscillation or a regenera-
tive condition willi soine acttings of its eontrols
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”). Any device that is
“nonlinear” (i.e., whose output is not ezactly
proportional to its input) will act as a detector.
It can be used as a detector if an impedance
for the desired modulation frequency is con-
nected in the output circuit.

Detector sensitivity is the ratio of desired
detector output to the input. Detector linear-
ity is a measure of the ability of the detector to

reproduce the exact form of the modulation
on the incoming signal. The resistance or im-
pedance of the detector is the resistance or
impedance it presents to the circuits it is con-
nected to. The input resistance is important
in receiver design, since if it is relatively low it
means that the detector will consume power,
and this power must be furnished by the pre-
ceding stage. The signal-handling capability
means the ability to accept signals of a specified
amplitude without overloading or distortion.
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Diode Detectors

The simplest detector for a.m. is the diode. A
galena, silicon or. germanium crystal is an
imperfect form of diode (a small current can
pass in the reverse direction), and the principle
of detection in a erystal is similar to that in a
vacuum-tube diode.

Circuits for both half-wave and full-wave
diodes are given in Fig. 3-2. The simplified
half-wave circuit at 32\ includes the rf.
tuned circuit, La("), a coupling coil, Ly, from
which the r.f. energy is fed to LoC), and the
diode, D, with its load resistance, &), and by-
pass capacitor, Ca. The flow of rectified r.f.
current causes a d.c. voltage to develop across
the terminals of 72;. The — and + 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 Ry. In audio work the
load resistor, 2y, is usually 0.1 megohm or
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Fig. 5-2—Simplified and practical diode detector circuits.
A, the elementary half-wave diode detector; B, a practical
circuit, with r.f. filtering and audio output coupling; C, full-
wave diode detector, with output coupling indicoted. The
circuit, 12Ch, is tuned to the signal frequency; typical values
for C2 and Ry in A and C are 250 uuf. and 250,000 ohms,
respectively;in B, C2 and C3 are 100 uuf. each; Ry, 50,000
ohms; and Rz, 250,000 ohms. C4 is 0.1 uf. and Rz may be
0.5 to 1 megohm.

88

higher, so that a fairly large voltage will develop
from a small rectified-current flow.

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

Modulated
sgnal gpplied 1G]
detector

Signal

after ,MM Mﬁ Bﬂ “h ﬂﬂ ml !![(B)
rectification o

Varying d.c
a/tzlr'?f s
filtered out

"k T NN\ o)
Cil \ /A A

condensér 4
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. eycle when
the plate is positive with respect to the cath-
ode, so that the output of the rectifier consists
of half-cycles of r.f. These current pulses flow
in the load circuit comprised of R, and Cq, the
resistance of Ky and the eapacity of Cg being so
proportioned that 'z charges to the peak value
of the rectified voltage on cach pulse and re-
tains enough charge betwgen pulses so that the

wvoltage across [?) is smoothed out, as shown in
‘C. (g thus acts as a filter for the radio-fre-

quency component of the output of the recti-
fier, leaving a d.c. component that varies in
the same way as the modulation on the original
signal. When this varying d.c. voltage is ap-

'plied to a following amplifier through a cou-

pling capacitor (Cy in Fig. 5-2), only the raria-
tions in voltage are transferred, so that the final
output signal is a.c., as shown in D.

In the circuit at 5-2B, 2, and Ca 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 eause overload-
g of a succeeding amplifier tube. The audio-
frequency variations can be transferred to
another circuit through a coupling eapacitor,
("4, to a load resistor, R3, which usually is a
*potentiometer” so that the audin 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 te make the control noisy (scratchy) after
a short while.

The full-wave diode circuit at 5-2C differs
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in operation from the half-wave circuit only in
that both halves of the r.f. eycle are utilized.
The full-wave circuit has the advantage that
rf. filtering is easier than in the half-wave circuit.
As a result, less attenuation of the higher audio
frequencies will be obtained for any given degree
of r.f. filtering,

The reactance of C2 must be small compared
to the resistance of R) at the radio frequency
being rectified, but at audio frequencies must
be relatively large compared to . If the capacity
of Cz is too large, response at the higher audio
frequencies will be lowered.

Compared with other detectors, the sensitiv-
ity of the dinde is low, normally running around
0.8 in audio work. Since the diode consumes
power, the Q of the tuned circuit is reduced,
bringing about a reduction in sclectivity. 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. Suflicient negative bias is ap-

L Lz

RF
INPUT

R F
INPUT

(B) -B +B

Fig. 5-4—Circuits for plate detection. A, triode; B, pen-
tode. The input circuit, L2C1, is tuned to the signal frequency.
Typical values for the other components are:

Com-

ponent Circuit A Circuit B

Cz2 0.5 uf. or larger.

C3 0.001 to 0.002 uf, 250 to 500 uuf.

Cs 0.1 uf. 0.1 uf.

Cs 0.5 uf. or larger.

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

0.5 uf. or larger.

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

R4 20,000 ohms.

RFC 2.5 mh 2.5 mh.

Plate voltages from 100 to 250 volts may be used. Effec-
tive screen voltage in B should be about 30 volts,

plied to the grid to bring the plate current nearly
to the cut-off point, so that application of a
signal to the grid cireuit causes an increasc in
average 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. (3 is the plate bypass capacitor,
and, with RFC, prevents r.f. from appear-
ing in the output. The cathode resistor, 12}, pro-
vides the operating grid bias, and Cyis a l)\p’lSS
for both radio and audio frequencies. g is the
plate load resistance and Cy is the output coupling
capacitor. In the pentode cirenit at B, I3 and
R4 form a voltage divider to supply the proper
sereen potential (about 30 volts), and Cp is a
hypass eapaecitor. (9 and (5 must have low
reactance for both radio and audio frequencies.

In general, transformer eoupling from the
plate circuit of a plate detector is not satisfac-
tory, because the plate impedance of any tube
is very high when the bias is near the plate-
current cut-off point. Impedance coupling may
be used in place of the resistance coupling shown
in Fig. 5-4. Usually 100 henrys or more inductance
is required.

The plate detector is more sensitive than
the diode beeause 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 cireuit, and so does not affeet
its Q and selectivity,

Infinite-Impedance Detector

The circuit of Fig. 5-5 combines the high
signal-handling capabilities of the diode detector
with low distortion and, like the plate detector,
does not load the tuned circuit it connects to.
The circuit resembles that of the plate detector,
except that the load resistance, Ry, is connected
between cathode and ground and thus is common
to both grid and plate circuits, giving negative
feedback for the audio frequencics. The cath-
ode resistor is bypassed for r.f. but not for
audio, while the plate cireuit is bypassed to

L
R F INPUT 2

OU TPUT

Fig. 5-5—The infinite-impedance detector. The input cir-
cuit, L2Cy, is tuned to the signal frequency. Typical values
for the other components are:

Ca—250 puf, Ri—0.15 megohm.
C3—0.5 puf. R2—25,000 ohms.
Cys—0.1 uf. R3—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.fo.
cathode follower and the mixer
tube. In B the mixer and b.f.o.

+250

BFO.

(8)

ground for both audio and radio frequencies.
An rf. filter can be connected between the
cathode and Cj 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 I consequently
increases with signal. Because of this and the
large initial drop across ), the grid usually
cannot be driven positive by the signal, and no
grid current can be drawn.

Product Detector

The product detector circuits of Iig. 5-6 are
useful in s.8.b. and code reception because they
minimize intermodulation at the detector. In
Iig. 5-64A, two triodes are used as cathode fol-
lowers, for the signal and for the b.f.o0., 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 cireuit and it operates at
a higher grid bias (by virtue of the 2700-ohm
resistor in its eathode 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 vield 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, be-
cause now the detector output is the product of
the two signals. The plates of the cathode fol-
lowers are grounded and filtered for the i.f.. and
the 4700-uuf. capacitor from plate to ground in
the output triode 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.nm.s.

The circuit in Fig. 5-6B is a simplification re-
quiring one less triode. Its prineiple of operation
is substantially the same except that the addi-
tional bias for the output tube is deriwed from
rectified b.f.o. voltage across the 100,000-ohm
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follower are combined in one
tube, and a low-pass filter is
used in the output.

+250

resistor. More elaborate r.f. filtering is shown in
the plate of the output tube (2-mh. choke and
the 220-uuf. capaeitors), and the degree of plate
filtering in either eireuit 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
circuit, the incoming signal can be amplified
many times, thereby greatly increasing the
sensitivity of the detector. Regeneration also
increases the effective @ of the eireuit 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
cireuit 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,
I, biases the grid negatively, and the audio-
frequency variations in voltage across /2, are
amplified through the tube as in a normal a.f.
amplifier. In the plate eireuit, R is the plate load
resistance and C3 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 further
increased by using a screen-grid tube instead of a
triode. The operation is equivalent to that of the
triode circuit. The screen bypass capacitor
should have low reactance for both radio and
audio frequencies,

The cireuit in Fig. 5-7B is regenerative, the
feedback being obtained by feeding some signal
from the plate circuit back to the grid by indue-
tive coupling. The amount of regeneration must
be controllable, because maximum regencrative
amplification is secured at the critical point where
the cireuit, is just about to oscillate. The ecritical
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point in turn depends upon cireuit conditions,
which may vary with the frequency to which the
detector is tuned. An oscillating detector can be
detuned slightly from an incoming c.w, signal to
give antodyne reeeption.

The circuit of Fig. 5-7B uses a variable by-
pass capacitor, (5, in the plate cireuit to control
regeneration. When the capaeitance is small the
tube does not regenerate, but as it increases
toward maximum its reactance becomes smaller
until there is  sufficient feedback to cause
oscillation. If L and Lz are wound end-to-end in
the same direction, the plate connection is to the
outside of the plate or “tickler” coil, Lg,
when the grid connection is to the outside end of
Ly.
Although the regenerative grid-leak detector is
more sensitive than any other type, its many
disadvantages commend it for use only in the
simplest receivers. The linearity is rather poor,
and the signal-handling capability is limited.
The signal-handling capability can be improved
by reducing R to 0.1 megohm, but the sensitivity
will be decreased. The degree of antenna coupling
is often eritical.

Tuning

For c.w. reception, the regeneration control
is advanced until the detector breaks into a
“hiss,” which indicates that the detector is
oscillating. Further advancing the regenera-
tion control will result in a slight decreasc in
the hiss,

The proper adjustment of the regencration
control for hest 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
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
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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, Rz, an audio choke coil or
transformer could be used.

(B} Feeding some signal from the plate circuit back to
the grid makes the circuit regenerative. When feedback
is sufficient, the circuit will oscillate. Feedback is controlled
here by varying reactance at Cs; with fixed capacitor at
that point regeneration could be controlled by varying
plate voltage or caupling between L2 and L3.

is shown in Fig. 5-8. A low-pitched beat-note
cannot be obtained from a strong signal be-
cause the detector ““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 ad-
vancing the regeneration control until the
beat-note is heard again, or by reducing the
input signal.

The point just after the detector starts
oscillating is the most sensitive condition for
code reception. Further advancing the regenera-
tion control makes the receiver less prone to block-
ing, but also less sensitive to weak signals.

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

Single-sideband phone signals can be received
with a regenerative detector by advancingthe
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 *“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
he reduced by using loose antenna coupling,
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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 difference)
and back up to a high tone, as shown at A, B and C. The
curve is a graphical representation of the action. The beat
exists past 8000 or 10,000 cycles but usually is not heard
because of the limitations of the audio system.
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Tuning and Band-Changing Methods

Band-Changing

The same coil and tuning capuacitor eannot be
used for, say, 14 Me. to 3.5 Me., because of the
impracticable maximuni-to-minimum capacity ri-
tio 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 cireuit constants for vari-
ous frequency bands. As a matter of convenience
the same tuning eapacitor usually is retained, but
new eoils are inserted in the circuit for each band.

One method of ehanging inductances 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 arc 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 casier to work on
than coils clustered around a switeh,

Bandspreading

The tuning range of a given coil and variable
capacitor will depend upon the induetance of
the coil and the change in tuning capacity. For
case of tuning, it is desirable to adjust the tun-
ing range so that practically the whole dial
scale is occupied by the band in use. This is
called bandspreading. Because of the varyving
widths of the bands, special tuning methods
must be devised to give the correet maximum-
minimum eapacity ratio on each band. Several
of these methuds are shown in Fig. 5-9.

Fig. 5-9—Essentials of
the three basic band-
spread tuning systems.
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In A, a small bandspread capacitor, ¢} (15-
to 25-puf. maximum ecapacity), is used in par-
allel with a eapacitor, (2, which is usually large
enough (100 to 140 puf.) to cover a 2-to-l
frequency range. The setting of Ca will de-
termine the minimum capacitance of the ecircuit,
and the maximum capacity for bandspread
tuning will be the maximum capacity of C,
plus the setting of (2. The inductance of the
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coil can be adjusted so that the maximum-
minimum ratio will give adequate bandspread.
It is almost impossible, because of the non-
harmonie relation of the various band limits, to
get full bandspread on all bands with the same
pair of capacitors, Ca is variously called the
band-setting or main-tuning capacitor. It must
be reset each time the band is changed.
If the eapacitance change of a tuning capacitor
i known, the approximate total fixed shunt
capacitance (Fig. 5-9A) for covering an amateur
band is given by
_—
e L
2f

where ('} = eapacitance change

(2 = total shunt capacitance
I’ = low-frequency limit of band
J = width of band

Example: What fixed shunt eapacitance will allow a eapa-
citor with a range of 3 to 13 uuf, to tune 6.95 to 7.35 Me.?
0y = (153 -5)_>< 7 - 0 _ g8 .

