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FOREWORD

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

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

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

The Handbook is the product of the efforts, the talents
and the skills of many people. bringing together the fruits
of home workshops and the expertise of the entire Hq.
staff. Overall responsibility tor the planning, coordination
and direction is vested in Editor Doug DeMaw, WICER,
Technical Editor of QS7.

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

JOHN HUNTOON

General Manager

Newington, Conn.
January, 1971.
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The Amateur’s Code

ONE

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

TWO

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

ing loyalty.

THREE

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

FOUR

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

FIVE

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

SIX

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

—PauL M. SecaL



r
’
'

AmMmateur Radio

Amateur radio is a scientific hobby, a means
of gaining personal skill in the fascinating art of
electronics and an opportunity to communicite
with fellow citizens by private short-wave radio.
Scattered over the globe are over 330,000 ama-
teur radio operators who perform a service de-
fined in international law as one of “seli-training,
intercommunication and technical investigations
carricd on by . . . duly authorized persons inter
ested in radio technique solely with a personal
aim and without pecuniary interest.”

IF'rom a humble beginning at the turn of the
century, anuteur radio has grown to hecome an
established institution. Today the American fol-
lowers of amateur radio numbér over 230,000,
trained communicators from whose ranks will
come the professional communications special
ists and exccutives of tomorrow—just as nuny
of today's radio leaders were first attracted to
radio by their carly interest in amateur radio
communication. A poweriul and prosperous or-
ganization now provides a bomd between ama-
teurs and protects their interests; an interna-
tionally respected magazine is published solely
for their benefit. The military services scek the
cooperation of the amateur in developing com
munications reserves. Amateur radio supports a
manufacturing industry which, by the very de-
mands of amateurs for the latest and best equip-
ment, is always up-to-date in its designs and
production techniques—in itself a national asset.
Amateurs have won the gratitude of the nation
for their heroic performances in times of natural
disaster ; traditional amateur skills in emergency
comumunication are also the stand-by system for
the nation's civil defense. Amateur radio is, in-
deed, a magnificently useful institution.

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

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

Chapter 1

But as the years rolled on, amateurs found out
how, and DX (distance) jumped from local to
300-mile and even occasional 1000-mile two-way
contacts. Because all long-distance messages had
to be relayed, relaying developed into a fine art—
an ability that was to prove invatuable when the
Government suddenly called hundreds of skilled
amateurs into war service in 1917 Meanwhile
U.S. amateurs began to wonder if there were
amateurs in other countries across the seas and
if. some day. we might not span the Atlantic on
200 meters.

Most important of all, this period witnessed
the birth of the American Radio Relay League,
the amatewr radio organization whose name was
to be virtually synouymous with subscquent am-
ateur  progress and  short-wave  development.
Conceived and tormed by the famous inventor,
the late Hiram Perey Maxim, ARRILL was for-
mally launched in early 1914 It had just begun
to exert its full force in amateur activities when
the United States declared war in 1917, and by
that act sounded the knell for amateur radio ior
the next two and a hali years. There were then
over 6000 amateurs. Over 4000 of them served
in the armed foreces during that war.

Today, few amateurs realize that World War
1 not only marked the close of the first phase
of amateur development but came very near
marking its end for all time. The fate of amateur
radio was in the balance in the days immediately
following the signing of the Armistice. The

HIRAM PERCY MAXIM
President ARRL, 1914-1936
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Government, having had a taste of supreme au-
thority over communications in wartime, was
more than hali inclined to keep it. The war had
not been ended a month before Congress was
considering legislation that would have made it
impaossible for the amateur radio of old ever to
be resumed. ARRL's Dresident Maxim rushed
to Washington, pleaded, argued, and the bill was
defeated. But there was still no amateur radio :
the war ban continued. Repeated representations
to Washington met only  with  silence. The
League's offices had been closed for a vear and a
hali, its records stored away. Most of the former
amateurs had gone into service; many of then
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 : amatcur radio still
banned by law, former members scattered, no or-
ganization, no membership, no funds. But those
few determined men financed the publication of
a notice to all the former amateurs that could he
located, hired Kenneth B Warner as  the
League's first paid secretary, floated a hond issue
among old League members to obtain money for
immudiate running expenses, bought the maga-
zine QST to be the League's ofticial orga,
started activities, and dunned ofhicialdom 1mtil
the wartime ban was lifted and amateur radio
resumed again, on October 1, 1919, There was a
headlong rush by amateurs to get hack on the
air. Gangway for KNing Spark! Manufacturers
were hard put to supply radio apparatus fast
enough. Each night saw additional dozens of sta-
tions crashing out over the air. Interference? It
was bedlam!

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

TRANSATLANTICS

As DX became 1000, then 1300 and then 2000
miles, amateurs began to dream of transatlantic
work. Could they get across? In December, 1921,
ARRL sent abroad an expert amatenr, Paul .
Godley, 2ZE, with the best recciving cquipment
available. Tests were rum, and thirty American
stations were heard in Europe. In 1922 another
transatlantic test was carried out and 315 Amer-
ican calls were logged by European amateurs and
oue French and two DBritish stations were heard
on this side.

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

AMATEUR RADIO

said that about 200 meters. So, in 1922, tests be-
tween Hartford and Boston were miade on 130
meters with encouraging results. Early in 1923,
ARRL-sponsored tests on wavelengths down to
90 meters were suceessful. Reports indicated that
as the wavelongth dropped  the results were
better. Exeitement hegan to spread through am-
ateur ranks.

Finally, in November, 1923, after some months
of carciul preparation, two-way amateur trans-
atlantic communication was accomplished, when
Fred Schnell, 1MO (now WHCEF) and the late John
Retnartz, INAM (later K6B]) worked for sev-
eral hours with Deloyv, 8\, in France. with all
three stations on 110 meters! Additional stations
dropped down to 100 meters and found that they,
toa, could castly work two-way across the At-
lantic. The exodus from the 200-meter region
had started. The “short-wave” era had bhegun!

By 1924 dozens of commereial 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 binds of frequencies for the different
services. Although thought still eentered aramd
100 meters, League officials at the first of these
frequency-determining 1024,
wisely obtained amateur bands not only at 80
meters hut at 40, 200 and even § meters.

Fighty mieters proved  so suecessful  that
“forty™ was given a try, and QSOs with Aus-
tralia, New Zealand and South Africa soon be-
came commonplace. Then how about 20 meters?
This new band revealed entirely unexpected pos-
sihilities when TN AM worked 0TS on the West
Coast, direct, at high noon. The dream of ama-
teur radio—daylight DX !'—was finally true,

PUBLIC SERVICE

Amateur radio is a grand and glorious hobby
but this fact alime would hardly merit such
wholehearted support as is given it by our Gov-
criment at international conferences. There are
other reasons. One of these is a tharough appre-
ciation by the military and civil defense anthor-
ities of the value of the amateur as a source of
skilled radio personnel in time of war. Another
asset is best deseribed as “public service.”

About 4000 amateurs had contributed  their
skill and ability in "17-"18. After the war it was
only natural that cordial relations should prevail
between the Army and Navy and the amatenr.
These relations strengthened in the next few
years and, in gradual steps, grew into coopera-
tive activities which resulted, in 1925, in the es-
tablishment of the Naval Communications Re-
serve and the Army Amatenr Radio System
(now the Military Affiliate Radio System). In
World War II thousands of amateurs in the
Naval Reserve were called to active duty, where
they served with distinetion, while many other
thowsands served in the Nrmy, \ir Forces, Coast
Cmard and Marine Corps. Altogether, more than
25,000 radio amateurs served in the arimed forces
of the United States. Other thousands were en-
gaged in vital civilian electronic research, devel-

conferences,  in




Public Service

opment and manufacturing. They also organized
and manned the War Emergency Radio Service,
the communications section of OCD,

The “public-service” record of the amateur is
a brilliant tribute to his work. These activities
can be roughly divided into two classes, expediz
tions and emergencics. Amatcur cooperation
with expeditions began in 1923 when a league
member, Don Mix, 1TS, of Bristol, Conn. (now
assistant technical editor of Q577), accompanied
MacMillan to the Arctic on the schooner
Botedoin with an amateur station. Amateurs in
Canada and the U.S. provided the home contuets.
The success of this venture was so outstanding
that other explorers followed suit. During sub-
sequent years a total of perhaps two hundred
voyvages and expeditions were assisted by ama-
teur radio, the several explorations of the Ant-
arctic being perhaps the best known.

Since 1913 amateur radio has been the prin-
cipal, and in many cases the only, means of out-
side communication in several hundred storm,
flood and earthquake eniergencies in this coun-
try. The 1955 northeastern and west coast floods,
the great Alaskan carthquake of carly 1964 and
the 1967 floods there, and THurricane Camille
which hit the southeast and Gulf of Mexico in
1969 called for the amateur’s greatest emergency
effort. In these disasters and many others—
tornacdoes, sleet storms, forest fires, blizzavds
—amateurs played a major role in the reliei
work and earned wide commendation for their
resourcefulness in effecting communication where
all other means had failed. During 1938 ARRL
inaugurated a new emergency-preparcedness pro-
gram, registering personnel and equipment in
its I<mergency Corps and putting into cffect a
comprehensive program of cooperation with the
Red Cross, and in 1947 a National Emergency
Coordinator was appointed to full-time duty at
Leagne headquarters.

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

TECHNICAL DEVELOPMENTS

The amateur is constantly in the forefront of
technical progress. Ilis incessant curiosity, his
cagerness to try an_\'tlling e, are two reasons,
Another is that ever-growing amatenr radio con-
tinually overcrowds its frequency assignments,
spurring amatenrs to the development and adop-
tion of new techniques to permit the accommoda-

A view of the ARRL laboratory.

tion of more stations.

During World War T1, thousands of skilled
amateurs contributed their knowledge to the
development of sceret radio devices, both in
Government and private laboratories. Equally as
important, the prewar technical progress by am-
ateurs provided the kevstone for the development
of modern military communications equipment.

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

Another space-age ficld in which amateurs are
currently working is that of long-range communi-
cation using the moon as a passive reflector. The
amateur bands from 144 to 2430 MITz are being
used for this work. Moonbounce communications
have been carried out, for instance, between Fin-
land and California on 144 Mz and between
Massachusetts and 1lawaii on both 432 and 1296
MIlz.

THE AMERICAN RADIO RELAY LEAGUE

The ARRL is today not only the spokesman
for amateur radio in the U.S. and Canada but it is
the largest amateur organization in the world. It
is strictly of , by und for amateurs, is noncommer-
cial and has no stockholders. The membhers of
the T.cague are the owners of the ARRL and
OST.

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

One of the League’s principal purposes is to
keep amateur activities so well conducted that
the amateur will continue to justify his exist-
ence. Amateur radio offers its followers count-
less pleasures and unending satisfaction. It also
calls for the shouldering of responsibilities—the
maintenance of high standards, a cooperative
loyalty to the traditions of amateur radio, a dedi-
cation to its ideals and principles, so that the in-
stitution of amateur radio may continue to oper-
ate “in the public interest, convenience and
necessity.”

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

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

ARRL maintains a model headquarters ama-
teur station, known as the Hiram Percy Maxim
Memorial Station, in Newington, Conn. Its call
is WIAW, the call held by Mr. Maxim until his
death and later transferred to the League station
by a special government action. Separate trans-
mitters of maximum legal power on each ama-
teur band have permitted the station to be heard
regularly all over the world. More important,
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 Ieague in New-
ington, Conn.,, is a well-equipped laboratory
to assist staff members in preparation of technical
material for QST and the Radio Amateur’s
Handbook. Among its other activities, the
League maintains a Communications Depart-
ment concerned with the operating activities of
League members. A large field organization is
headed by a Section Communications Manager

AMATEUR RADIO

in each of the League's seventy-four sections.
There are appointments for qualified members
in various fields, as outlined in Chapter 24. Spe-
cial activities and contests promote operating
skill. A special place is reserved each month in
QST for amateur news from every section.

AMATEUR LICENSING IN THE
UNITED STATES

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

A radio amateur is a duly authorized person
interested in radio technique solely with a per-
sonal aim and without pecuniary interest. Ama-
teur operator licenses are given to U. S. citizens
and nationals who pass an examination on opera-
tion, apparatus, and regulations affecting am-
ateurs, and who demonstrate ability to send and
receive code. There are five available classes of
amateur license—Novice, Technician, General
(“Conditional” if taken by mail), Advanced, and
Amateur Extra Class. Each has different require-
ments, the first two being the simplest and conse-
quently conveying limited privileges as to fre-
quencies available. Extra Class licenseces have
exclusive use of the frequencies 3.5-3.323, 3.8-
3.825,7.0-7.025, 14.0-14.025, 21.0-21.025 and 21.25-
21.275 Mz Advanced and Extra have exclusive
use of the frequencies 3.825-3.9, 7.2-7.25, 14.2-
14.275, 21.275-21.35 and 50.0-50.1 MHz. Exams
for Novice, Technician and Conditional classes
are taken by mail under the supervision of a vol-
unteer examiner. Station licenses are granted only
to licensed operators. An amateur station may not
be used for material compensation of any sort nor
for broadcasting. Narrow bands of frequencies are
allocated exclusively for use by amateur stations.
Transmissions may be on any frequency within
the assigned bands. All the frequencies may be
used for c.w. telegraphy; some are available for
radiotelephone, others for special forms of trans-
mission such as teletype, facsimile, amateur tele-
vision or radio control. The input to the final stage
of amateur stations is limited to 1000 watts (with
lower limits in some cases ; see the table on page
14) and on frequencies below 144 MHz must be
adequately filtered direct current. Emissions must
be free from spurious radiations. The licensce
must provide for measurement of the transmitter
frequency and establish a procedure for checking
it regularly. A complete log of station operation
must be maintained, with specified data. The sta-
tion license also authorizes the holder to operate
portable and mobile stations subject to further
regulations. All radio licensees are subject to
penalties for violation of regulations.

In the U.S., amateur licenses are issued only
to citizens, without regard to age or physical
condition. A fee of $9.00 (payable to the Fed-
eral Communications Commission) must accom-
pany applications for new and renewed licenses
(except Novices: no fee). The fee for license
modification is $4.00. When you are able to copy
code at the required speed, have studied basic~
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transmitter theory and are familiar with the law
and amateur regulations, you are ready to give
serious thought to securing the Government
amateur licenses which are issued you, after ex-
amination by an FCC engincer (or by a volun-
teer, depending on the license class), through
the FCC Licensing Unit, Gettysburg, Pa., 17325,
A complete up-to-the-minute discussion of li-
cense requirements, the FCC regulations for the
amateur service, and study guides for those pre-
paring for the examinations, are to be found in
The Radio Amateur’s License Manual, available
from the American Radio Relay League, Newing-
ton, Conn, 06111, for $1.00, postpaid.

AMATEUR LICENSING IN CANADA

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

After six months, during which the station has
been operated on c.w. on frequencies below 29.7
MHz, the Canadian amatcur may have his certif-
icate endorsed for phone operation on the 26.96-
27.0 MHz and 28.0-29.7 M1iz bands. The amateur
may take a 15 w.p.m. code test and more-diffi-
cult oral and written cxaminations. for the
Advanced Amateur Radio Operator Certificate,
which permits phone operations on portions
of all authorized amatcur bands. Holders of
First or Second Class or Special Radio Opera-
tor's Certificates may enjoy the privileges of
Advanced class without further examination. The
maximum input power to the final“stage of an
amateur transmitter is limited to 1,000 watts.

