339 1H EDITION , 1958

1he radio
amaleurs
han i IIIHIIIIIIHII'I 1 Ok

THE STANDARD MANUAL OF AMATEUR

RADIO COMMUNICATION

$3.50
U.S.A. Proper

'UBLISHED BY THE AMERICAN RADIO RELAY LEAGUE




N N
Y R
Single cell  Multicell i Fived Variable Split-stator  Feed-through |
ANTENNA BATTERIES ' CAPACITORS [
MALE —> - |
o—
e T D SR o - Ap- M= T
QUARTZ | Contacts  Receptacle  Plug Coaxial Receptacte Coaxial Plug  Female " Male Jack Plug
CRYSTAL CONNECTORS

| |

— — ]
\
|

<[y ot EET

I l Basic Coil Air Core  IronCore  Tapped — Adjustable
{ FUSE | GROUND | HEADSET INDUCTORS

| . S S | S - - —

| x Insert Appropriate Designations: |
|

A - Ammeter M -Motor
R I @ ‘@_ v -Voltmeter —®— G -Generator |
MA - Milliammeter etc.

| heandesent  Pilot  Neon (AC) | e

KEY LAMPS METERS MACHINES !
S S——— S — I—— I
i S.P. DP S.P.D.T.
H |
=1 = <+ = |
" NormallyQpen  Normally Open CONTACT | Fixed Tapped Adjustable |
MICROPHONE | RELAYS RECTIFIER | RESISTORS
| —_— L — — — — - . — —rh- — T _— — — o — ==
o o o o] o | ;]
oo foro —_ = | o o o
b [dg y = | o S 0R o
o Shie Shielded  Coaxial ®
General  Enclosure Wire  Multiconductor Cable | s p's';éy;j:' T Multipoint
n SHIELDING SPEAKER | SWITCHES
S — — — = - — — —
| .
| |
| [«]
‘ Air Core  Iron Core  Adjustable Adjustable With Link Terminal  Crossing Conductors (Conductors _Chassis
Inductance  Coupling not_jotned Joined  Connection
TRANSFORMERS ~  |VIBRATOR| WIRING
N om0 1
Heater or  Indirect!, Cold | grid Plate Deflection Gas H ‘
Filament Heated e Cathode Plates  Filled Triode Pentode Pl;;ltaq! e -
I —EL_EETR_ON_TBBE ELEMENTSV - E-XAMeLE_S

Standard cirenit symbols (ASA Y32.2 — 1951). In cases where identification is necessary or desirable, the eurved
line in the capacitor symbol represents the outside electrode (marked “outside foil” or “ground™) in paper-dielectrie
capacitors, and the negative electrode in electrols tic capacitors. In variable capacitors the curved line usually repre-
sents the movable plate or plates,

In a number of cireuits in this Handbook. prepared hefore adoption of the standard, some symbols are not quite
identical with those above. However, in practically all cases the intent of the symbol will be casily recognized. In
the older circuits the ground symbol is generally used to indicate a connection to chassis.



THE RADIO AMATEUR'S
HANDBOOK

By the HEADQUARTERS STAFF
of the
AMERICAN RADIO RELAY LEAGUE

WEST HARTFORD, CONN., U.S.A.

1958

Thirty-fifth Edition



COPYRIGHT 1988 BY

THE AMERICAN RADIO RELAY LEAGUE, INC.

Copyright secured under the Pan-American Convention

International Copyright secured

This work is Publication No. 6 of The Radio Amateur’s
Library, published by the League. All rights reserved.
No part of this work may be reproduced in any form
except by written permission of the publisher. All
rights of translation are reserved. Printed in U. S. A.

Quedan reservados todos los derechos

Library of Congress Catalog Card Number: 41-3348

Thirty-fifth Edition

$3.50in U. S. A proper
$4.00 in U. S. Possessions and Canada
$4.80 elsewhere
Buckram Edition $6.00 Everywhere

THE RUMFORD PRESS
Concord, New Hampshire, U, S. A,



Foreword

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

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

The Handbook is printed in the format of the League’s monthly
magazine, QST. This, together with extensive and useful catalog
advertising by manufacturers producing equipment for the radio
amateur and industry, makes it possible to distribute for a very
modest charge a work which in volume of subject matter and
profusion of illustration surpasses most available radio texts
selling for several times its price.

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

A. L. BubLoxg

General Manager, A.R.R.L.
West Ilartford, Conn.
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THE
AMATEUR'S
CODE

*ONE-

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

e TWO »

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

e THREE »

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

e FOUR

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

e 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.

e SIX »

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

his community. el G
— Pau . Segal



CHAPTER 1

Amateur Radio

Amateur radio is a scientific hobby, a means
of gaining personal skill in the fascinating art
of cleetronies and an opportunity te com-
munieate with fellow citizens by private shoft-
wave radio. Scattered over the globe are over
200,000 amateur radio operators who perform
a service defined in international law ax one of
“self-training, intercommunieation and techni-
calinvestigations carriecdon by . . . duly author-
ized persons interested in radio technique solely
with a personal aim and without pecuniary
interest.”

From a humble beginning at the turn of the
century, amateur radio has grown to become
an established institution. Today the Awmeri-
ean followers of amateur radio number over
150,000, trained communicators from  whose
ranks will come the professional communica-
tions specialists and exeeutives of tomorrow
just as many of today's radio leaders were first
attracted to radio by their carly interest in
amateur radio communication. A powerful
and prosperous organization now provides a
bond hetween amateurs and proteets their
interests; an internationally-respected maga-
zine is published solely for their benefit. The
military services seek the cooperation of the
amateur in developing communications re-
serves. Amateur radio supports a manufactur-
ing industry which, by the very demands of
amateurs for the latest and best equipment,
is always up-to-date in its designs and pro-
duction  teehniques ——initself  a national
asset. Amateurs have won the gratitude of
the nation for their heroie performances in
times of matural disaster; Limlitional wmateur
skills in emergeney communication are also the
standby system for the nation’s civil defense.
Amnteur radia is, indeed, a magnificently useful
institution.

Although as old as the art of radio it=elf,
amateur radio did not always enjov =uch
prestige. Its first enthusiasts were private
citizens of an esperimental fnrnof mind whose
imaginations went wild when Marconi first
proved that messages actually could be sent
by wireless. They set about learning enough
about the new scientific marvel to build home-
made spark transmitters. By 1912 there were
numerous Government and commereial stations,
and hundreds of amateurs; regulation was needed,
so laws, licenses and wavelength specifications
appeared. There was then no amateur organiza-
tion nor spokesman. The official viewpoint toward
amateurs was something like this:

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

But as the years rolled on, amateurs found
out how, and DX (distance) jumped from loeal
to 500-mile and even oceasional 1,000-mile two-
way contacts. Because all long-distanee mes-
sages had to be relayed, relaying developedinto
a fine art — an ability that was to prove in-
valuable when the Government suddenly ealled
hundreds of skilled amateurs into war service
in 1917. Meanwhile U. 8. amateurs began to
wonder if there were amateurs in other coun-
tries across the seas and if, some day, we might
not span the Atlantic on 200 meters.

Most important of all, this period witnessed
the birth of the American Radio Relay League,
the amateur radio organization whose name
was to be virtually s¥nonymous with subse-
quent amateur progress and short-wave de-
velopment. Conceived and formed by the
famous inventor, the late Hiram Perey Maxim,
ARRL was formally launched in carly 1915 [t
had just begun to exert its full foree in amateur
activities when the United States declared war
in 1917, and by that act sounded the knell for
amateur radio for the next two and a half
years. There were then over 6000 amateurs.
Over 4000 of them served in the armed forees
during that war.

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

THRAM PERCY MANIM
President ARRL, 19111036
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near marking its end for all time, The fate of
amateur radio was in the balance in the days
immediately following the signing ol the Armi-
stice. The Government, having had o taste of
supreme authority over communications in
wartime, was more than half inclined to keep
it. The war had not been ended a month before
Congress was considering legislation that would
have made it impossible for the amateur radio
of old ever to be resumed. ARRL's President
Maxim rushed to Washington, pleaded, ar-
gued, and the bill was defeated. But there was
still no amateur radio; the war ban continued.
Repeated representations to Washington met
only with silence. The League's oftices had
been closed for a vear and a half, its ree-
ords stored away. Most of the former amateurs
had gone into serviee: many of them would
never come back. Would those returning be
interested in such things as amateur radio?
Mr. Maxim, determined to find out. called a
meeting of the old Board of Directors. The
situation was discouraging: amatenr radio still
banned by law, former members seattered. no
organization, no membership, no funds. But
those few determined men financed the pub-
lication of a notice to all the former amatears
that could be located, hired Kenneth B.
Warner as the League's first paid sceretary,
floated a bond issue among old League mem-
bers to obtain money for immediate running
expeuses, bought the magazine Q87 to be the
League's official organ, started activities, and
dunned oflicialdom until the wartime ban was
lifted and amateur radio resumed again, on
October 1, 1919, There was a headlong rush
by amateurs to get back on the air. Gang-
way for King Spark! Manufacturers were hard
put to supply radio apparatus fast cnough.
Cach night saw additional dozens of stations
crashing out over the air. Interference? It was
bedlam!

But it was an era of progress. Wartine needs
had stimulated technieal developnrent. Vae-
uum tubes were being used both for reeeiving
and transmitting, Amatceurs immediately
adapted the new gear to 20C-meter work.
Ranges promptly increased and it became
possible to bridge the continent with but one
intermediate _relay.

@ TRANSATLANTICS

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

Everyvthing now was centered on one objec-
tive: two-way amateur commuunication across
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the Atlantie! It must be possible — but some-
how it couldn’t quite be done. More power?
Many already were using the legal maximum,
Better reecivers? They had superheterodynes.
Another wave length? What about those un-
disturbed wave lengths below 200 meters? The
engineering world thought they were worth-
less — but they had said that about 200 met-
ers. No, in 1922, tests between Hartford and
Boston were made on 130 meters with encour-
aging results, Early in 1923, ARRL-sponsored
tests on wave lengths down to 90 meters were
successful. Reports indieated that as the wave
length dropped the resulls were heltter. Fxeitement
began to spread through amateur ranks,

IYinally, in November, 1923, after some
months of carcful preparation, two-way ama-
teur transatlantic communication was accom-
plished, when Schnell, 1MO, and Reinartz,
INAM (now WICEF and K6BJ, respectively)
worked for several hours with Deloy, 8AB,
in France, with all three stations on 110 me-
ters!  Additional stations  dropped down to
100 meters and found that they, too, could
asily work two-way across the Atlantic. The
exodus from the 200-meter region had started.
The “short-wave” era had begun!

By 1924 dozens of commercial companies
had rushed stations into the 100-meter region.
Chaos threatened. until the first of a series of
national and international radio conferences
partitioned off various bands of frequencies
for the different serviees. Although thought
still centered around 100 meters, League ofhi-
cialzat the first of these frequency-determining
conferenees, in 1924, wisely obtained amateur
bauds not only at 80 meters but at 40, 20, and
even d meters,

Eighty meters proved so succeessful that
“forty’ was given a try, and QS80Os with Aus-
tralin, New Zealand and South Africa soon
beeame commonplace. Then how about 20 me-
ters? This new band revealed entirely unex-
peeted possibilities when 1XAM worked 6TS
on the West Coast, direet, at high noon. The
dream of amateur radio — daylight DX! —
was finallv true.

@ PUBLIC SERVICE

Amateur radio is a grand and glorious
hobby but this fact alone would hardly merit
such wholchearted support as is given it by
our Goverument at international conferenees,
There are other reasons, One of these is a thor-
ough appreciation by the military and eivil de-
fense authorities of the value of the amateur
as a source of skilled radio personnel in time
of war, Another azset is best deseribed as *‘public
serviee,”

About 1000 amateurs had contributed their
skill and ability in "17-"18. After the war it was
only natural that cordial relations should pre-
vail between the Army and Navy and the ama-
tewr, These relations strengthened in the next
fow vears and, in gradual steps, grew into co-
operative activities which resulted, in 1925, in
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the establishment of the Naval Communica-
tions Reserve and the Army-Amateur Radio
System (now the Military Afliliate Radio
System). In World War II thousands of ama-
teurs in the Naval Reserve were called to ac-
tive duty, where they served with distinetion,
while many other thousands served in the
Army, Air Forees. Coast Guard and Marine
Corps. Altogether, more than 23,000 radio
amateurs served in the armed forces of the
United States. Other thousands were engaged
in vital civilian electronic research. develop-
ment and manufacturing. They also organized
and manned the War Emergeney Radio Sery-
ice, the communieations secticn of OCD.

The “public-service” record of the amateur
is a brilliant tribute to his work. These activi-
tics can be roughly divided into two classes,
expeditions and emergencies.  Amateur co-
operation with expeditions began in 1923 when
a League member, Don Mix, 175, of Bristol,
Conn. (now assistant technical editor of QST
accompanicd MaeMillan to the Aretic on the
schooner Bowdoin with an amateur station.
Amateurs in Canada and the U.N. provided the
home contacts. The suceess of this venture was
80 outstanding that other explorers followed suit.
During subsequent years a total of perhaps two
hundred voyvages and expeditions were assisted by
amateur radio, the several explorations of the
Antarctic being perhaps the best known,

Since 1913 amateur radio has been the prin-
cipal, and in many cases the only, means of
outside communication in several hundred
storm, flood and carthquake emergencies in
this country. The 1936 and 1937 castern states
floods, the Southern Cualifornia flood and Long
Istand-New Lngland hurricane disaster in 14938,
the Florida-Gulf Coast hurricanes of 1947, and
the 1955 flood disasters called for the amateur's
greatest emergeney effort. In these disasters
and many others — tornadoes, slect storms,
forest fires, blizzards — amateurs played a major
role in the relief work and earned wide eom-
mendation for their resourccfulness in effecting
communiecation where all other means had failed.
During 1938 ARRL inaugurated a new emer-
gency-proparedness program, registering person-
nel and equipment in its Emergeney Corps and
putting into effect a comprehensive program of
cooperation with the Red Cross, and in 1947 o
National Kmergency Coordinator was appointed
to full-time duty at League headqguarters.