2 X (7.35 — 6.95) .8

The 5-puf. 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 eapaci-
tors in series. The tuning capacitor, €, may have
a maximum capacitanee of 100 puf. or more. The
minimum capacitanee is determined principally
by the setting of ('3, which usually has low eapaci-
tanee, and the maximum capacitance by the set-
ting of ('3, which is of the order of 25 to 50 uuf.
This method is capable of elose adjustment to
practically any desired degree of bandspread. Either
Cy and ('3 must be adjusted for each band or sepa-
rate preadjusted capacitors must be switched in.

The circuit at C also gives complete spread
on each band. Cj, the bandspread capacitor,
may have any convenient value; 50 ppf. is satis-
factory. Co may be used for continuous frequency
coverage (“‘general coverage”) and as a band-
setting capacitor. The effective maximum-mini-
mum capacitanee ratio depends upon (s and the
point at which C; is tapped on the coil. The
nearer the tap to the bottom of the coil, the
greater the bandspread, and vice versa. FFor a
given coil and tap, the bandspread will be greater
if (9 is set at higher capacitance. (2 may be con-
nected permanently across the individual indue-
tor and preset, if dexired. This requires o separate
eapacitor for each band, but eliminzxtes the ne-
cessity for resetting Ca each time,

Ganged Tuning

The tuning capacitors of the several r.f.
circuits may be eoupled together mechanically
and operated by a single control. However,
this operating eonvenience involves more com-
plicated eonstruction, both electrically and
mechanically. It becomes necessary to make
the various circuits track — that is, tune to the
same frequeney at cach setting of the tuning
control.



Superhetrodyne

True tracking can be obtained only when the
inductance, tuning capacitors, and ecircuit
inductances and minimum and maximum
capacities are identical in all “‘ganged” stages.
A small trimmer or padding capacitor may be
connected across the coil, so that variations in
minimum capacity can be compensated. The
nse of the trimmer necessarily increnses the
minimum circuit capacity, but it is a necessity
for satisfactory tracking. Midget capacitors
having maximum capacities of 15 to 30 uuf. are
commonly used,

The same methods are applied to band-
spread circuits that must be tracked. The
circuits are identical with those of Fig. 5-9.
If both general-coverage and bandspread tun-
ing are to be available, an additional trimmer
capacitor must be connected across the coil in
each eircuit shown, If only amateur-band tun-
ing is desired, however, then (73 in Fig. 5-9B,
and (%9 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 satis-
factorily. An alternative method, provided the
inductance is reasonably close to the correct
value initially, is to make the coil so that the
last turn is variable with respect to the whole coil.

Another method for trimming the induc-
tance is to use an adjustable brass (or copper)
or powdered-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 eflect, and increases the inductance
as it is moved into the coil. The Q of the coil is
not affected materially by the use of the brass
shug, 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 pow-
dered-iron cores can be obtained for use up to
about 50 Me.

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
detector 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
seldom 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 modulating
the output of a tunable oscillator (the high-fre-
quency, or local, oscillator) by the incoming
sighal in a mixer or converter stage (first de-
tector) to produce a side frequency equal to the
intermediante frequency. The other side frequency
is rejected by selective circuits. The audio-
frequency signal is obtained at the second
detector. Code signuls are made audible by
autodyne or heterodyne reception at the second
detector,

As a numerical example, assume that an
intermediate frequency of 455 ke. is chosen
and that the incoming signal is at 7000 ke.
Then the high-frequency oscillator frequency
may be set to 7455 ke., in order that one side
frequency (74535 minus 7000) will be 455 ke.
The high-frequency oscillator could also be set
to 6545 ke. and give the same difference fre-
quency. 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 ke.

The frequency-conversion

process permits

r.f. amplification at a relatively low frequency,
the if. High selectivity and gain can be ob-
tained 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 eonsiderably removed
from the signal frequencies (percentage-wise),
they are not normally “pulled”” hy the incoming
signal.
Images

Iach h.f. oscillator frequency will eause i1,
response at two signal frequencies, one higher
and one lower than the oscillator frequency.
If the oscillator is set to 7455 ke. to tune to a
7000-ke. signal, for example, the receiver cun
respond also to a signal on 7910 ke., which
likewise gives a 455-ke. beat. The undesired
signal is called the image. It can cause unnecces-
sary interference if it isn't eliminated.

The radio-frequency circuits of the receiver
(those used before the signal is heterodyned
to the if.) 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 out-
put from the desired signal to that from the
image is called the signal-to-image ratio, or
image ratio.

The image ratio depends upon the selectivity
of the r.f. tuned circuits preceding the mixer
tube. Also, the higher the intermediate fre-
quency, the higher the image ratio, since raising
the i.f. increases the frequency separation be-
tween the signal and the image and places the
latter further away from the resonance peak
of the signal-frequency input circuits. Most
receiver designs represent a compromise be-
tween economy (few r.f. stages) and image re-
jection (large number of r.f, stages).
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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 oscil-
lator may beat with signals far removed from
the desired frequency to produce output at the
intermediate frequency; such spurious responses
can be reduced by adequate selectivity before
the mixer stage, and by using sufficient shielding
to prevent signal pick-up by any means other
than the antenna. When a strong signal is re-
ceived, the harmonics generated by rectification
in the second detector may, by stray coupling,
be introduced into the r.f. or mixer circuit and
converted to the intermediate frequency, to go
through the receiver in the sume way as an ordi-
nary signal. These “birdies’” appear as a hetero-
dyne beat on the desired signal, and are princi-
pally bothersome when the frequency of the
incoming signal is not greatly different from the
intermediate frequency. The cure is proper
circuit isolation and shielding.

Ilarmonies of the beat oscillator also may be
converted in similar fashion and amplified
through the receiver; these responses can be
reduced by shielding the beat oscillator and
operating it at 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 ke. To reduce image response the signal
frequently is converted first to a rather high
(1500, 5000, or even 10,000 ke.) intermediate
frequency, and then — sometimes after fur-
ther amplification — reconverted to a lower
i.f. where higher adjacent-channel selectivity
can be obtained. Such a receiver is called a
double-conversion superheterodyne.

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

A change in oscillator frequency caused by
tuning of the mixer grid circuit is called pulling.
Pulling should be minimized, because the stabil-
ity of the whole receiver depends criticaily 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 in-
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termediate 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 oscitlator 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-
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 cireuits 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
oseillator voltage is capacity-coupled to the
grid of the tube through (2. Induetive coupling
may be used instead. The conversion gain and

T0 0SC

! £ TRANS

tee caand

Fig. 5-10—Typical circuits for separately excited mixers.

Grid injection of a pentode mixer is shown at A, cathode

injection at B, and separate excitation of a pentagrid

converter is given in C. Typical values for C will be found

in Table 5-1I—the values below are for the pentode mixer
of A and B,

C1—10 to 50 upuf.

Ca—5to 10 upuf.

Ca, C4, C5—0.001 uf.

R1—6800 ohms.
Positive supply voltage can be 250 volts with a 6AH6,

150 with a 6AKS.

R2— 1.0 megohm,
Ra—0.47 megohm.
R4— 1500 ohms.



Frequency Converters

input selectivity generally are good, so long as
the sum of the two voltages (signal and oscilla-
tor) impressed on the mixer grid does not exceed
the grid bias. It is desirable to make the oseillator
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 1.1, 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 6.AHG, 6AKS or 6U8 (pentode
section), Triode tubxs can be used as mixers in
grid-injection circuits, but they are commonly
used only at 50 Me. and higher, where mixer
noise may become a significant factor. The triode
mixer bas the lowest inherent noise, the pentode
is next, and the multigrid converter tubes are the
noisiest.,

The circuit in Fig. 5-103 shows cathode in-
jection at the mixer. Operation is similar to the
grid-injeetion ease, and the same considerations
apply.

It is diflicult to avoid “pulling” in a triode
or pentode mixer, and a pentagrid mixer tube
provides much better isolation. A typical eir-
cuit is shown in Fig. 5-11C, and tubes like the
6SA7, 6BA7 or 6Bl are commonly used. The
oscillator voltage is introduced through an “in-
jection” grid. Measurement of the rectified
current flowing in R is used as a check for proper
oscillator-voltage amplitude. Tuning of the
signal-grid circuit can have little efiect on the
oscillator frequency because the injection grid is
isolated from the signal grid by a screen grid
that is at r.f. ground potential. The pentagrid
mixer is much noisier than a triode or pentode
mixer, but its isolating characteristics make it
a very useful device.

Many receivers use pentagrid converters, and
two typical circuits are shown in Fig. 5-11.
The circuit shown in Fig. 5-11.\, which is suitable
for the 68, 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 coiverter tubo 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.

| F TRANS

(A)

O
+100

6SA7,6BEG OR 6SB7 1 F TRANS

Fig. 5-11—Typical circuits for triode-hexode {A) and
pentagrid (B) converters. Values for Ry, R2 and Rz can be
found in Table 5-I; others are given below.

C1—47 uuf. C3—0.01 uf.

Cz, Gy, C5—0.001 uf, Ri— 1000 ohms,

5-118 can be used with a tube like the 657,
6SB7Y, 6BA7 or 6BL6. Generally the only care
necessary is to adjust the feedback of the oscilla-
tor circuit to give the proper oscillator r.f, volt-
age. This condition is checked by measuring the
d.c. eurrent flowing in grid resistor R,.

A more stable receiver generally results, par-
ticularly at the higher frequencies, when sepa-
rate tubes are used for the mixer and oscillator.
Practically the same number of circuit com-
ponents is required whether or not a combi-
nation tube is used, so that there is very little
difference to be realized from the cost standpoint.

Typical circuit constants for converter tubes
are given in Table 3-1. The grid leak referred
to is the oscillator grid leak or injection-grid
return, 2y of Itigs. 5-10C and 5-11.

The effectiveness of converter tubes of the type
just described becomes less as the signal fre-
queney is increased. Some oscillator voltage will

Plate voltage =250
SELF-EXCITED

TABLE S-1

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

SEPARATE ExcITaTION

Cathode Screen Grid Grid Cathode  Screen Grid Grid
Resistor  Resistor Leak Current Resistor Resistor Leak Current
0 12,000 22,000 0.35 ma. 68 15,000 22,000 0.35 ma.
0 22,000 22,000 0.5 150 22,000 22,000 0.5
240 27,000 17,000 0.15-0.2 = = = i
0 18,000 22,000 0.5 150 18,000 22,000 0.5
0 15,000 22,000 0.35 68 15,000 22,000 0.35

1 Miniature tube 2 Octal base, metal.
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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-Me. signal and an i.f. of 455
ke., 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 i.f. following the first con-
verter of a receiver should be not less than 5 or 10
per cent of the signal frequency, for best results.

Transistors in Mixers

Typical transistor circuitry for a mixer operat-
ing at frequencies below 20 Me. is shown in Fig.
5-12. The local oscillator current is injected in the
emitter circuit by inductive coupling to Li; Ly
should have low reactance at the oscillator fre-
quency. The input from the r.f. amplifier should
be at low impedance, obtained by inductive
coupling or tapping down on the tuned circuit.
The output transformer 7’1 has the collector con-
nection tapped down on the inductance to main-
tain a high Q in the tuned circuit.

T
E TO ILF AMP
FROM — 2200 uuf.
R.FEAMP ’j S F
1003 3 %
AM—0-13%2 V.

1000

Fig. 5-12—Typicol tronsistor mixer circuit.
L;—Low-impedance inductive coupling to oscillotor.
Ti—Tronsistor i.f. transformer. Primary impedance of

100,000 ohms, secondary impedance of 1700

ohms, unloaded Q = 100, looded Q = 35.

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-
nals, by introducing the local oscillator on the
No. 1 grid, the signal on the No. 3 grid, and work-
ing the tube into an audio load. Its operation can
be visualized as heterodyning the incoming signal
into the audio range. The use of such circuits for
audio conversion has been limited to selective i.f.
amplifiers operating below 500 ke. and usually
below 100 ke. 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.