Prospective amateurs living in remote areis
may obtain a provisional station license after
signing a statement that they can meet the tech-
nical and operating requircments. A provisional
license is valid for a maximum of twelve con-
secutive months only; by then, a provisional li-
censee should have taken the regular examination.

Licenses arec available to citizens of Canada,
to citizens of other countrics in the British Com-
monwealth, and to non-citizens who qualify as
“landed immigrants” within the meaning of
Canadian immigration law. The latter status
may be cnjoyed for only six years, incidentally.
A U.S. citizen who obtained a Canadian license
as a “landed immigrant” would have to become
a Canadian citizen at the end of six years or
lose his Canadian license.

Copies of the Radio Act and of the General
Radio Regulations may be obtained for a nominal
fee from the Qucen’s Printer, Ottawa, and its
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dealers. An extract of the amateur rules, Form
AR-5-80, is available at DOC offices. Other books
include: The Canadian Amateur Radio Regula-
tions Handbook, $2.55 from CARF, Box 334,
Toronto, 550, Ontario; the ITam Handbook for
Beginners and the Ham Handbook for Advanced,
each $4.30 from Amateur Radio Sales Co., Box
61, Station O, Toronto 16, Canada.

RECIPROCAL OPERATING

U.S. amateurs may operate their amateur sta-
tions while visiting in Argentina, Australia, Aus-
tria, Barbados, Belgium, Bolivia, Brazil, Canada,
Chile, Colombia, Costa Rica, Dominican Republic,
Ecuador, El Salvador, Finland, France* Ger-
many, Guatemala, Guyana, Honduras, India, In-
donesia, Ireland, Israecl, Kuwait, Luxembourg,
Monaco, Netherlands.* New Zcaland, Nicaragua,
Norway, Panama, Paraguay, Peru, Portugal,
Sierre Leone, Sweden, Switzerland, Trinidad &
Tobago, the United Kingdom * and Venezuela and
vice versa. For the latest information, write to
ARRL headquarters.

LEARNING THE CODE

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

The important thing in beginning to study code
is to think of it as a language of sound, ncver
as combinations of dots and dashes. It is ecasy to
“speak” code cquivalents by using “dit” and
“dah,” so that A would bhe “didah” (the “t” is
dropped in such combinations). The sound “di”
should be staccato; a code character such as “5”
should sound like a machincaun burst: didididi-
dit! Stress cach “dalt” equally; they are under-
lined or italicized in this text because they should
be slightly accented and drawn out.

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

Code-practice  transmissions are sent by
WI1AW every evening at 0030 and 0230 GMT
(0130 and 2330 May through October) Code is
also sent, Monday-Friday, at 1400 GMT (1300
GMT, May through October). See Chapter 24,
“Codec Proficiency.”

* Includes overseas entities.
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A didah N dahit

B (lah(h(lnllt (o] (la_h(lahdah

C (l.lll(ll(l{lhdll P Edqh(]ah(lit

D (Llll(]l(lll Q dahdah(h(hh

E (l.lt R (ll(hhdlt

F dididahdit S (hd_ldgt

G (luhtlah(l_it T dah

H didididit U dididah

I didit V didididah

J didahdahdah W didahdah

K (lah(l_i(luh— X (lahduh(ldh

L didahdidit Y (l’lll(ll(ldh(l th

M dahdah Z dahdﬂulullt

1 dl(hh(hhdahdah 6 dahdidididit

2 dididahdahdah 7 dahdahdididit

3 dldnluhndah 8 dalldalulah(luln

4 (ll(ll(ll(]l(l’lh 9 dah(l(ll1(].1]1(1.1]1(ht

5 dididididit 0 (l;ahdal_n]ah(l.llulah
Period : (lldahdldall(llddll Comma : dahdahdidi-

dahdah. ()mstxon mark : (lull(lahdahdl(ht Error:

Qi([i([i(!i(!i([i([idit Double  dash (Llll(h(h(ll(l.lh

Colon: dahdahdahdididit. Semicolon: dahdidah-

didahdit. Parenthesis : (lah(l_ulihdal1(]1(1.1]1 Frac-

tion bar: dalul_u[l@d}t V\ ait : d_@'d_ml_lt. End

of me<s1gc lidahdidahdit. Tnvitation to trans-
t: dahdidah. End of \\olk didididahdidah.

Fig. 1-1—The Continental (International Morse) code.

A Code-Practice Set

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

The circuit can be built on a 2'4 x 2'4-inch
picce of circuit board, Formica, linoleum tile, or
Masonite as shown in Iig. 1-2. The main
chassis can be a home-made aluminum, brass, or
galvanized-iron channel which is 6 inches long,
234 inches wide, and 1 inch high, The tiny 2-inch
diameter speaker shown here was removed from
a junk 6-transistor pocket radio. Any small
speiaker whose voice-coil impedance is between
3.2 and 10 ohms will work satisfactorily, Al-
though a battery holder is used at BT, the bat-
tery could be taped to the chassis, or usul out-
board, reducing the total cost. The circuit connee-
tions are made with short lengths of insulated
hookup wire. A phono jack is used at I, but isn't
necessary. A few more cents could be saved by
wiring the key directly into the circuit.

The Key

A home-made key is shown in the photo. The
base is a picce of plywood which is 35 inch thick.
6 inches long, and is 4 inches wide. The key lever
is a picce of 3g-inch wide brass strip, No. 16

AMATEUR RADIO

View of the code-practice set. The speaker mounts
under the chassis and is protected by a piece of alu-
minum screening. Ordinary window screen will work
here. The circuit board a2 cut-out
area in the chassis. Al'ow a Y%-inch overlap on all
sides of the circuit board for mounting purpeses. Four
4-40 bolts hold the board in place. The battery holder
is a Keystone No. 175.

is mounted over

gauge. It is 3 inches long and is bent slightly near
the center to raise the operating end approxi-
mately 4 inch above the base board A picce of
circuit board is glued to the operating end of
the lever, serving as a finger plate for the key.
A poker chip or large xarment butten can be used
in place of the item shown, Epoxy glue holds the
chip finnly in place,

The brass lever is attached to the base tward by
means of two 6-32 holts, cach one inch ir length.,
One of the keving leads (the one going to the
chassis ground terminal) connects te one of the
bolts, under the boardé. Another 6-32 ~ 1-inch
screw is placed under the finger end of the lever
(about !4 inch in from the end of the lever) and
serves as the contact element when the key is de-
pressed. The remaining key lead cennects to this
screw, again under the base board. The spacing
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BOTTOM VIEW
Fig. 1--2--Schematic diagram of the code oscillator.
Resistance is in ohms. K = 1000. The 0.01-vf. «apacitor
is disk ceramic. BT, is a 1.5-volt size-D flashlight cell.
Ji is a phono connectos. Q; is an RCA 40309 (a
2N2102 is svitable also). Q. is an RCA 2N2869,2N301.
(An RCA 40022 is suitable, also). The cases of Q, and
Q: should be insulated from the chassis.



Amateur Frequencies

between the lever and the contact element can be
adjusted by bending the brass lever with a pair
of pliers. 1t should be set to suit the operator.
Commniercially-made keys can be used if the opera-
tor prefers. There are many bargain-priced units
of this type on the market.

INTRODUCTION TO RADIO THEORY

As you start your studies for an amatcur li-
cense, you may wish to have the additional help
available in Ifow to Become a Radio Amateur
($1.00). It features an clementary description of
radio theory and constructional details on a sim-
ple recciver and transmitter.

Another aid is I Course in Radio Fundamen-
tals ($1.00), a study guide using this Ilaudbook
as its text. There are experiments, discussions,
and quizzes to help you learn radio fundamentals.

A League publication, Understanding Amatcur
Radio, explains radio theory and practice in
greater detail than is found in /fow to Become a
Radio mateur, but is at a more basic level than
this Handbook. Understanding Amatenr Radio
contains 320 pages, and is priced at $2.30,

These hooklets are available postpaid from
ARRL, Newington, Connecticut 06111.
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THE AMATEUR BANDS

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

On this page and page 14 are summaries of the
Canadian and U.S. amateur bands on which
operation is permitted as of our press date. Fig-
ures are megacycles. A0 and F mean unmodu-
lated carriers. Al means c.w. telegraphy, A2 is
tone-modulated c.w. telegraphy, AJ is amplitude-
modulated phone (n.f.m. may also be used in such
bands, except on 1.8-2.0 MIIz), A4 is facsimile,
A3 is television, n.f.un. designates narrow-band
frequency- or phase-modulated radiotclephony,
F1 is frequency-shift keving, F2 is frequency-
modulated tone keying ( Morse or teletype), F3
is f.m. plione, F4 is f.m. facsimile and F5 is f.m.
television.

CANADIAN AMATEUR BANDS

3 Special endorsement
television transmission.

1 Phone privileges are restricted to holders of
Advanced Amateur Radio Operator Certificates,
and of Commercial Certificates.

2 Phone privileges are restricted as in footnote
1, and to holders of Amateur Radio Operators
Certificates whose certificates have been endorsed
for operation on phone in these bands; sec text.

required for amateur

Power Level—Watts

O—Operation not permitted.

1—25 night 100 day
2-—50 night 200 day
3—100 night 400 day

80 3.500- 3.725 MHz Al, F1, Operation in the frequency bands 1.800-2.000 MHz shall
meters 3.725— 4.000 MHz Al, AR, IF33, be limited to the arcas as indicated in the following table and
shall be limited to the indicated maximum d.c. power input
40 m. 7'090_ 7.150 MHz Al F]; to the anode circuit of the final radio frequency stage of
7.150- 7.300 MHz A1, A3, T3, the transmitter during day and night hours respectively;
20 m. 14.000—-  14.100 M1z A1, F1, for the purpose of the subsection, ‘“‘day” mecans the hours
14.100-  14.350 MIIz Al, A3!, F3y, between sunrise and sunset, and “night” means the hours
between sunset and sunrise: Al, A3, and F3 cmission are
15 m.  21.000— 21.100 MHz Al, F1, e
21.100-  21.450 MIlz Al, A3, F31,
A B CD EFGH
11 m 26.960— 27.000 MIIz Al, A2, A3?, -_ —
32, B.C. North of 54° N, Lat......... 1 001 0 0 0O
o a@
10m  28000- 28100 Milz AL Tl beepub of 47 N Lt 0 0 0 1 1 0 0
28.100-  29.700 MIlz Al, A3% F32, Saskatchewan .,.......... .. 00, 2 00 2 2113
6 m. 50.000— 50.050 MIlz Al M@ coo0000900000000000060600 3112 2 113
50.050—  51.000 MHz Al, A2, A3, Ontario North of 50° N. Lat,. .31 1.0 0 0 0 2
F1, F2, F3 Onutario South of 50° N. Lat....... 3 21000 01
51.000- 54.000 MHz A#, Al, A2, P.Q. North of 52° N. Lat......... 1 00 1 1 0 01
A3, F1, P.Q. South of 52° N. Lat......... 3110 0 0 0O
F2. F3, N.B., NS, P.EL ....ovivniin.. 3210000 0
Newfoundland ..ol 31100 0 0O
Zm. 144.000- 144100 MHz Al Labrador . ..onvureieineeainanns 20000000
ML= TN dsia]l, Sk AL A2 Yyukon Terriory ....v.eeevn...n. 20010000
220.000- 225.000 MUz [ A3, F1,F2.F3, Disirict of MacKenzie ........... 20021001
420.000- 450.000 Mz District of Keewatin ............ 10012 11 3
1215.000— 1300.000 Mliz A0 AL A2 District of Franklin ............. 00 0 0 100 1
2300.000- 2430.000 Mllz }'\3 '\;3""
3300.000- 3500.000 Mz > Ty’ fa " Frequency Band
5650.000~ 3925.000 Mz FJI “r A 1800—1825 kllz E 1900—1925 kliz
10000.000-10500.000 Milz ' B 1825—1850 kllz F 1925—1950 kliz
21000.000-22000.000 MIlz C 1850—1875 kHz G 1930—1975 kliz
D 1875—1900 kliz 11 1975—2000 kllz

Except as otherwise specified, the maximum amateur power

input is 1,000 watts.
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U.S. AND POSSESSIONS AMATEUR BANDS

KHz
3500-4000 Al
0 m.ed 3500-3800 F1
80 m-*1 3800-3900 A5l F51
3800-4000 A3, F37
7000-7300 Al
7000-7200 F1
0 m2y 7200 7250 A3,1Fs1
7200-7300 A3, F3?
14000-14350 Al
. | 14000-14200 F1
20 m. < ) 4200-14275 A5 F5
14200-14350 A3, F37
MIz
21.00-21.45 Al
21.00-21.25 F1
15 mt e o 252133 A5 Fst
21.25-21.45 A3, F32
28.0-29.7 Al
10m. { 28.0-28.5 FI
28.5-29.7 A3, A51 F3,2 F5t
50.0-54.0 Al
L] so1-s40 A2, A3, A4, AS3 FI,
Sl F2, F3, F5
51.0-54.0 Ag
144-148 Al
2 m. { 144.1-148 A8, A2, A3, A4, A52

¥4, I'1, I'.2, F3, F33

MIIz
220-225 }—Aﬂ, Al, A2, A3, A4, AS5S
Fo, F1, F2, F3, F4, F5
420-4504 } A0, Al, A2, A3, A4, AS,
1,215-1,300 F0, F1, F2, F3, F4, F5
2,300-2.450
3,300-3,500

AD, A1, A2, A3, A4, A5,
Fo, F1, F2, F3, F4, F5,
pulse

5,650-5,925
10,000-10,3005
21,000-22,000
All above 40,000

* Slow-scan television no wider than a single-sideband
voice signal may be used; if voice is simultaneously used,
the total signal can be no wider than a standard a.m.
signal.

2 Narrow-band frequency- or phase-modulation no wider
than standard a.m. voice signal.

3 Slow-scan television no wider than a standard a.m.
voice signal.

¢ Input power must not exceed 50 watts in Fla., Ariz.,
and parts of Ga., Ala., Miss., N. Mex., Tex., Nev., and
Calif. Sce the License Manual or write ARRL for further
details.

5 No pulse permitted in this band.

Note: Frequencies frem 3.9-4.0 MHz and 7.1-7.3 MHz
are not available to amateurs on Baker, Canton, Ender-
bury, Guam, Howland, Jarvis, Palmyra, American Samoa,
and Wake islands.