The amateur’s outstanding record of organized
preparation for emergeney communications and
performance under fire has been largely respon-
sible for the decision of the Federal Government
to set up speeial regulations and set axide special
frequencies for use by amateurs in providing
auxiliary communications for civil defense pur-
poses in the event of war. Under the hanner,
“Radio Amateur Civil Emergeney Service,” ama-
teurs are setting up and manning community and
area networks integrated with civil defense fune-
tions of the municipal governments. Should a war
cause the shut-down of routine amateur activi-

11

ties, the RACES will be immediately available in
the national defense, manned by amateurs highly
skilled in emergency communication.

@ TECHNICAL DEVELOPMENTS

Throughout these many vears the amateur
was carcful not to slight experimental develop-
ment in the enthusiasm incident to interna-
tional DN, The experimenter was constantly
at work on cver-higher frequencies, devising
improved apparatus, and learning how to
cram =everil stations where previously there
was room for only one! In particular. the ama-
teur pressed on to the development of the very
high frequeneies and his experienee with five
meters 15 espeeially representative of his in-
itintive and resourceflulness and his ability to
nmake the most of what ix at hand. In 1924, first
amateur experiments in the vieinity of 46 Me.
indicated that band to be practically worth-
les= for DN, Nonetheless, great short-haul”
activity eventually eame about in the band
and new gear was developed to meet its special
problems. Beginning in 1934 a scvies of inves-
tigations by the brilliant experimenter, Ross
Hull Oater Q87T7= editor). developed the theory
of v.h.f. wave-bending in the lower atmos-
phere and led amateurs 10 the attainment of
better distances: while oeecasional manifesta-
tions of jonospherie propagation, with still
greater distances. gave the band uniquely er-
atie performance. By Pearl Harbor thousands
of amateurs were spending much of their time
on thiz and the next higher band, many having
worked hundreds of stations at distances up to
several thousand miles. Transcontinental 6-
meter DX is not uncommon; during solar peaks,
ceven the oceans have been bridged! It is a
tribute to these indefatigable amateurs that
today’s concept of v.hf. propagation was de-
veloped largely through amateur research.

The amateur is constantly in the forefront of
teehnieal progress. Hix ineessaut curiosity, his
engerness Lo try anything new, are two reasons.
Another iz that ever-growing amateur radio
continually overerowds its frequeney assign-
ments, spurring amateurs to the development
and adoption of new technigues to permit the

A corner of the ARRT laboratory.
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accommodation of more stations. For ex-
amples, amateurs turned from spark to e.w.,
designed more =elective receivers, adopted
erystal control and pure d.e. power supplies.
IFrom the ARRL’s own laboratory in 1932
came James Lamb’s “single-signal’’ super-
heterodyne — the world's most advanced
high-frequency  radiotelegraph  receiver —
and, in 1936, the “noise-silencer” cireuit.
Amateurs are now turning to speech “clip-
pers” to reduee bandwidths of "phone trans-
missions and “single-sideband suppressed-car-
rier” svstems as well as even more selectivity
in receiving equipment for greater efliciency
in =pectrum use,

During World War 11, thousands of skilled
amateurs contributed their knowledge to the
development of seeret radio deviees, both in
Government and private laboratories. Equally
as important, the prewar technical progress by
amateurs provided the keystone for the de-
velopment of modern military communications
cquipment. Perhaps more important. todav
than individual contributions to the art is the
mass cooperation of the amateur body in
Government  projects such as  propagation
studies; cach participating station is in reality
a separate field laboratory from which re-
ports are made for correlation and analyvsis. An
outstanding example is varied amateur participa-
tion in several aetivities of the 1957-1958 Inter-
national  Geophysical  Year program. ARRI,
with Air Foree sponsorship, is condueting an
intensive study of v.l.f. propagation phenomena
— DX transmissions via little-understood meth-
ods such as meteor and auroral refleetions, and
transequatorial  scatter. ARRL-affiliated clubs
and groups are sctting up precision receiving
antennas and apparatus to help teack the earth
satellite via radio. For volunteer astronomers
searching visually for the satellite, other ama-
teurs are manning networks to provide instant
radio reports of sightings to a central agency so
that an orbit may he computed,

Cmergeney relief, expedition contact, ex-
perimental work and countless instances of
other forms of public serviee — rendered, as
they always have been and always will be,
without hope or expeetation of material re-
wird — made amateur radio an integral part
of our peaectime national life, The importance
of amateur participation in the armed forces
and in other aspeets of national defense have
emphasized more strongly than ever that ama-
teur radio is vital to our national existence.

@ THE AMERICAN RADIO RELAY
LEAGUE

The ARRL is today not only the spokesman
for amateur radio in this eountry but it is the
largest amateur organization in the world, It is
strictly of, by and for amateurs, is noncom-
mereial and has no stoekholders. The members
of the League are the owners of the ARRL and

QST.

CHAPTER1

The operating room at W1AW,

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

Oune of the League’s principal purposes is to
keep amateur activities so well eonducted that
the amateur will continue to justify his ex-
istence. Amateur radio offers its followers
countless pleasures and unending satisfaction.
It also calls for the shouldering of responsi-
bilities -— the maintenanee of high standards,
a cooperative loyalty to the traditions of
amateur radio, a dedication to its ideals and
principles, so that the institution of amateur
radio may continue to operate “in the public
interest, convenience and necessity,”

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

ARRL owns and publishes the monthly
magazine, QNT. Acting as a bulletin of the
League's organized activities, QST also serves
as a medium for the exchange of ideas and fos-
ters amateur spirit. Its technical articles are
renowned. It has grown to be the **amateur's
bible,” as well as one of the foremost radio
magazines in the world, Membership dues in-
clude a subseription to QST.

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



AMATEUR RADIO

to the League station by a special FCC action.
Separate transmitters of maximum legal power
on ecach amateur band have permitted the
station to be heard regularly all over the
world, More important, WI1AW (ransmits 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 l.eague in West
Hartford, Conn,, is a well-cquipped laboratory
to assist staff members in preparation of
technical material for QST and the Radio
Amateur's Handhook. Among its other ac-
tivities, the League maintains a Communica-
tions Department concerned with the operat-
ing activities of League members. .\ large ficld
organization is headed by a Scetion Communi-
cations Manager in each of the League’s
seventy-three sections. There are appoint ments
for qualified members in various fields, as out-
lined in chapter 24, Special activities and contests
promote operating skill. A special section is
reserved each month in QST for amateur news
from every section of the country,

. AMATEUR LICENSING IN THE
UNITED STATES

Pursuant to the law, FCC has issued de-
tailed regulations for the amateur serviee,

A radio amateur is a duly authorized person
interested in radio teechnique solely with a per-
sonal aim and without pecuniaryinterest. Ama-
teur operator licenses are given to U, 8, citi-
zens who pass an examination on operation
and apparatus and on the provisions of law
and regulations affecting amateurs, and who
demonstrate ability to send and reeeive code.
There are four available elasses of amateur license
— Novice, Technician, General (ealled “Condi-
tional” if examn taken by mail), and Amateur
oxtra Class. lsach has different requirements, the
first two being the simplest and consequently con-
veying limited privileges as to frequencies avail-
able. Exams for Novice, Technician and Condi-
tional classes are taken by mail under the super-
vision of a velunteer examiner. Station licenses
are granted only to licensed operators and permit
communication between such stations for ama-
teur purposes, i.e., for personal noncommereial
aims tlowing from an interest in radio technique.
An amateur station may not be used for material
compensation of any sort nor for broadeasting,
Narrow bands of frequeneies are allocated exchi-
sively for use by amateur stations. Transmissions
may be on any frequeney within the assigned
hands. All the frequencies may be used for e.w.
telegraphy: some are available for radiotele-
phone, others for special forms of transmission
such as teletype, facsimile, amateur television or
radio control. The input to the final stage of
amateur stations is limited to 1000 watts and
on frequencies below 144 NMe. must be ade-
quately-filtered direct ecurrent. Kmissions must be
free from spurious radiations. The licensee must
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provide for measurement of the transmitter
frequeney and establish a procedure for check-
ing it regularly. A complete log of station oper-
ation must be maintained, with specified data,
The station license also authorizes the holder
to operate portable and mobile stations subject
to further regulations. All radio licensees are
subject to penalties for violation of regulations,

Amateur licenses are issued entirely free of
charge. They ean be issued only to eitizens but
that is the only limitation, and they are given
without regard to age or physical condition to
anvone who successfully completes the exam-
ination. When you are able to copy code at the
required speed, have studied basic transmitter
theory and are familiar with the law and ama-
teur regulations, vou are ready to give serious
thought to sccuring the Government amateur
licenses which are issued you, after examina-
tion by an FCC engineer (or by a vohuteer, de-
pending on the license class), through FCC at
Washington. A complete up-to-the-minute dis-
cussion of license requirements, and study guides
for those preparing for the examinations, are to
be found in an ARRL publieation, The Radio
Amatew’s License Manual, available from the
American Radio Relay League, West lartford
7, Conn., for 50¢, postpaid.

@ LEARNING THE CODE

In starting to learn the code, vou should
consider it simply another means of conveying

A didah . N dahdit

B dahdididit O dahdahdah

C dahdidahdit P didahdahdit

D dahdidit Q dahdahdidah

E dit R didahdit

F didida_hdit S dididit

G dahdahdit T dah

H didididit U dididah

I didit v (li(lidi@

J (lidahdﬂ.ll_dah w diduh(lz}h

K dahdidsh X dahdididah

L didahdidit Y dahdidahdah

M dazl_d__ah Z dahdahdidit

1 didahdahdahdah 6 dahdidididit

2 dididahdahdah 7 dahdahdididit

3 didididahdah 8 dahdahdahdidit
4 dididididah 9 dahdahdahdahdit
5 dididididit 0 d:l}l(l:lll(_liljlﬂi]l&!il_l

Period: didahdidahdidah, Comma: dahdah-
dididahdah, Question mark: dididahdahdidit,
Srror:didididididididit. Doubledash :dahdididi-

dah. Wait: didahdididit. End of message:
didahdidahdit. Invitation to transmit: dahdi-
dah. End of work: didididahdidah. Iraction
bar: dahdididahdit. o

Fig. 1.1 — The Continental (International Morse) code.
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information. The spoken word is one method,
the printed page another, and typewriting and
shorthand are additional examples. Learning
the code is as easy — or as difficult — as
learning to type.

The important thing in beginning to study
code is to think of it as a language of sound,
never as combinations of dots and dashes. It is
easy to “speak” code equivalents by using
“dit” and “dah,” so that A would be “didah”
(the “t” is dropped in such combinations). The
sound “di” should be staceato: a code char-
acter such as 5" should sound like a machine-
gun burst: dididididit! Stress each “dah™
equally; they are underlined or italicized in
this text because they should be slightly
accented and drawn out.

Take a few characters at a time. Learn them
thoroughly in didah language before going
on to new ones. If someone who is familiar
with code can be found to “send” to you,
either by whistling or by means of a buzzer
or code oscillator, enlist his codperation.
Learn the code by listening to it. Don't think
about speed to start; the first requirement is
to learn the characters to the point where
you can recognize each of them without
hesitation. Coneentrate on any difficult letters.
Learning the code is not at all hard; o 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.

@ THE AMATEUR BANDS

Amateurs are assigned bands of frequencies
at approximate harmonic intervals throughout
the speetrum. Like assignments to all services,
they are subjeet to modification to fit the
changing picture of world communications
needs. Modifieations of rules to provide for do-
mestic needs are also oceasionally issued by FCC,
and in that respect cach amateur should keep
himself informed by WI1AW bulleting, QST re-
ports, or by communication with ARRL Ilq.
concerning a specifie point.

In the adjoining table is a summary of the
U. 8. amateur bands on which operation is per-
mitted as of our press date. Figures are mega-
cycles. AP means an unmodulated carrier, Al
means c.w. telegraphy, A2 is tone-modulated c.w.
telegraphy, A3 is amplitude-modulated phone,
Ad is facsimile, A5 is television, n.f.m. designates
narrow-band frequency- or phase-modulated ra-
diotelephony, f.m. means frequency modulation,
phone (including n.f.m.) or telegraphy, and I1
is frequency-shift keying.
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80 3.500-1.000 — Al
meters  3.500-3.800 — F1
3.800-4.000 A3 and n.f.um.

7.000-7.300 — Al
40m.  7.000 7200 —F1
7.200-7.300 — A3 and nf.m.

14.000-14.350 — Al

20 m.  14.000-14.200 — F1
14.200-14.300 — A3 and n.f.m.
14.300-14.350 — F1

21.000 21.450 — Al
15m. 21.000-21.250 — F1
21.250- 21.450 — A3 and n.f.m.