Sinee the beat oseillator modulates the eleetron
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stream completely, a large beat-oscillator com-
ponent exists in the plate circuit. To prevent
overload of the following audio amplifier stages,
an adequate i.f. 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
particular care should be given this part of the
receiver. The frequency of oscillation should be
insensitive to mechanical shock and changes
in voltage and loading. Thermal effects (slow
change in frequency because of tube or circuit
heating) should be minimized. They can be
reduced by using ceramic instead of bakelite
insulation in the r.f. circuits, a large cabinet
relative to the chassis (to provide for good radia-
tion of developed heat), minimizing the number
of high-wattage resistors in the receiver and put-
ting them in the separate power supply, and not
mounting the oscillator coils and tuning cap-
acitor 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 obtaincd 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
almost impossible to avoid some back-lash
unless the posts have extra-wide bases. The
capacitors should be sclected 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 soldered, because a loose connection or
“rosin joint” can develop trouble that is some-
times hard to locate. The chassis and panel
materials should be heavy and rigid enough so
that pressure on the tuning dial will not cause
torsion and a shift in the frequency.

In addition, the oscillator must be capable
of furnishing sufficient r.f. voltage and power
for the particular mixer circuit chosen, at all
frequencies 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 there-
by lower the frequency drift. The oscillator
and mixer circuits should be well isolated, pref-
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Fig. 5-13 —High-frequency oscillator circuits. A, pentode
grounded-plate oscillator; B, triode grounded-plate oscil-
lator; C, triode oscillator with tickler circuit. Coupling to
the mixer may be taken from points X and Y. In A ond 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 uuf. 100 ppf. 100 uuf.
C2—0.01 uf. 0.01 uf. 0.01 uf.
C3—0.01 pf.

Ri—47,000 ohms.
Rz— 47,000 ohms.

47,000 ohms.
10,000 to 10,000 to
25,000 ohms. 25,000 ohms.
The plote-supply voltage should be 250 volts. In circuits
B and C, Rz 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.

47,000 ohms.

erably by shielding, since coupling other than by
the intended means may result in pulling.

If the h.f.-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 Tig.
5-13. Circuits A and B will give about the same
results, and require only one coil. Itowever, 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 Me.
and higher frequencies when a.c.-heated-cathode
tubes are used. The eireuit of Fig. 5-13C reduces
hum because the cathode is grounded. 1t is simple
to adjust, and it is also the best circuit to use with
filament-type tubes. With filament-type 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 (/L ratio in
the tuned circuit, it is neeessary to adjust the
feedback to obtain optimum results. Too much
feedback may eause “‘squegging® of the oscillator
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X
C' ) Y coo
1A
J R
Le CF !
3 ‘.sﬂf—o +
Lot

©

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 Lz or moving Ly closer to L.

The Intermediate-Frequency Amplifier

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

Choice of Frequency

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

An Lf. of the order of 455 ke. gives good selec-
tivity and is satisfactory from the standpoint of
image ratio and oscillator pulling at frequencies
up to 7 Mec. The image ratio is poor at 14 Mec.
when the mixer is connected to the antenna, but
adequate when there is a tuned r.f. amplifier
between antenna and mixer. At 28 Mec. and on
the very high frequencies, the image ratio is very
poor unless several r.f. stages are used. Above 14
Me., pulling is likely to be bad without very loose
coupling between mixer and oseillator.

With an if. of about 1600 .kec., satisfactory
image ratios can be secured on 14, 21 and 28
Me. with one r.f. stage of good design. For
frequencies of 28 Me. and higher, a common solu-
tion is to use double eonversion, choosing one
high i.f. for image reduction (5 and 10 Me.
are frequently used) and a lower one for gain
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and selecetivity.

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

Fidelity; Sideband Cutting

Modulation of a carrier causes the genera-
tion of sideband frequencies numerically equal
to the carrier frequeney plus and minus the
highest modulation frequeney 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
upable of amplifying equally all frequencies con-
tained in a band extending from 35000 cycles
above or below the carrier frequency. In a super-
heterodyne, where all earrier frequencies are
changed to the fixed intermediate frequency,
the i.f. amplification must be uniform over
a band 5 ke. wide, when the earrier is set at
one edge. If the carrier is set in the center, a
10-ke. band is required. The signal-frequency
cireuits usually do not have enough over-all
selectivity to affect materially the “adjacent-
channel” seleetivity, 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 frequen-
cies occupied by the modulated signal, some
of the sidebands are “cut.” While sideband ecut-
ting reduces fidelity, it is frequently preferable
to sacrifice naturalness of reproduction in favor
of communications effectiveness.

The selectivity of an i.f. amplifier, and hence
the tendeney to cut sidebands, increases with
the number of amplifier stages and also is greater
the lower the intermediate frequency. From the
standpoint of communieation, sideband cutting
is never serious with two-stage amplifiers at
frequencies as low as 435 ke. A two-stage i.f.
amplifier at 85 or 100 ke. will be sharp enougb to
cut some of the higher-frequency sidebands, if
good transformers are used. Iowever, the cutting
is not at all serious, and the gain in selectivity is
worthwhile in erowded amateur bands,

Circuits
Lf. amplifiers usually consist of one or two
stages. At 455 ke. two stages generally give all
the gain usable, and also give suitable selectivity

PLATE
Fig. 5-14—Typical intermediate-fre- | IF
quency amplifier circuit for o super-
heteradyne receiver. Representative

values far companents are as follows:
C1, Cs, Cs, C;—0.02 uf. ot 455 ke.;

0.01 uf. ot 1600 kc. and higher. =

C2—0.01 puf.

R1, R2—See Table 5-II.
Ra, Rs— 1500 ahms.
R4—0.1 megohm,
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for phone reception.

A typical eircuit arrangement is shown in Fig.
5-14. A second stage would simply duplicate the
circuit of the first. The i.f. amplifier practically
ahways uses a remote cut-off pentode-type tube
operated as a Class A amplifier. For maximum
seleetivity, double-tuned transformers are used
for interstage coupling. although single-tuned
cireuits or transformers with untuned primaries
ean be used for coupling, with a consequent loss
in selectivity. All other things being equal, the
selectivity of an 1.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 ) 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, I,
helps to prevent unwanted interstage coupling.
Cy and K4 are part of the automatic gain-
control circuit {described later); if no a.ge. is
used, the lower end of the i.f.-transformer see-
ondary is connected to chassis.

Tubes for I.F. Amplifiers

Variable-x  (remote cut-off) pentodes are al-
most invariably used in i.f. amplifier stages,
sinee grid-bias gain control is practically always
applied to the i.f. amplifier. Tubes with high
plate resistance will have least effeet on the
selectivity 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.

Typieal values of eathode and sereen resistors
for common tubes are given in Table 5-11. The
6BA6, 6BJ6 and 61376 are recommended for i.f.
work because they have desirable remote cut-off
characteristics. The indicated screen resistors
drop the plate voltage to the correct screen
voltage, as Rain IMig. 5-14.

When two or more stages are used the high
gain may tend to cause instability and oscilla-
tion, so that good shiclding, bypassing, and care-
ful eircuit arrangement to prevent stray coupling
between input and output cireuits 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
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ILF. Amplifiers

TABLE 5-11
Cathode and Screen-Dropping
Resistors for R.F. or LF. Amplifiers
Tube Plate  Sereen Cathode Screen
Volts  Volts  Resistor R1 Resistor R2

6ACT! 300 160 62,000
6AHG? 300 150 160 62,000
6AK52 180 120 200 27,000
6A1°62 250 150 68 33,000
613A62* 250 100 68 33,000
6131162 250 150 100 33,000
613J62* 250 100 82 47,000
613462 200 150 180 20,000
6('B6 200 150 180 56,000
61>(62 200 135 18 24,000
63GT1* 250 125 68 27,000
6317 250 150 65 39,000
6:3J71 250 100 820 180,000
65K 250 100 270 56,000
} Octal base, metal. 2 Miniature tube

* Remote cut-off type.

bypass capacitor directly on the bottom of the
socket, erosswise hetween the plate and grid
pins, to provide additional shielding. If a paper
capacitor is used, the outside foil should be
grounded to the chassis.

ILF. Transformers

The tuned circuits of i.f. amplifiers are built
up as transformer units consisting of a metal
shield container in which the coils and tuning
eapacitors are mounted. Both air-eore and
powdered iron-core universal-wound coils are
used, the latter having somewhat higher Qs
and hence greater selectivity and gain. In uni-
versal windings the coil is wound in layvers with
each turn traversing the length of the coil, back
and forth, rather than being wound perpendicu-
lar to the axis as in ordinary single-layer coils.
In a straight multilayer winding, a fairly large
capacitance can exist between layers. Universal
winding, with its “criss-crossed” turns, tends to
reduce distributed-capueity effects.

For tuning, air-diclectric tuning eapacitors are
preferable to mica compression types because
their capacity is practically unaffected by changes
in temperuture and humidity. Iron-core trans-
formers may he tuned by varving the industaneo
(permeahility  tuning), in which case stability
comparable to that of variable air-capacitor
tuning can be obtained by use of high-stability
fixed mica or ceramic capacitors. Such stability is
of great importance, since a cireuit whose fre-
quency ‘“‘drifts’” with time eventually will be
tuned to a different frequency than the other cir-
cuits, thereby reducing the gain and selectivity
of the amplifier. Typicali.f.-transformer construe-
tion is shown in Fig, 5-15.

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

using an interstage transformer to eouple 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 triple-
tuned transformers, with a third tuned ecireuit
inserted between the input and output windings,
are sometimes used. The energy is transferred
from the input to the output windings via this
tertiary winding, thus adding its selectivity to
the over-all selectivity of the transformer.

A method of varying the selectivity is to vary
the coupling between primary and secondary,
overeoupling being used to broaden the selec-
tivity eurve. Special eireuits using single tuned
circuits, eoupled in any of several different ways,
are used in some advanced recoivers.

Variable air
capacitars

=

High-stability mica
fixed capacitors

Lhiversal-wound
cols

Momble powdered
on p/uy ==

AIR TUNED PERMEABILITY TUNED

Fig. 5-15—Representative if.-transformer construction.
Coils are supported on insulating tubing or {in the air-
tuned type) on wax-impregnated wooden dowels. The
shield in the air-tuned transformer prevents capacity
coupling between the tuning capacitors. In the permea-
bility-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 r.f. amplifie:
will depend on the frequeney and the number
of stages. The following figures are indicative
of the bandwidths to be expected with good-
quality transformers in amplificrs so construeted
as to keep regeneration at a minimum:

Bandwidth in Kilocycles

G b, 20 db, 40 db,

Intermediate Frequency down down dotwn
One stage, 50 ke, (iron core). .. 2.0 3.0 4.2
Onestage, 455 ke. (aircore)... 8.7 17.8 32.3
One stage, 4535 ke, (ironcore).. 4.3 10.3 20.4
Twostages, 455 ke. (ironeore), 2.9 6.4 10.8
Twostages, 1600 ke, . ....... 11.0 16.6 27 .4

Transistor I. 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-ke. amplifier, but the same gen-
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AAA

Fig. 5-16—Typical circuit for a two-
stage transistor i.f. amplifier. At high
frequencies a neutralizing capacitor
may be required, as mentioned Lo

in the text. ISV, :E

T)—Transistor input i.f. transformer. Primary impedance =
100,000 chms, secondary impedance = 1700
ohms, unloaded Q@ = 100, loaded Q = 335.

To—Transistor interstage i.f. transformer. Primary im-
pedance = 4600 ahms, secondary impedance

eral circuitry applies to an amplifier at any fre-
queney within the operating range of the tran-
sistors. When higher frequeneies are used, it may
he necessary to neatralize the amplifier to avoid
overall oscillation: this is done by connecting a
small variable capacitor of a few uuf. from base
to base of the transistors.

Automatic gain control is obtained by using
the developed d.e. at the 1N295 diode detec-
tor to modify the emitter bias current on the
first stage. As the bias eurrent changes, the input
and output impedances change, and the resultant
impedance mismatehes causes a reduction in
gain. Such ag.c. assumes, of course, that the
amplifier is set up initially in & matehed condition.

TO CONTROLLED

TO CONTROLLED

1 F TRANS STAGES

AT
I_

100

_E_JST

WA —

10K

T3 295 | youyme

-0 -9V,

= 1700 chms, unlooded Q = 39, loaded Q =
35.

Ta—Transistor output i.f. transformer. Primary impedance
= 30,000 ohms, secondary impedance = 1000
ohms, unloaded Q = 100, looded Q = 35.

@ THE SECOND DETECTOR AND
BEAT OSCILLATOR

Detector Circuits

The second deteetor of a superheterodyne
receiver performs the same function as the de-
tector in the simple receiver, but usually operates
at a higher input level because of the relatively
great amplification ahead of it. Therefore, the
ability to handle large signals without distortion
is preferable to high sensitivity. Plate deteetion
is used to some extent, but the diode detector is
moxt popitlar. 1t is especially adapted to furnish-
ing automatic gain or volume control. The basic
circuits have been deseribed, although in many

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

cuits using o twin diode (A} and o dual-diode

triade. The circuits are essentially the some ond

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

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

the contralled stages as in (C). For these circuits

typical values are:

Cy, C3, C4—100 ppuf.

Cz, Cs, C7, Cs—0.01 uf.

Co—5-uf. electrolytic.

R1, Rg, Rio—0.1 megohm,

R2—0.47 megohm.

R3—2 megohms.

Rs—0.47 megohm.

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

R7—0.5-megahm valume cantral.

Rs—Carrect bias resistor far triade section of dual-
diode triade.