The bands 220 through 10,500 MI1z are shared with the
Government Radio Positioning Serviee, which has pri-
ority,

In addition, A1 and A3 on portions of 1.800-2.000 M1z as follows. Figures in the right columns are

maximum d.c.
1800- 1825-

plate power input.
1850-

1875~ 1900- 1925~ 1950~ 1975-
1825 1850 1875 1900 1925 1950 1975 2000
kllz kHz kilz kHz kHz kliz kliz kHz
Arca Day/ Night Day, Night Day/Night I)ay/‘\'ighlI)ay/A\'ighll)u[// Night Day/Night  Day/Night
Ala.,, La,, Miss, 500/100 100/25 0 0 0 0 100/25 500/100
Alaska 200/50 0 0 200/50 0 0 0 0
Arizona 0 0 0 0 0 200/50 500/100 1000/200
Ark., Mo. 1000/200 200/50 100/25 0 0 100725 100/25 500/100
California 0 0 0 0 100/25 200/50 200/50 500/100
Colorado 200/50 0 0 0 0 200/50 200/50  1000/200
Conn., Me., Mass., N.H.,

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

Navassa 500/100 100/25 0 0 0 0 0 200/50
Hawaii, Oregon 0 0 0 0 200/50 100/25 100/25 500/100
Idaho, Montana 100/25 0 0 100/25 100/25 100/25 100/25 500/100
Hlinois 1000/200 200/50 100/25 0 0 0 0 200/50
Ind.,, Ken., Tenn. 1000/200  500/100 100/25 0 0 0 0 200/50
Towa 1000/200 200/50  200/50 0 0 100/25 100/25 500/100
Kansas, Okla. 500/100 100/25  100/25 0 0 100/25 200/50  1000/200
Mieh., Ohio, W.Va. 1000/200  500/100 100/25 0 0 0 0 100/25
Minnesota 5007100 100/25  100/25 100/25 100/25 100/25 100/25 500/100
Nebraska 500/100 100/25  100/25 0 0 200/ 50 200/50  1000/200
Nevada 0 0 0 0 100/25  200/50 200/50  1000/200
New Mexico 100725 0 0 0 0 100/25 500/100 1000/200
No. Dak., So. Dak, 500/100 100/25  100/25 100/25 100,25 200/50 200/50  1000/200

exas 200/50 0 0 0 0 0 100/25 500/100
Utah 100/25 0 0 100/25 100 25 200/50 200/50  1000/200
Washington 1} 0 0 0 200/50 0 0 500/100
Wisconsin 1000/200 200/50  200/50 0 0 0 0 200/50
Wyoming 200/50 0 0 100/25 100/25 200/50 200/50  1000/200
Roncador Key, Swan Is.,

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

owland Is. 100/25 0 0 100/25 100/25 0 0 100/25
Guam, Johnson, Midway Is. 0 0 0 0 100/25 0 0 100/25
American Samoa 200/30 0 0 200/30 200/50 0 0 200/50
Wake Island 100/25 0 0 100/25 0 0 0 0
Palmyra, Jarvis Is. Q 0 0 0 200/50 0 0 200/50

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

3.700-3.750 MHz Al 21.100-21.250 MIIz Al
7.150-7.200 MIIz A1l 145-147 MHz A1, A2, F1, F2

Technician licensees are permitted all ama-
teur privileges in 50.1—354 MHz, 145—147 MHz
and in the bands 220 MI11z and above.

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

* Sce page 10 for restrietions on usage of parts of these bands.




Electrical Laws
and Circuits

ELECTRIC AND MAGNETIC FIELDS

When something occurs at one point in space
because something ecise happenced at another
point, with no visible means by which the “cause”
can be related to the “effect,” we say the two
events arc 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 tield.

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

An electrically charged object in an clectric
field will be acted on by a force that will tend to
move it in a direction determined by the direc-
tion of the ficlkl. Similarly, a magnet in a mag-
netic field will he subject to a force. Everyone has
scen demonstrations of magnetic fields with
pocket magnets, so intensity and direction are not
hard to grasp.

A “static” ficld is one that neither moves nor
changes in intensity. Such a ficld can he set up
by a stationary electric charge (electrostatic
field) or by a stationary magnet (magnetostatic
field). But if cither an electric or magnetic ficld is
moving in space or changing in intensity, the
motion or change sets up the other kind of field.
That is, a changing clectric fickd sets up a mag-
netic field, and a changing magnetic fickl gen-
erates an electric field. This interrclationship
between magnetic and clectric fields makes pos-
sible such things as the clectromagnet and the
electric motor, Tt also makes possible the electro-
magnetic waves by which radio communication
is carried on, for such waves are simply traveling
fields in which the cnergy 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 itself, it is uscful to invent a
picture of it that will help in visualizing the
forces and the way in which they act.

A field can be pictured as being made up of
lines of force, or flux lines. These are purely
imaginary threads that show, by the direction
in which they lie, the direction the object on
which the force is exerted will move. The number
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of lines in a chosen cross section of the field is a
measure of the infensity of the foree. The number
of lines per mmit of arca (square inch or square
centimeter) is called the flux density.

ELECTRICITY AND THE ELECTRIC
CURRENT

Everything physical is built up of atoms, par-
ticles so small that they cannot be scen even
through the most poweriul 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 clectricity. The quantity
or charge of clectricity 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
electrons circulate somewhat as the earth and
other planets circulate around the sun. The
micleus 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 ahout these two “oppo-
site’” kinds of electricity is that they are strongly
attracted to cach other. Also, there is a strong
force of repulsion hetween two charges of the
same kind. The positive nucleus and the negative
electrons are attracted to each other, but two
electrons will be repelled from each other and so
will two nuclei.

In a normal atom the positive charge on the
nucleus is exactly balanced by the negative
charges on the clectrons. 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 nct 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 clectron, 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 accunmlation of electrons
or ions of the same kind — moves past a point in
a circuit. Since the charge on a single electron or
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ion is extremely small, the number that must
move as a group to form even a tiny current is
almost inconceivably large.

Conductors and Insulators

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

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

Electromotive Force

The electric force or potential (called electro-
motive force, and abbreviated e.m.f.) that causes
current low may be developed in several ways.
The action of certain chemical solutions on dis-
similar metals scts up an e.m.f. ; such a combina-
tion is called a cell, and a group of cells forms an
electric battery. The amonnt of current that such
cells can carry is limited, and in the course of
current How one of the metals is caten away. The
amount of electrical encrgy that can be taken
from a battery consequently is rather small,
Where a large amount of c¢nergy is needed it is
usnally furnished by an electric generator, which
develops its emuf. by a combination of magnetic
and mechanical means.

Direct and Alternating Currents

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

It is also possible to have an e.m.f. that peri-
odically reverses. \With this kind of c.m.f. the
current flows first in one direction through the
circuit and then in the other. Such an e.mf. is
called an alternating e.m.f,, and the current is
called an alternating current (abbreviated a.c.).
The reversals (alternations) may occur at any
rate from a few per second up to several billion
per sccond. Two reversals make a cycle; in one
cycle the foree acts first in one dircction, then in
the other, and then returns to the first direction
to begin the next cycle. The number of cycles in
one sceond is called the frequency of the alter-
nating current.

The difference between direct current and al-
ternating current is shown in Fig. 2-1. In these
graphs the horizontal axis measures time, in-
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creasing toward the right away from the vertical
axis. The vertical axis represents the amplitude
or strength of the current, increasing in cither
the up or down direction away from the hori-
zontal axis. If the graph is abowve the horizontal
axis the current is tlowing in one direction
through the circuit (indicated by the + sign)
and if it is beloze the horizontal axis the current
is flowing in the reverse direction through the
circuit (indicated by the — sign). Fig. 2-1A
shows that, if we close the cireuit — that is, make
the path for the current complete — at the time
indicated by N, the current instantly takes the
amplitude indicated by the height . After that,
the current continues at the same amplitude as
time goes on. This is an ordinary direct current.

In Fig. 2-1B, the current starts tlowing with
the amplitude .1 at time .\, continues at that
amplitude until time " and then instantly ceases.
After an interval }'Z the current again begins to
flow and the same sort of start-and-stop per-
formance is repeated. This is an infermittent di-
rect current. We could get it by alternately
closing and opening a switch in the circuit. It isa
direct current hecause the direction of current
flow does not change ; the graph is always on the
+ side of the horizontal axis.

In Fig. 2-1C the current starts at zero, in-
creases in amplitude as time goes on until it
reaches the amplitude <13 while flowing in the 4
dircction, then decreases until it drops to zero
amplitude once more. At that time (X) the
direction of the current flow reverses : this is indi-
cated by the fact that the next part of the graph
is below the axis. As time goes on the amplitude
increases, with the current now flowing in the —
direction, until it reaches amplitude 4, Then

N f
s A
! gl —X ri::e—, *
2
*
| [ [ []
e E;l) X Y7 Time— > -
.
o] AX 1Cyele ﬁ /\
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S gJO Tl?ne —X 1 v
T lz

Fig. 2.1—Three types of current flow. A—direct current;
B—intermittent direct current; C—alternating current.
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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
frequencics that are exact integral (whole-num-
ber) multiples of some lower frequency. The
lowest frequency is called the fundamental, and
the higher frequencics are called harmonics.

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

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

Electrical Units

The unit of electromotive force is called the
volt. An ordinary flashlight cell generates an
enrf. of about 15 volts. The em.f. commonly
supplied for domestic lighting and power is 115
volts a.c. at a frequency of 60 cycles per second.

The flow of clectric current is measured in
amperes. One ampere is equivalent to the move-
ment of many billions of clectrons past a point
in the circuit in one sccond. The direct currents
used in amateur radio equipment usually are not
large, and it is customary to mecasure such cur-
rents in milliamperes. One milliampere is equal to
one one-thousandth of an ampere.

A “d.c. ampere” is a measure of a steady cur-
rent, but the “a.c. ampere” must measure a
current that is continually varying in amplitude
and periadically reversing direction. To put the
two on the same bhasis, an a.c. ampere is defined
as the current that will cause the same heating
effect as one ampere of steady direct current. For
sinc-wave a.c., this effective (or r.m.s., for root
mean square, the mathematical derivation) value
is equal to the maxinnon (or peak) amplitude
(A, or -, in Fig. 2-1C) multiplied by 0.707.
The instantaneous value is the value that the
current (or voltage) has at any sclected instant
in the cycle. If all the instantancous values in a
sine wave are averaged over a jhalf-cyele, the
resulting figure is the average value. It is equal
to 0.636 times the maximum amplitude.
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Fig. 2.2—A complex waveform. A fundamental (top) and
second harmonic (center) added together, point by point
at each instant, result in the waveform shown at the
bottom. When the two components have the same polar-
ity at a selected instant, the resultant is the simple sum
of the two. When they have opposite polarities, the
resultant is the difference; if the negative-polarity com-
ponent is larger, the resultant is negative at that instant.

FREQUENCY AND WAVELENGTH

Frequency Spectrum

Frequencies ranging from about 15 to 15,000
cycles per second (c.p.s. Hertz, or 1z.) are called
audio frequencies, because the vibrations of air
particles that our ears recognize as sounds occur
at a similar rate. Audio frequencies (abbreviated
a.f.) are used to actuate loudspeakers and thus
create sound waves.

I‘requencies above about 15,000 ¢.p.s. are called
radio frequencies (r.f.) because they are useful
in radio transmission. Frequencies all the way
up to and bhevond 10,000,000.000 c.p.s. have
been used for radio purposes. At radio frequencies
it becomes convenient to use a larger unit than the
cycle. Two such units are the kilocycle, which is
cqual to 1000 cycles and is abbreviated kc., or
kHz., and the megacycle, which is equal to
1,000,000 cycles or 1000 kilocycles and is abbrevi-
ated Mec., or MHz.

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

Frequency Classification Abbreviation
10 to 30 kc. Very-low frequencics v.Lf.
30 to 300 kc. Low frequencies 1f.
300 to 3000 kc. Medium frequencies m.f.
3 to 30 Mec. High frequencics h.f.
30 to 300 Me. Very-high frequencies v.h.f.
300 to 3000 Mec. Ultrahigh frequencies u.h.f.
3000 to 30,000 Mc. Superhigh frequencies s.h.f.

Wavelength

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

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

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

300,000
)

where N = Wavelength in meters
f = Irequency in kilocycles
300

or ——

f

where A = Wavelength in meters
f = Frequency in megacycles

A

Example: The wavelength corresponding to
a frequency of 3650 kilocycles is
300,000

AN="= 550 82.2 meters

RESISTANCE

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

Resistanice is measured in ohms. A circuit has
a resistance of one ohm when an applied e.an.f.
of one volt causes a current of one ampere to
flow. The resistivity of a material is the resist-
ance, in ohms, of a cube of the material measuring
one centinteter on cach edge. One of the best con-
ductors is copper, and it is frequently convenient,
in making resistance calculations, to conipare
the resistance of the material under consideration
with that of a copper conductor of the same size
and shape. Table 2-T1 gives the ratio of the re-
sistivity of various conductors to that of copper.

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

TABLE 2-I
Relative Resistivity of Metals
Resistivity
Material Compared to Copper
Aluminum (pure) .......... 1.6
Brass .................... 3.7-49
Cadmiwm ,.............. .. 4.4
Chromium ................ 1.8
Copper (hard-drawn) ..., 1.03
Copper (annealed) 1.00
Gold .................... 14
Iron (pure) ............... 5.68
Lead ..................... 128
Nickel ................ ... 5.1
Phosphor Bronze ......... 2.8-5.4
Silver ....... ... ... 0.94
Steel ........ ... ... 7.6-12.7
Tin ..o 6.7
Zinc ..o 34

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

Resistance of Wires

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

Example: Suppose a resistance of 3.5 ohms
is needed and some No. 28 wire is on hand.
The wire table in Chapter 20 shows that No.
28 has a resistance of 66.17 ohms per thousand
feet. Since the desired resistance is 3.5 ohms,
the length of wire required will be

3.5

= 0 = 52.89 5
66.17 X 100 52.89 feet.

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

14
1000 X R = 0.05 ohm
where R is the maximum allowable resistance
in ohms per thousand feet. Rearranging the
formula gives
0.05 X 1000

14 = 3.57 ohms/1000 {t.

R =

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

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



Resistance

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

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

385
6617 X 5.1 X 1000 = 10.37 feet,

Temperature Effects

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

Resistors

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

Skin Effect

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

For low audio frequencies the increase in re-
sistance is unimportant, but at radio frequencies
this skin effect is so great that practically all the
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current flow is confined within a few thousandths
of an inch of the conductnr 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
called conductance. It is usually represented by
the symbol G. A circuit having large conductance
has low resistance, and vice versa. In radio work
the term is used chiefly in connection with
vacuum-tube characteristics. The unit of con-
ductance is the mho. A resistance of one ohm has
a conductance of one mho. a resistance of 1000
ohms has a conductance of 0.001 mho, and so on.
A unit frequently used in connection with vacuum
tubes is the micromho, or onc-millionth of a
mho. It is the conductance of a resistance of
one megohm.

OHM'S LAW

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

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

can flow out of the hattery, through the apparatus
connected to it, and back into the battery. The
circuit is broken, or open, if a connection is re-
moved at any point. A switch is a device for
making and breaking connections and thereby
closing or opening the circuit, either allowing
current to flow or preventing it from flowing.
The values of current, voltage and resistance
in a circuit are by no means independent of each
other. The relationship between them is known
as Ohm's Law. It can be stated as follows: The
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TABLE 2.1
Conversion Factors for Fractional and
Multiple Units
To change /roml To Divide by | Multiply by
Units Micro-units 1,000,000
Milli-units ‘ 1000
Kilo-units 1000
Mega-units 1,000,000 |
Micro-units Milli-units | 1000
Units ‘ 1,000,000
Milli-units Micro-units 1000
Units 1000
Kilo-units CUhnits 1000
Mega-units 1000
Mega-units |  Units 1,000,000
* | Kilo-units 1000

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

E (volts)

R (ohms)

The equation above gives the value of current
when the voltage and resistance are known. It
may be transposed so that cach of the three
quantities may be found when the other two are
known: E—IR

I (amperes) =

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

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

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

Table 2-11 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 preflixes 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 ohins. There
are therefore 1,000,000 microvolts in one volt,
and 0.000001 megohm in one ohm.