11 m. 26.960-27.230 — A8, Al, A2, A3, A4,f.m.

28.000-29.700 — Al
10 m. 28.500-29.700 — A3 and n.f.m.
29.000-29.700 — f.m.

30-54  — Al A2, 43, A4, nlm.
6 m. 51-33  — A8
52.5-54 f.m,
. 11
2 s3] A AL A28, Ad fm.

AB, Al A2, A3, A4, A5,

420-4501 }
f.m.

1,215-1,300
2,300~ 2.450
3,300 - 3,500
5.650- 5,925 A@, Al, A2, A3, A4, A5,
10.000-10,500 f.m,, pulse
21.000-22.000
All above 30,000

! Input power must not exeeed 50 watts,

In addition, A1 and A3 on portions of
1.800-2.000), as follows:
Fower (watts)
Area Band ke, Day Night
Minn., lowa, Wis., Mich., Pa.,  1800-1825 500 200
Md.,, Del. and states to north  1R75-1900
N.D,, 8.D.. Nebr.. Colo., N.  1900-1925 500* 200*
Mex.. and states west, includ-  1975-2000
ing Hawaiian Ids.
Okla,, Kans., Mo, Ark,, Ill, 1800-1825 200 80
Ind,, Ky., Tenn., Ohio, W. 1875-1900
Va.,, Va, N. (., 8 C, and
Texas (west of 99° W or north
of 32° N)
No operation elsewhere.
’*hExm“ in state of Washington, 200 watts day 50 watts
night.

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

3.700-3.750 Al
7.150-7.200 Al 145-147

21.100-21.250 Al
Al, A2,
A3, f.m.

Technician licensees are permitted all
amateur privileges in 50 Mec. and in the
bands 220 Me. and above.




CHAPTER 2

Electrical Laws

and Circuits

@ ELECTRIC AND MAGNETIC
FIELDS

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

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

An clectrically-charged object in an cleetrie
field will be acted on by a foree that will tend to
move it in a direetion determined by the diree-
tion of the field. Similarly, a magnet in a magnetic
field will be subject to a foree. Everyone has scen
demonstrations of magnetic fields with pocket
magnets, so intensity and direction are not hard
to grasp.

A “static” field is one that neither moves nor
changes in intensity. Such a field can be set up
by a stationary electric charge (electrostatic
field) or by a stationary magnet (magnetostatic
field). But if either an electiic or magnetic field is
moving in space or changing in intensity, the
motion or change sets up the other kind of field.
That is, a changing electric field sets up a mag-
netic field, and a changing magunetic field gen-
crates an electric field. This interrelationship
between magnetic and eleetrie fields makes pos-
sible such things as the clectromagnet and the
electric motor. 1t also makes possible the electro-
magnetic waves by which radio communication
is carried on, for such waves are simply traveling
fields in which the energy is alternately handed
back and forth between the eleetrie and mag-
netie fields.

Lines of Force

Although no one knows what it ix that come
poses the ficld itself, it is useful to invent a
picture of it that will help in visualizing the
forces and the way in which they act,

A field can be pictured as being made up of
lines of force, or flux lines. These are purely
imaginary threads that show, by the direction
in which they lie, the direction the object on

which the foree is exerted will move. The number
of lines in a choxen cross section of the field is a
measure of the tntensity of the force. The number
of lines per square inch, or per square centimeter,
is ealled the flux density.

. ELECTRICITY AND THE ELECTRIC
CURRENT

Iverything physical is built up of atoms, par-
ticles so small that thev cannot be seen even
through the most powerful microseope. But the
atom in turn consists of several different kinds of
still smaller particles. One is the electron, essen-
tinlly a small particle of eleetricity. The quantity
or charge of electricity represented by the elec-
tron is, in fact, the smallest quantity of elec-
tricity that can exist. The kind of clectricity
associated with the cleetron is called negative.

An ordinary atom consists of a central core
called the nucleus, around which one or more
clectrons circulate somewhat as the earth and
other planets circulate around the sun. The
nueleus 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 eharges on all the electrons assoeiated
with that nucleus.

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

While in a normal atom the positive charge on
the nucleus is exactly balanced by the negative
charges on the electrons, it is possible for an
atom to lose one of its electrons, When that hap-
pens the atom has a little less negative charge
than it should — that ts, it has a net positive
charge. Such an atom ix said to be ionized, and
in this case the atom ix u positive ion. If an atom
picks up an extra eleetron, ax it sometimes does,
it has a net negative charge and is ealled a
negative ion. .\ positive ion will attract any stray
eleetron in the vieinity, 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
eleetrons constitutes the electric current.

The amplitude of the current (that is, its in-
tensity or magnitude) is determined by the rate at
which cleetrie charge — an accumulation of elec-

15



16

trons or ions of the same kind — moves past a
point in a cireuit. Sinee the charge on a single
electron or ion ix extremely small, the number
that must move as a group to formn even a tiny
current is almost inconceivably large.

Conducters and Insulators

Atoms of some materials, notably metals and
acids, will give up an electron readily, but atoms
of other materials witl not part with any of their
electrons even when the eleetrie foree is extremely
strong. Materials in which clectrons or lons can
be moved with relative case are called conductors,
while thoge that refuse to permit such movement
are called nonconductors or insulators. The fol-
lowing list shows how some eommon materials

divide between the conductor and insulator
classifieations:
Conduclors Insulators
Metals Dry Air
Carbon Wood
Acids Poreclain
Textiles
Gilass
Rubber
Resins

Electromotive Force

The electric force or potential (called electro-
motive force, and abbreviated e.m.f.) that causes
eurrent flow may be developed in several ways.
The action of certain chemieal solutions on dis-
similar metals sets up an e.nuf.; such a combina-
tion is called a cell, and a group of cells forms an
electric battery. The amount of current that such
cells ean carry is limited, and in the course of
current flow one of the metals is eaten away. The
amount of cleetrieal energy that can be taken
from a battery consequently is rather small.
Where a large amount of encrgy is needed it is
usually furnished by an electrie generator, which
develops its c.n.f. by a combination of magnetic
and mechanical means,

In picturing current flow it is natural to think
of a single, constant foree eausing the electrons to
move. When this is 5o, the cleetrons always move
in the same direetion through a path or circuit
made up of eonductors connected together in a
continuous chain. Such a current is called a
direct current, abbreviated d.c. 1t is the type of
current furnished by batteries and by ecertain
types of generators. However, it is also possible
to have an e.m.f. that periodically reverses, With
thix kind of e.m.f. the current flows first in one
direction through the circuit and then in the
other, Such an emf. is called an alternating
e.m.f., and the eurrent is called an alternating
current (abbreviated a.c.). The reversals (alter-
nations) muay occur at any rate from a few per
second up to several billion per second. Two re-
versals make a cycle; in one cvele the foree acts
first in one direetion, then in the other, and then
returns to the first direction to begin the next
cvele. The number of eyeles in one sccond is
called the frequency of the alternating current.
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Direct and Alternating Currents

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

In Iig. 2-1B, the current starts flowing with
the amplitude -1 at time X, continues at that
amplitude until time ¥ and then instantly ceases
After an interval YZ the current again begins tu
flow and the same sort of start-and-stop per-
formance is repeated. Thix is an intermittent direct
current. We could get it by alternately closing
and opening o switeh in the cireuit. 1t is a direet
current beeause 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 A, while flowing in the +
direction, then deereases until it drops to zero
amplitude onee more. At that time (X) the
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Fig. 2-1 —"Three tvpes of carrent flow. A — direct

current: B mtermitient direel current; C — alternal-

ing current,



ELECTRICAL LAWS AND CIRCUITS

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 —
direetion, until it reaches amplitude A, Then
the amplitude deereases until finally it drops to
zero (V) and the direction reverses onee more.
This is an allernating eurrent.
Waveforms

The type of alternating current shown in Fig,
2-1 ix known as 5 sine wave. The variations in
many e, waves are not so smooth, nor is one
half-eyele necessarily just like the preeeding one
in shape. However, these complex waves can be
shown to be the sum of two or more sine waves of
frequencies that are exaet integral (whole-num-
ber) multiples of some lower frequeney. The
lowest frequeney is ealled the fundamental fre-
queney, and the higher frequencies (2 times, 3
times the fundamental frequency, and so on) are
called harmonics.

Fig. 2-2 shows how a fundamental and a
sceond harmonie (twice the fundamental) might
add to form a complex wave. Simply by changing
the refative amplitudes of the two waves, as well
as the times at which they pass through zero
amplitude, an infinite number of waveshapes can
be constructed from just a fundamental and
second harmonie. Waves that are still more com-
plex ean be construeted if more harmonies are
used.

Electrical Units

The umt of cleetromotive foree is called the
volt. An ordinary flashlight cell generates an
ce.nf. of about 1.5 volts, The e.m.f. commonly
supplicd for domestie lighting and power is 115
volts, usually a.c. having a frequeney of 60 eveles
per second, The voltages used in radio receiving
and transmitting eireuits range from a few volts
(usually a.c.) for filament heating to as high as a
few thousand d.c. volts for the operation of power
tubes.

The flow of clectrie current is measured in
amperes. One ampere is equivalent to the move-
ment of many billions of electrons past a point
in the eireuit in one second. Currents in the
neighborhood of an ampere are required for heat-
ing the filaments of small power tubes, The direct
currents used in amateur radio equipment usually
are not so large, and it is customary to measure
such currents in miliiamperes. One milliampere
i cqual to one one-thousandth of an ampere, or
1000 milliampeires equals one ampere.

A Cdoes ampere™ s o measure of a steady cur-
rent, but the “a.c. ampere” must measure a
current that is continually varving in amplitude
and periodieally reversing direction. To put the
two on the same basis, an a.e, ampere is defined
ax the amount of current that will cause the same
heating cffect (sce later section) as one ampere
of steady direet eurrent. For sine-wave a.c., this
effective (or r.m.s.) value ix equal to the mari-
nec amplitude Ay or Ayin Fig, 2-1C°) maltiplied
by 0.707. The instantaneous value is the value
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Fig. 2.2 — A eomplex waveform. A fundamental (top)
and second harmonic (center) added together, point by
point at caeh instant, result in the waveform shown at
the bottom. When the two components have the same
polarity at a selected instant, the resultant is the =i
sum of the two. When they have opposite polari
resultant is the difference: if the negative-polarity

ponent is larger, the resultant is negative at that instant.

that the eurrent (or voltage) has at any selected
instant in the evele.

If all the instantancous values in a sine wave
are averaged over a half-cycle, the resulting
figure is the average value. It is cqual to 0.636
times the maximum amplitude. The average
salue is useful in eonncetion with reetifier sys-
tems, as deseribed in a later chapter.

@ FREQUENCY AND
WAVELENGTH

Frequency Spectrum

Frequencies ranging from about 15 to 15,000
cyeles per second are ealled audio frequencies,
beeause the vibrations of air particles that our
ars recognize as sounds oceur at a similar rate.
Audio frequencies (abbreviated a.f.) are used to
actuate loudspenkers and thus create sound
waves,

Frequencies above about 15,0600 cxeles are
called radio frequencies (r.f.) because they are
useful in radio transmission. Frequeneies all the
way up to and bevond 10,000,000,000 eveles
have been used for radio purposes. At radio fre-
quencies the numbers become so large that it be-
comes convenient to use a larger unit than the
evele. Two such units are the kilocycle, which is
equal to 1000 exveles and is abbreviated ke., and
the megacycle, which is equal to 1,000,000 cyeles
or 1000 kiloeyeles and is abbreciated Mec.

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

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

30 to 300 ke. Low frequenceies Lf.

300 to 3000 ke. Medium frequencies m.f.

3 to 30 Me. High frequencies h.f.

30 to 300 Me. Very-high frequencics v.h.f
300 to 3000 Me. Ultrabigh frequencies u.h.f.
3000 to 30,000 Me. 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
second in space. They ean be set up by a radio-
frequency current flowing in a cireuit, beeause
the rapidly-changing current sets up a magnetie
field that changes in the same way, and the vary-
ing magnetic field in turn sets up a varying clee-
trie field. .And whenever this happens, the two
fields move outward at the speed of light.

Suppose an r.f. current has a frequeney of
3,000,000 eyeles per second. The fields will
go through complete reversals (one cycle) in
173,000,000 sccond. In that same period of time
the ficlds — that is, the wave —will move
300,000,000/:3,000,000 meters, or 100 meters,
By the time the wave has moved that distanee
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the next cyele 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 cyele — that is, the
lower the frequeney — the greater the distance
oceupied by each wave and hence the longer the
wavelength. The relationship between wave-
length and frequency is shown by the formula
_ 300,000

f
Wavelength in meters
Frequency in kilocyeles

300
or A=
f

where A = Wavelength in meters
f = Ifrequencey in megacyeles
Example: The wavelength corresponding to a
frequency of 3650 kilocyeles is
300,000 _
O

A

where A

7

82.2 meters

Resistance

Given two conductors of the same size and
shape, but of different materials, the amount of
current that wil flow when a given e.nnf. is
applied will be found to vary with what is ealled
the resistance of the material. The lower the re-
sistance, the greater the current for a given value
of e.m.f.