FROM
Ra AGC RECT



Automatic Gain Control

cases the diode elements are incorporated in a
multipurpose tube that contains an amplifier
section in addition to the diode.

Audio-converter cireuits and product detectors
are often used for code or s.s.h. deteetors.

The Beat Oscillator

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

The beat oscillator should be well shielded,
to prevent coupling to any part of the recciver
except the second detector and to prevent its
harmonies 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-frequencey output on the strongest
signals. However, if the beat-oseillator output
is too low, strong signals will not give a propor-
tionately 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-signal
strength. The average rectified d.c. voltage,
developed by the received signal across a re-
sistance in a deteetor 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 wwmber uf stages to which the a.g.c. bias is
applied is inereased. 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
s to use a separate ag.e, rectifier, Typical cir-
cuits are shown in Figs, 5-17A and 5-178. The
two rectifiers ¢an be combined in one tube, as in
the 6H6 and 6ALS. In IFig. 5-17A 17y is the diode
deteetor: the signal is developed across I21R» and
coupled to the audio stages through Cy. (1, %)
and Cy are included for r.f, filtering, to prevent
a large r.f. component heing coupled to the audio
cireuits. The a.g.c. reetifier, Iy, is coupled to the
last i.f. transformer through €'y, and most of the
reetified voltage is developed aeross 23 Vs does
not rectify on weak signals, however; the fixed

bias at I must be exeeeded before rectification
can take place. The developed negative a.g.c.
bias is fed to the controlled stages through Rj.

The circuit of Fig. 5-178 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 prineiple is the same. The triode
stage serves as the first audio stage, and its bias
is developed in the cathode circuit across Ry,
This same bias is applicd to the a.g.c. rectifier by
returning its load resistor, I3, to ground. To
avoid placing this bias on the detector, Vi, its
load resistor RRs is returned to cathode, thus
avoiding any bias on the detector and permitting
it to respond to weak signals,

The developed negative a.g.e. bias is applied
to the controlled stages through their grid cir-
cuits, as shown in Fig. 5-17C. (';Ry and ('ghyy
serve as filters to avoid common coupling and
possible feedback and oscillator. The a.gr.c. is
disabled by elosing switeh S;.

The a.g.c. rectifier bias in Fig. 5-17B is set by
the bias required for proper operation of 3.
If less bias for the a.g.c. rectifier is required, I3
can be tapped up on Ry instead of being returned
to chassis ground. In Fig. 5-17A, proper choice of
bias at R depends upon the over-all gain of the
receiver and the number of controlled stages. In
general, the bias at I 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. cireuit 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. .\udio-
frequeney variations in the a.g.c. voltage applied
to the amplifier grids would reduce the percentage
of modulation on the incoming signal. But the
time constant must not he too long or the a.g.c.
will be unable to follow rapid fading. The ca-
pacitance and resistance values indicated in Iig.
5-17 will give a time constant that is satisfactory
for average reception.

C.W. and S.S.B.

A.g.c. can be used for e, and s.8.b. reception
but the cireuit is usually more complicated. The
ayg.c. voltage must he derived from a reetifier
that is isolated from the beat-frequency oscillator
(otherwise the rectified b.f.o. voltage will reduce
the receiver gain even with no signal coming
through). This is done by using a separate ag.c.
channel connected to an if, amplifier stage
ahead of the second detector (and b.f.o) or by
rectifyving the audio output of the detector. 1f
the selectivity ahead of the a.v.e, reetifier isn't
good, strong adjacent-channel signals may de-
velop a.g.e. 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
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AGC. AMP. RECOVERY
Via DIODE
T
FROM DET. V2a ' Fig. 5-18—Audio "hang' a.g.c. system. Re-
T pqy, Sistors are 2 watt unless specified otherwise.
RS Ri—Normal audio volume control in receiver.
’JL i Ti—1:3 step-up audio transformer (Stancor

A-53 or equiv.)
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
N RECEIVER

a wide range of signal inputs. A.g.c. systems
designed to work on these signals should have
fast-attack and slow-dceay characteristics to
work satisfactorily, and often a sclection of time
constants is made available.

The a.g.c. circuit shown in Fig. 5-18 is ap-
plicable to many receivers without too much
modification. Audio from the receiver is amplified
in V1a and rectified in Vap. The resultant voltage
is applied to the a.g.c. line through Vac. The
capacitor 'y charges quickly and will remain
charged until discharged by Vin. This will oceur
some time after the signal has disappeared, be-
cause the audio was stepped up through 74
and rectified in Vaa, and the resultant used to
charge (‘2. This voltage holds Vi cut off for an

1 34r

g4 the receiver must have no d.c. return to ground
< and the receiver should have good skirt se-

L, lectivity for maximum effectiveness at the
+250 system.

appreeiable time, until 2 discharges through the
1.7-megohm resistor. The threshold of compres-
sion is set by adjusting the bias on the diodes
(changing the value of the 3.3 or 100K re-
sistors). There ean be no d.c. return to ground
from the a.g.e. line, because ('; must be dis-
charged only by Vin. liven a v.t.v.m. across the
a.g.ce. line will be too low a resistance, and the
operation of the syvstem must be observed by the
action of the 8 meter.

Qeceasionally a strong noise pulse may cause the
a.g.c. to hang until (5 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. sighals of widely
varying strengths.

Noise Reduction

Types of Noise

In addition to tube and cirenit noise, much
of the noise interference experienced in recep-
tion of high-frequency signals is caused by do-
mestie or industrial eleetrical 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 re-
duced by high selectivity in the receiver, espe-
cially 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 resuits 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 dura-
tion of the pulses compared with the time be-
tween them, must have high amplitude to
contain much average energy. Hence, noise of
this type strong enough to cause much interfer-
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ence generally has an instantaneous amplitude
much higher than that of the signal being re-
ceived. The general prineiples of devices intended
to reduce such noisc 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 re-
duction,

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

In passing through sclective receiver circuits,
the time duration of the impulses is inereased,
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 cireuit of a receiver. Such limiters
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also maintain the signal output nearly constant
during fading. These output-limiter systems are
simple, and adaptable to most receivers. low-
ever, 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 scries limiting eireuit, a
normally condueting clement (or elements) is
conneceted in the eirenit in series and operated
m such a manner that it becomes non-conduetive
above a given signal level. In a shunt limiting
circuit, a non-conducting clement is connected
in shunt across the cireuit 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 amplificr. The usual conducting element
will be a forward-biased diode, and the usual
non-conducting clement will he a baek-biased
diode, In many applications the value of bias
is set manually by the operator: usnally the
clipping level will be set at about 5 to 10 volts.

A full-wave clipping cireuit that operates at a
low level (approximately 's volt) is shown in
Fig. 5-19. Fach diode is biased by its own contact
potential, developed across the 2.2-megohm re-
sitors. The 001-uf, capacitors hecome charged
to close to this value of econtact potential. A
negative-going signal in exeess of the bias will

I F TRANS
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Fig. 5919 —Full-wave shunt limiter using contact-potential-
biased diodes. A low-level limiter (%2 volt), this circuit finds
greatest usefulness following a product detector.

Ci, C2—Part of low-pass filter with cutoff below i.f.
RFCi—Part of low-pass filter; see Ci.
Ti—Center-tapped heater transformer.

be shorted to ground by the upper diode; a posi-
tive-going signal will be conducted by the lower
diode. The eondueting resistance of the diodes is
small by comparison with the 220,000 ohms in
series with the cireuit, and little if any of the
excessive signal will appear across the I-megohm
volume control. In order that the clipping does
not hecome cxeessive and cause distortion, the
input signal must be held down hy a gain control
ahead of the detector. This circuit finds good
application following a low-level detector.

To minimize hum in the reeciver output, it is
desirable to ground the center tap of the heatoer
transformer, as shown, instead of the more
common practice of returning one side of the
heater cirenit to chassis,

Second-detector noise-limiting circuits that
automatically adjust themselves to the received
carrier level are shown in Fig. 5-20. In either
cireuit, 1y is the usual diode sccond detector,
R\Ry is the diode load resistor, and €y is an
r.f. bypass. A negative voltage proportional to
the carrier level is developed across Cs, and this
voltage eannot change rapidly because 2y and Cs
are both large. In the circuit at A, diode V. acts
as a conduetor for the audio signal up to the point
where its anode is negative with respect to the
cathode. Noise peaks that execed the maximum
carrier-modulation level will drive the anod
negative instantancously, and during this time
the diode does not conduet, The long time con-
stant of ('afty prevents any rapid change of the
reference voltage. In the circuit at B, the diode
Vg is inaetive until its cathode voltage exceeds its
anode voltage. This condition will obtain under
noise peaks and when it does, the diode Vs short-
cireuits the signal and no voltage is passed on to
the audio amplifier. Diode rectifiers such as the
6HG and 6AL5 can be used for these types of
nolse limiters, Neither eircuit is useful far e.w, or
8.8.b. reeeption, but they are both quite effective

Fig. 5-20 —Self-adjusting series (A} and shunt

(B) noise limiters. The functions of V| and V»

can be combined in one tube like the 6Hé
or 6ALS.

C1—100 uuf.

Cz, C3—0.05 uf.

R1—0.27 meg. in A; 47,000 ohms in B.

R2—0.27 meg. in A; 0.15 meg. in B.

R3— 1.0 megohm.

R4—0.82 megohm.

Rs—6800 ohms.
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Fig. 5-21 —Practical circuit diagram of an i.f. noise silencer.
For best results the silencer should be used ahead of the
high-selectivity portion of the receiver.

Ti—Interstage i.f. transformer

for a.m. phone work. The series circuit (A) is
slightly better than the shunt cireuit.

@ 1r. NOISE SILENCER

The 1.1, noise silencer eireuit shown in Fig. 5-21
is designed to be used in a receiver as far along
from the antenna stage as possible but ahead of
the high-sclectivity section of the receiver. Noise
pulses are amplified and reetified, and the result-
ing negative-going d.e. 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 amplitude of the
desired signal. The clamp diode, Viya, short cir-
cuits the positive-going pulse “overshoots.” Run-
ning the G6BL6 controlled if. amplifier at low
screen voltage makes it possible for the No. 3
grid (pin 7) to cut off the stage at a lower voltage
than if the screen were operated at the more-
normal 100 volts, but it also reduces the available
gain through the stage.

It is necessary to avoid i.f. feedback around the
68156 stage, and the closer RF(Cy can be to sell-
resonant at the i.f. the better will be the filtering.
The filtering cannot be improved by increasing
the values of the 130-uuf. capacitors beecause 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 milliammeter
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T:—Diode i.f. transformer.

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

RFC;—R.f. choke, preferably self-resonant ot i.f.

connected in the d.e. plate lead of an a.g.e.-
controlled r.f. or i.f. stage. Since the plate eurrent
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 cun
have a 0-1, 0-2 or 0-5 ma. movement, and it
should be shunted by a 25-ohm rheostat which is
used to set the no-signal reading to full seale on
the meter. If a “forward-reading” meter is de-
sired, the meter ean be mounted upside down.

Two other S-meter cireuits are shown in Fig,
5-22. The system at A uses a milliammeter in a
bridge circuit, arranged so that the meter read-
ings inerease with the a.v.e. voltage and signal
strength. The meter reads approximately in a
linear decibel seale and will not be “erowded.”

To adjust the system in Fig. 5224, pull the
tube out of its socket or otherwise break the
eathode circuit so that no plate current flows,
and adjust the value of resistor Iy 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.e. 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
6J5 or 6SN7GT this will oceur in the neighbor-
hood of 15 volts. a high-amplitude signal.

The cireuit of Fig. 5-22B requires no additional
tubes. The resistor Re is the normal cathode
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Fig. 5-22—Tuning indicator or S-meter circuits for super-
heterodyne receivers.

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

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 I3
plus 124 should equal the normal cathode resistor
for the audio amplifier, and they should be pro-
portioned so that the arm of 23 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 B3 and Ry in the
circuit.

The zero-set control R3 should be set for no
reading of the meter with no incoming signal,
and the 1500-ohm sensitivity control should be
set for a full meter reading with the i.f. 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 hasic types of headphones in
common use, the magnetic and the crystal, A
magnetie headphone uses a small electromagnet
that attracts and releases a steel diaphragm in
accordance with the electrical output of the radio
recciver; this is similar to the “receiver” portion
of the houschold telephone. A erystal headphone

uses the piczoeleetric properties of a pair of
Rochelle-salt or other erystals to vibrate a dia-
phragm in accordance with the electrical output
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 milliam-
peres. Crystal headphones ean be used only on
a.c. (a steady d.c. voltage will damage the erystal
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 cither type of head-
phone can be used, but it is wise to look first at
the circuit diagram in the instruction book and
make sure that the headphone jack is connected
to the secondary of the output transformer, as is
usually the ease.

In general, erystal 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 headphones
is sometimes an advantage in code reception,
since the desired signal ean be set on the peak
and be given a boost in volume over the unde-
sired signals at slightly different frequencics.,

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
mateh of headphone to output impedance. When
headphone sets are conneeted 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 dynamie 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-ohim output” for connection to a long line to
a remote loudspraker. A lowlspoukor vequires
mounting in a suitable enclosure if full low-
frequency response is to be obtained.