The following examples illustrate the use of
Ohm's Law:

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

150

- 1000 X 20,000 = 3000 volts
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When a voltage of 150 is applied to a circuit
the current is measured at 2.5 amperes, What
is the resistance of the circuit? In this case R
is the unknown, so

R=~—f—=%=600hms
No conversion was necessary because the volt-
age and current were given in volts and am-
peres.
How much current will flow if 250 volts is
applied to a 5000-ohm resistor? Since [ is un-
known

250

E
I= ® = 5000 = 0.05 ampere

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

SERIES AND PARALLEL RESISTANCES
Very few actual electric circuits are as simple

as the illustration in the preceding section. Com-

monly, resistances are found connected in a

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

variety of ways. The two fundamental methods
of conmecting resistances are shown in Fig. 2-4.
In the upper drawing, the current flows from the
source of em.d. (in the direction shown by the
arrow, let us say) down through the first re-
sistance, Ry, then through the second, R,, and
then back to the source. These resistors are con-
nected in series. The current everywhere in the
circuit has the same value.

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

Resistors in Series

When a circuit has a number of resistances
connected in series, the total resistance of the
circuit is the sum of the individual resistances,
If these are numbered Ry, Rq, R, etc., then

R (total) :1\’1+R2+R3+R4+ C e
where the dots indicate that as many resistors
as necessary may be added.



Series and Parallel Resistance

Example: Suppose that three resistors are
connected to a source of e.m.f. as shown in
Fig. 2-5. The e.m.f. is 250 volts, Ri1 is 5000
ohms, Rz is 20,000 chms, and Ra is 8000 ohins.
The total resistance is then
R = R1 + Re + Rz = 5000 + 20,000 + 8000

= 33,000 ohms

The current flowing in the circuit is then

E 250
1= R = 33000 0.00757 amp. = 7.57 ma.

(We need not carry calculations beyond three
significant figures, and often two will suffice
because the accuracy 0f measurcments is sel-
dom bettcr 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 samie in all three of the resistances
in the example, the total voltage divides among
them. The voltage appearing across each resistor
(the voltage drop) can be found from Ohm's
Law.

Example: If the voltage across Ri (Fig.

2.5) is called E1, that across R: is called Ee,
and that across Ra is called Ea, then

E1 = IRy = 0.00757 X 5000 = 37.9 volts
Ez = IR: = 0.00757 X 20,000 = 151.4 volts
Ea = IR3 = 0.00757 X 8000 = 60.6 volts
The applied valtage must equal the sum of the
individaal voltage drops:

E=Ei+ Ez: + Es =379 + 151.4 4+ 60.6

= 249.9 volts

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

In problems such as this considerable tine and
trouble can be saved, when the current is small
enough to be expressed in milliamperes, if the

R,
00 a
Sl Fig. 2-5—An example
5 of resistors in series.
— E:250V 20,00(!73, The solution of the cir-
cuit is worked out in
8000 the text.
'AWA
R5

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 eam.f. is in volts.

Resistors in Parallel

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

R= —

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

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

RiR,
Ri+ R,
Example: Tf a 500-0chm resistor is paralleled
with one of 1200 ohms, the total rcsistance is
RiR: _ 500X1200 _ 600.000
R+ Kz 50041200 1700
= 353 ohmns

R =

R=

It is probably casier to solve practical prob-
lems by a different method than the “‘reciprocal
of reciprocals” formula. Suppose the three re-

200 ’3\.“2 3(?2‘2

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

sistors of the previous example are connected in
parallel as shown in Fig. 2-6. The same ean.f,
250 volts, is applicd to all three of the resistors.
The current in cach can be found from Ohm'’s
Law as shown below, 7, being the current
through R, /., the current through K, and I, the
current through /g

For convenience, the resistance will be ex-
pressed in kilohms so the current will be in

milliamperes.
1,=£=¥=50ma.
In = —}i - %0 = 12.5 ma.
I3 = —}I(—i = 2%) = 31.25 ma.

The total current is

I=I+ Is+ Is =50 4+ 12.5 4 31.2§
= 93.75 ma.

The total resistance of the circuit is therefore

D 0
RoE_2

by, i = 0
7 93.75 2.66 kilohms ( 2660 ohms)

Resistors in Series-Parallel

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

Using the same principles, and staying within
the practical limits, a value for K, can be com-
puted that will provide a given voltage drop
across R4 or a given current through R,. Simple
algebra is required.
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Ry
5000
Reg.
— E=250v {Equivalent R
of R, and Ry

in paraliel}

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 R2and Ra. FF'rom the formula
for two resistances in parallel,

_ R _ 20X 8 160
TR: 4 Rs 2048 28
= 5.71 kilohms

Req

The total resistanece in the circuit is then

R = Ri1 4+ Req. 3 4+ 3.71 kilohms
= 10.71 kilohms

The current is

o 2
S D 23.3 ma.

T=%~iom

The voltage draps across Ki and Req. are
Ei=1IR = 3 X 5 = 117 volts
Ex = IReq. = 23.3 X 5.71 = 133 volts

with sufficient accuracy. These total 230 volts,
thus checking the calenlations so far. because
the snm of the voltage drops must equal the
applicd voltage. Sinee Ex appears across both
Ras and Ra,

133 6.65
Iz = 5, = 0-05 ma.
33
Is = !8 = 16.6 ma.
where I = Current throuch Re

Iz = Current throuch Ra

The total is 23.25 ma., which checks closely
enongh with 23.3 ma., the current through the
whole cireuit.

POWER AND ENERGY
Power—the rate of doing work—is equal to
voltage multiplied by current. The unit of clec-
trical power, called the watt, is equal to one volt
multiplicd by one ampere. The equation for
power therefore is
P=EFEI
where 7> = Power in watts
L = Em{. in volts
I = Current in amperes

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

Example: The plate voltage on a transmit-
ting vacuum tube is 2000 volts and the plate
current is 330 milliamperes. (The current

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

P = EI = 2000 X 0.35 = 700 watts
By substituting the Ohm's Law equivalents for
E and /, the following formulas are obtained
for power:
E2
R
P = I'R
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These formulas are useful in power calculations
when the resistance and cither the current or
voltage (but not both) are known.
Example: How much power will be used up
in a 4000.0hm resistor if the voltage applied
to it is 200 volts? From the equation
£ 200 7 40.000

R T 3000 T 000

= 10 watts

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

P = I*R = (0.02)* X 300 = 0.0004 X 300

= 0.12 watt

Note that the current was changed from mil-
liamiperes 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 salely) about 4 watt.
The largest resistors used in amateur equipment
will dissipate about 100 watts.

Generalized Definition of Resistance

Electrical power is not always turned into heat.
The power used in running a motor, for example,
is converted to mechanical motion, The power
supplicd 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 ot the device the power must be sup-
plied at a definite ratio of voltage to current.
Both these features are characteristics of resist-
ance, so it can be said that any device that dissi-
pates power has a definite value of “resistance”
This concept of resistance as something that ab-
sorbs power at a detinite voltage/current ratio is
very uscful, since it permits substituting a simple
resistance for the load or power-consuming part
of the device receiving power, often with con-
siderable simplification of caleulations. Of course,
every electrical device has some resistance of its
own in the more narrow sense, so a part of the
power supplicd to it is dissipated in that re-
sistance and hence appears as heat even though
the major part of the power may be converted to
another form.

Efficiency

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

P
Eﬂ.=F°i
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where Eff. = Efficiency (as a decimal)
P’ = Power output (watts)
Py = 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
efficicney is

Il 100

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

Energy
In residences, the power company’s bill is for
clectric energy, not for power. What you pay for
is the weork that eclectricity does for you, not the
rate at which that work is done, Lllectrical work
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is equal to power multiplied by time; the common
unit is the watt-hour, which means that a power
of one watt has been used for one hour. That is,
I =rr
where I = Tinergy in watt-hours
P = Power in watts
T = Time in hours

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

Fnergy units are seldom used in amateur prac-
tice, but it i~ 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 tonching) and are con-
nected to a battery through a switch, as shown in
IFig. 2-8. At the instant the switch is closed, elee-
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

—o” 5

Fig. 2-8—A
simple ca-
— pacitor.

Melal Plates

the negative battery terminal. Fnough electrons
move into one plate and out of the other to make
the eom.i. between them the same as the e.m.i. of
the battery.

1f the switch is opencd after the plates have
been charged in this way, the top plate is left
with a deficiency of clectrons and the hottom
plate with an c¢xcess. The plates remain charged
despite the fact that the hattery no longer is con-
nected. However, if a wire is touched between the
two plates (short-circuiting them) the cxcess
electrons on the bottom plate will flow through
the wire to the upper plate, thus restoring clee-
trical neutrality. The plates have then been dis-
charged.

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

The charge or quantity of electricity that can
be placed on a capacitor is proportional to the
applied voltage and to the capacitance of the
capacitor. The larger the plate area and the
smaller the spacing between the plate the greater
the capacitance. The capacitance also depends
upon the kind of insulating material between the
plates; it s smallest with air insulation, but sub-
stitution of other insulating materials for air may
increase the capacitance many times. The ratio
of the capacitance with some material other than
air between the plates, to the capacitance of the
same capacitor with air insulation, is called the
dielectric constant of that particular insulating
material, The material itself is called a dielectric.
The dielectrie constants of a number of materials
commonly uscd as diclectrics in capacitors are

Table 2-111
Dielectric Constants and Breakdown Voltages
Diclectrie Puncture
Material Constant *  Voltage **
Air 1.0
Alsimag 196 57 240
Bakelite 4.4-54 300
Bakelite, mica-filled 47 325-375
Cellulose acetate 3.3-3.9 250-600
FFiher 5-7.5 150-180
I"ormica 4.6-49 450
Glass, window 7.6-8  200-250
Gilass, Pyrex 4.8 335
Mica, ruby 5.4 3800-5600
Mycalex 7.4 250
Paper, Royalgrey 3.0 200
I'lexiglass 28 990
Polyethylene 23 1200
Polystyrene 2.6 500-700
Porcelain 5.1-39 40--100
Quartz, fused 3.8 1000
Steatite, low-loss 58 150-315
Tetlon 2.1 1000-2000
* At 1 Me. ** In volts per mil (0.001 inch)
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given in Table 2-TII. If a sheet of polystyrene
is substituted for air between the plates of a
capacitor, for example, the capacitance will be
increased 2.6 times,

Units

The fundamental unit of capacitance is the
farad, but this unit is much too large for prac-
tical work. Capacitance is usually measured in
microfarads (abbreviated uf.) or picofarads
(pf.). The microfarad is one-millionth of a farad,

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

and the picofarad (formerly micromicrofarad) is
one-millionth of @ microfarad. Capacitors nearly
always have more than two plates, the alternate
plates being connected tagether to form two sets
as shown in Fig. 2-9. This makes it possible to
attain a fairly large capacitanee in a small space,
since several plates of smaller individual arca can
be stacked to form the equivalent of a single large
plate of the same total arca. Also, all plates. ex-
cept the two on the ends, are exposed to plates
of the other group on both sides, aud so are twice
as effective in increasing the capacitance.
The formula for calculating capacitance is:

C=0224 % o 1)

where C = Capacitance in pi.
K = Dielectric constant of material be-
tween plates
A = Area of one side of one plate in
square inches
d = Scparation of plate surfaces in inches
n = Number of plates
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,

ELECTRICAL LAWS AND CIRCUITS

Capacitors in Radio

The types of capacitors used in radio work
differ considerably in physical size, construction,
and capacitance. Some representative types are
shown in the photograph. In variable capacitors
(almost always constructed with air for the
diclectric) one set of plates is made movable with
respect to the other set so that the capacitance
can be varied. Fixed capacitors—that is, assem-
blies having a single, non-adjustable value of
capacitance-—also can be made with metal plates
and with air as the diclectric, but usually are
constructed from plates of metal foil with a thin
solid or liquid diclectric sandwiched in between,
so that a relatively large capacitance can be se-
cured in a small unit. The solid dielectrics com-
monly used are mica, paper and special ceramics.
An example of a Hqguid diclectrie is mineral oil.
The electrolytic capacitor uses aluminum-foil
plates with a semiliquid conducting  chemical
compound hetween them; the actual dielectric is a
very thin lilm of insnlating material that forms on
one set of plates through clectrochemical action
when a d.e. voltage is applied to the capacitor.
The capacitance obtained with a given plate area
in an clectrolytic capacitor is very large, com-
pared with capacitors having other diclectrics, be-
cause the film is <o thin—much less than any
thickness that i~ practicable with a solid dielectric.

The vse of electrolytic and oil-filled capacitors
is confined to power-supply tiltering and audio
bypass applications. Mica and ceramic capacitors
are used throughout the irequency range from
audio to several hundred megacyeles.,

Voltage Breakdown

When a high voltage is applied to the plates of
a capacitor, a considerable force is exerted on
the clectrons and nuclet of the diclectric. Because
the diclectric is an insulator the electrons do not
become detached from atoms the way they do in
conductors. However, if the foree is great enough
the dielectrie will “break down™; usually it will
puncture and may char (if it is solid) and permit
current to flow. The breakdown voltage de-
pends upon the kind and thickness of the dielec-
tric, as shown in Table 2-111 It is not directly
proportionil to the thickness; that is, doubling

Fixed and variable capacitors. The
large unit at the left is a transmitting-
type variable capacitor for r.f. tank
circuits. To its right are other air-
dielectric variables of different sizes
ranging from the midget “air pad-
der” to the medium-power tank ca-
pacitor at the top center. The cased
capacitors in the top row are for
power-supply filters, the cylindrical-
can unit being an electrolytic and the
rectangular one a paper-dielectric
capacitor. Various types of mica, ce-
ramic, and paper-dielectric capacitors
are in the foreground.
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the thickness does not quite double the breakdown
voltage. If the dielectric is air or any other gas,
breakdown is evidenced by a spark or arc be-
tween the plates, but if the voltage is removed
the arc ceases and the capacitor is ready for use
again. Breakdown will occur at a lower voltage
between pointed or sharp-edged surfaces than
between rounded and polished surfaces; conse-
quently, the breakdown voltage between metal
plates of given spacing in air can be increased
by buffing the edges of the plates.

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

CAPACITORS IN SERIES AND PARALLEL

The terms “parallel” and “series” when used
with reference to capacitors have the same circuit
meaning as with resistances. \When a number of
capacitors are connected in parallel, as in Fig.
2-10, the total capacitance of the group is equal
to the sum of the individual capacitances, so

C (tOta]):C1+C2+Ca+C¢+ R T

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

C (total) = 1 1 ! 1 T
& + = + G +a dh 6 gabanaoo:
and, for only two capacitors in series,
_ GG
C (total) = TG

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

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

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

inverse proportion to its capacitance, as com-
pared with the capacitance of the whole group.

Example: Three capacitors having capaci-
tances of 1, 2, and 4 uf., respectively, are con.
nected in series as shown in Fig. 2-11, The
total capacitance is

1 1
@ o o =
1 1 1 1 1 1
C1+C2+C: l+2+4
= 0.571 uf.