Resistance is measured in ohms. .\ cirenit has
a resistance of one ohm when an applied e.m.f.
of one volt causes a current of one ampere to
flow. The resistivity of a4 material is the resistance,
in ohms, of a cube of the material measuring one
centimeter on each edge. One of the best con-
ductors is copper, and it is frequently convenient,
in making resistance caleulations, to compare
the resistance of the material under consideration
with that of a copper conduetor of the same size
and shape. Table 2-1 gives the ratio of the re-
sistivity of various conduetors to that of copper.

The longer the path through which the current
flows the higher the resistanee of that eonduetor.
For direet current and low-frequency alternating

TABLE 2-1
Relative Resistivity of Metals
Resistivity
Material Compared to Copper
Aluminum (pure) . .. ...... 1.0
Brass. . ... ... .. ....... 3.57
Cadmivem .. ... ... 5.20
Chromintm . 182
Copper (hard-drawn) 112
Copper (annealed) 1. 00
Iron (pure) 5065
lead. ... oo oo 13
Nickel . 0 2510 8.33
Phosphor Bronze 278
Silver 85000040000 0.9
YHiDc 00 0ao0000cananaoaana P\l
Zme. oo 3.5

currents (up to a few thousand eycles per second)
the resistance is gnversely proportional to the
cross-scetional 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 euch standard wire size.

Example: Ruppose a resistance of 3.5 ohms 15
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 olims per thonsand fect
Since the desired resistunce is 3.5 ohms, the
length of wire required will be
33 1000 = 32.80 feet.
66.17

Or, suppose that the resistance of the wire in
the cireuit must not exceed 0.05 ohm and that
the length of wire required for making the con-
neetions totals 14 feet. Then
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—— X K = 0.05 olun

1000
where & is the maxinum allowable resistance in
ohms per thousand feet. Rearranging the for-
mnla gives

0.05 1000 3
ro= 2 >1<4 W 357 ohms/1000 ft.

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

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

Types of resistors nsed in radio equip-
ment. Those in the foreground with
wire leads are carbon types, ranging
in size from 19 watt at the left to 2
watts at the right. The larger resistors
use resistance wire wound on ceramic
tubes: sizes shown range from 5 watts
to 100 watts, Three are of the ad-
justable type, having a sliding con-
tact on an exposed section of the
resistance winding.

¢

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

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

3.5

S X 1000 = 9.35 feet.
66.17 X 5.65

Temperature Effects

The resistance of a conductor changes with
its temperature, \lthough it is scldom necessary
to consider temperature in making resistance
saleulations for amateur wark, it is well to know
that the resistance of practically all metallic
conductors increases with increaxing 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. Speeial materials that have little
or no change in resistance over a wide tempera-
ture range are used in that case.

Resistors

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

Skin Effect

The resistance of a conductor is not the same
for alternating current as it is for direct current.
When the current is alternating there are internal
effects that tend to force the current to flow
mostly in the outer parts of the conductor. This
decreases the effective cross-sectional area of the
conductor, with the result that the resistance
increases.
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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
current flow is confined within a few thousandths
of an inch of the conductor surface. The rf.
resistance is consequently many times the d.c.
resistance, and inereases with increasing fre-
quency. In the rf. range a conductor of thin
tubing will have just as low resistance as a solid
conductor of the same dianmeter, because material
not close to the surface carries practically no
current.

Conductance

The reciproeal of resistance (that is, 1/R) 1s
alled conductance. It is usually represented by
the symbol ¢\ eireuit having large conductance
has low resistance, and vice versa. In radio work
the term is used. chiefly in conneetion with
racuum-tube characteristics. The unit of con-
ductance is the mho. \ resistance of one ohm has
a conductance of one mho, a resistance of 1000
ohms has a conductance of 0.001 mho, and so on.
Aunit frequently used in conneetion with vacuum
tubes is the micromho, or one-millionth of a mho,
It ix the conductance of a resistance of one
megohm.

@ oHM'S LAW

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

Fig. 2-3 — A simple eir-
cuit eonsisting of a bat-
tery and resistor.

can flow out of the battery, through the apparatus
connected to it, and back into the battery. The
circuit is broken, or open, if a connection is re-
moved at any point. A switch is a device for
making and breaking connections and thereby
closing or opening the circuit, cither allowing
current to flow or preventing it from flowing.
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TABLE 2.1
Conversion Factors for Fractional and
Multiple Units
To change from)| To Divide by | Multiply by
t nits Micro-units 1,000,000
| Hli-units 1000
Kilo-units | 1000
Mega-units | 1,000,000
- |- -
Micro-units | Millicunits 1000
Units 1,000,000,
_f
Milli-units Miero-units 1000
Units 1000 |
Kilo-units Units I 1000
Mega-units 1000
Mega-units Units | 1,000,000
Kilo-units 1000

The values of current, voltage and resistance
in a circuit are by no means independent of each
other. The relationship between them is known
as Ohm’s Law. It can be stated as follows: The
current flowing in a circuit is directly propor-
tional to the applied e.mn.f. and inversely propor-
tional to the resistance. Expressed as an equa-
tion, it is

E (volts)_
R (ohms)

The cquation above gives the value of current
when the voltage and resistance are known.
It may be transposed so that each of the three
quantitics may be found when the other two aré
known:

I (amperes) =

E=1IR

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

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

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

Table 2-11 shows how to convert between the
various units in common use. The prefixes at-
tached to the basic-unit name indicate the nature
of the unit. These prefixes are:

micro — one-millionth (abbreviated p)
milli — one-thousandth (abbreviated i)
kilo — one thousand (abbreviated k)

mega — one million (abbreviated M)

For example, one microvolt is one-millionth of
a volt, and one megohm is 1,000,000 ohms. There
are therefore 1,000,000 microvolts in one volt,
and 0.000001 megohm in one ohm,
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The following examples illustrate the use of
Ohm'’s Law:

The current flowing in a resistance of 20,000
ohms is 150 millinmnperes. What is the voltage?
Sinee the voltage is to be found, the e juation to
usge is E = Ik, The current must tirst be con-
verted from nillinmperes to amperes, and refer-
ence to the table shows that to do so it is neees-
sary to divide by 1000. Therefore,

150

= X 20,000 = 3000 volts
1000

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

60 ohms

No conversion was necessary because the volt-

age and eurrent were given in volts and amperes.

How much current will flow if 230 volts is ap=

plied to a 3000-ohm resistor? Since [ is unknown,

E 250

1= S

R 5000

Milliampere units would be more convenient for

the current, and 0.03 ammp. X 1000 = 50 mil-
liamperes.

0.05 ampere

@ SERIES AND PARALLEL
RESISTANCES
Very few actual electrie circuits are as simple
as the illustration in the preceding section. Com-
monly, resistances are found connected in a

L4

SERIES
Fig. 2-4 — Resiss
tors conncected in
serics and in pare —>
allel.
PaRALLEL
Source R
¢ of EMF. l "2

varicty of ways. The two fundamental methods
of connecting resistances are shown in Fig, 2-1,
In the upper drawing, the current flows from the
source of e.m.f. (in the direction shown by the
arrow, let us say) down through the first re-
sistance, ), then through the second, 22, and
then back to the source. These resistors are con-
nected in series. The current everywhere in the
circeuit has the same value.

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

When a circuit has a number of resistances
connected in series, the total resistance of the
cireuit is the sum of the individual resistances.
If these are numbered Ry, Rs, Iy, ete,, then

R (total) = Ry 4+ o+ Ry + Rae+ . . . .

where the dots indicate that as many resistors as
necessary may be added.
Example: Suppose that three resistors are

conneeted to a source of e.m.f. as shown in Fig,

2-5, The c.nuf. is 250 volts, R is 5000 ohins,

f2 is 20,000 ohms, and R3is 8000 ohms, The

total resistance is then

R = R1 + Re + I23 = 5000 + 20,000 + 8000

= 33,000 ohms

The current flowing in the circuit is then

I = F_" = ._2£ = 0.00757 amp. = 7.57 ma.
R 33,000

(We nced not carry calculations beyond three
significant figures, and often two will suffice
because the aceuracy of measurements is seldom
better than a few per cent.)

Voltage Drop

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

Example: If the voltage across R1 (Fig. 2-3)
is called Ei, that across #2 is ealled E2, and that
across K3 is called E3, then
Ey = IR = 0.00757 X 5000 = 37.9 volts
E2 = Ik2 =0.00757 X 20,000 = 151.4 volts
E3 = IRz = 0.00757 X 8000 = 60.6 volts
The applied voltage must equal the sum of the
individual voltage drops:

E =E1 + E2 4+ Es = 37.9 + 151.4 + 60.6

= 249.9 volts

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

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

R
5000
Fig. 2-5— An example
—c. R, of resistors in series, The
-——E 250V 20,0¢ g. solution of the circuit is
worked out in the text.
BOO(‘)L
R

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

Resistors in Parallel

In a circuit with resistances in parallel, the
total resistance is less than that of the lowest
value of resistance present. This is because the
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total current is always greater than the current
inany individual resistor. The formula for finding
the total resistance of resistances in parallel is
1

B=g

— + + — + _ + e e o »
Ry ke Ry R

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

R

TR+ e

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

R - _/r‘l_lx"_z 500 X 1200 _ 600,600
I+ k2 500 4+ 1200 1700

= 353 ohms
It is probably casicer to solve praetical prob-
lems by a different method than the “‘reciproeal
of reciprocals” formula. Suppose the three re-

|

= R R, Ry

—=L200

I

Fig. 2.6 — An example of resistors in parallel. The solu-
tion is worked out in the text,

sistors of the previous example are eonnected in
parallel as shown in Ifig. 2-6. The same e.m.f.,
250 volts, is applied to all three of the resistors.
The current in each ean be found from Ohm'’s
Law as shown below, [; being the ecurrent
through 'y, 72 the current through R, and I; the
current through 125,

For convenience, the resistance will be expressed

in kilohms so the current will be in milliamperes.

E 250
I = s -?)- = 50 ma.
. 25
o B 250 _ 12.5 ma.
2 20
i = E 250 = 31.25 ma.
R3 8

T'he total current is

I =I+1I2+4+ 13 =50 + 12,5 + 31.25
= 93.75 ma,
The total resistanee of the circuit is therefore
R E_ 20

= 2,66 kilohms ( = 2660 ohius)
I 93.75

Resistors in Series-Parallel

An actual circuit may have resistances both in
parallel and in series. To illustrate, we use the
same three resistances again, but now conneeted
as in Iig. 2-7, The method of solving o cirenit
such as g, 2-7 is as follows: Consider Ra
and K3 in parallel as though they formed a
single resistor. Find their equivulent resistance.
Then this resistance in series with ) forms a
simple series circuit, as shown at the right in
Iig, 2-7.



Reg.
(Equivatent R
of R, ond Ry

in porallel}

series-parallel. The

Fig. 2-7 — An example of resistors i
equivalent circuit is at the right. The solution i~ worked
ont in the text.

Example: The first step is to find the equiva-
lent resistance of f22 and R3. I'rom the formula
for two resistances in parallel,

Rolta 20 X 8 160
Reqp = ——— = - =

R2 + Ra 2048 28

= 5.71 kilohms
The total resistance in the cireuit is then

R =R + Reo. =5 + 5.71 kilohms

= 10.71 kilohms

The current is
E _ 250
R 10.71
The voltage drops across 1 and R, are
Ey = IR =233 X5 =117 volts
Ko = IR =233 X 5.71 133 volts
with sufficient accuracy. These total 250 volts,
thus checking the culeulations so far, heeause
the sum of the voltage drops must equal the
applicd voltage, Rince E2 appears across both R2

I= = 23.3 ma.

and K3,
Iz = E = lﬁ - 6.65 ma.
2 20
I3 = E2 133

=—— = 16.6 ma.
8

where I2 = Current through Re
I3 = Current through R3

The total is 23.25 ma., which checks closely
enough 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
electrical power, called the watt, is equal to one
volt multiplicd by one ampere. The cquation
for power therefore is

P=EI!
where P = Power in watts
E = LE.m.f. in volts
I = Current in amperes
Common fractional and multiple units for
power are the milliwatt, one one-thousandth of
a watt, and the kilowatt, or one thousand watts.
Example: The plate voltage on a transmitting
vaeuum tube is 2000 volts and the plate current
is 350 milliamperes. (The carrent must be
changed to amperes before substitution in the
fornmla, and so is 0.35 amp.) Then

P = EI = 2000 X 0.35 = 700 watts
By substituting the Ohm's Law cquivalents
for E and I, the following formulas are obtained
for power:

E?
P=
P = I’R

These formulas are useful in power caleulations
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when the resistance and either the current or
voltage (but not both) are known,

Esample: How much power will be used up
in a 4000-0hm resistor if the voltage applied to
it is 200 volt=? From the equation

E* 200)2
e 2 LT
R 1000

40,000
1000

= 10 watts

Or, suppose a current of 20 williamperes flows
through a 300-ohm resistor, Then
P = 12k = (0.02)2 X 300 = 0.0004 X 300
= 0.12 watt
Note that the current was changed from mil-

linmperes to amperes before substitution in the
formula.

Electrieal 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 earry safely) about 34
watt, The largest resistors used in amateur equip-
ment will dissipate about 100 watts.