Improving Receiver Selectivity

@ INTERMEDIATE-FREQUENCY
AMPLIFIERS

As mentioned carlier in this chapter, one of
the big advantages of the superheterodyne
receiver is the improved selectivity that is possi-
ble. This selectivity is obtained in the i.f. ampli-
fier, where the lower frequency allows more
selectivity per stage than at the higher signal
frequency. 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
intelligibility is lost, although it is possible to
remove completely one full set of side bands
without impairing the quality at all. Maximum
recciver selectivity in phone reception requires
good stability in both transmitter and receiver,
so that they will both remain “in tune” during
the transmission. The limit to useful selectivity
in code work is around 100 or 200 cycles for
hand-key speeds, but this much selectivity re-
quires good stability in both transmitter and
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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 ke. (the i.f. being
455 ke.) to give a 1000-cycle beat note. Now,
if an interfering signal appears at 453 ke., or
if the receiver is tuned to heterodyne the in-
coming signal to 453 ke., it will also be hetero-
dyned by the beat oscillator to produce a 1000-
cycle beat. llence every signal can be tuned
in at two places that will give a 1000-cycle beat
(or any other low audio frequencey). This audio-
frequency image effect can be reduced if the
i.f. selectivity is such that the incoming signal,
when heterodyned to 453 ke., is attenuated to
a very low level.

When this is done, tuning through a given
signal will show a strong response at the de-
sired beat note on one side of zero beat only,
instead of the two beat notes on either side of
zero beat characteristic of less-selective recep-
tion, hence the name: single-signal reception.

The necessary selectivity is not obtained with
nonregenerative 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 i.f. is 453 ke.
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 ke.
at 10 times down and 5 ke. 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 i.f.
amplifier by providing a small amount of ca-
pacity coupling between grid and plate. Bringing
a short length of wire, connected to the grid,
into the vicinity of the plate lead usually will
suffice. The feedback may be controlled by the
regular cathode-resistor gain control. When the
i.f. is regenerative, it is preferable to operate the
tube at reduced gain (high bias) and depend on
regeneration to bring up the signal strength. This
prevents overloading and increases selectivity.

The higher selectivity with regeneration re-
duces the over-all response to noise generated
in the earlier stages of the receiver, just as does
high selectivity produced by other means, and
therefore improves the signal-to-noise ratio.
lowever, the regenerative gain varies with signal
strength, being less on strong signals.

Crystal-Filters; Phasing

Probably the simplest means for obtaining
high selectivity is by the use of a piezoelectric
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Fig. 5-23—Typical response curve of a crystal filter. The

notch can be moved to the other side of the response peak

by adjustment of the “phasing” control. With the above

curve, setting the b.f.0. at 454 kc. would give good single-
signal c.w. reception.

quartz crystal as a selective filter in the i.f.
amplifier. Compared to a good tuned e¢ireuit,
the Q of such a crystal is extremely high. The
crystal is ground resonant at thei.f. and used as a
sclective coupler between i.f. stages.

Iig. 5-23 gives a typical crystal-filter reso-
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 sclectivity of the crystal
filter provides good diserimination against adja-
cent signals and also reduces the noise.

Two crystal-filter circuits are shown in Fig.
5-24. 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 cireuit, and a phasing capacitor, 'y, is
connected in the other. When (' is set to balance
the crystal-holder capacitance, the resonance
curve of the filter is practically symmetrical: the
crystal acts as a series-resonant cireuit of very
high @ and allows signals over a narrow band of
frequencies to pass through to the following tube.
More or less capacitanee at ) introduces the
“rejection notch’ of Fig. 5-23 (at 453.7 ke. as
drawn). The @ 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.

The “band-pass’ crystal filter at 13 uses two
crystals separated slightly in frequency to give
a band-pass characteristic to the filter. If the
frequencies are only a few hundred cyecles apart,
the characteristic is an excellent one for c.w.
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Fig. 5-24—A variable-selectivity crystal filter {A) and a
band-pass crystal filter {B).

reception. With erystals about 2 ke. apart, a
good phone characteristic is obtained.

Additional I.F. Selectivity

Many commercial communications receivers
do not have sulficient selectivity for amateur
use, and their performance ean be improved
by additional i.f. selectivity. One method is to
loosely couple a B(-153 aireraft recciver (war
surplus, tuning range 190 to 350 ke.) to the
tail end of the 455-ke. i.f. amplifier in the com-
munications receiver and use the resultant out-
put of the BC-453. The aircraft receiver uses an
85-ke. i.f. amplifier that is sharp for voice work —
6.5 ke. wideat —60db. —and it helps considerably
in separating phone signals and in backing up
crystals filters for improved c.w. reception,

If & BC-153 is not available, one can still enjoy
the henefits of improved selectivity. It is only
necessary to heterodyne to a lower frequency the
455-ke. signal existing in the receiver i.f. amplifier
and then rectify it after passing it through the
sharp low-frequency amplifier. The J. W. Miller
Company offers 50-kc. transformers for this
applieation,

o RADIO-FREQUENCY AMPLIFIERS

While selectivity to reduce audio-frequency
1m'1g(~c can be built into the i.f. ampllhex, dis-
erimination against radio-frequency images can
only be obtained in circuits ahead of the first
detector. Thesxe tuned cireuits and their associ-
ated vacuum tubes are called radio-frequency
amplifiers. IY'or top performance of a communica-
tions receiver on frequencies above 7 Me., it is
mandatory that it have a stage of r.f. amplifica-
tion, for image rejection and a good noise figure
(mixers are noisier than amplifiers).

Receivers with an if. of 435 ke. can be ex-
pected to have some r.f. image response at a
signal frequency of 14 Me. and higher if only
one stage of r.f. amplification is used. (Regen-

eration in the r.f. amplifier will reduce image
response, but regeneration usually requires fre-
quent readjustment when tuning across a band.)
With two stages of r.f. amplification and an i.f.
of 455 ke., no images should be apparent at 14
Me., but they will show up on 28 Me. and higher.

Thlee stages or more of r.f. amplification, with
an i.f. of 433 ke., will reduce the images at 28 AMe.,

but it really takes four or more stages to do a
good job. A common solution at 28 Me. is to use a
“double-conversion” superheterodyne, with one
stage of r.f. amplification and a first i.f. of 1600
ke. or higher. A normal receiver with an i.f, of
455 ke. can be converted to a double conversion
by connecting a ‘““converter” ahcad of the re-
ceiver,

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
osulla.te) are often used on the }llgllel frequen-
eies because they introduce less noise. Pentodes
are better where maximum image 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, 5-25. Since it is de-
sirable to maintain a reasonable @ in the tuned
cireuits, to reduce r.f. image response, the base
and collector are both tapped down on their
tuned circuits. An alternative method, uﬂmg low-
impedance inductive coupling, is shown in Fig.
5-25B; this method is sometimes easier to adjust
than the taps illustrated in Fig. 5-25A. The tuned

L,

TO MIXER
TBASE

(®)

Fig. 5-25—Transistor r.f. amplifier circuit. The low-im-
pedance connections to the base and collector can be (A)
taps on the inductors or (B) low-impedance coupling links.
11Cy, LaCa—Resonant at signal frequency.
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circuits, LiCy and LyCs, should resonate at the
operating frequency, and they should be mounted
or shielded to climinate inductive coupling be-
tween each other,

@ rEEDBACK

Feedback giving rise to regeneration and
oscillation can oceur 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 smgle stage, the output must be
isolated from the input in cvery 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 i.f. 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 sereen and ground, or if there is any appre-
ciable impedance through which the grid and
plate currents can flow in common. This means
good shieldingof eoils and tuning capacitors inr.f.
and i.f. circuits, the use of good bypuass capaci-
tors (mica or ceramic at r.f., paper or ceranic
at if.), and returning all bypass eapacitors
(grid, cathode, plate and sereen) for a given stage
with short leads to one spot on the chassis. If
single-ended tubes are used, the screen or eathode
bypass capacitor should be mounted across the
socket, to serve as a shield between grid and
plate pins. Less care is required as the frequency
is lowered, but in high-impedanee circuits, it is
sometimes necessary to shield grid and plate
leads and to be eareful not to run them close
together.

To avoid over-ull feedback in a multistage
amplifier, attention must be paid to avoid run-
ning any part of the output cireuit back near the
input circuit without first filtering it carefully.
Sinee the signal-carryving parts of the circuit (the
“hot” grid and plate leads) can’t be filtered,
the best design for any multistage amplifier
is u 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
hack parallel to the r.f. amplifier, provided there
was a very large frequeney difference between the
r.f. 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
oscillation in high-gain-per-stage amplifiers, but
it beeomes less important when the stage gain
drops to a low value. In a high-gain amplifier,
the power leads (including the heater eircuit)
are eommon to all stages, and they can provide
the over-all coupling if they aren’t properly
filtered. Good bypassing and the use of serics
isolating resistors will generally climinate any
possibility of coupling through the power leads.
R.f. chokes, instead of resistors, are used in the
heater leads where necessary,
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@ CROSS-MODULATION

Since a one- or two-stage r.f. amplifier will
have a bandwidth measured in hundreds of ke.
at 14 Me. 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 1.f. stages. If an undesired signal is strong
enough aft+r 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 often encoun-
tered in receivers with several r.f. stages working
at high gain. It shows up as a superimposed mod-
ulation on the signal being listened to, and often
the effect is that a signal can be tuned in at sev-
eral points. It can be reduced or eliminated by
greater selectivity in the antenna and r.f. stages
(difficult to obtain), the use of variable-u tubes
in the r.f. amplifier, reduced gain in the r.f. ampli-
fier, or reduced antenna input to the receiver.
The 6B.J6, 6BA6 and 6DC6 are recommended
for r.f. amplifiers where cross-modulation may be
a problem.

A receiver designed for minimum eross-modu-
lation will use as little gain as possible ahead of
the high-selectivity stages, to hold strong un-
wanted signals helow the overload point.

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-p tubes
and varying the d.c. grid bias, cither in the grid
or cathode eiredlt. If the gain eontrol is auto-
matie, as in the case of a.g.c., the bias is con-
trolled in the grid eircuit. Manual control of r.f.
gain is generally done in the cathode circuit. A
tvpical r.f. amplifier stage with the two types of
gain control is shown in schematic form in Fig.
5-26.

Tracking
In a receiver with no r.f. stage, it is no incon-

TO GRID

FROM OF MIXER
ANTENNA OR FOLLOWING
ons?‘EéEEmNG RF.AMPLIFIER

MANUAL
CONTROL GAIN-CONTROL
VOLTAGE VOLTAGE

AGC.

Fig. 5-26—Typical radio-frequency amplifier circvit for
a superheterodyne receiver. Representative valves for
components are as follows:

Ci to C4—0.01 uf. below 15 Mc., 0.001 uf. at 30 Mc.
R1,R2—See Table 5-II.
R3—1800 ohms.
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Fig. 5-27 —A practical squelch circuit for cutting off the
receiver output when no signal is present,

venience to adjust the high-frequency oseillator
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. lence 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 ditference
in frequency (the i.f.) between the oseillator and
the mixer/r.f. cireuits, and when this condition
is achieved the eircuits 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 cireuits so that both cover the same total
number of kiloeyeles. For example, if the i.f. is
453 ke. and the mixer circuit tunes from 7000
to 7300 ke between two given points on the

dial, then the oscillator must tune from 7455 to
7755 ke. between the same two dial readings.
With the bandspread arrangement of Fig. 5-9A,
the tuning will be practically straight-line-fre-
quency if Cp (bandset) is 4 times or more the
maximum capacity of C; (bandspread), as is
usually the case for strictly amateur-band cover-
age. C; should be of the straight-line-capacity
type (semicircular plates).

Squelch Circuits

An audio squelch cireuit 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 squeleh cireuit is shown in Fig. 5-27.
When the a.g.c. voltage is low or zero, the 63J7
draws plate current. Voltage drop across the
47,000-ohm resistor in its plate circuit cuts off
the 6J5 and no receiver signal or noise is passed.
When the a.g.c. voltage rises to the cut-off value
of the 63J7, the pentode no longer draws current
and the bias on the 6.J5 is now only the operating
bias, furnished by the 1000-ohm cathode resistor.
The triode now functions as an ordinary ampli-
fier and passes signals. By varying the screen
voltage on the 63J7 through R, the pentode’s
cut-off bias can be vatied, so that the relation
between a.g.c. voltage and signal cut-off point of
the amplifier is adjustable.