The voltage across each capacitor is propor-
tional to the total capacitance divided by the
capacitance of the capacitor in question, so the
voltage across C1 is

0.571
5 X 2000 = 1142 volts

o8
7

PRI

Ey =

Similarly, the voltages across Cz and Cs are

0.571
E:= 5 X 2000 = 571 volts

0.
E;s = ST“ X 2000 = 286 volts

totaling approximately 2000 volts, the applied
voltage.

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

o
‘ o1

E ¢ | uf

E=2000V. E, Co==2pf

4 pf

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

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

O—

INDUCTANCE

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

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

The transfer of energy to the magnetic field
represents work done by the source of em.f.
Power is required for doing work, and since
power is equal to current multiplicd by voltage,
there must be a voltage drop in the circuit during
the time in which energy 1s being stored in the
field. This voltage "drop”™ (which has nothing to
do with the voltage drop in any resistance in the
circuit) is the result of an opposing voltage “in-
duced” in the circuit while the field is building up
to its final value. When the neld becomes con-
stant the induced e.m.f. or back e.m.f. disap-
pears, since no further energy is being stored.

Since the induced e.m.f. opposes the em.f. of
the source, 1t tends to prevent the current from
rising rapidly when the circuit is closed. The
amplitude of the induced e.m.f. is proportional
to the rate at which the current is changing and
to a constant associated with the circuit itself,
called the inductance of the circuit.

Inductance depends on the physical character-
istics of the conductor. If the conductor is formed
into a coil, for example, its inductance is in-
creased. A coil of many turns will have more
inductance than one of few turns, if both coils
are otherwise physically similar. Also, if a coil is
placed on an iron core its inductance will be
greater than it was without the magnetic core.

The polarity of an induced c.md. 1s always
such as to oppose any change in the current in the
circuit. This means that when the current in the
circuit is increasing, work is being done against
the induced e.m.f. by storing ¢nergy in the mag-
netic field, If the current in the circuit tends to
decrease, the stored energy of the ficld returns to
the circuit, and thus adds to the energy being
supplied by the source of e.nmf. This tends to keep
the current flowing even though the applied
e.m.f. may be decreasing or be removed entirely.

The unit of inductance is the henry. Values of
inductance used in radio equipment vary over a
wide range. Inductance of several henrys is re-
quired in power-supply circuits (see chapter on

\\\ \\
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Power Supplies) and to obtain such values of
inductance it is necessary to use coils of many
turns wound on iron cores. In radio-frequency
circuits, the inductance values used will be meas-
ured in millihenrys (a mh., one one-thousandth
of a henry) at low frequencies, and in microhen-
rys (uh., one one-millionth of a henry) at me-
dium frequencies and higher. Although coils for
radio frequencies may be wound on special iron
cores (ordinary iron is not suitable) most r.f. coils
made and used by amateurs are of the “air-core”
type: that is, wound on an insulating support con-
sisting of nonmagnetic material.

Every conductor has inductance, even though
the conductor is not formed into a coil. The in-
ductance of a short length of straight wire is
small, but it may not be negligible because if the
current through it changes its intensity rapidly
enough the induced voltage may be appreciable.
This will be the case in even a few inches of wire
when an alternating current having a frequency
of the order of 100 Mc. or higher is flowing.
However, at much lower frequencies the induc-
tance of the same wire could be ignored because
the induced voltage would be negligibly small.

Calculating Inductance
The approximate inductance of single-layer
air-core coils may be calculated from the sim-
plitied formula
a’n?
L (ph.) = ——
wh) = 5e+ 106
where L = Inductance in microhenrys
a = Coil radius in inches
b = Colil length n inches
n = Number of turns

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

Fig. 2-12—Coil dimensions

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

mula.

L

tnductors for power and radio fre-
quencies. The two iron-core coils at
the left are '’chokes” for power-sup-
“ \ ply filters. The mounted air-core coils
at the top center are adjustable in-
ductors for transmitting tank circuits.
W The "pie-wound’’ coils at the left and
in
quency choke coils. The remaining
coils are typical of inductors used in
rf. tuned circuits, the larger sizes
being used principally for transmit-
ters.

the foreground are radio-fre-




Inductance

formula is a close approximation for coils having
a length equal to or greater than 0.8a.
Example: Assume a coil having 48 turns
wound 32 turns per inch and a diameter of 3%
inch., Thus ¢ = 0.75 = 2 =0.375, b = 48 = 32
= 1.5, and n = 48. Substituting,

1 o 375 X 375 X 48 X 48
(9 X .375) + (10 X 1.5}

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

= 17.6 ph-

[ (9a + 10b)
a'.'

n =

Example: Suppose an inductance of 10gh. is
required. The form on which the coil is to be
wonnd has a diameter of one inch and is long
enough to accommaodate a coil of 1% inches,
Then a = 0.5, b = 1.25, and L = 10. Substi-
tuting,

[
(1045 + 12.5) _ gl = 26.1 turns

TN Sxs

A 26-turn coil would be close enough in prac-
tical work. Since the coil will be 1.25 inches
long, the number of turns per inch will be
26.1 + 1.25 = 20.8. Consulting the wire table,
we find that No. 17 enameled wire (or any-
thing smaller) can be used. The proper in-
ductance is obtained by winding the required
aumber of turns on the form and then adjust-
ing the spacing between the turns to make a
uniformly-spaced coil 1.25 inches long.

Inductance Charts

Most inductance formulas lose accuracy when
applied to small coils (such as arc used in v.hf.
work and in low-pass filters huilt for reducing
harmonic interference to television) becanse the
conductor thickness is no longer negligible in
comparison with the size of the coil. FFig. 2-13
shows the measured inductance of v.h.f. coils, and
may be used as a basis for circuit design. Two
curves are given: curve . is for coils wound to
an inside diameter of V5 inch; curve 3 is for
coils of 34-inch inside diameter. In both curves
the wire size is No. 12, winding pitch 8 turns to
the inch (4 inch center-to-center turn spacing).
The inductance values given include teads 12
inch long.

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

Example: A coil 1 inch in diameter is 134
inches long and has 20 turns. Therefore it has
16 turns per inch, and from the table under
Fig. 2-15 it is found that the reference in-
ductance for a coil of this diameter and num-
ber of turns per inch is 16.8 ph. From curve
B in the figure the multiplying factor is 0,35,
so the inductance is

16,8 X 0.35 = 5.9 xh,
The charts also can he used for finding suit-

able dimiensions for a coil having a required value
of inductance.
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Example: A coil having an inductance of 12
#h. is required. It is to be wound on a form
having a diameter of 1 inch, the length avail-
able for the winding being not more than 14
inches, From Fig. 2-13, the multiplying factor
for a l-.inch diameter coil (curve ) having
the maximum possible length of 114 inches is
0.35. Henee the number of turns per inch
must be chosen for a reference inductance of
at least 12/0.33, or 34 uh. From the Table
under Fig. 2-15 it is seen that 1o turns per
inch (reference inductance 16.8 gh.) is too
small. Using 32 turns per inch, the multiply-
ing factor is 12/68, or 0.177, and from curve
B this corresponds to a coil length of 34 inch.
There will be 24 turns in this length, since the
winding *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 Miniductor” and “1llumitronic Air Dux.”

IRON-CORE COILS

Permeability

Suppose that the coil in FFig. 2-16 is wound on
an iron core having a cross-scctional area of 2
square inches. When a certain current is sent
through the coil it is found that there are 80,000
lines of force in the core. Since the area is 2
square inches, the flux density is 40,000 lines per
square inch. Now suppose that the iron core is
removed and the same current is maintained in
the coil, and that the flux density without the
iron core is found to be 30 lines per square inch.
The ratio of the flux density with the given core
material to the flux density (with the same coil
and same current) with an air core is called
the permeability of the material. In this case the
permeability of the iron is 40,000/30 = 800. The
inductance of the coil is increased 800 times by
inserting the iron core since, other things heing
equatl, the inductance will be proportional to the
magnetic lux through the coil.

The permeability of a magnetic material varies
with the flux density. At low flux densities (or
with an air core) increasing the current through
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Fig. 2-13—Measured inductance of coils wound with

No. 12 bare wire, 8 turns to the inch. The values include
half-inch leads.
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the coil will cause a proportionate increase in flux,
but at very high flux densities, increasing the
current may cause no appreciable change in the
flux. When this is so, the iron is said to be satu-
rated. Saturation causes a rapid decrease in per-
meability, because it decreases the ratio of flux
lines to those obtainable with the same current
and an air core. Obviously, the inductance of an
iron-core inductor is highly dependent upon the
current flowing in the coil. In an air-core coil,
the inductance is independent of current because
air does not saturate.

Iron core coils such as the one sketched in
Fig. 2-16 are used chicfly in power-supply cquip-
ment. They usually have direct current flowing
through the winding, and the variation in induct-

1.0 —l—
.9

MULTIPLY INDUCTANCE VALUE IN TABLE BY

LENGTH OF COIL IN INCHES

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

Coil diameter, No. of turns Inductance
Inches perinch in ph.
1Y% 4 2.75
6 6.3
8 11.2
10 17.5
16 42.5
1% 4 3.9
6 8.8
8 15.6
10 24.5
16 63
134 4 5.2
6 11.8
8 21
10 33
16 85
2 4 6.6
6 15
8 26.5
10 42
16 108
234 4 10.2
6 23
8 41
10 64
3 4 14
6 315
8 56
10 89

ELECTRICAL LAWS AND CIRCUITS

ance with current is usually undesirable. It may
be overcome by keeping the flux density below
the saturation point of the iron. This is done by
opening the core so that there is a small *‘air
gap,” as indicated by the dashed lines. The mag-
netic “resistance” introduced by such a gap is so
large—even though the gap is only a small frac-
tion of an inch—compared with that of the iron
that the gap, rather than the iron, controls the

MULTIPLY INDUCTANCE VALUE IN TABLE By

1 2
LENGTH OF COIL IN INCHES

Fig. 2-15—Factor to be applied to the inductance of coils
listed in the table below, as a function of coil length.
Use curve A for coils marked A, curve B for coils marked

B.
Coil diameter, No. of turns Inductance
Inches per inch i ph.
— - |
A 4 0.18
(A 6 0.40
8 0.72
10 1.12
16 2.9
32 12
5% 4 0.28
(A) 6 0.62
8 Holl
10 1.7
16 4.4
32 18
34 4 0.6
(B) 6 1.35
8 2.4
10 3.8
16 9.9
32 40
1 4 1.0
(B) 6 2.3
8 4.2
10 6.6
16 16.8
32 68

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

Eddy Currents and Hysteresis

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

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

of power because they flow through the resistance
of the iron and thus cause heating. Iiddy-current
losses can be reduced by laminating the core;
that is, by cutting it into thin strips. These strips
or laminations must be insulated from each other
by painting them with some insulating material
such as varnish or shellac.

There is also another type of energy loss: the
iron tends to resist any change in its magnetic
state, so a rapidly-changing current such as a.c.
is forced continually to supply energy to the iron
to overcome this “inertia.” Losses of this sort are
called hysteresis losses.

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

For radio-frequency work, the losses in iron
cores can be reduced to a satisfactory figure by
grinding the iron into a powder and then mixing
it with a “binder” of insulating matcrial in such
a way that the individual iron particles arc in-
sulated from cach other. By this means cores
can be made that will function satisfactorily even
through the v.h.f. range—that is, at frequencies
up to perhaps 100 Mc. Because a large part of
the magnetic path is through a nonmagnetic ma-
terial, the permeability of the iron is low com-
pared with the values obtained at power-supply
frequencies. The core is usually in the form of a
“slug” or cylinder which fits inside the insulating
form on which the coil is wound. Despite the
fact that, with this construction, the major por-
tion of the magnetic path for the flux is in air,
the slug is quite effective in increasing the coil
inductance. By pushing the slug in and out of the
coil the inductance can be varied over a consider-
able range,

INDUCTANCES IN SERIES AND
PARALLEL

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

Liotar = L1+L2+ L3+L4+

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

Ly
Fig. 2-17—Induc-
tances in series Ly Ls
and parallel.
Ls

the total inductance is given by
1

Lew=T1 1 1.1,
E+_4;+_Es+z:+
and for two inductances in parallel,
_ L,
I=n+L

Thus the rules for combining inductances in
series and parallel are the same as for resist-
ances, if the coils are far enough apart so that
each is unaffected by another's magnetic field.
When this is not so the formulas given above
cannot be used.

MUTUAL INDUCTANCE

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

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

The ratio of actual mutual inductance to the
maximum possible value that could theoretically
be obtained with two given coils is called the
coefficient of coupling between the coils. It is
frequently expressed as a percentage. Coils that

Fig. 2-18—Mu-

tual induct-

// ance.  When
/,/ the switch, S, is
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| " nefic field that
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turns  of coil
No. 2.
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have nearly the maximum possible (coefficient =
1 or 100%) mutual inductance are said to be
closely, or tightly, coupled, but if the mutual in-
ductance is relatively small the coils are said
to be loosely coupled. The degree of coupling
depends upon the physical spacing between the
coils and how they are placed with respect to each
other. Maximum coupling exists when they have
a common axis and are as close together as pos-
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sible (one wound over the other). The coupling
is least when the coils are far apart or are placed
so their axes are at right angles.

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

TIME CONSTANT

Capacitance and Resistance
Connecting a source of enf. to a capacitor
causes the capacitor to become charged to the full
e, practically instantaneously, if there is no
resistance in the circuit. However, if the circuit
contains resistance, as in Fig, 2-19A, the resist-
ance limits the current flow and an appreciable
length of time is required for the can.f. between
the capacitor plates to huild up to the same value
as the e.an.f. of the source. During this “building-
up”’ period the current gradually decreases from
its initial value, because the increasing e.m.f.
stored on the capacitor offers increasing opposi-

tion to the steady e.n.f. of the source.

oo

S R S

\
Lo
N

(A) (B)

Fig. 2-19—Illustrating the time constant of an RC circuit.

Theoretically, the charging process is never
really tinished, hut eventually the charging cur-
rent drops to a value that is smaller than any-
thing that can he measured. The time constant
of such a circuit is the length of time, in seconds,
required for the voltage across the capacitor to
reach 63 per cent of the applied e.m f. (this figure
is chosen for mathematical reasons). The voltage
across the capacitor rises with time as shown by
Fig. 2-20.

The formula for time constant is

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

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

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

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

T=RC=0.25% 2=0.5second

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

If a charged capacitor is discharged through a

resistor, as indicated in Fig. 2-19B, the same
time constant applics. I there were no resistance,
the capacitor would discharge instantly when S
was closed. However, since R limits the current
flow the capacitor voltage cannot instantly go
to zero, but it will decrease just as rapidly as
the capacitor can rid itself of its charge through
R. When the capacitor is discharging through a
resistance, the time constant (calculated in the
same way as above) is the time, in seconds, that
it takes for the capacitor to lose 63 per cent of its
voltage; that is, for the voltage to drop to 37
per cent of its initial value.
Example: If the capacitor of the example
above is charged to 1000 volts, it will discharge

to 370 volts in ¥4 second through the 250,000-
ohm resistor.