Generalized Definition of Resistance

IZJectrien] power is not always turned into heat.
The power used in running a motor, for example,
is converted to mechanical motion. The power
supplied to a radio transmitter is largely con-
vorted into radio waves, Power applied to a loud-
speaker ix changed into sound waves. But in every
cixe of this kind the power is completely “used
ap” — it cannot be recovered. \lso, for proper
operation of the device the power must be sup-
plied at a definite ratio of voltage to current.
Both these features are characteristies of resist-
ance, =o it ean be =aid that any device that dissi~
pates power has a definite value of “resistance.”
This concept of resistance as something that
ahsorbs power at a definite voltage /current ratio
is very useful, since it permits substituting a
simple resistance for the load or power-consum-
ing part of the device receiving power, often with
considerable implification of caleulations. Of
course, every cleetrical device has some resistance
of itx own in the more narrow sense, so a part of
the power supplied to it is dissipated in that
resistance and hence appears as heat even though
the major part of the power may be converted to
another form,

Efficiency

In devices such as motors and vaeuum tubes,
the objeet ix to obtain power in some other
form than heat. Therefore power used in heat-
ing ix conzidered to be a loss, because it is not
the wsiful power. The efficiency of a device is
the useful power output (in its converted form)
divided by the power input to the device.
In a2 vacuum-tube transmitter, for example,
the object ix to convert power from a d.e.
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 ix,

P,
Ef. =5
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where Eff. = lifficiency (as a decimal)
P, = Power output (watts)
P;i = Power input (watts)

Example: If the d.e. input to the tube is 100
watts and the r.f. power output is 60 watts, the
efficiency is

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

Energy

In residences, the power eompany’s bill is
for electric energy, not for power. What you
pay for is the work that clectricity does for
you, not the rate at which that work is done.
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Llectrical work is equal to power multiplied by
time; the common unit is the watt-hour, which
means that a power of one watt has been used
for one hour. That is,
W =rr

where IV = Energy in watt-hours

P = Power in watts

T = Time in hours

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

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

Capacitance

Suppose two flat metal plates are placed close
to each other (but not touching) as shown in
Fig. 2-8. Normally, the plates will he clec-
trically “neutral”; that is, no clectrical charge
will be evident on either plate,

Now suppose that the plates are connected
to a battery through a switch, as shown, At the

¢
Fig. 2.8 — A

stmple  ca-
== pacitor.

¢

Metal Plates

instant the switch is closed, electrons will be
attracted from the upper plate to the positive
terminal of the batterv, and the same number
will be repelled into the lower plate from the
negative battery terminal. This electron move-
ment will continue until enough electrons move
into one plate and out of the other to make the
e.m.f. between them the same as the e.nuf. of
the battery.

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

The two plates constitute an clectrical capacitor
or condenser, and from the discussion above it
should be clear that a capacitor possesses the
property of storing electricity, (The energy actu-
ally s stored in the elecetrie field between the
plates.) It should also be clear that during the
time the clectrons are moving — that is, while the
capacitor is being eharged or discharged - cur
rent is flowing in the eireuit even though the
cireuit is “hroken’ by the gap between the eapaei-
tor plates. However, the current flows only during

the time of charge and discharge, and this time is
usually very short. There can be no continuous
flow of direet current “through™ a capacitor,
The charge or quantity of eleetricity that
can be placed on a eapacitor is proportional to
the applied voltage and to the capacitance or
capacity of the condenser. The larger the plate
area and the smaller the spacing between the
plates the greater the capacitance. The capaei-
tance also depends upon the kind of insulating
material between the plates; it is smallest with
air insulation, but substitution of other insulating
materials for air may increase the capacitance
many times. The ratio of the ecapacitunee with
some nrtterial other than air between the plates,
to the capacitance of the same eondenser with
air in=ulation, is called the specific inductive
capacity or dielectric constant of that particular
tnsulating material. The material itself is called
a dielectric. The dielectrie constants of 4 number
of materials commonly used as dielectries in

TABLE 2-111
Dielectric Constants and Breakdown Voltages
Material Dielectric  Puncture
Constant  Voltage*
Air 1.0 1v.8-22.8
Alsimag A 196 5.7 210
Bakelite (paper-base) 3.8-5.5  630-750
Bakelite (mica-filled) 5-0 475000
Celluloid 416
Cellulose acetate 6-8 300-1000
Fiber 5-7.5 150-180
Formica 4.0-4.9 430
Glass (window) 76-8 200-250
slass (photographic) 7.5
(Pyrex) 4.2-4.9 335
2.5-3 480-500
2.5-8
Mica (elear India) 6.4-7.5  600-1500
Myealey 7.4 250
PPaper 2.0-2. 1250
Polyvethylene 2.3-2. oo
Polystvrene 2.4 500-2500
Poreelain 6.2-7 40-100
Rubber (hard) 2-3. 450
Steatite (low-loss) 4.4 150-315
Waod (dry oak) 2.50.8

fn volts per mil (0.001 inch),
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capacitors are given in Table 2-111 If a sheet of
photographic glass is substituted for air between
the plates of a eapacitor, for example, the eapaci-
tance will be increased 7.5 times.

Units

The fundamental unit of capacitance is the
farad, Lut this unit is much too large for prie-
tienl work. Capacitance is usually measured in

icrofarads (abbreviated wf.) or micromicro-
farads (uuf.). The microfurad is one-millionth

Fig. 2.9 — A multiple-plate eapacitor. Alternate plates
ave connected 1ogether,

of a farad, and the micromicrofarad is one-mil-
lionth of & microlarad. Capacitors nearly always
have more than two plates, the alternate plates
being connected together to form two sets as
<hown in Fig. 2-9. This makes it possible to attain
Atuirly large eapacitance in a small space, since
several plates of smaller individual area can be
stacked to form the equivalent of a single large
plate of the same total area. Also, all plates,
except the two on the ends, are exposed to plates
of the other group on hoth sides, and =0 are twice
as effective in inereasing the eapacitance,
The formula for caleulating capacitance is:

=022 —l\—l (e — 1)
d
where (' = Capacitanee in upf.
I = Diclectric constant of material be-
tween plates
A = Area of one side of one¢ plate in

square inches
d = Separation of plate surfaces in inches
n = Number of plates
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If the plates in one group do not have the same
aren as the plates in the other, use the area of
the smaller plates.

Exmmple: A “variable” capacitor has 7 semi-
circular plates on its rotor, the diameter of the
semicirele being 2 inches, The stator has 6 reg-
tangular plates, with a semicirenlar eut-out to
elear the rotor shaft, but otherwise large enough
to face the entire area of 4 rotor plate, The dizm-
eter of the ent-out is 4% inch, The distanee be-
tween the adjacent surfaces of rotor and stator
plates is 34 ineh. The dicleetric is air, What is the
capacitance with the plates fully meshed?

In this case, the "effective’” area is the area
of the rotor plate minus the area of the ent-out
in the stator plate. The area of cither semicirele
is xr2/2, where 7 is the radius. The area of the
rotor plate is x/2, or 1.37 square inches (the
radius is 1 inch). The arca of the eut-out is
#(14)2/2 = x/32 = 0.10 square inch, approxi-
mately. The “effective’ area is therefore 1.57 —
0.10 = 1.47 square inches. The capacitance is
therefore

02241 X7 13y
0.125
= 0.224 X 1176 X 12 = 31.6 ppfd,
(The answer is only approximate, hecanse of the
diflicuity of aceurate n urement, plus a
“fringing '’ effcet at the edges of the plates that
makes the actual capacitance a little higher))

c-o22a®l oy
d

The usefulness of a eapacitor in clectrieal
cireuits lies in the fact that it can be eharged
with clectrical energy at one time and then dis-
charged at a later time. In other words, it is an
“electrienl reservoir.”

Capacitors in Radio

The types of capacitors used in radio work
differ considerably in physical size, construetion,
and capacitance. Some representative types are
<hown in the photograph. 1n variable capacitors
(almost always constructed with air for the
dielectrie) one set of plates is made movable.with
respect to the other set so that the eapacitance
ean be varied. Fixed capacitors — that is, assem-
blies having a single, non-adjustable value of
eapacitance — also can be made with metal
plates and with air as the dielectric, but usually

¢

Fixed and variable capacitors. The
large unit at the leftis a transmitting-
type variable vapacitor for r.f. tank
cirenits, To it< right are other
dielectrie variables of di
ranging from the midget
to the medium-power tank capacitor
at the top eenter, The cazed capaci-
tors in the top row are for power.
supply filters.  the  eylindrical-can
unit heing an electroly and the
rectangular one a paper-dielectrie
capacitor. Various types of mieca,
ceramic. and paper-dieleeiric capaci-
tors are in the foreground.

¢
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are constructed from plates of metal foil with a
thin solid or liquid dielectrie sandwiched in be-
tween, so that a relatively large capacitance
can be secured in a small unit. The solid dielectries
commonly used are mica, paper and special
ceramics. An example of a liquid dielectric is
mineral oil. The electrolytic capacitor uses alumi-
num-fail plates with a semiliquid conducting
chemical compound between them; the actual
dielectric is a very thin film of insulating ma-
terial that forms on one set of plates through
electrochemical action when a d.e. voltage is
applied to the capacitor. The capacitance ob-
tained with a given plate area in an electrolyvtic
capacitor is very large, compared with capacitors
having other dielectrics, because the film is so
extremely thin — much less than any thickness
that is practicable with a solid dielectric.

Voltage Breakdown

When a high voltage is applied to the plates
of a eapacitor, a considerable foree is exerted
on the electrons and nuclei of the dielectric.
Because the dielectrie is an insulator the elec-
trons do not become detached from atoms the
way they do in econductors. However, if the
force is great enough the dielectric will “break
down”; usually it will puncture and may char
(if it is solid) and permit current to flow. The
breakdown voltage depends upon the kind and
thiekness of the dielectric, as shown in Table
2-111. It is not directly proportional to the
thickness; that is, doubling the thickness does
not quite double the breakdown voltage. If the
diclectric is air or any other gas, breakdown is
evidenced by a spark or are between the plates,
but if the voltage is removed the arc ceases and
the capacitor is ready for use again. DBreak-
down will oceur at a lower voltage between
pointed or sharp-edged surfaces than between
rounded and polished surfaces; consequently,
the breakdown voltage between metal plates of
given spacing in air can be inereased 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 aren, a high-voltage eapacitor must have
more plate area than a low-voltage one of the
same capacitance, High-voltage high-capacitance
condensers 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’(t()tﬂ')=(’1+02+Ca+C4+ """ 00000

However, if two or more capacitors are
connected in series, as in the second drawing,
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Fig. 2-10 — Capaci-
tors in series and
parallel.
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the total capacitance is less than that of the
smallest capacitor in the group. The rule for
finding the capacitance of a1 number of series-
connected capacitors is the same as that for
finding the resistance of a number of parallel-
connected resistors. That is,
C (total) = i i ! T
el L U1 & ML 50600000000
Co Oy 3 Oy +
and, for only two capacitors in series,
(YI(VZ
Cr+

The same units must be used throughout;
that ix, all eapacitances must be expressed in
either uf. or puf.; both kinds of units cannot be
used in the same equation.

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

When capaeitors 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 capuacitor of a group connected in series
i9 in dnperse proportion to its eapacitance, as
compared with the capacitance of the whole
group.

C (total) =

Example: Three capacitors having eapaei-
tances of 1, 2 and 4 uf., respeetively, are con-

f i
¢ 1pf
=2000V. E, Com=2pf
I S
Ez Car4yf
3 T
Fig. 2-11 — An example of capacitors conneeted in

scries. ‘The solution to this arrangement is worhed out
in the text,



26

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

1 1
R N N T e
=== qp = qp -+ +
¢ C2 Cz 124
= 0.571 uf.

The wvoltage aeross each ecapuacitor is nropor-
tional to the total capacitance divided by the ea-
pacitance of thie condenser in question, so the
voltage across Cq is

E = (% X 2000 = 1142 volts
Similarly, the voltages across C2 and C3 are
0.571

Ez = - X 2000 = 571 volts

CHAPTER 2

X 2000 = 286 voits

s = 0.:)71
4

totaling approximately 2000 volts, the applied
voltage.

Cupacitors are frequently connected in series
to enable the group to withstand a larger voltage
(at the expense of deercased total capacitance)
than any individual condenser 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 capaeitances
are the same) so care must be taken to see that
the voltage rating of no capacitor in the group
is exceeded.

Inductance

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

As stated at the beginning of this chapter, a
field represents potential energy, Iinergy stored
in the magnetic field about the conductor must
come from the energy source that caused the
current to flow. The energy in the field does not
represent a loss but simply a change in form
eleetrieal to magnetie,

The transfer of energy to the magnetie ficld
represents work done by the source of c.nuf.
Power is required for doing work, and sinee power
is cqual to current multiplied by voltage, there
must be a voltage drop in the cireuit during the
time in which energy is being stored in the field,
This voltage “drop” (which has nothing to do
with the voltage drop in any resistance in the
circuit) is the result of an opposing voltage
“induced” in the eireuit while the field is building
up to its final value. When the field hecomes
constant the induced e.m.f. or back e.m.f. disap-
pears, since no further energy is being stored.

Sinee the induced e.m.f. opposes the e.mf. of
the source, it tends to prevent the current from
rising rapidly when the ecireuit 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 eircuit itself,
‘alled the inductance of the eircuit.

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

The polarity of an indoced em.f. is always
such as to oppose any change in the eurrent in the
cireuit. This means that when the current in the
cirenit is inerensing, work is being done against
the induced e.mudf. by storing energy in the mag-
netic field, If the current in the cireuit tends to
decrense, the stored energy of the field returns to
the circuit, and thus adds to the energy being
supplicd by the souree of e.m.f. This tends to keep
the current flowing even though the applied
e.m.f. may he decereasing or be removed entirely.