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

Improving Receiver Sensitivity

The sensitivity (signal-to-noise ratio) of a re-
ceiver on the higher frequencies above 20 Me.
is dependent upon the baud wldth of the re
ceiver and the noise contributed by the “front
end” of the receiver. Neglecting the fact that
image rejection may be poor, a reeeiver with no
r.f. stage is generally satisfactory, from a sen-
sitivity point, in the 3.5- and 7-Me. bands. How-
ever, as the frequency is increased and the at-
mospheric noise becomes less, the advantage
of a good “front end” becomes apparent. llence
at 14 Me. 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 Mec. and higher,
a high-g. pentode or triode should be used.
Among the pentodes, the best tubes are the 6AHG,
6AKS and the 6B%Z6, in the order namcd. The
6AKS takes the lead around 30 Me. The 6J4,
6J6, and triode-connected 6.AIK5 are the best
of the triodes. For best noise figure, the an-
tenna circuit should be coupled a little heavier
than optimum. This eannot give best selectivity
in the antenna circuit, so it is futile to try to
maximize sensitivity and selectivity in this circuit.

When a receiver is satisfactory in every respect
(stability and selectivity) except sensitivity on
t4 through 30 Me., the best solution for the ama-
teur is to add a preamplifier, a stage of r.f. am-
plification 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
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higher frequencies but is satisfactory on the
lower ones, a “converter” is the best solution.

Some commereial receivers that appear to
lack sensitivity on the higher frequencies can
be improved simply by tighter coupling to the
antenna. This can be accomplished by changing
the antenna feed line to the right value (as de-
termined from the recetver instruction book) or
by using a simple matching device as deseribed
later in this chapter. Overcoupling the input
circuit will often improve sensitivity but it will,
of eourse, alwavs reduce the image-rejection con-
tribution of the antenna cireuit

Hegeneration

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. llowever, accurate ganging
becomes a problem, because of the increased
selectivity of the regenerative r.f. stage, and the
receiver almost invariably becomes a two-handed-

tuning device. Regeneration should not be over-
looked as an expedient, however, and amateurs
have used it with considerable success, High-gm
tubes are the best as regenerative amplifiers,
and 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 process and
another reason why regeneration is not too widely
used

Gain Control

In a receiver front end designed for best signal-
to-noise ratio, it is advantageous in the reception
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 con-
trolled 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 figure becomes
higher. A good receiver might well have two
gain controls, one for the first radio-frequency
stage and another for the i.f. and other r.f. stages.

Tuning a Receiver

C.W. Reception

For making code signals audible, the beat
oscillator should be set to a frequency slightly
different from the intermediate frequeney. To
adjust the beat-oscillator frequency, first tune
in a moderately weak but steady carrier with
the beat oscillator turned off. Adjust the receiver
tuning for maximum signal strength, as indicated
by maximum hiss. Then turn on the beat os-
cillator and adjust its frequency (leaving the
receiver tuning unchanged) to give a suitable
beat note. The beat oscillator need not subse-
quently be touched, except for occasional check-
ing 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 running
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 con-
trol. 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 simultaneously.

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
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both in the initial adjustment of the beat oscil-
lator and in tuning. The beat oscillator is set as
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
position. Once adjusted, the beat 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 oper-
ation; it will be found that one side of zero beat
has practically disappeared, leaving maxitum
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.”
1t 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. I'ts 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
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control for setting the volume. This insures maxi-
mum cffectiveness of the a.g.c. svstem in com-
pensating for fading and maintaining constant
audio output on either strong or weak signals.
On occasion a strong signal close to the frequency
of a weaker desired station may take control of
the a.g.c., in which case the weaker station may
disappear because of the reduced gain. In this
case better reception may result if the a.g.c. is
switched off, using the manual r.f. gain control
to set the gain at a point that prevents “block-
ing” by the stronger signal.

When receiving an a.m. signal on a frequency
within 5 to 20 ke. 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 exceellent skirt selectivity.
No ordinary a.g.c. circuit can handle the syllabic
bursts of energy from the sideband station, but
there are speeial cireuits that will,

A crystal filter will help reduce interference in
phone reception. Although the high seleetivity
cuts sidebands and reduces the audio output at
the higher audio frequencies, it is possible to use
quite high selectivity without destroying intelligi-
bility. As in code reception, it is advisable to do
all tuning with the filter in the circuit. Variable-
selectivity filters permit a choice of sclectivity 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 ecrystal
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 eutting with high
selectivity circuits, reduces naturalness.

Spurious Responses

Spurious responses ean 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 inter-
fering 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.

Harmonie 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 harmonies tune more rapidly (less dial
movement) through a given change in beat
note than do signals received by normal means.

Harmonies of the beat oseillator 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-
shielded receivers it is often possible to find b.f.o.
harmonics below 2 Me., but they should be very
weak at higher frequencies.

Alignment and Servicing of Superheterodyne
Receivers

I.F. Alignment

A calibrated signal generator or test oscillator
is a useful device for alignment of an i.f, amplifier.
Some means for measuring the output of the re-
ceiver is required. If the receiver has a tuning
meter, its indications will serve. Lacking an
S meter, a high-resistance voltmeter or a vacuum-
tube voltmeter can be conneeted across the sec-
ond-detector load resistor, if the second detector
is a diode. Alternatively, if the signal generator
is a modulated type, an a.c. voltmeter can be
conneeted across the primary of the transformer
feeding the speaker, or from the plate of the last
audio amplifier through a 0.1-uf. blocking ca-
pacitor to the receiver chassis. Lacking an a.c.
voltmeter, the audio output can be judged by
ear, although this method is not as accurate as
the others, It the tuning meter is used as an indi-
cation, 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 receiver
(if the job ix one of just touching up the if.

amplifier) will be suitable. 1lowever, with no
oscillator and tuning an amplifier for the first
time, one’s only recourse is to try to peak the
1.f. transformers on “noise,” a diflicult task if the
transformers are badly off resonance, as they
are apt to be. 1t would be much Lettei to haywire
together a simple oseillator for test purposes.
Initial alighment 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 i.f. amplifier
tube. The trimmer eapacitors 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 .1, amplifier is brought
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into use. It is desirable in all cases to use the
minimum signal that will give useful output
readings. The i.f. transformer in the plate circuit
of the mixer is aligned with the signal introduced
to the grid of the mixer. Since the tuned circuit
feeding the mixer grid may have a very low im-
pedance at the 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 i.f. 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 erystal fre-
quency. When this is completed, the crystal
should be switched in and the oscillator frequency
varied back and forth over a small range either
side of the crvstal frequeney to find the exact
frequency, as indicated by a sharp rise in output.
Leaving the test oscillator set on the erystal
peak, the i.f. trimmers should be realigned for
maxithum output. The necessary readjustment
should be small. The oscillator frequency should
be checked frequently to make sure it has not
drifted from the erystal peak.

A modulated signai is not of much value for
aligning a erystal-filter i.f. amplifier, since the
high selectivity cuts sidebands and the results
may be inacewsate if the audio output is used as
the tuning igdication. Lacking the a.v.e. tuning
meter, the transformers may be conveniently
aligned by ear, using a weak unmodulated sig-
nal adjusted to the crystal peak. Switch on the
beat oscillator, adjust to a suitable tone, and
align the i.f. transformers for maximum audio
output.

An amplifier that is only slightly out of align-
nient, as a result of normal drift or aging, can
be realigned by using any steady signal, such as
a local broadeast station, instead of the test
oscillator. One’s 100-ke. standard makes an ex-
cellent signal source for “touching up’” an i.f,
amplifier. Allow the receiver to warm up thor-
oughly, tune in the signal, and trim the i.f. for
maximum output.

If you bought your receiver instead of mak-
ing it, be sure to read the instruction book care-
fully 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 deseribed in
detail.

R.F. Alignment

The objective in aligning the r.f. circuits
of a gang-tuned receiver is to sccure adequate
tracking over each tuning range. The adjustment
may be earried out with a test oscillator of suit-
able frequency range, with harmonics from your
100-ke. standard or other known oscillator, or
cven 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 reeeiver for this
test. Adjust the oscillator trimmer capacitor
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in the receiver to give maximum response on
the test-oscillator signal, then reset the veceiver
dial.to the low-frequency end of the range. Set
the test-oscillator frequency near the frequency
indieated by the receiver dial and tune the test
oscillator until its signal is heard in the receiver.
If the frequency of the signal as indieated 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 induetance (less tracking
capacity) is required in the receiver oscillator.
Most commercial receivers provide some means
for varying the induetance of the coils or the
capueity of the tracking capreitor, 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, After
making this adjustment, recheck the high-fre-
queney end of the scale as previously deseribed.
It may be necessary to go back and forth between
the ends of the range several times before the
proper combination of inductance and eapacity
is sccured. In many eascs, better over-all tracking
will result if frequencies near but not actually at
the ends of the tuning range are selected, instead
of takinsg the extreme dial scttings.

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 cireuits are properly
designed, no change in trimmer settings should
be necessary. If it is necessary to increase the
trimmer capacity in any cireuit, more induetance
is needed: conversely, if less capacity resonates
the circuit, less inductance is required.

Tracking seldom is perfeet 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
cireuits 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 performanee in that region,
even though the ends of the frequeney range as a
whole may be slightly ont of alignment.

Oscillation in R.F. or I.F. Amplifiers

Ozscillation 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. svstem to reduce the receiver
gain drastically. Oscillation can be caused by
poor connections in the common ground circuits.
Inadequate or defective by pass 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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sereen-grid voltage, resulting from a shorted or
too-low screen-grid series vesistor, also may he
responsible for such instability.

_ Oscillation in the i.f. circuits is independent
of high-frequency tuning, and is indicated by

a continuous squeal that appears when the gain
is advangced with the c.w. beat oscillator on. It
can result from defects in i.f-amplifier circuits.
Inadequate sercen 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 lics with the operator, in his lack of
knowledge about the reeeiver’s operation or in
his inability to recognize a readily curable fault.
The best example of this is a complaint about
“lack of sclectivity” when the receiver contains
an if. erystal 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 seleetivity,
sensitivity, and other points are justified. In-
expensive, and most seeond-hand, receivers ean-
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. I'rom time to time articles in
QST deseribe improvements for specifie receiv-
ers, and it may repay the owner of a newly-
acquired second-hand recciver to examine past
issues and see if an applicable article was pub-
lished. The annual index in cach Decembor
issue is a help in this respect.

Where no applicable article can be found, a
few general prineiples c¢an be laid down. If the
complaint is the inability to separate stations,
better i.f. (and occasionally audio) sclectivity
is indicated. The answer is not to be found in
hotter bandspread tuning of the dial as is some-
times erroncously concluded. For code reception
the addition of a “Q Multiplier” to the if.
amplifier is a simple and effective attack; a
) Multiplier is at its best in the region 100 to
400 ke., and higher than this its effectiveness
drops off. The Sclectoject is a selective audio
device based on similar principles. For phone
reception the addition of a @ Multiplier will
help to reject an interfering carrier, and the use
of a BC~53 as a “Q5-er” will add adjacent-
channel selectivity,

With the addition of more i.f. selectivity, it
may be found that the receiver’s tuning rate
(number of ke. tuned per dial revolution) is too
high, and consequently the tuning with good i.f.
scleetivity becomes too eritical. If this is the
case, a 5-to-1 reduction planetary disl 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 hacklash in the dial mechanism,
the addition of the planetary drive will magnify
its cffect, so it is necessary to minimize the
hacklash before attempting to improve the tuning
rate. While this is not possible in all cases, it
should be investigated from every angle before
giving up. Replacing a small tuning knob with a
larger one will add to ease of tuning; in many
wses after doing so it will then be desirable or
necessary to raise the receiver higher ahove 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
often be improved by the addition of an antenna
coupler (described elsewhere in this chapter);
it will always be improved by the addition of a
presclector  (also described elsewhere in  this
chapter).

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

In many of the inexpensive receivers the fre-
quency calibration of the dial is not very accur-
ate. The receiver's uscfulness for determining
band limits will be greatly improved by the
addition of a [0U-ke. erystal-controlled frequoicy
standard. These units can be built or purchased
complete at very reasonable prices, and no ama-
teur station worthy of the name should be
without one.

Some receivers that show o considerable fre-
quency drift as they are warming up can he
improved hy 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,

Receivers that show frequency changes with
line-voltage or gain-control variations can be
greatly improved by the addition of regulated
voltage on the oscillators (high-frequency and
b.f.0.) and the scrcen of the mixer tube. There
is usually room in any recciver for the addition
of a VR tube of the right rating.
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The “SimpleX Super

The name of this receiver derives from “sim-
ple”, “X” for erystal (filter), and “super” for
superheterodyne: hence a “simple erystal-filter
superheterodyne.”” For about fifty dollars and a
few nights at the workbench this little receiver
will allow vou to copy practically any c.w. or
s.8.b. signal in the 40- or 80-meter band that a
much more expensive receiver might drag in, By
the flip of a switch you can tune to 5 Me. for
WWV,

This 3-tube recciver will permit the single-
signal reception of code signals. Single-sideband
phone can be handled with no difficulty at all.
With the b.f.o. turned off for the reception of a.m.
signals, a threshold effect shows up that prevents
digging all the way down for the weak ones; but
one can still eopy plenty of a.m. signals. Since the
receiver uses only three tubes, it doesn’t have the
more-than-enough gain of a big receiver, and its
performance won’t be very impressive on a poor
(short or low) antenna. Ilowever, if the trans-
mitting antenna is also used for receiving, yvou
will find yourself backing down on the volume
control to save your cars,

Referring to the circuit diagram in IMig. 5-29,
the receiver is a superheterodyne with an inter-
mediate frequeney of 1700 ke, With the h.f. oscil-
lator tuning 5.2 to 5.7 Me., the 3.5- or the 7-Mec.
amateur bands can be tuned merely by retuning
the input eircuit, L1('y. Since (') is large enough
to hit the two bands without a coil change, the
band-changing process consists of turning 'y to
the low- or high-capacitance end of its range. To
copy WWYV at 5 Me., the oscillator must be
tuned to 3.3 Mec., and this is done by switching in
an additional capacitor across the oscillator
circuit.