Inductance and Resistance
A comparable situation exists when resistance
and inductance are in series. In Fig, 2-21, first
consider L to have no resistance and also assume
that R is zero. Then closing S would tend to
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Fig. 2-20—How the voltage across a capacitor rises, with

time, when charged through a resistor. The lower curve

shows the way in which the voltage decreases across the

capacitor terminals on discharging through the same
resistor.



Time Constant

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

N’“ T T—T
s R é&,LJ [ L1 |
L8 s
Ezo t - T
SANENEEEN
3 0 A ah 3.
R R

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

The back e.m.f. depends upon the change in
current and would cease to offer opposition if
the current did not continue to increase. With
no resistance in the circnit (which would lead
to an infinitely large current, by Ohm's Taw)
the current would increase forever, always grow-
ing just fast cnough to keep the c.anf. of sclf-
induction equal to the applied em.f.

When resistance is in series, Ohm’s law scts
a limit to the value that the current can reach.
The back em.f. gencrated in [, has only to equal
the difference hetween E and the drop across R,
because that difference is the voltage actuclly
applied to L. This difference becomes smaller as
the current approaches the final Ohm's Law
value. Theoretically, the back e.m.f. never quite
disappears and so the current never quite reaches
the Ohm’s Law value, but practically the differ-
ence becomes unmeasurable after a time. The
time constant of an inductive circuit is the time
in seconds required for the current to rceach 63
per cent of its final value. The formula is

_L
=R
where T = Time constant in seconds
100
70 N
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T30 N
X N
X N
220 —
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Fig. 2-22—Voltage across capacitor terminals in a dis-
charging RC circuit, in terms of the initial charged volt-

age. To obtain time in seconds, multiply the factor t/RC
by the time constant of the circuit.
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L = Inductance in henrys
R = Resistance in ohms

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

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

/5 20
T-——E—l-(-ﬁ 0.2 second

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

1l === —— = 0.1 amp. or 100 ma.

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

An inductor cannot be “discharged” in the
same way as a capacitor, because the magnetic
field disappears as soon as current flow ccases.
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——ordinarily
many times larger than the voltage applied, be-
cause the induced voltage is proportional to the
speed with which the ficld changes. The common
result of opening the switch in a circuit such as
the one shown is that a spark or arc forms at
the switch contacts at the instant of opening. If
the inductance is large and the current in the
circuit is high, a great deal of energy is released
in a very short period of time. Tt is not at all un-
usual for the switch contacts to burn or melt
under such circumstances. The spark or arc at
the opened switch can be reduced or suppressed
by connecting a suitable capacitor and resistor
in serics across the contacts.

Time constants play an important part in num-
erous devices, such as electronic keys, timing and
control circuits, and shaping of keying charac
teristics by vacuum tubes, The time constants of
circuits are also important in such applications
as automatic gain control and noise limiters. In
nearly all such applications a resistance-capaci-
tance (RC) time constant is involved, and it is
usually necessary to know the voltage across the
capacitor at some time interval larger or smaller
than the actual time constant of the circuit as
given by the formmula above. Fig. 2-22 can be used
for the solution of such problems, since the curve
gives the voltage across the capacitor, in terms
of percentage of the initial charge, for percent- -
ages between 5 and 100, at any time after dis-
charge begins.

Example: A 0.01-uf. capacitor is charged
to 150 volts and then allowed to discharge
through a 0.1-megohm resistor. How long will
it take the voltage to fall to 10 volts? In per-
centage, 10/150 = 6.7%, From the chart, the
factor corresponding to 6.7% is 2.7. The time
constant of the circuit is equal’to RC = 0.1 X

0.01 = 0.001. The time is therefore 2.7 X
0.001 = 0.0027 second, or 2.7 milliseconds.
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ALTERNATING CURRENTS

PHASE

The term phase essentially means “time,” or
the time interval between the instant when one
thing occurs and the instant when a second re-
lated thing takes place. The later event is said to
lag the carlier, while the one that occurs first is
said to tead. In a.c. circnits the current amplitude
changes continuously, so the concept of phase or
time becomes important. P’hase can be measured
in the ordinary time units, such as the second, but
there is a more convenient method: Since cach
a.c. cycle occupies exactly the same amomnt of
time as every other cyvele of the same frequency,
we can use the cycle itself as the time unit. Using
the cycle as the time unit makes the specitication
or measurement of phase independent of the fre-
quency of the current, so long as only one fre-
quency is under consideration at a time. When
two or more frequencies are to be considered, as
in the case where harmonics are present, the
phase measurements are made with respect to
the lowest, or fimdamental, frequency.

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

p— 1 Cycle {
+
8{ .
2, Time 180" 270°
o w 60"
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Fig. 2-23—An a.c. cycle is divided off into 360 degrees
that are used as a measure of time or phase.

Measuring Phase

The phase difference between two currents of
the same frequency is the time or angle diffcrence
between corresponding parts of cvcles of the two
currents. This is shown in IFig. 2-24. The current
labeled 4 leads the one marked B by 45 degrees,
since .4’s cycles begin 45 degrees earlier in time.
It is equally correct to say that B lags « by 45
degreces.

Two important special cases are shown in

+

Amplilude
(=] -

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

Fig. 2-25. In the upper drawing B lags 90 de-
grees bdun(l 1 ; that is, its cyvcle begins just one-
quarter cycle later than that of [, When one wave
is passing through zcro, the other is just at its
maximui point.

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

The waves shown in Figs, 2-24 and 2-25 could
represent current, voltage, or both. A and B
might be two currents in separate circuits, or A
might represent voltage and 3 current in the
same circuit. If I and B represent two currents
in the seme cirenit (or two voltages in the same
circuit) the total or resultant current (or volt-
age) also is a sine wave, because adding any
muuber of sine waves of the same f{requency al-
ways gives a sine wave also of the same fre-
quency.

Phase in Resistive Circuits

When an alternating voltage is applied to a
resistance, the current tlows exactly in step with
the voltage. In other words, the voltage and cur-
rent are in phase. This is true at any {requency
if the resistance is “pure” —that is, is free from
the reactive cfiects discussed in the next section.
Practically, it is often difficult to obtain a purely
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Fig. 2-25—Two important special cases of phase differ-

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

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



Alternating Currents

resistive circuit at radio frequencies, because the
reactive cffects become more pronounced as the
frequency is increased.

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

REACTANCE

Alternating Current in Capacitance

In Fig. 2-26 a sine-wave a.c. voltage having a
maximum value of 100 volts is applied to a ca-
pacitor. In the period O.1, 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 velts additional. In this interval a
smaller quantity of charge has been added than in
OA, because the voltage rise during interval 4B
is smaller. Consequently the average current dur-
ing 4B is smaller than during O.1. In the third
interval, BC, the voltage rises from 71 to 92 volts,
an increase of 21 volts. This is less than the volt-
age increase during .17, so the quantity of clec-
tricity added is less; in other words, the average
current during interval BC is still smaller. In the
fourth interval, CD), the voltage increases only 8
volts; the charge added is smaller than in any
preceding interval and therefore the current also
is smaller.

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

In the second quarter cycle—that is, in the
time from D to H, the voltage applied to the
capacitor decreases. During this time the capaci-
tor loscs its charge. Applying the same reasoning,
it is plain that the current is small in interval DI:
and continues to increase during each succeeding
interval. However, the current is flowing against
the applied voltage because the capacitor is dis-
charging into the circuit. The current flows in

Current
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Fig. 2-26—Voltage and current phase relationships when
an alternating voltage is applied to a capacitor.
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the negative direction during this quarter cycle.

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

Capacitive Reactance

The quantity of electric charge that can be
placed on a capacitor is proportional to the ap-
plied e.m.f. and the capacitance. This amount of
charge moves back and forth in the circuit once
cach 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
f = Frequency in cycles per second
C = Capacitance in farads
r=3.14

Xc

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

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

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

1

1
X = 5.7C = 628 X 7.15 X 0.00047 — *7-4 ohms

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



34

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

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

X =2xfL

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

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

XL =2xfL = 6.28 X 120 X 8 = 6029 ohms
Applied
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Fig. 2-27—Phase relationships between voltage and
current when an alternating voltage is applied to an
inductance.

In radio-frequency circuits the inductance
values usually are small and the frequencies are
large. If the inductance is expressed in milli-
henrys and the frequency in kilocycles, the con-
version factors for the two units cancel, and the
formula for reactance may be used without first
converting to fundamental units. Similarly, no
conversion is necessary if the inductance is in
microhenrys and the frequency is in megacycles.

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

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

Ohm'’s Law for Reactance

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

E
I=%
E=1X

ty

I

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

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

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

E =1X =2 X 47.4 = 94.8 volts

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

E 400
I= X = 6029 = 0.0663 amp. {66.3 ma.)

Reactance Chart

The accompanying chart, Fig. 2-28, shows the
reactance of capacitances from 1 pf. to 100 uf,,
and the reactance of inductances from 0.1 uh. to
10 henrys, for frequencies between 100 c.p.s.
and 100 megacycles per second. The approximate
value of reactance can be read from the chart or,
where more exact values are needed, the chart
will serve as a check on the order of magnitude of
reactances calculated from the formulas given
above, and thus avoid “decimal-point errors”.

Reactances in Series and Parallel

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

X:X1+X2+AY3+X4

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

1
11, t 1
ntontxntx
or for two in parallel,
X1 X,
X = 2
X+ X,

The situation is different when reactances of
opposite kinds are combined. Since the current in
a capacitance leads the applied voltage by 90
degrees and the current in an inductance lags the
applied voltage by 90 degrees, the voltages at the
terminals of opposite types of reactance are 180
degrees out of phase in a series circuit (in which
the current has to be the same through all ele-
ments), and the currents in reactances of opposite
types are 180 degrees out of phase in a parallel
circuit (in which the same voltage is applied to
all elements). The 180-degree phase relationship
means that the currents or voltages are of oppo-
site polarity, so in the series circuit of Fig. 2-29A
the voltage Ev across the inductive reactance X
is of opposite polarity to the voltage Ec across
the capacitive reactance Xe. Thus if we call X¢
“positive” and X¢ “negative” (a common con-
vention) the applied voltage Eac is Ev — Ec. In
the parallel circuit at B the total current, I, is
equal to I. — I¢, since the currents are 180 de-
grees out of phase.

In the series case, therefore, the resultant re-
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Fig. 2-28—Inductive and capacitive reactance vs. frequency. Heavy lines represent multiples of 10, intermediate light

lines multiples of 5; e.g., the light line between 10 uh. and 100 uh. represents 50 uh., the light line between 0.1 uf.

and 1 uf. represents 0.5 uf., etc. Intermediate values can be estimated with the help of the interpolation scale.

Reactances outside the range of the chart may be found by applying appropriate factors to values within the

chart range. For example, the reactance of 10 henrys at 60 cycles can be found by taking the reactance to 10 hen-
rys at 600 cycles and dividing by 10 far the 10-times decrease in frequency.

actance of Xy and X¢ is
Reactive Power

.Y == \'1, — Xc
vl T (e gegallel case In ]'lg. 2-29A the voltage drop across the in-
X1 Xc ductor is larger than the voltage applied to the
X = \—\ circuit. This might seem to be an impossible

XL—A¢

condition, it it is not; the explanation is that

Note that in the serics circnit the total react-  while energy is being stored in the inductor’s
ance is negative if Xc¢ is larger than X ; this
indicates that the total reactance is capacitive

in such a case. The resultant reactance in a series T
circuit is always smaller than the larger of the x 2 &
two individual reactances. Eac l )
In the parallel circuit, the resultant reactance X Ee
is negative (i.c., capacitive) if N is larger than T By —

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

In the special case where N = X¢ the total
reactance is zero in the series circuit and infinitely ~ magnetic field, energy is being returned to the
large in the parallel circuit. circuit from the capacitor’s electric field, and



36

vice versa. This stored energy is responsible for
the fact that the voltages across reactances in
series can be larger than the voltage applied to
them.

In a resistance the flow of current causes heat-
ing and a power loss equal to /2R, The power ina
reactance is cqual to /2N, but is not a “loss™:
it is simply power that is transferred back and
forth between the nield and the circuit but not
used up in heating anvthing, To distinguish this
“nondissipated”™ power from the power which is
actually consumed. the unit of reactive power i3
called the volt-ampere-reactive, or var, instead
of the watt. Reactive power is sometimes called
“wattless™ power.

IMPEDANCE

When a circuit contains hoth resistance and
reactance the combined etfect of the two is called
impedance, symbolized by the letter Z. (Imped-
ance 1s thus a more general term than cither
resistance or reactance, and is frequently used
even for circuits that have only resistance or
reactance, although usually with a qualification
—such as "resistive impedance”™ to indicate that
the circuit has only resistance, for example.)

The reactance and resistance comprising an
impedance may he 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 vither inductive or capacitive. In the
series circuit the current is the same in both ele-
ments, with (generally) ditterent voltages ap-
pearing across the resistance and reactance. In
the parallel circuit the same voltage is applied to
both elements, but different currents flow in the
two branches.

(A) [t=1]

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

Since in a resistance the current is in phase
with the applied voltage while in a reactance it is
90 degrees out of phase with the voltage, the
phase relationship between current and voltage
in the circuit as a whole may be anvthing between
zero and 90 degrees, depending on the relative
amounts of resistance and reactance.

Series Circuits

When resistance and reactance are in series,
the impedance of the circuit is
Z=vVR £ X2
where Z = impedance in ohms
R = resistance in ohms
X = reactance in ohms.

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

The **square root of the sum of the squares”
rule for finding impedance in a series circuit arises
from the 1act that the voltage drops across the
resistance and reactance are 90 degrees out of
phase, and so combine by the same rule that
applies i 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

I'ig. 2-30B, the impedance is
RY

VR4 X2
where the symbols have the same meaning as for
series circuits.

Just as in the case of series circuits, a number
of reactanees in parallel should he combined to
find the resultant reactance before substitution
into the formula above; similarly for a number
of resistances in parallel,

Z

Equivalent Series and Parallel Circuits

The two circuits shown in Fig. 2-30 arc equiva-
lent if the same current flows when a given volt-
age of the same frequency is applied, and if the
phase angle between voltage and current is the
same i both cases. It is in fact possible to “trans-
form™ any given series cireuit into an equivalent
parallel circuit, and vice versa.

Transtormations of this type often lead to
stimplification in the solution of complicated cir-
cuits. However, from the standpoint of practical
work the uscfuliiess of such transformations lies
in the fact that the impedance of a circuit may
be moditied by the addition of either series or
parallel elements, depending on which happens to
be most convenient in the particular case. Typi-
cal applications are considered later in connection
with tuned circuits and transmission lines.