¢

Tnductors for power and radio fre-
quencies, The two iron-core coils at
the left are “chokes™ for power-
supply filters, The mounted air-core
coils at the top eenter are adjustable
inductors for transmitting 1ank cir-
cuits, The “pic-wound™ coils at the
left and in the foreground are radio-
frequency choke eoils, The remaining
coils are typical of inductors used in
r.f. tuned circuits, the larger sizes
being  used principally for trans-
mitters.
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The values of inductance used in radio equip-
ment vary over a wide range. lnductance of
several henrys is required in power-supply
circuits (see chapter on Power Supplies) and to
obtain such values of inductance it is necessary
to use coils of many turns wound on iron cores.
In radio-frequency circuits, the inductance values
used will be measured in millihenrys (a millihenry
is one one-thousandth of a henry) at low fre-
queneies, and in microhenrys (one one-millionth
of a henry) at medium frequencies and higher.
Although coils for radio frequencies may be
wound on special iron cores (ordinary iron is not
suitable) most r.f. coils made and used by ama-
teurs are of the “air-core’” type: that is, wound on
an insulating support consisting of nonmagnetic
material.

Every conductor has inductance, even though
the conductor is not formed into a coil. The
inductance of a short length of straight wire
is small, but it may not be negligible hecause
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 frequeney of the order of 100 Me. or higher is
flowing. However, at much lower frequencies the
inductance of the same wire could he left out of
any ealeulations because the induced voltage
would be negligibly small,

Calculating Inductance

The inductance of air-core coils may be caleu-

lated from the formula
o 22
L (sh) = 0.2 au=n

Ba + ah —FT();

where L = Inductance in microhenrys
a = Average diameter of coil in inches
b = Length of winding in inches
¢ = Radial depth of winding in inches

n = Number of turns
The notation is explained in Fig. 2-12. The

/_{E_'.-_ b —_’{

Fig. 2-12 — Coil dimensions —T

used in the inductance

formula. _L

quantity 10¢ may be neglected if the coil only
has one layer of wire.

Example: Assume a coil having 35 turns of
No. 30 d.s.e. wire on a form 1.5 inches in diam-
eter. Consulting the wire table. 35 turns of No.
30 d.s.c. will occupy 0.5 inch. Therefore,
a=151b=05 n =335 and

0.2 X (1.3) X (35)2

@ X 1.5) + 9 X 03)
To caleulate the number of turns of a cingle-

layer eoil for a required value of inductance:

3a + 9h
0.2a2

Example: Suppose an inductance of 10 micro-
henrys is required, The form on which the coil is

= 61.25 uh,

N = X L
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to be wound hasa diameter of one inch and is
long enough to accominodate a coil length of 134
inches. Then a =1, b = 1.25, and L = 10.
Substituting,

1425 -
= S S V7125
= 26.6 turns.

A 27-turn coil would be close enough to the re-
quired value of inductance, in practical work.
Nince the coil will be 1,235 inches long, the num-
ber of turns per ineh will be 27/1.25 = 21,6,
Consulting the wire table, we find that No. 18
enameled wire (or any smaller size) can be used.
The proper inductance is obtained by winding
the required number of turns on the form and
then adjusting the spacing between the turns to
make a uniformly-gpaced eoil 1.25 inches long.

Inductance Charts

Most inductance formulas lose aceuraey when
applied to small coils (such as are used in
v.h.f. work and in low-pass tilters built for reduc-
ing harmonie interference to television) because
the conductor thickness is no longer negligible in
comparison with the size of the coil. Fig. 2-13
shows the measured inductance of v.h.f. coils,
and may be used as a basis for cireuit design.
Two curves are given: curve .1 is for coils wound
to an inside diameter of 1% inch; curve B is for
coils of 34-inch inside diameter. In both eurves
the wire size s No. 12, winding pitch 8 turns to
the inch (1% inch eenter-to-center turn spacing).
The inductance values given include leads 1%
inch long,.

The charts of Figs. 2-14 and 2-15 are useful
for rapid determination of the induetanee of
coils of the type commonly used in radio-fre-
queney eireuits in the range 3-30 Me. They are
based on the formula above, and are of sufficient
aceuracy for most practieal work. Given the coil
length in inches, the curves show the multiplying
factor to be applied to the inductance value given
in the table below the curve for a coil of the same
diameter and number of turns per inch.

S En B

=
—E—NO 12 BARE WIRE —1—
—7 8 TURNS PER INCH
:3A—msno: o =4 =
B—INSIDE DIA. = 3

T

INDUCTANCE—ph.

10 15 2
NO. OF TURNS

Fig. 2-13 — Measured inductance of coils wound with
N6, 12 hare wire, 8 turns to the inch. The values include
half-inch leads.
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xample: A coil 1 ineh in diameter is 1%
inches long and has 20 turns. Therefore it has
16 turns per inch, and from the table under I'ig.
2-15 it is found that the reference induetance
for a coil of this diameter and number of turns
per inch is 16.8 gh. From curve B in the figure
the multiplying factor is 0.35, so the inductance
is

16.8 X 0.33 = 5.0 uh.

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

Example: A coil having an inductance of 12
uh, is required. It is to he wound on a formn
having a diameter of 1 inch, the lenzth available
for the winding being not more than 1'3 inches.
From Fig. 2-15, the multiplying factor for a I-inch
diameter coil (curve 13) having the maximum
possible length of 1)4 inches is 0.35. llence the

1.0[

MULTIPLY INDUCTANCE VALUE IN TABLE BY

CHAPTER 2

number of turns per inch must be chosen for a
reference inductanee of at least 12/0.35, or 34 uh.
From the Table under Fig. 2-15 it is seen that 16
turns per inch (refecrence inductance 16.8 ph.)
is too small. Using 32 turns per inch, the multi-
plying factor is 12/68, or 0.177, and from curve
B this corresponds to a coil length of 24 inch.
There will be 24 turns in this length, since the
winding “pitech” is 32 turns per inch.

o

. —

® i

NN

in &

~
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1 2 3
LENGTH OF COIL IN INCHES

Fig. 2-15 -— Factor to be applied to the inductance of

coils listed in the table below, as a function of coil length.
Usc enrve A for eoils marhed A, eurve B for eoils marked
B.

Coil diameter, | No.ofturns Inductance
2 l__ B 771nrhes per inch in ph.
| % 4 0.18
1:—— &) ‘ ) 0.40
8 0.72
0, — - - r l 10 112
o 1 2 3 4 5 10 e
LENGTH OF COIL IN INCHES 39 5
Fig. 2-14 — Factor to be applied to the mductance of B i e e
coiks listed in the table below, for eoil lengths up to % < 0'2.?
24 (A) 6 0.62
5 inches. 8 11
1 .
- — B — - 10 1.7
Coil diameter, No. of turns Iaductance 16 ! 1.4
Inches per inch in ph, 32 18
14 4 2.75 % ' 1 0.6
6 6.3 B) 6 1.35
8 11.2 | 8 | 2.4
10 17.5 10 3.8
16 12.5 | 16 [ 9.9
= — — — f 32 40
1) 4 3.9 e =
¢ 6 8.8 1 | 4 1.0
' 8 15.6 (B) ‘ 6 f 2.3
{ 10 21,5 [ 8 | 4.2
16 63 10 | 6.6
. = | 16 16.8
134 4 5.2 32 | 68
[ ) | 1.8 — —
8 21
10 | 33 @ IRON-CORE COILS
16 { 85
- 5 A I 66 Permeabzl.zty '
\ 6 15 Suppose that the coil in Fig. 2-16 is wound on
1(8) ig"’ an iron core having a cross-sectional area of 2
[ 16 108 square inches. When a certain current is sent
—_— ——— = ——  through the coil it is found that there are 80,000
24 ? i ;(,;2 lines of force in the core. Since the area is 2
) . . . . .
8 I 41 square inches, the flux density is 40,000 lines per
10 | 64 square inch. Now suppose that the iron core is
—a ' A - o removed and the same current is maintained in
6 | 3.5 the coil, and that the flux density without the
8 | 56 iron core is found to be 50 lines per square inch.
10 [ 89 The ratio of the flux density with the given core
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materinl 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 ix 40,000,50 = 800.
The inductance of the coil is increased 300 times
by inserting the iron core sinee, other things being
equal, the inductance will be proportional to the
magnetic flux through the coil.

The permeability of a magnetic material varies
with the flux density. At low flux densities (or
with an air core) inereasing the current through
the coil will eause a proportionate inerease in flux,
but at very high flux densities, increasing the
eurrent 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
permeability, because it deereases the ratio of
flux lines to those obtainable with the same cur-
rent and an air core. Obviously, the inductanee of
an iron-core induector is highly dependent upon
the current flowing in the coil. In an air-core
coil, the inductance ix independent of current
beeause air does not “saturate.”

Tron-core coils such as the one sketehed in
Fig. 2-16 are used chiefly in power-supply equip-
ment. They usually have direet current flowing
through the winding, and the variation in induvet-

Air gap

16 — Typical construe.
f an iron-core inductor,
all air gap prevents mag-
netic saturation of the iron and
thus < the inductance
at high currents,

ance with current is ustually undesirable. It may
be overcome by keeping the flux density below
the saturation point of the ivon, This is done by
opening the core =o that there is a small “air
gap,” as indicated by the dashed lines, The mag-
netie “resistanee’ introduced by sueh a gap is so
large ~ even though the gap is only a small
fraction of an inch — compared with that of the
iron that the gap, rather than the iron, controls
the flux density, This reduces the inductance,
but makes it practically constant regardless of
the value of the current.

Eddy Currents and Hysteresis

When alternating current flows through a
coil wound on an iron core an e.m.f. will be in-
duced, as previously explained, and since iron is a
conductor a current will flow in the core. Such
currents (called eddy currents) represent a waste
of power beeause thev flow through the resist-
ance of the iron and thus cause heating. Fddv-
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 cach other by painting them with some
insulating material such as varnish or shellae.

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

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

For radio-frequency work, the losses in iron
cores ean be reduced to a satisfactory figure by
grinding the iron into a powder and then mix-
ing it with a “binder” of insulating material
in such a way that the individual iron particles
are insulated from each other. By this means
cores can be made that will funetion satisfactorily
even through the v.h.f. range — that is, at fre-
quencies up to perhaps 100 Me. Because a large
part of the magnetic path is through a nonmag-
netic material, the permeability of the iron is
low compared with the values obtained at
power-supply frequencies. The core is usually
in the form of a “slug” or eylinder which fits
inside the insulating form on which the coil is
wound. Despite the fact that, with this construae-
tion, the major portion of the magnetic path for
the flux is in the air surrounding the coil, the
slug is quite effective in increasing the coil
inductance. By pushing the slug in and out of the
coil the inductance can be varied over a consider-
able range,

@ INDUCTANCES IN SERIES AND
PARALLEL

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

o
Ly
Fig. 2-17 — Tnduc-
tances in series and »L2 Ly L2 Ls
parallel.
Ly
[

equal to the sum of the individual inductances,
provided the coils are sufliciently separated so that
no cotl is in the magnetic field of another. That is,

Liotal = In+ Lo+ La+ Ls+ .. ......

If induetors are connected in parallel (1%ig. 2-17,
right), the total induetanee is

Luotal = —
1 I 1 1
LT LR
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and for two inductances in parallel,
Lidey
11 + La

Thus the rules for eombining induetances 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 magnetie field.
When this is not so the formulas given above
annot 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 magnetice field
which “cuts” Coil 2. Consequently, an e.nuf.
will be induced in Coil 2 whenever the field
strength is changing. Thix induced e.mf. is
similar to the e.m.f. of self-induction, but since
it appears in the sccind coil beeause of current
flowing in the first, it is a “mutaal” effeet and
results from the mutual inductance bhetween
the two ¢oils.

1f all the flux set up by one coil cuts all the turns
of the other eoil 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 induetance are
said to be coupled.

The ratio of actual mutual inductance to the
maximum possible value that could theoretieally
be obtained with two given eoils is called the
coefficient of coupling hetween the coils. It is
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th 2.18 — Mutua! inductance. When the switch, S,
is closed enrrent flows through coil No. |, setting ap a
magnetie ficld that induees an ean.f. in lllc turns of coil
No. 2

frequently expressed as a percentage. Coils that
have nearly the maximum possible (coefficient =
1 or 100%) mutual inductance are said to be
closely, or tightly, coupled, hut if the mutual
inductance is relatively small the coils are said
said to he 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 possi-
ble (one wound over the other). The eoupling is
least when the eoils are far apart or are plaeed so
their axes are at right angles,

The maximum possible coefficient of cou-
pling is closely approached only when the two
coils are wound on a closed iron core. The co-
officient 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

In Fig. 2-19A a battery having an eamd., K,
a switeh, 8, a resistor, R, and capacitor, €,
ave connected in series, Suppose for the moment
that R is short-cireuited and that there is no
other resistance in the cireuit. If N is now closed,
condenser (' will charge drestantly to the battery
voltage; that is, the cleetrons that constitute
the charge redistribute themselves inoa time
interval =0 small that it can be econsidered to
he zero. For just this instant, therefore, a very
large eurrent flows in the eireuit, beeause all the
cleetricity needed to charge the cnp:lcitm' has

[T 1R
T

Fig, 2-19 — Fchcmalu'e illustrating the time constant of
an RC cireuit,

moved from the battery to the ecapaeitor at an
extremely high rate.