If you are disappointed because the recciver
doesn’t tune the 21-Me. band, remember that the
“under-$100"" receivers don’t either. Sure, the
dials show 21 Me., but try to use the receivers to
hold a signal for any length of time! The SimpleX
Super, with a crystal-controlled converter be-
tween it and the antenna, will handle 15 meters
like 80.

Selectivity at the i.f. is ob-
tained through the use of a
single ervstal. Although not as
sharp as the usual 455-ke.
crystal filter, it is sharp enough

Fig. 5-28 —The SimpleX Super
receiver uses three dual tubes
and o crystal filter ta caver the
80- and 40-meter bands, and
it can tune ta 5 Mc. for capying
WWYV, The dial scale is made
fram white paper held ta the
panel by red Scotch tope; the
painter is a slice of the tape.

" Three-Tube Receiver

to provide a fair degree of single-signal c.w. re-
ception and yet broad enough for good copy of
an s.8.b. phone signal.

In the detector stage, the pentode section of a
6USA is used as a grid-leak detector, and the
triode section serves as the b.f.o. Stray coupling
at the socket and in the tube provides adequate
injection. Audio amplification is obtained from
the two triode sections of a 6CG7. The primary
of a small output transformer, 7', serves as the
coupling for high-impedance headphone output,
and a small loudspeaker or low-impedance head-
phones can be connected at the output winding
of the transformer. Although the audio power
output is less than a watt, it is sufficient to drive
a loudspeaker adequately in a small quiet room,

The power supply uses a large choke and two
40-uf. capacitors, and the very slight hum that
can be detected in the headphones with the vol-
ume full on is stray a.c. picked up by the deteetor
grid; it doesn’t come from inadequate filtering of
the power supply. (The hum can only be heard
with no antenna on; under normal operation the
incoming noise will mask the slight hum.)

A switeh at the input of the receiver is included
so that the receiver can be used to listen to one’s
own transmitter without too severc blocking.
Using the b.f.o. switch to cut in the WWV pad-
der was done (instead of by the more logical Sy)
to keep the input short-circuiting leads short.

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 7!4 X I3-inch aluminum panel
(Y-inch thiek) is held to the chassis by the b.f.o.
capacitor mounting screws, the phone jack, the
dial drive and the two rotary switches. The tuning
capacitor (s is mounted on a small aluminum
bracket made from an extra strip of the panel
material; before the bracket is finally fastened to
the chassis the capacitor and bracket should be
used to locate the dial hole on the panel. When
drilling the hole for the dial drive, measure the
dimension instead of using the template provided
with the National KX dial. It pays to take eare in
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Fig. 5-29 —Circuit diagram of the SimpleX Super receiver. Unless otherwise indicoted, copacitances are in uuf.,
resistances are in ohms, resistors are 2 watt. Polarity shown on electrolytic capacitors; fixed capacitors 330 uuf.
or less are silver mica or NPO ceramic. Nanelectrolytic fixed capacitors over 0.025 uf. are 400-volt molded tubulars.

Ci—140-puf. midget variable (Hammarlund APC-140-B).

C2—15-puf. midget variable {(Hammarlund HF-15).

C3—15-puf. trimmer (Hommarlund MAPC-15-B).

C4, Ce—3-30-upf. mica compression trimmer.

Cs—Dual 40-uf. 450-volt electrolytic (Mallory TCD-78
or equiv.).

J1, J3—Phono jack.

J2—Open-circvit headphone jack.

L1, L2—See Fig. 5-35.

t3, La—1.05-200-ph. slug-tuned (North Hills 120-H coil
mounted. in North Hills $-120 shield can).

Fixed capacitors 0.001 through 0.025 are ceramic.

L5—36-64-uh. slug-tuned (North Hills 120-F coil mounted
in North Hills S-120 shield can).

Le—16-hy. 50-ma. filter choke (Knight 62-G-137 or
equiv.}.

Ri—Y% megohm volume control, oudio taper, with switch.

RFCi, RFCo—2.2-mh r.f. choke, resonont neor 1.6 Mc.
(Waters C1059 or Miller 9350-36).

S1—1-pole 12-position (2 used) rotary ceromic switch
(Centrolob PA-2001).

S2—2-pole 6-position (4 used) rotary ceramic switch
(Centralab PA-2003).

S3—S.p.s.t. switch, part of R;.

T1—10,000-0hms-to-voice-coil output transformer (Stancor
A-3822 or equiv.).

3—480 v.c.t. ot 40 ma., 5 v. ot 2 amp., 6.3 v.ot 2 amp.
{Knight 62-G-034 or equiv.).

Y1—1700-ke. crystal in FT-243 holder (E. B. Lewis or
equiv.).

(All radio stores do not handle the above components.
For prices and nomes of dealers write to North Hills
Electric Co., 402 Sogamore Ave., Mineola, N. Y.; Knight
is handled by Allied Radio, 100 N. Western Ave., Chicago
80, lll.; Waters Mfg. Inc., Boston Post Rd., Wayland,

Mass.; E. B. Lewis, 11 Bragg St., E. Hartford, Conn.}
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Fig. 5-30—Details of the coil construction.
Each one is made from B & W 3016 Mini-

ducter stock, which is wound 32 t.p.i. and 1-inch
diameter. The separation between coils in Li
is 7 turns; the separation between coils L2 is 1

] turn, It is important that the coils be connected

as indicated. The Miniductor stock can be cut
into the required lengths by pushing in a turn,

1 cutting it inside the coil and then pushing the

6t. 20t. 8t. 21t
[ 1 [ m ]
[ ] [
] (
ANT GND GRID P + GND GRID

Ll L2
mounting the tuning capacitor and the dial, since
a smooth tuning drive is an essential in any
receiver. To facilitate tuning, a National HRT
knob was used instead of the puny knob furnished
with the K dial. The other knobs are gray Na-
tional HR and HR-4.

Tie points are used liberally throughout the
reeeiver, as junctions for components and inter-
connecting wires. The coils Ly and Lg are mounted
on tie points, using short leads. If the leads from
Lo are too long, the coil will be “floppy” and the
receiver may be unstable. Fig. 5-30 shows how
coils i and [ are constructed and connected.
The leads from ' and (' are brought through
the chassis in insnlating grommets. The 3- to 30-
wuf. mica compression trimmer across L is sol-
dered to the tie points that support the coil.

The receiver is wired with shiclded wire for
many of the leads, in an cffort to minimize hum
in the audio and feedthrough around the crystal
filter. The shiclded leads are marked in Fig. 5-29
where feasible: the simple rule to follow is to
shield all B+ leads along with those shown
shielded in Fig. 5-20. For easy 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 ean 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 your first recciver or construction job,
there are several pitfalls to be avoided. When in-
stalling a tube socket, first give a little thought
to where the grid and plate leads will run, and
orient the socket so that these leads will be direct
and not cross over the socket.

Another thing to look out for is the well-
meaning store clerk who sells you stranded wire
for making the connections throughout the re-
ceiver. The only stranded wire in this receiver is
in the leads from the transformers, filter capacitor
and filter choke, and in the shielded wire, and all
this only because there was no choice. Where
stranded wire is used, be very careful to avoid
wild strands that stray over to an adjacent socket
terminal and short-circuit a part of the civeuit
without your knowing it. No. 20 or 22 insulated
solid tinned ecopper wire should be used for con-
nections wherever no shielding is used. Long bare
leads from resistors or capacitors should be cov-
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newly cut ends through to outside the coil.
Once outside, it is easy to peel away the wire
with the help of long-nose pliers. When suffi.
cient turns have been removed, the suppart
bars can be cut with a fine saw.

ered with insulating tubing unless they go to
chassis grounds.

The final bugaboo is, of course, a poorly-
soldered connection. If this is your first venture.
by all means practice soldering before you start to
wire this receiver. Read an article or two on how
to solder, or get a friend to show you how and to
eriticize vour first attempts. A good soldering
iron is an essential: there have been instances of o
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
the point where the solder would flow properly.

There is no need to worry about the dial scale
when the recciver is first built, because the re-
ceiver has to be checked. The seale is a sheet of
white paper held in place by red or black Scotch
tape. The dial pointer is a slice of the same tape.

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 recciver through Sz The tube heaters and
rectifier filament should light up and nothing
should start to smoke or get hot. If you have a
voltmeter you should meusure about 250 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 should produce hum and a loud elick. This
shows that the detector and audio amplifier are
working.

The next step is to tune L, L4 and Ls to 1700
ke,, the erystal frequency. If you have or can
borrow a signal generator, put 1700-ke. r.f. in at
the grid of the 6U8A mixer and peak Lz and Ls.
Lacking a signal generator, you may be lucky
enough to find a strong signal by tuning around
with Os, but it isn’t likely. Your best bet is to tune
a broadeast receiver to around 1245 ke.; if the
receiver has a 455-ke. i.f. the oscillator will then
be on 1700 ke. Don’t depend upon the calibration
of the broadeast recciver: make your own by
checking known stations. The oscillator of the
broadeast. receiver will furnish a steady (possibly
hum-modulated) carrier that can be picked up
by running a wire temporarily from the grid of
the 6U8SA mixer to a point near the chassis of the
b.c. receiver. Adjust Ly until you get a beat with
the 1700-ke. signal, and then peak L3 and La.
If the signal gets too loud, reduce the signal by



Simple X Super

Fig. 5-31 —Top view of the SimpleX Super. The tube be-

tween the two variable copacitors is the mixer-oscillator

6UBA; the 6CG7 audio amplifier is at the far right. The

flexible insulated coupling between moin tuning dial and
the tuning capacitor is a Millen 39016.

moving the wire away from the b.c. receiver. Now
slowly swing the signal frequeney back and forth
with the b.f.o. turned off: you should find a spot
where the noise rushes up quickly and then drops
off. This is the erystal frequency, and Lz and Ly
should be peaked again on this frequencey if you
were a little off the first time,

An antcnna connected to the reeeiver should
now permit the reception of signals. With (1
nearly unmeshed, you will be in the region of the
7-Me. band, and with (7 almost completely
meshed, you will be near 3.5 Me. Do your tuning
with the compression trimmer in the oscillator
cireuit, until you find a known frequency (it can
be your own transmitter). Let’s say your trans-
mitter has a crystal at 3725 ke. Set (" at half
capacitance and tune with (s until you hear yvour
transniitter. You shouldn’t need any antenna on
the recciver for this test. Onee you have the set-
ting for the trimmer, put the antenna on the re-
ceiver and look around for other known signals,
(CHU, the Canadian standard-frequency sta-
tion at 7335 ke., is a good marker.y With turk you
should just be able to cover the
80-meter band; if you can get
one end but not the other, a

Fig. 5-32-—Shielded wire, used for
most of the d.c. and 60-cycle leads,
lends to the clean oppeorance un-
derneath the chassis. The switch at
the left shorts the input of the re-
ceiver, and the adjacent switch
handles the b.f.o, and the padding
capacitor for WWYV.

The phono jack at the top left is for
the antenna; the other phono jack is
for low-impedance audio output. The
headphone jack (lower right) is for
high-impedance audio output,

minor readjustment of the trimmer is indieated.

Once you have acquainted yourself with the
80- and 40-meter bands, and appreciate that you
have to peak up the input cireuit () fairly often
as you tune across the bands, you are ready to
trim up the crystal filter, Run the volume fairly
high, so that you can hear noise from the prop-
erly peaked input circuit, and turn ('3 until the
noise takes on a higher-pitched characteristic.
(The b.f.o. stage is originally set up with (3 at
mideapacitance and Ly adjusted  for Iowost-
pitelied noise.) Now tune in a code signal with ('
and swing back and forth through it. “One side”
of the signal should be louder than the other.
Tune to the weak side with a beat note of around
800 cycles and then adjust (4 for minimum signal.
After a few attempts, juggling Cs, ("4, L and Ly,
vou should get a condition where the single-signal
e.w. effect is quite apparent.

All that remains is to install the dial scale and
calibrate it. A 100-ke. oscillator is ideal for this
job: lacking one or the ability to horrow one, you
will have to rely on other signals. If yvour erystal
filter is 1700 ke. exactly, the 80- and 40-meter
calibrations will coincide as they do on the scale
shown in Fig. 5-33: if not, the calibration marks
will be offset on the two bands.

If you find that yvou can’t get WWV at 5 Me.
with the 150-guf. capacitor switched in, substitute
a 130-ppf. mica in parallel with a 30-guf. trimmer,
and adjust so that WWYV falls on scale.