Ohm’s Law for Impedance

Ohm'’s Law can bhe applied to circuits contain-
ing impedance just as readily as to circuits having
resistance or reactance only. The formulas are

E
=7
E =17

E
Z=7

where £ = Em.f. in volts
I = Current in amiperes
Z = Impedance in ohms
Fig. 2.31 shows a simple circuit consisting
of a resistance of 75 ohms and a reactance of
100 ohms in series. From the formula pre-
viously given, the impedance is

Z="\RT¥ Nzt = +/(7572+ (1002 = 125

ohms,
If the applied voltage is 250 volts, then
E 250
I= Z =125 = 2 amperes.
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This current flows though both the resistance
and reaetanee, so the voltage drops are

Er = IR = 2 X 75 = 150 volts
Exr. =1IXL =2 X 100 = 200 volts

The simple arithmetical sum of these two
drops, 350 volts, is greater than the applied
voltage beeause the twao voltages are 90 de-
grees out of phase. Their actual resultant,

when phase is taken into account, is
V(150,24 (200)7 = 250 volts.
Power Factor

In the circuit of [fig. 2-31 an applied e.m.f.
of 250 volts results in a current of 2 amperes,
giving an apparent power of 250 X 2 = 300 watts.
However, only the resistance actually consumes
power. The power in the resistance is

P =I"R = (2)* X 75 = 300 watts

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

“Real” or dissipated power is measured in
watts; apparent power, to distinguish it from
real power, is measurcd in volt-amperes. It is
simply the product of volts and amperes and has
no direct relationship to the power actually used
up or dissipated unless the power factor of the
circuit is known. The power factor of a purely
resistive circuit is 100 per cent or 1, while the
power factor of a pure reactance is zero, In this

R=75 ohms
o
Eac
Q X =100 ohms

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

Reactance and Complex Waves

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

Just what happens to the current wave shape
depends upon the values of resistance and react-
ance involved and how the circuit is arranged.
In a simple circuit with resistance and inductive
reactance in series, the amplitudes of the har-
monic currents will be reduced because the in-
ductive reactance increases in proportion to fre-
quency. When capacitance and resistance are in
series, the harmonic current is likely to be ac-
centuated because the capacitive reactance be-
comes lower as the frequency is raised. \When
both inductive and capacitive reactance are pres-
ent the shape of the current wave can be altered
in a varicty of ways, depending upon the circuit
and the “constants,” or the relative values of L,
C, and R, sclected.

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

TRANSFORMERS FOR AUDIO FREQUENCIES

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

The usefulness of the transformer lies in the
fact that electrical cnergy can be transferred
from one circuit to another without direct con-
nection, and in the process can be readily changed
from one voltage level to another. Thus, if a de-
vice to be operated reguires, for example, 113
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 he
used only with a.c., since no vaoltage will be in-
duced in the secondary if the magnetic ficld is not
changing. If d.c. is applicd to the primary of a
transformer, a voltage will be induced in the
secondary only at the instant of closing or open-

ing the primary circuit, since it is only at these
times that the ficld is changing.

THE IRON-CORE TRANSFORMER

As shown in Fig. 2-32 the primary and second-
ary coils of a transformer may be wound on a
core of magnetic material. This increases the in-
ductance of the coils so that a relatively small
number of turns may be used to induce a given
value of voltage with a small current. A closed
core (one having a continuous magnetic path)
such as that shown in [Fig. 2-32 also tends to
insure that practically all of the field set up by the
current in the primary coil will cut the turns of
the sccondary coil. However, the core introduces
a power luss because of hysteresis and eddy cur-
rents so this type of construction is normally
practicable only at power and audio frequencies,



38

'
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-

IRON CORE
q poms

PRIMARY I~ 473 SECONDARY
T —

core transformer, the lower one an air-core transformer.

The discussion in this section is confined to trans-
formers operating at such frequencies.

Voltage and Turns Ratio
For a given varying magnetic tield, the voltage
induced in a coil in the fickd will be proportional
to the number of turns m the coil. Hf the two
coils of a transformer are in the same field (which
is the case when hoth are wonnd on the same
closed core) it follows that the induced voltages
will be proportional to the number of turns in
each coil. In the primary the induced voltage is
practically equal to, and opposes, the applied
voltage, as described carlicr. Ience,
Fo= 2 F,
T
where E, = Secondary voltage
Ey = Primary applicd voltage
sty = Number of turns on sccondary
np. = Number of turns on primary

The ratio n,/u, is called the secondary-to-pri-
mary turns ratio of the transformer.
Example: A transformer has a primary of
400 tarns and a sccondary of 2800 turns, and

an e.m.f. of 115 volts is applicd to the primary.
The secondary voltage will be
ns

. 2800 115 7
E.~"—‘;ILD= 4&))( 15 =7 X 115
= KOS5 volts
Also, if an e.m.f, of 803 volts is applied to the
2800-turn winding (which then becomes the
primary) the output voltage from the 400-turn
winding will be 115 volts.

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

Effect of Secondary Current

The current that tlows in the primary when no
current is taken from the secondary is catled the
magnetizing current of the transformer. In any
properly-designed transformer the primary in-
ductance will be so large that the magnetizing
current will be quite small. The power consumed
by the transformer when the sccondary 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 scts up a magnetic
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field that opposes the field set up by the primary
current. But if the induced voltage in the primary
is to equal the applied voltage, the original field
must be maintained. Counsequently, the primary
must draw enough additional current to set up a
field exactly equal and opposite to the field set up
by the secondary current.

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

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

Iy =—1s
P
where /s = Primary current
I+ = Secondary current
np = Number of turns on primary
s = Number of turns on secondary

Example: Suppose that the secondary of the
transformer in the previous example is deliver-
ing a current of 0.2 ampere to a load. Then
the primary current will be

Ma 2800
I, = n,,l'_ 4(TXl’).Z =7X02=14amp.

Althouch the sccondary voltage is higher than
the primary voltage, the secondary current is
loteer than the primary current, and by the
sanie ratio.

Power Relationships; Efficiency

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

P., = )IP:
where o = Power output from secondary
Py = Power input to primary
n = Efficicucy factor

The efficiency, #, always is less than 1. It is usu-
ally expressed as a percentage; if n is 0.65, for
instance, the cfficiency is 65 per cent,
Example: A transformer has an efficiency of
83% at its full-load output of 150 watts. The

power input to the primary at full secondary
load will be

Pi="— =-—"— = 176.5 watts

A transformer is usually designed to have its
highest efficiency at the power output for which
it is rated. The efficiency decreases with either
lower or higher outputs. On the other hand, the
losses in the transformer are relatively small at
low output but increase as more power is taken.




Transformers

The amount of power that the transformer can
handle is determined by its own losses, because
these heat the wire and core. There is a limit to
the temperature rise that can be tolerated, be-
cause too-high temperature either will melt the
wire or cause the insulation to break down. A
transformer can be operated at reduced output,
even though the efficiency is low, because the ac-
tual loss also will be low under such conditions.

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

Leakage Reactance

In a practical transformer not all of the mag-
netic flux is common to both windings, althongh
in well-designed transformers the amount of flux
that “cuts” one coil and not the other is only a
small percentage of the total flux. This leakage
flux causes an ea.f. of seli-induction; conse-
quently, there are small amounts of leakage in-
ductance associated with both windings of the
transformer. Leakage inductance acts in cxactly
the same way as an equivalent amount of ordi-
nary inductance inscerted in series with the circuit.

Rp Xp Xs Rs
£p SR PRI ” SEC. £s
. /

Fig. 2-33—The equivalent circvit of a transformer in-
cludes the effects of leakage inductance and resistance
of both primary and secondary windings. The resistance
Rc is an equivalent resistance representing the core
losses, which are essentially constant for any given ap-
plied voltage and frequency. Since these are compara-

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

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

Current flowing through the leakage reactance
causes a voltage drop. This voltage drop increases
with incrcasing current, hence it increases as
more power is taken from the secondary. Thus,
the greater the sccondary current, the smaller the
sccondary terminal voltage becomes, The resist-
ances of the transformer windings also cause
voltage drops when current is flowing ; although
these voltage drops arc not in phase with those
caused hy 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 rcasonably 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-
quencics because the leakage reactance increasces
directly with the frequency.
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Impedance Ratio
In an ideal transformer—one without losses
or leakage reactance—the following relationship

1s true: , N, ,
P s N'
where Z, = Impedance looking into primary
terminals from source of
power
Z. = Impedance of load connected to
secondary
Ny/N. = Turns ratio, primary to second-
ary

That is, a load of any given impedance con-
nected to the secondary of the transformer will be
transformed to a different value “‘looking into”
the primary from the source of power. The im-
pedance transformation is proportional to the
squarc 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 e N2
) =2 7&\_':) = 3000 X (0.6)% == 3000 X 0.36
S = 1080 ohms

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

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

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

Impedance Matching

Many devices require a specific value of load
resistance (or impedance) for optimum opera-
tion. The impedance of the actual load that is to
dissipate the power may differ widely from this
value, so a transtormer is used to change the
actual load into an impedance of the desired
value, This is called impedance matching. From
the preceding,

N” _ YIE
‘Vs \ Zs
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where Np/N. = Required turns ratio, primary to
secondary
Zp = Primary impedance required
Z. = Impedance of load connected to
secondary

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

N 'z /5000 —_—
2 L J— ! =
= = =4/500 =224
Ns Zy \ 10 v

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

Impedance matching means, in general, ad-
justing the load impedance—by means of a
transformer or otherwise-—to a desired value.
However, there is also another meaning, 1t is
possible to show that any source of power will
deliver its maximum possible output when the
impedance of the load is equal to the internal
impedance of the source. The impedance of the
source is said to be “matched™ under this con-
dition. The efficiency is only 50 per cent in such
a case; just as much power is used up in the
source as is delivered to the load. Because of the
poor efficiency, this type of impedance matching
is limited to cases where only a small amount of
power is available and heating from power loss
in the source is not important.

Transformer Construction

Transformers usually are designed so that
the magnetic path around the core is as short as
possible. A short magnetic path means that the
transformer will operate with fewer turns, for a
given applied voltage, than if the path were long.

CORE TYPE

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

A short path also helps to reduce flux leakage
and therefore minimizes leakage reactance.
Two core shapes arce in common use, as shown
in Fig. 2-34. In the shell type both windings are
placed on the inner leg, while in the core type
the primary and sccondary windings may be
placed on separate legs, if desired. This is some-
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times done when it is necessary to minimize
capacitive effects between the primary and sec-
ondary, or when one of the windings must op-
erate at very high voltage.

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

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

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

Autotransformers

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

—}/ron Core
3 Line
T
b A
Load

Fig. 2-35—The autotransformer is based on the trans-

former principle, but uses only one winding. The line

and load currents in the common winding (A) flow in

opposite directions, so that the resultant current is the

difference between them, The voltage across A is pro-
portional to the turns ratio.

equally well. A onc-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 (second-
ary) currents, since these currents are out of
phasc. Hence if the fine and load currents are
nearly equal the common scection of the winding
may be wound with comparatively small wire.
This will be the case only when the primary
(line) and sccondary (load) voltages are not
very different. The autotransformer is  used
chietly for boosting or reducing the power-line
voltage by relatively small amounts. Continu-
ously-variable autotransformers are commercially
available under a variety of trade names;
“Variac” and "Powerstat” are typical examples.



The Decibel

41

THE DECIBEL

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

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

Db. = 10 log %
1

Cotmon logarithms (base 10) are used.

Voltage and Current Ratios

Note that the decibel is hased on pozver ratios.
Voltage or current ratios can be used. but only
when the imipedance is the same for hoth values
of voltage, or current, The gain of an ampliher
cannot be expressed correctly in db. if it is hased
on the ratio of the outpnt voltage to the input
voltage unless hoth voltages are measured across
the same value of impedance. When the im-
pedance at both points of measurcment is the
samme, the following formula may be used for
voltage or current ratios:

7

I7s
Db. =20 log
) ();.,V1

I
or 20 log —
r o I

1

Decibel Chart

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

2 2% 3 4
Ratio

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, it a loss) 10 db. cach time
the ratio scale is ultiplied by 10, for power
ratios : or by adding (or subtracting) 20 db. cach
time the scale is multiplied by 10 for voltage or
current ratios. IFor example, a power ratio of 2.5
is 4 db. (from the chart). A power ratio of 10
times 2.5, or 25, is 14 db. (10 4 4), and a power
ratio of 100 times 2.3, or 250, is 24 db. (20 4 4).
A voltage or current ratio of 4is 12 db., a voltage
or current ratio of 40 is 32 db. (20 4 12), and one
of 400 is 32 db. (40 4 12).

RADIO-FREQUENCY CIRCUITS

RESONANCE IN SERIES CIRCUITS

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

At some intermediate frequency, the reactances
of C and L will be equal and the voltage drops
across the coil and capacitor will be equal and

L

c
R
Fig. 2-37.—A series circuit containing L, C and R is

“resonant’’ at the applied frequency when the react-
ance of C is equal ta the reactance af L.
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180 degrees out of phase. Therefore they cancel
each other completely and the current flow is
determined wholly by the resistance, R. At that
frequency the current has its largest possible
value, assuming the source voltage to be constant
regardless of frequency. A series circuit in which
the inductive and capacitive reactances are equal
is said to be resonant.

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

Resonant Frequency

The frequency at which a series circuit is
resonant is that for which Xv. = X¢. Substitut-
ing the formulas for inductive and capacitive re-
actance gives

1
F=Ie
where f = Frequency in cycles per second
L = Inductance in henrys

C = Capacitance in farads
=314

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

108

f= 21r\/L_C

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

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

f 108 o
2rvVIC  6.28 X V5 X 35
100 1

1]
- 1) 050 ke,

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

Resonance Curves

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

If the reactance of either the coil or capacitor is
of the same order of magnitude as the resistance,
the current decreases rather slowly as the fre-
quency is moved in either direction away from
resonance. Such a curve is said to be broad. On
the other hand, if the reactance is considerably
larger than the resistance the current decreases
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Fig. 2-38—Current in a series-resonant circuit with
The valves are
arbitrary and would not apply to all circuits, but rep-
resent a typical case. It is assumed that the reactances
(at the resonant frequency) are 1000 ohms. Note that
at frequencies more than plus or minus ten per cent
away from the resonant frequency the current is sub-
stantially unaffected by the resistance in the circuit.

various values of series resistance.

rapidly as the frequency moves away from reso-
nance and the circuit is said to be sharp. A
sharp circuit will respond a great deal more read-
ily to the resonant frequency than to frequencies
quite close to resonance; a broad circuit will
respond almost equally well to a group or band
of frequencies centering around the resonant
frequency.

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

Q

Most diagrams of resonant circuits show only
inductance and capacitance ; no resistance is indi-
cated. Nevertheless, resistance is always present.
At frequencies up to perhaps 30 Mec. this resist-

10— -

RELATIVE CURRENT

<z0 0 0 +10 r20
PER CENT (HANGE FROM RESONANT
FREQUENCY

Fig. 2-39—Current in series-resonant circuits having
different Qs. In this graph the current at resonance is
assumed to be the same in all cases. The lower the Q,
the more slowly the current decreases as the applied
frequency is moved away from resonance.
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ance is mostly in the wire of the coil. Above this
frequency energy loss in the capacitor (princi-
pally in the solid dielectric which must be used
to form an insulating support for the capacitor
plates) also becomes a factor. This energy loss is
equivalent to resistance. When maximum sharp-
ness or selectivity is needed the object ol design
is to reduce the inherent resistance to the lowest
possible value.

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

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

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

Q=F=75="

The effect of Q on the sharpness of resonance
of a circuit is shown by the curves of Fig. 2-39.
In these curves the frequency change is shown
in percentage above and below the resonant
frequency. Qs of 10, 20, 50 and 100 are shown;
these values cover much of the range commonly
used in radio work. The unloaded Q of a circuit
is determined by the inherent resistances asso-
ciated with the components.