When the resistance I is put into the circuit
the eapacitor no longer can he charged instan-
tancously. If the battery emf. is 100 volts,
for exampte, and R is 10 ohms, the maximunt eur-
rent that can flow is 10 amperes, and even this
much ean flow only at the instant the switch is
closed. But as soon as any current flows, capaci-
tor (' heging to acquire a charge, which means
that the voltage between its plates rises. Since
the upper plate (in Fig. 2-19A) will be |)(witive
and the lower negative, the voltage on the «
paeitor tries to send a eurrent through the cir-
cuit in the opposite direction to the current
from the battery. Immediately after the switch
i closed, therefore, the current drops below its
initinl Ohm’s Law value, and as the capacitor
continaes to acquire charge and its potential or
e.m.f. rises. the current becomes smaller and
smaller.

The length of time required to complete the
charging process depends upon the capacitance
and the resistance in the cireuit. Theoretically,
the charging process is never really finished,
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but eventually the charging current drops to
a value that is smaller than anyvthing that ean
be measured. The time constant of such a cirenit
is the length of time, in =econds, required for
the voltage across the capacitor to rench 63
per cent of the applied emuf. (this figure is
chosen for mathematieal reasons). The voltage
across the capacitor rises with time as shown by
Fig. 2-20.
The formula for time constant is
T =CR
where 7' = Time constant in seconds
(' = ("apacitance in farads
¢ R = Resistance in ohms

If €' is in mierofarads and £ in megohms, the
time constant also is in seconds. These units
usually are more convenient.

Exawple: The time eonstant of a 2-uf. ca-
pacitor and a  230,000-chm  (0.25 megohm)
resistor is

T =CR =2 X 023 = 0.5 second
I the applied c.mnf, is 1000 volts, the voltage
across the capacitor plates will be 630 volts at
the end of 4 second.

If a charged eapacitor is discharged through
a resistor, as indieated in Fig., 2-1913, the same
time constant applies. If there were no resistance,
the capacitor would discharge instantly when

%00
| [ —
Jol 1 [ |
5 1 T R ( B T
s | -+ Charge |
Seop=—r--" T— _+--| S N S
g L
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" |
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Time ————=
%00 T T T
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<
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a0l — - — WA
| [ ]
T !
| |

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,

S was elosed. However, since 12 limits the eurrent
flow the capacitor voltage cannot instantly go
to zero, but it will decrease just as rapidly as
the capacitor can rid it=elf of its charge through
2. When the capacitor is discharging through a
resistance, the time constant (ealculated in the
same way as above) is the time, in seconds, that
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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 1o 1000 volts, it will discharge

to 370 volts in 14 seeond through the 250.000-
ohm resistor,

Inductance and Resistance

A comparable situation exists when resist-
ance and inductance are in series. In Fig, 2-21,
first consider L to have no resistance and also
assume that & is zero. Then closing S would tend

100 . —
> n by ] '
&8 ? ~+—{
Rzl
580 i N
E |
= td =4 —
£ |
T L |
o | |

1
Time ———

Fig, 2.21 — Time constant of an LR cirenit.

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

The back e.m.f. depends upon the change
in current and would cease to offer opposition
if the current did not continue to inerease. With
no resistance in the cireuit (which would Jead
to an infinitely-large current, by Ohm's Law)
the current would increase forever, always
growing just fast enough to keep the e.m.f.
of self-induetion equal to the applied e.n.f.

When resistance is in series, Ohm'’s Law sets
a limit to the value that the current can reach.
In such a cirenit the current is small at first,
just as in the case without resistance. But as
the current grows the voltage drop across R
becomes larger. The back enuf. generated in L
has only to equal the difference between E and
the drop across R, because that difference is
the voitage actually appliad to L. This difference
hecomes smaller as the current approaches the
final Ohm’s Law value. Theoreticaily, the back
e f. never quite disappears (that is, the current
uever quite reaches the Ohm'’s Law value)
but practically it becomes unmeasurable after
a time. The difference between the actual cur-
rent and the Ohm’s Law value also becomes
undetectable. The time constant of an inductive
circuit is the time in seconds required for the
current to reach 63 per cent of its final value. The
formula is

rot
R
where T = Time constant in seconds
L = Inductance in henrys
R = Resistance in ohms
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100 l
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Fig. 2-22 — Voltage across capacitor teoninals in a
(ischarging CR civenit, in teems of the initial charged
voltage, ‘To obtain time in seconds, multiply the factor
t/CR by the time constant of the circuit,

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

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

.2 second

if there is no other resistance in the cireuit. If &
d.c. e.n.f. of 10 volts is applied to sueh a coil,
the final current, by Ohm's Law, is
E 10
=" =
R 100
The current would rise from zero to 63 milliam-
peres in 0.2 seeond after closing the switeh,

= 0,1 amp. or 100 msa.

An induetor cannot be discharged in the
saume way as a capacitor, because the magnetic
field disappears as soon as current flow ceases,
Opening S does not leave the inductor “charged.”
The energy stored in the magnetie field instantly
returns to the cirenit when N is opened. The
rapid disappearance of the field causes a very
large voltage to be induced in the coil — ordi-
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narily many times larger than the  voltage
applied, beeause the induced voltage is pro-
portional to the speed with which the fiekd
changes. The common result of opening the
switeh in a eireuit such as the one <hown i that
a spark or are forms at the switeh contaets at the
instant of opening. If the inductance is Iarge and
the current in the ecircuit is high, a great deal of
energy is released in a very short period of time,
It is not at all unusual for the switeh contacts to
burn or melt under such circumstances.

Time constants play an important part in
numerous deviees, such as eleetronie kevs, timing
and control cireaits, and shaping of keving charae-
teristies by vacuum tubes, The time constants of
eireuits are also tmportant in such applications
as automatic gain control and noise limiters, In
nearly all such applications a eapacitanece-resist-
ance (CR) 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 eir-
cuit as given by the formuly above. g, 2-22
can be used for the solution of such problems,
since the curve gives the voltage across the ca-
pacitor, in terms of percentage of the initial
charge, for percentages hetween 5 and 100, at
any time after discharge begins,

Example: A 0.01-yf. eapacitor 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 voits? In percentage,
10/150 = 6.7¢. From the chart, the factor
corresponding to 6.7 is 2.7. The time constant
of the cireuit is cqual to Ch = 0.01 X 0.1 =
0.001. The time is therefore 2.7 X 0.001 =
0.0027 second, or 2.7 milliseconds.

Example: An RC cirenit is desired in which
the voltage will fall to 30°; of the initial value
in | second. From the chart, t/CRR = 0.7 at
the 50%-voltage point. Therefore CR = 1/0.7

1/0.7 = 143, Any combination of resist-
ance and capacitance whose product (£ in
megohims and €' in microfarads) is equal to 1,43
cun be used: for example, C could be 1 uf. and
R 1.43 megohms.

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. When a baseball pitcher
throws the ball to the catcher there is a definite
interval, represented by the time of flight of the
ball, between the act of throwing and the act
of catching. The throwing and catching are “out
of phase” because they do not oceur at exactly
the same time.

Nimply saying that two events are out of phase
does not tell us which one oecurred first. To give
this information, the later event is said to lag the
earlier, while the one that occurs first is said to
lead. Thus, throwing the ball “leads” the catch,
or the catch “lags” the throw.

In a.c. circuits the current amplitude changes
continuously, so the concept of phase or time
becomes important. Phase can be measured in

Amplitude
-——— O e

. iCyele

Fig. 2-23 — An a.c. eyele is divided off into 360 degrees
that are used as a measure of time or phase,
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the ordinary time units, sach as the second, but
there is a more convenient method: Since each
a.c. eyele oceupies exactly the same amount of
time as every other eycle of the same frequency,
we can use the cyele itself as the time unit. Using

Amplitude

- o

Fig, 2.24 — When two waves of the sawue frequency
start their eyeles at slightly different times, the time
differenee or phase difference is measured in degrees, In
this drawing wave B starts 15 degrees (one-cighth
eyele) Later than wave 1, and <o lags 45 degrees behind A.

the cyele as the time unit makes the specifieation
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. If there
are two or more frequencies, the measurement
of phase has to be modified just as the measure-
ments of two lengths must be reconciled if one
ix given in feet and the other in meters.

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

Measuring Phase

The phase difference between two currents of
the same frequency is the time or angle difference
between corresponding parts of eyeles of the two
currents, This is shown in Fig. 2-24. The current
lubeled A leads the one marked 8 by 45 degrees,
sinee /A's exeles begin 45 degrees earlier in time.
It is equally correct to say that B lags A by 45
degroees,

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

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

The waves snown in Figs. 2-21 and 2-23 could
represent current, voltage, or both. A4 and B
might be two currents in separate cirenits, or A
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might represent voltage and B current in the
same circuit. If .1 and B represent two currents
in the same cireuit (or two voltages in the same
circuit) the total or resultant current (or voltage)
also is a sine wave, beeause adding any number
of sine waves of the same frequency always gives
a sine wave also of the same frequeney.

Phase in Resistive Circuits

When an alternating voltage is applied to a
resistance, the current flows exactly in step with
the voltage. In other words, the voltage and cur-
rent are in phase. This is true at any frequency
if the resistance is “pure” — that is, is free from
the reactive effeets discussed in the next section.
Practically, it is often difficult to obtain a purely
resistive eircuit at radio frequencies, because the
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Fig. 2.25 — Two important special cases of phase dif-
ference. In the upper drawing, the phase difference be-
tween 4 and B is 90 degrees; in the lower drawing the
phase difference is 180 degrees.

reactive effects become more pronounced as the
frequency is increased.

In a purely resistive cireuit, 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

Suppose a stne-wave w.e. voltuge is applied
to a capacitor in a eireuit containing no resist-
ance, as indicated in Fig. 2-26. In the period 0.1,
the applied voltage inercases from zero to 38
volts; at the end of this period the eapacitor is
charged to that voltage. In interval A B the volt-
age inereases to 71 volts; that is, 33 volts addi-
tional. In this interval a smaller quantity of
charge has been added than in 04, beeause the
voltage rise during interval A B is smaller. Conse-
quently the average eurrent during A B is smaller
than during 0.4, In the third interval, BC, the
voltage rises from 71 to 92 volts, an inerease of
21 volts. This is less than the voltage increase
during .18, =0 the quantity of eleetricity added
is less: in other words, the average current during
interval BC is still smaller. In the fourth inter-
val, D, the voltage inereases only 8 volts; the
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charge added is smaller than in any preceding
interval and therefore the current also is smaller.

Thus as the instantancous value of the applied
voltage increases the current decrenses.

By dividing the first quarter eyele into a very
large number of intervals it could be shown that
the current charging the eapacitor has the shape
of a sine wave, just as the applied voltage doces.
The current is largest at the beginning of the
evele and becomes zero at the maximum value
of the voltage (the eapacitor cannot he charged
to a higher voltage than the maximum applied,
s0 no further eurrent can flow) so there is a phase

Q (,;urrent O
K Y
199, Voltage 1
+h2 9! \
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Fig. 2-26 — Voltage and current phase relationships
when an alternating voltage is applied to a condenser,

difference of 90 degrees hetween the voltage and
current. During the first quarter eyele of the
applied voltage the current is flowing in the nor-
mal direction through the cireuit, sinee the ca-
pacitor is being charged. Henee the current is
positive during this first quarter cyele, as indi-
cated by the dashed line in Fig, 2-26.

In the second quarter evele — that is, in the
time from D to [, the voltage applied to the
capacitor deereases, During this time the capaci-
tor foses the charge it acquired during the first
quarter eyele. Applying the same reasoning, it is
plain that the current is small in interval DF and
continues to increase during each succeeding
interval. However, the current is flowing agatnst
the applied voltage because the capacitor is
discharging into the circuil, 1lence the current is
negative during this quarter eyvele.

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 “through” a capacitor when an a.c.
vollage s applied to i1, (\ctually, current never
flows “through’ a condenser. 1t flows in the asso-
ciated eireuit because of the alternate charging
and discharging of the capacitance.) As shown
by Fig. 2-26, the current starts its cyele 90 de-
grees before the voltage, so the current in a ca-
pacitor leads the applied voltage by 90 degrees.

Capacitive Reactance

The amount of charge that is alternateiy stored
in and released from the capacitor is proportional
to the applied voltage and the capacitance. Con-
sequently, the current in the circuit will be pro-
portional to both these quantities, since current
is simply the rate at which charge is moved. The
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current also will be proportional to the frequency
of the a.e. voltage, because the same charge is
being moved back and forth at a rate that is
proportional to the number of eyeles per second.

The fact that the eurrent is proportional to the
applied voltage is important, because it is the
same thing that Ohm'’s Law says about current
flow in a resistive cireuit. That being the ease,
there must be something in the capacitor that
corresponds in a general way to resistance —
something that tends to limit the current that can
flow when a given voltage is applied. The “some-
thing’’ clearly must include the effects of capaci-
tance and frequency, since these also affect the
amount of current that flows. It is called re-
actance, and its relationship to capacitance and
frequencey is given by the formula

1

Xc=—

’ nf(

where X¢ = Capacitive reactance in ohms
f = Frequency in eyeles per second
(' = Capacitance in farads
=314

Reactance and resistance are not the same
thing, but beeause they have a similar current-
limiting effect the same unit, the ohm, is used for
both. Unlike resistance, reactance does not con-
sume or dissipate power. The energy stored in the
capacitor in one quarter of the eyvele is simply re-
turned to the cireuit in the next.