As you acquaint yourself with the operation of
the reeeiver, vou will notice that tuning ('; will
have a slight effeet on the tuning of the signal.
In other words, tuning (y “pulls” the oscillator
slightly. To remedy this would have made the
receiver more complicated, and the simple solu-
tion is merely to first peak ('; on noise and then
tune with Cs.

You will find this to be a practical receiver in
cvery way for the c.w. (or ss.b.) operator. The
tuning rate is always the same on 80 or 40, or
15 with a converter, and 21-Me. s.s.b. signals
tune as easily as those on 3.9 Mc. The warm-up
drift is negligible, and the oscillator is surprisingly
insensitive to voltage changes. Whetber or not
the oscillator is insensitive to shock and vibration
will depend upon the care with which the compo-
nente aro anchored to their respeetive tie points.
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The 2X4+1 Superheterodyne

The receiver shown in Figs. 5-33, 5-36 and 5-37
is a two-band four-tube (2X4) reeeiver with a
transistor (4 1) 100-ke. frequeney standard.
Other features inelude the ability to tune to 5
Me., for the reception of WWV, and a dual-
erystal filter for single-sideband and single-signal
c.w. reception. Tuning the 40- and 80-meter ama-
teur bands with good stability and seleetivity,
the reeciver can he used on other bands by the
addition of erystal-controlled converters ahewd
of it.

Referring to the cireuit in Fig. 5-34, the
pentode scetion of a 6U8-A is used as a mixer,
with the triode portion of the same tube serving
as the oseillator. The i.f. is 1700 ke, and the
oscillator tunes 5.2 to 5.7 Me.: tuning the input
circuit to the 80-meter band brings in 80-meter
signats. and all that is required to hear 10-meter
signals is to swing the input tuning, (1, to the
low-capacitance end of its range. Although, e.g.,
a 7.05-Me. (5.35 4+ 1.7) and a 3.65-Me. (5.35 —
1.7) signal will appear at the same setting of the
tuning dial, the two signals cannot be reeeived
simultancously beeause the double-tuned eireuit,
Cia L and Cy Ly, between antenna and mixer
grid provides the neeessary rejection. To provide
optimum coupling in both ranges, the coupling
capacitance is changed by a switeh, Sp. actuated
by the shaft of (1. Thus the coupling change
takes place automatically as the capacitor is
tuncd to the desired band. To make the two cir-

cuits track over the entire range, a 3- to 30-uul
trimmer is provided to compensate for the input
capacitance of the mixer. For WWY reeeption,
capacitance (‘s is added to the oseillator cireuit
to bring its frequeney to 3.3 Me.

The mixer is followed by the dual erystal filter
at 1700 ke. and a stage of i.f. amplification. 1.f.
gain i manually controlled by a variable bias
control in the cathode circuit of the 613AG if.
amplifier stage. A triode seetion of a 6CG7, Vay,
serves as a grid-leak deteetor, and the other sce-
tion is used as the bfo. A two-stage audio
amplifier follows, providing high-impedanee out-
put for headphones or low-impedanee output for a
loudspeaker. The audio power is sufficient to give
more than enough  high-impedance  headphone
volume and quite adequate loudspeaker volume
in a quiet room.

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

The transistor 100-ke. caltbration oseillator
uses for its power source the 8 volts developed
across the cathode resistor of Vig. Switeh Sy
turns the oscillator on and off and also adds the
capacitanee to the oscillator cireuit that permits
WWV reception. The four positions of 83 are
orF — wwv  (only) — can (oseillator  only)
sor. Although the 100-ke. standard is not
essential to the operation of the receiver, its in-
clusion will be found to be quite valuable.

Fig. 5-33—The 2X4 + 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 ¢rystal oscillator provides 100-ke.
frequency markers throughout the bands, Black knob on the left-hand side controls the
calibration oscillator and the WWYV reception.
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Fig. 5-35—Circuit diagram of the 2X4 4 1 super-heterodyne. Unless indicated otherwise,

Ci—Dual variable, 140 uuf. per section {Hammarlund
MCD-140-M).

C2, C3—480-upf. mica compression trimmer (Arco-
Elmenca 466).

Ci—5-upf. variable (Hammarlund MAC-5).

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

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

C7—35-uuf. midget variable (Hommarlund HF-35).

Cs—S5-upf. midget variable (Hammarlund HF-15 with 3
plates removed).

Co—3 ppf. approx. Insulated wires twisted together for 3
turns.

#* SILVER MICA

Ji—Phono jack.

Li—19 turns Na. 24, part of L2 stock, Ys inch from Lo.

L2, L3—43 turns Na. 24, %-inch diom, 32 t.p.i. (B&W 3012
or tllumitronic 632).

Li—7 turns No. 24, part of L; stock, Y2 inch fram Ls.

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

Ls, Lr—64 to 105 uh., adjustable (Narth Hills 120-G in
North Hills $-120 shield can).

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

Lo—15-henry, 7 5-ma. filter choke {Stancor C-1002).

RFCi, RFC2—2.2 mh., self resonant at 1.6 Mc. (Waters

decimal copacitances are in uf., other capacitances in nuf., resistors are V2 watt.

C1059 or Miller 9350-36),

RFC3—10 mh. {(National R-50-i).

S1—Homemade cam switch mounted an C. See text.

S2—2-pole 3-positian rotary switch (Centralab 1472).

S3—2-pole 6-pos tion (4 used) miniature ceramic switch
(Centralab PA-3 with Centralab PA-301 index,
2'% inches used).

Ti—3-watt, 8000 to 3.2 ohms, output transfarmer (Stan-
cor A-3329).

T2—650 v.c.t. at 55 ma., 5 v., 6.3 v. at 2 amp. {Stancor
PC-8407).

Y1, Y2—1700-ke. crystals, FT-243 holders.

Y3—100-ke. {James Knight H-93 or equiv.)

leyladng 1+HX3Z
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Fig. 5-35—The cam-operated switch, S1, is made from
the contacts and insulators taken from an open-circuit
phone jack (Mallory 703) and mounted on an aluminum
bracket. The cam, mounted on the shaft of Cy, is made by
grinding one side of a small insulated knob (Johnson
116-214-1). Switch is open during minimum-capacitance
half of capacitor range. Bracket is made from o 1% X
3Y2-inch strip of aluminum; the shelf is %-inch deep.

Construction

The receiver is built on an 8 X 12 X 3-inch
aluminum chassis, A panel can be made from
11 g-inch thick sheet aluminum or from a standard
834-inch rack panel. While the rack panel will be
more substantial, it really isn’t necessary, and the
1{ ¢-inch stock will be adequate. The panel is held
to the chassis by the b.f.o. capacitor, (s, the
line/b.f.o. switch, Ss, the dial, and an extra pair
of 6-32 serews,

It is worth while to mount the tuning eapacitor,
("5, as acceurately as possible with respeet to the
National ICN dial. For minimum backlash and
maximum strength, €7 is mounted on a three-
sided aluminum housing that is securely fastened
to the chassis on three sides by 34-inch lips. A
good flexible insulated eoupling should be used
between dial and eapacitor shaft —a  Millen
39006 is shown in the photograph.

The location of most of the major components
can be determined by reference to the photo-
graphs. The inductors Lyls, Lz and Lylg are sup-
ported by suitable tie strips, as are the two
180-puf. mica compression trimmers, (s and (g,
in the ervstal filter eircuit and the pair of 330-uuf.
capacitors in the b.f.o. Lils should be wired so
that the outside ends go to antenna and grid,
and LyLs should be wired with outside ends to
plate and grid.

Details of the only unusual construetion, the
cam-operated switch Sy, are shown in Fig. 5-33.
Note that the associated .006- and .01-uf. cou-
pling capacitors are mounted above the chassis;
a clearance hole with a rubber grommet is pro-
vided in the chassis for the common lead back to
Lo and L.

Since the rotor of (3 must not make contact
with the panel, a large clearance hole must
be provided for the shaft bushing, and a pair
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of extruded 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
partition between the two stators of (', and
the shield soldered to this chassis connection.
The 3- to 30-uuf. compression trimmer across
("1a can be soldered between rotor and shield
partition.

Many of the connections are made: with
shielded leads, to minimize hum and chances for
feedback or feedthrough. The shielded leads are
indicated in Fig. 5-34. The lead from the antenna
jack is run in RG-58/U coaxial eable, as is the
short lead from C to a 330-puf. capacitor. Heater
leads to the tubes are made of shielded wire.

Alignment

The alignment procedure ean be simplified if a
short-wave receiver or a sighal generator can he
borrowed. Lacking these, a grid-dip meter can be
used to provide a signal source and to check the
resonances of the tuned cireuits. If the 100-ke.
oseillator can be checked on another reeciver, it
can be used to align the receiver. A broadeast
receiver will tell if the 100-ke. oseillator is fune-
tioning — it should be possible to identify sev-
cral of the oscillator’s harmonics at 100-ke.
intervals in the broadeast 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
to the headphones as the audio gain control is
advaneed. When it is full elockwise a low-pitched
hum should be just audible in the headphones.
A further check can be made by hringing a finger
near the arm of the audio gain control — the hum
should inerease.

I 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 ke. by means of the slug
in Ls. Do this with ("g set at half scale. If a broad-
cast receiver is the only measuring equipment
vou have, a 1700-ke. signal can be derived from
it by tuning the reeciver to 1245 ke., which puts
its oscillator on 1700 ke, if the standard 455-ke.
if. is used. A wire from around the receiver to
the 2Xd4+41 should provide sufficient signal.
Feeding a 1700-ke. 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
frequeney is changed slightly, a change in piteh
of the whistle should be heard. With no incoming
sighal, a slight rushing noise should be heard in
the headphones when the b.f.o. is switched on by
Ne. If this rushing noise is just barely discernible
increase the capacitance at Cg by adding a few
more twists.

If the oscillator Vi is operating, a voltmeter
connected across the 4700-ohm 1-watt resistor in
its plate lead should show an increase in voltag:
when the stator of ('s or C7 is shorted to ground
momentarily with a serewdriver or other con-
ductor. Conneet the 4 lead of the voltineter to
the side of the resistor running to 4+ 105 and the
— connection to the .001-uf. side. If the oscillator
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doesn’t work, it may be beeause the outside turns
of Ly and Ls are not connected to plate and grid
respectively, With the b.f.o. on and €7 almost
fully meshed, set the tuning capacitor C7 at about
90 per cent full eapacitance. Run Cjy to full
capacitanee and slowly reduce capacitance. At
one point vou should hear a loud signal, the
second harmonie of the h.f.o. at 3400 ke, 1f the
h.f.0. ig reasonably elose to frequency, turning on
the calibration oscillator should give a weaker
signal nearby (on the main tuning dial). Tune
('7 to a higher frequeney (less eapacitance) and
vou should hear another weaker signal, the 35th
harmonie of the oseillitor (3500 ke.). Peak (' for
maximum signal and leave it. Run €'7 hack to
about 90 per cent full capacitance and then
slowly reduce capacitanee at Cs until the 35th
harmonic of the oscillator is again heard, If a
3500-ke. signal is available the adjustment ean
be made in a more straightforward manner.,
Once the oscillator trimmer (5 has been set to
give the proper tuning range of the oscillator cir-
cuit (5.2 to 5.7 Me.), the next problem is that of
adjusting the crystal filter eireuit. With a eapaci-
tanee bridge, or a grid-dip meter and an indue-
tunee, are set the two capacitors Cs and ('3 at the
same capacitanee (near maximum compression)

before soldering them in the receiver. The actual
value of capacitance isn’t important. Lacking
these instruments, tighten the capacitors to full
compression and then loosen their serews by 34
turn. Tune in a signal —it can be from the
100-ke. oscillator or any other steady souree —
and peak Lg for maximum response, Tune off the
signal until it disappears and set the piteh eontrol,
('s, to a point where the background noise is
reasonably  high-pitched. This is easy to de-
termine heeause at the lowest-pitehed point there
will be an increase in hum; make the lowest-
pitched point the center of the knob seale by ad-
justment, of Lg, and then set the pitch control to
oue endd of its range. Tune back to the signal and
“rock’ the tuning, ('7, as vou change the adjust-
ment of Ls. Look for a condition that gives con-
siderably more response on one side of zero heat
than on the other. It is a good idea to buy several
extra 1700-ke. erystals and try them in different
combinations, Small changes in the setting of Cy
or (3 will have an effect on the seleetivity char-
acteristie, but bear in mind that a change in (s
or (' must be compensated for by a readjustment
of Lg. With alittle patience it should be possible
to obtain a marked difference in the output
strength on the two sides of zero beat. This will

Fig. 5-36—Top view of the 2X4 + 1 receiver. The dual capacitor at the left tunes the receiver input; a homemake cam
switch on its shaft changes the coupling between the two bands. 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 §U8-A mixer-oscillator
stage, and the 6BAS i.f. stage is in front of the main tuning capacitor. 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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“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 resonanee on both
bands. With a signal tuned in at 40 meters,
“rock” €'y back and forth to see if there are two