Voltage Rise at Resonance

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

RESONANCE IN PARALLEL CIRCUITS

When a variable-frequency source of constant
voltage is applied to a parallel circuit of the type
shown in Fig. 2-40 there is a resonance effect
similar to that in a series circuit. However, in this
case the “line” current (measured at the point
indicated) is smallest at the frequency for which
the inductive and capacitive reactances are equal.
At that frequency the current through L is ex-
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actly canceled by the out-of-phase current
through C, so that only the current taken by R
flows in the line. At frequencies belotw 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
abotre resonance the situation is reversed and
more current flows through € than through L,
so the line current again increases. The current
at resonance, being determined wholly by R,
will be small if K is large and large if R is small.

Eac C==R L

Fig. 2-40—Circuit illustrating parallel resonance.

The resistance R shown in Fig. 2-40 is not
necessarily an actual resistor. In many cases it
will be the series resistance oi the coil “trans-
formed” to an equivalent parallel resistance (see
later). It may be antenna or other load resistance
coupled into the tuned circuit. In all cases it rep-
resents the total effective resistance in the circuit.

Parallel and series resonant circuits are quite
alike in some respects. IFor instance, the circuits
given at A and 3 in Fig. 2-41 will behave identi-
cally, when an external voltage is applied, if (1)
L and C are the same in both cases; and (2) R
multiplied by » equals the square of the reac-
tance (at resonance) of either L or C. When
these conditions are met the two circuits will
have the same (. (These statements are ap-
proximate, but are quite accurate if the QO is 10
or more.) The circuit at A is a scries circuit if it
is viewed from the "“inside”—that is, going around
the loop formed by L, C and r—so its O can be
found from the ratio of X to r.

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

22

X . .
of R =" ; X is the reactance of either the
r

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

—

L.
(A) B)

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

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

is replaced in B by the equivalent parallel resistance
(R = X&/r = XL/r) and vice versa.
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parallel-resonant circuit “looks like” a pure
resistance of that value. It is “pure” resistance
because the inductive and capacitive currents are
180 degreces out of phase and are equal ; thus there
is no reactive current in the line. In a practical
circuit with a high-Q capacitor, at the resonant
frequency the parallel impedance is
Z.= QX

where Z, = Resistive impedance at resonance

Q = Quality factor of inductor

X = Reactance (in ohms) of cither the

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

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

Zr = QX = 50 X 300 = 15,000 ohms.

At frequencies off resonance the impedance
is no longer purely resistive beciwuse the inductive
and capacitive currents are not equal. The oft-
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. 2-42is a set of such curves.
A set of curves showing the relative response as
a function of the departure from the resonant
frequency would be similar to IFig. 2-39. The —3
db. bandwidth (bandwidth at 0.707 relative re-
sponse) is given by

Bandwidth —3 db.=f,/0

where f, is the resonant frequency and Q the cir-
cuit Q. It is also called the “half-power” band-
width, for case of recollection.

Parallel Resonance in Low-Q Circuits

The preceding discussion is accurate only for
Qs of 10 or more. When the O is below 10, reso-
nance in a parallel circuit having resistance in
series with the coil, as in Fig. 2-41A, is not so
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Fig. 2-42.—Relative impedance of parallel-resonant

circuits with different Qs. These curves are similar to

those in Fig. 2-39 for current in a series-resonant circuit.

The effect of Q on impedance is most marked near the
resonant frequency.
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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
docs not have its maximum possible value. An-
other set of values for L and C will make the
parallel impedance a maximum, but this maxi-
mum value is not a pure resistance. Either
condition could be called “resonance,” so with
low-Q circuits it is necessary to distinguish be-
tween maximum impedance and resistive im-
pedance parallel resonance. The difference be-
tween these /. and C values and the equal reac-
tances of a series-resonant circuit is appreciable
when the Q is in the vicinity of 5, and becomes
more marked with still lower Q values.

Q of Loaded Circuits

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

(A) (B)

Fig. 2-43—The equivalent circuit of a resonant circuit

delivering power to a load. The resistor R represents

the load resistance. At B the load is tapped across part

of L, which by transformer action is equivalent to using
a higher load resistance across the whole circuit.

However, when the circuit delivers energy to
a load (as in the case of the resonant circuits
used in transmitters) the energy consumed in
the circuit itself is usually negligible compared
with that consumed by the load. The equivalent
of such a circuit is shown in Fig. 2-43A, where
the parallel resistor represents the load to which
power is delivered. If the power dissipated in the
load is at least ten timies as great as the power
lost in the inductor and capacitor, the parallel im-
pedance of the resonant circuit itself will be so
high compared with the resistance of the load
that for all practical purposcs the impedance of
the combined circuit is equal to the load resist-
ance. Under these conditions the O of a parallel-
resonant circuit loaded by a resistive impedance is

0= R
X

where R = Parallel load resistance (ohms)

X = Reactance (ohms)

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

R 3000
0=%=7%s0 ~ 12
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The “effective” Q of a circuit loaded by a
parallel resistance becomes higher when the re-
actances are decreased. A circuit loaded with a
relatively low resistance (a few thousand ohms)
must have low-reactance elements (large capaci-
tance and small inductance) to have reasonably
high Q.

Impedance 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 amplitier. As described in the chapter on
vacuum tubes, there is an optimum value of load
resistance for each type of tube and set of operat-
ing conditions. However, the resistance of the
load to which the tube is to deliver power usually
is considerably lower than the value required for
proper tube operation. To transform the actual
load resistance to the desired value the load may
be tapped across part of the coil, as shown in
Fig. 2-4313. This is cquivalent to connccting a
higher value of load resistance across the whole
circuit, and is similar in principle to impedance
transformation with an iron-core transformer. In
high-frequency resonant circuits the impedance
ratio does not vary exactly as the square of the
turns ratio, because all the magnetic flux lines do
not cut every turn of the coil. A desired reflected
impedance usually must be obtained by experi-
mental adjustment.

WWhen the load resistance has a very low value
(say below 100 ohms) it may be connected in
series in the resonant circuit (as in Ilig, 2-414,
for example), in which casc it is transformed to
an equivalent parallel impedance as previously
described. 1f the Q is at least 10, the equivalent
parallel impedance is
X?

Z'=r

where Z. = Resistive parallel impedance at reso-
nance
X = Reactance (in ohms) of either the
coil or capacitor
r = Load resistance inserted in series
If the Q is lower than 10 the reactance will have
to be adjusted somewhat, for the reasons given in
the discussion of low-() circuits, to obtain a re-
sistive impedance of the desired value.

Reactance Values

The charts of FFigs. 2-44 and 2-45 show react-
ance values of inductances and capacitances in
the range commonly used in r.f. tuned circuits
for the amateur bands. With the exception of the
3.5-4 Mc. band, limiting values for which are
shown on the charts, the change in reactance over
a band, for either inductors or capacitors, is small
enough so that a single curve gives the reactance
with sufhicient accuracy for most practical pur-
DOSCSS L/C Ratio

The formula for resonant irequency of a circuit
shows that the same frequency always will be
obtained so long as the product of L and C is con-

INDUCTANCE IN MICROHENRYS
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INODUCTIVE REACTANCE IN OWMS
Fig. 2-44—Reactance chart for inductance valves

commonly used in amateur bands from 1.75 to 220 Mc.

stant. Within this limitation, it is evident that L
can be large and C small, L small and C large, etc.
The relation between the two for a fixed fre-
quency is called the L/C ratio. A high-C circuit
is one that has more capacitance than “normal”
for the frequency; a low-C circuit one that has
less than normal capacitance. These terms depend
to a considerable extent upon the particular ap-

CAPACITANCE IN MICROMICROFARADS

1 (O D .m,_l_m LIN
200 300400500
CAPACITIVE REACTANCE IN OHMS

1000 2000

Fig. 2-45—Reactance chart for capacitance values com-
monly used in amateur bands from 1.75 to 220 Mc.



46

plication considered, and have no exact numeri-
cal meaning.

LC Constants

It is frequently convenient to use the numerical
value of the LC constant when a number of cal-
culations have to be made involving different
L/C ratios for the same frequency. The constant
for any frequency is given by the following
equation : 6~ 25,330

f2

where L = Inductance in microhenrys (zh.)
C = Capacitance in micromicrofarads
(upf.)
f = Frequency in megacycles
Example: Find the inductance required to
resonate at 3650 kc. (3.65 Mec.) with capaci-

tances of 25, 50, 100, and 500 uuf. The LC
constant is

25.330 _ 25.330

LC = G36s): = 1335 = 1900
With 25 uuf. L = 1900/C = 1900/25
=76 uh.

50 puf. L = 1900/C = 1900/50
= 38 uh,
100 puf. L = 1900/C = 1900/100
= 19 uh,
500 puf. L = 1900/C = 1900/500
= 3.8 ph.

COUPLED CIRCUITS

Energy Transfer and Loading

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

Coupling by a Common Circuit Element

One method of coupling between two resonant
circuits is through a circuit element common to
both. The three common variations of this type
of coupling are shown in Fig. 2-46; the circuit
clement common to both circuits carrics the sub-
script M. At A and B current circulating in
L,C, flows through the common element, and the
voltage devecloped across this eclement causes
current to flow in L,Cy. At C,Cy; and C, form a
capacitive voltage divider across L,C,, and some
of the voltage devcloped across L,C, is applied
across L,C,.

If both circuits are resonmant 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 L) = L,, C; =C, and Q, = Q,:

ELECTRICAL
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(c)
Fig. 2-46—Three methods of circuit coupling.

(A) L_“ = Ll/Qli (B) Cn &S Q1C1; (C)
Cy =~ C4/0y.

The coupling can be increased by increasing
the above coupling elements in A and C and
decreasing the value in B. When the coupling is
increased, the resultant bandwidth of the com-
bination is increased, and this principle is some-
times applied to ‘‘broad-band” the circuits in a
transmitter or receiver. When the coupling ele-
ments in A and C are decreased, or when the
coupling element in B is increased, the coupling
between the circuits is decreased below the
critical coupling value on which the above ap-
proximations are based. Less than critical cou-
pling will decrease the bandwidth and the energy
transfer ; the principle is often used in receivers
to improve the selectivity.

Inductive Coupling

Figs. 2-47 and 2-48 show inductive coupling, or
coupling by means of the mutual inductance be-
tween two coils. Circuits of this type resemble the
iron-core transformer, but because only a part of

o— )

Input Lg gLZ c“é Output (A)
O —0
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Input C?’\E L,% ELZ Output (B)
—_

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

the magnetic flux lines set up by one coil cut the
turns of the other coil, the simple relationships
between turns ratio, voltage ratio and impedance
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ratio in the iron-core transformer do not hold.

Two types of inductively-coupled circuits are
shown in Fig. 2-47. Only one circuit is resonant.
The circuit at A is frequently used in receivers for
coupling between amplifier tubes when the tuning
of the circuit must be varied to respond to signals
of different frequencies, Circuit B is used prin-
cipally in transmitters, for coupling a radio-
frequency amplifier to a resistive load.

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

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

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

Coupled Resonant Circuits

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

o— o

Input T/‘ZC, L, L, C; QOutput

o —0
(A)

o Y B

Input éCl Ly Lo 2 Output

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

in both circuits make the operation somewhat
more complicated than in the simpler circuits just
considered. Imagine first that the two circuits are
not coupled and that each is independently tuned
to the resonant frequency. The impedance of each
will be purely resistive. If the primary circuit is
connected to a source of r.f. energy of the resonant
frequency and the secondary is then loosely
coupled to the primary, a current will flow in the
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secondary circuit. In flowing through the re-
sistance of the secondary circuit and any load
that may be connected to it, the current causes a
power loss. This power must come from the
energy source through the primary circuit, and
manifests itself in the primary as an increase in
the equivalent resistance in series with the pri-
mary coil. Hence the Q and parallel impedance
of the primary circuit are decreased by the
coupled secondary. As the coupling is made
greater (without changing the tuning of either
circuit) the coupled resistance becomes larger
and the parallel impedance of the primary con-
tinues to decrease. Also, as the coupling is made
tighter the amount of power transferred from the
primary to the secondary will increase to a
maximum at one value of coupling, called critical
coupling, but then decreases if the coupling is
tightened still more (still without changing the
tuning).

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

With loaded circuits such as are used in trans-
mitters the Q may be too low to give the desired
power transfer even when the coils are coupled
as tightly as the physical construction permits.
In such case, increasing the Q of either circuit
will be helpful, although it is generally better to
increase the Q of the lower-Q circuit rather than
the reverse. The Q of the parallel-tuned primary
(input) circuit can be increased by decreasing the
L/C ratio because, as shown in connection with
Fig. 2-43, this circuit is in effect loaded by a
parallel resistance (effect of coupled-in resist-
ance). In the parallel-tuned secondary circuit,
Fig. 2-48A, the Q can be increased, for a fixed
value of load resistance, either by decreasing the
L/C ratio or by tapping the load down (see Fig.
2-43). In the series-tuned secondary circuit, Fig.
2-48B, the Q may be increased by increasing the
L/C ratio. There will generally be no difficulty in
securing sufficient coupling, with practicable
coils, if the product of the Qs of the two tuned
circuits is 10 or more. A smaller product will
suffice if the coil construction permits tight cou-
pling.

Selectivity

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

In Fig. 2-48, the selectivity is increased. It ap-
proaches that of a single tuned circuit having a Q
equalling the sum of the individual circuit Qs—if
the coupling is well below critical (this is not the
condition for optimum power transfer discussed
immediately above) and both circuits are tuned
to resonance. The Qs of the individual circuits
are affected by the degree of coupling, because
each couples resistance into the other; the
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Fig. 2-49—Showing the effect on the output voltage
from the secondary circuit of changing the coefficient of
coupling between two resonant circuits independently
tuned to the same frequency. The voltage applied to
the primary is held constant in amplitude while the
frequency is varied, and the output voltage is measured
across the secondary.

tighter the coupling, the lower the individual Qs
and therefore the lower the over-all selectivity.

If both circuits are independently tuned to
resonance, the over-all selectivity will vary about
as shown in Fig. 2-49 as the coupling is varied.
With loose coupling, .1, the output voltage
(across the sccondary circuit) is small and the
sclectivity is high. As the coupling is increased
the secondary voltage also increases until critical
coupling, B, is reached. At this point the output
voltage at the resonant frequency is maxinmum
but the selectivity is lower than with looser
coupling. At still tighter coupling, (', the output
voltage at the resonant frequency decreases, but
as the frequency is varied cither side of resonance
it is found that there are two “humps” to the
curve, one on either side of resonance. With very
tight coupling, D, there is a further decrease in
the output voltage at resonance and the “humps”
arc farther away from the resonant frequency.
Curves such as those at C and D are called flat-
topped because the output voltage does not
change much over an appreciable band of fre-
quencics.

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

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

In these cases, a value of Q -:\/QIC)2 should
be used.

Band-Pass Coupling

Over-coupled resonant circuits are useful where
substantially uniform output is desired over a
continuous band of frequencies, without read-
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Fig. 2-50—Relative response for a single tuned circuit
and for coupled circuits. For inductively-coupled circuits
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respectively.

justment of tuning. The width of the flat top of
the resonance curve depends on the Qs of the two
circuits as well as the tightness of coupling ; the
frequency separation between the humps will in-
crease, and the curve become more flat-topped,
as the (s are lowered.

Band-pass operation also is secured by tuning
the two circuits to slightly different frequencies,
which gives a double-humped resonance curve
even with loose coupling, This is called st