The fundamental units (eveles per second,
farads) are too large for practical use in radio
cireuits. However, if the capacitance is in micro-
farads and the frequency is in megacveles, the

reactance will come out in ohms in the formula.

Exawmple: The reactance of a capacitor of 170
upf. (000047 uf.) at a frequency of 7150 ke.
(7.15 Mec)) is

1 1

2.0~ 6.28 X 7.15 X 0.00047

= 17.4 ohms

Inductive Reactance

When an alternating voltage is applied to a
cireuit containing only inductance, with no re-
sistance, the eurrent always changes just rapidly
enough to induce a back e.m.f. that equals and
opposes the applied voltage. In Fig. 2-27, the
evele is again divided off into equal intervals.
Assuming that the current has a maximum value
of 1 ampere, the instantaneous current at the
end of each interval will be ax shown. The value
of the induced voltage is proportional to the rate
at which the current changes. 1t is therefore great-
est in the intervals O and GIT and least in the
intervals ('D and DE. The induced voltage
actually is a sine wave (if the current ix a sine
wave) as shown by the dashed curve. The appficd
voltage, because it is always equal to and opposed
by the induced voltage, is equal to and 180 de-
grees out of phase with the induced voltage, ax
shown by the second dashed curve. The result,
therefore, is that the current flowing in an in-
ductance is 90 degrees out of phase with the
applied voltage, and lags behind the applied
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voltage. This is just the opposite of the capacitive
[SHE LN

Nince the value of the induced e.m.f. is propor-
tional to the rate at which the current changes,
a small current changing rapidly (that is, at a
high frequency) can generate a large back e.m.f.
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Fig. 2.27 — Phase relationships between voltage and
current when an alternating voltage is applied to an
inductance.

in a given inductance just as well as a large cur-
rent changing slowly (low frequency). Conse-
quently, the current that flows through a given
inductance will decrease as the frequency is
raised, if the applied e.m.{. is held constant. Also,
when the applied voltage and frequency are fixed,
the value of current required becomes less as the
inductance is made larger, because the induced
e.m.f. also is proportional to inductance.

When the frequency and inductance are con-
stant but the applied e.m.f. is varied, the neces-
sary rate of current change (to induce the proper
back e.m.f.) can be obtained only if the ampli-
tude of the current is directly proportional to the
voltage. This is Ohm’s Law again, and again the
current-limiting effect is similar to, but not
identical with, the effect of resistance. It is called
inductivereactance and, like capacitive reactance,
is measured in ohms. There is no energy loss in
inductive reactance; the energy is stored in the
magnetic field in one quarter cycle and then
returned to the cireuit in the next.

The formula for inductive reactance is

X = 2xfl,

where X, = Inductive reactance in ohms

J = I'requency in cyeles per second
L = Inductanece in henrys
T = 3.14

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

AL = 2xfL, = 6.28 X 120 X 8 = 6029 ohms

In radio-frequeney  cireuits the inductance
values usually are small and the frequencies are
large. 1f the inductance is expressed in milli~
henrys and the frequency in kiloeycles, the con-
version factors for the two units cancel, and the
formula for reactance may be used without first
converting to fundamental units. Similarly, no
conversion is necessary if the inductance is in
microhenrys and the frequency is in megacycles,
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Example: The reactance of a 15-microhenry
coil at a frequency of 114 Me. is

XL =2xfL, = 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

Ohm’s Law for an a.c. circuit containing only
reactance is
/= E
X

E =1X
X:

~| =

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

The reactance may be either inductive or
capacitive.

Example: If a current of 2 amperes is flowing
through the capacitor of the previous example
(reactance = 47.4 ohms) at 7150 ke., the volt-
age drep across the eapacitor is

E =1 =2X 474 = 91.8 volts

If 100 volts at 120 eycles is applied to the 8-
hienry induetor of the previous example, the
current through the coil will be

I = E =0 0.0663 amp, (66.3 ma.)
X 6029
When the circuit consists of an inductance in
series with a capacitance, the same current flows
through both reactances. However, the voltage
across the inductor leads the current by 90 de-

AMPLITUDE
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Fig. 2-28 — Current and voltages in a circnit having
inductive and capacitive reactunces in series.

grees, and the voltage across the capacitor lags
behind the current by 90 degrees. The voltages
thercfore are 180 degrees out of phase.

A simple circuit of this type is shown in Fig.
2-28. The same figure also shows the current
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(heavy Tine) and the voltage drops across the
inductance (K)) and capacitance (E¢). It is
assumed that Xp, is larger than X¢ and so has a
larger voltage drop. Ninee the two voltages are
completely out of phase the fotal voltage (that is,
the applied voltage Ex¢) is equal to the difference
between them. This is shown in the drawing as
E\ — Ec¢. Notice that, because £\, is larger than
E¢, the resultant voltage is exactly in phase with
Ev. In other words, the cireuit as a whole simply
acts as though 1t were an inductunce — an induct-
ance of smaller value than the actual inductance
present, sinee the effeet of the actual inductive
reactance is reduced by the capacitive reactance
in series with it. If X' is larger than Xy, the ar-
rangement will behave fike a eapacitance — again
of smaller reactance than the actual -capacitive
reactance present in the cireuit.

The “cquivalent” or total reactance of any
circuit containing induetive and capacitive re-
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actances in series is equal to Xy, — N, If there
are several coils and condensers in series, simply
add up all the inductive reactances, then add up
all the capacitive reactances, and then subtract
the latter from the former. It is customary to call
inductive reactance “positive’” and capacitive
reactance “negative.” 1f the equivalent or net re-
actanee is positive, the voltage leads the current
by 90 degrees; if the net reactanee is negative,
the voltage lags the current by 90 degrees.

Reactance Chart

The accompanying chart, Ifig. 2-29, shows the
reactance of capacitanees from 1 ppl. to 100 uf.,
and the reactance of inductances from 0.1 gh. to
10 henrys, for frequencies between 100 eyeles
and 100 megacyeles per seeond. The approximate
value of reactance ean be read from the chart or,
where more exact values are needed, the chart
will serve as a cheek on the order of magnitude of
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Fig, 2-20 — Inductive and Capacitive Reactance rs. Frequency. Heavy lines represent multiples of 10, intermediate

light lines multiples of 5: c.i., the light line between 10 gh

. and 100 gh. represents 50 ph., the light line between 0.1

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

shown.

Reactances out~ille 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 69 eycles can be found by taking the reactance of 10 henrys at
600 eycles and dividing by 10 for the 10-times deerease in frequeney.
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reactanees caleulated from the formulas given
above, and thus avoid “decimal-point errors”

Reactive Power

In Iig. 2-28 the voltage drop across the in-
ductor is larger than the voltage applied to the
cireuit. This might seem to be an impossible
condition, but it i not; the explanation is that
while energy is being stored in the inductor's
magnetic field, energy is being returned to the
circuit from the eapacitor's electrie field, and
vice versi. 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 eurrent eauses heat-
ing and a power loss equal to /7R, The power in a
reactance is equal to /°X, but is not a “los<”:
it is simply power that is transferred back and
forth between the field and the cireuit but not
used up in heating anything. To distinguish this
“nondissipated” power from the power which is
actually consumed, the unit of reactive power is

alled the volt-ampere instead of the watt. Re-
active power is sometimes called  “wattless”
power,

@ IMPEDANCE

The fact that resistance, inductive reactance
and capaeitive reactanee all are measured in
ohms does not indieate that they can be combined
ndiseriminately. Voltage and current are in
phase in resistanee, but differ in phase by a quar-
ter eve Iv in reactance. In the simple cireuit shown
in g, 2-30, for 2xamiple, it is not possible simply
to add thv resistance and reactance together to
obtain a quantity that will indicate the opposi-
tion offered by the combination to the flow of cur-
rent. Inasmuch as both resistance and reactance

J} R=75 ohms
fac 123 100(x)
? X100 ohms

BR)

Fig. 2-30 — Resistance and inductive reactance con-
neeted in series,

are present, the total effect can obviously be
neither wholly one nor the other. In eireuits con-
taining both reactance and resistance the oppo-
sition effect is called impedance (Z). The unit of
impedance is also the ohm,

The term “impedance’ also is generalized to
include any quantity that can be expressed as a
ratio of voltage to current. Pure resistance and
pure reactance are both included in “impedance”
in thix sense. A cireuit with resistive impedance
is either one with resistanee alone or one in
which the effects of any reactance present have
been eliminated. Similarly, a reactive impedance
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is one hs wmg reactanee only. A complex imped-
ance is one in which both resistance and reactance
effects are observable,

It can be shown that resistance and reactance
can be combined in the same way that a right-
angled triangle is constructed, if the resistangee
is laid off to proper seale as the base of the tri-
angle and the reactance is Inid off as the altitude
to the same scale. This is also indicated in Fig,

2-30. When this ix done the hypotenuse of thc
triangle represents the impedance of the eireuit,
to the same seale, and the angle between Z and R
(usually called @ and so indicated in the drawing)
is equal to the phase angle between the applied
c.m.f. and the current, By geometry,

VR4 X2
In the case ~hu\\n in the drawing,

+ (100)® = V15,625

25 ohms,

The phase angle can be found from simple trig-
onometry. Its tangent is equal to X, R; in this
ase X R = 100,75 = 133, From trigonometrie
tables it can be determined that the angle having
a tangent equal to 1.33 is approximately 53 de-
grees. In ordinary amateur work it is seldom
neeessary to give much consideration to the phase
angle.

A eirenit containing resistance and eapacitance
in series (Fig. 2-31) can be treated in the sume
way. The difference is that in this case the current

Eac Z=V RZ +xc2

o-‘ch

Fig. 2-31 — Resistance and capacitive reactance in
serics.

leads the applied c.m.f., while in the resistance-
inductance case it lugs hehind the voltage.

If either X or R is small compared with the
other (say 1/10 or less) the impedance is very
nearly equal to the larger of the two quantities.
For example, if B = 1 ohm and N = 10 ohms,

VRE+ X = V(1) + (10
= V101 = 10.05 ohms.

Hence if either X or R is at least 10 times as large
as the other, the error in assuming that the im-
pedance is equal to the larger of the two will not
exceed 14 of 1 per cent, whieh is usually negligible.

Sinee one of the components of impedance is
reactance, and since the reactance of a given coil
or capacitor changes with the applied frequency,
impedance also changes with frequency. The
change in impedanee as the frequency is changed
may he very slow if the resistance is considerably
larger than the reactance. Iowever, if the im-
pedance is mostly reactance a change in frequency
will cause the impedance to change practically
as rapidly as the reactance itself changes.
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Ohm'’s Law for Impedance
Ohm’s Law ean be applied to circuits contain-
ing impedance just as readily as to eircuits having
resistanee or reactanee only. The formulas are

1=E
Z
E =12
z-E
7

where £ = l.m.f. in volts

I = Current in amperes
7% = Impedanee in ohms

Example: Assume that the e.m.f. applied to
the cirenit of Fig, 2-30 is 250 volts. Then

= 2 amperes.

The same ecurrent is flowing in both 2 and X'y,
and Ohm's Law as applied to ecither of these
(uantitics says that the voltage drop aeross R
shonld equal IR and the voltage drop across N
should equal 7.X 1. Substituting.
Ey =1IR =2 X175 = 150 volts
Exy = IX;, =2 X 100 = 200 volts

The arithmetical sum of these voltages is greater
than the applied voltage. However, the actual
sumn of the two when the phase relationship is
taken into acconunt is equal to 250 volts r.n.s., as
shown by Fig. 2-32, where the instantancous
values are added throughout the eyele. When-
ever resistance and reaetanee are in series, the
individual voltage drops always add up, arith-
metieally, to more than the applied voltage,
There is nothing fictitious about these voltage
drops; they can he measured readily by suitable
instruments. It is simply an illustration of the
importanee of phuse in a.c. circuits,

] e
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Fig, 2-32 — Voltage drops around the circuit of Vig.
230, Beeause of the phase relationships, the applied
voltage is les< than the arithmetical sum of the drops
across the resistor and inductor.

A more complex series civeuit, containing re-
sistance, inductive reactance and capacitive re-
actanee, is shown in Fig, 2-33. In this case it is
necessary to take into aceount the fact that the
phase angles between current and voltage differ
in all three elements. Sinee it is a series cireuit,
the current is the same throughout. Considering
first just the induectance and capacitance and
negleeting the resistanee, the net reactance is
N1 — X¢ = 130 — 50 = 100 ohms (inductive)
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R=20

2=VRZ+ (X=X

£
A X =150

Txc=so

Fig. 2-33 — Resistance, inductive reactanee, and ca-
pacilive reactance in series.

Thus the impedance of a circuit containing re-
sistanee, inductance and capacitance in series is
Z = VE 4+ (X, —Xo)?

Example: In the cireuit of Fig. 2-33, the im-

pedanee is

Z = VRIE (X, — XNo?

VEOE+ (150 — 5002 = N (20)2 + (100)2
= V10,400 = 102 ohms

The phase angle ean be found from X/R, where

X =N, - Ne.

Parallel Circuits

Suppose that a resixtor, capacitor and coil are
connected in parallel as shown in Fig. 2-34 and

0%

Fig. 2-31 — Resistance, inductance and capacitance in
paratlel, Instruments connected as shown will read the
total enerent. I, and the individual eurrents in the three
branches of the cirenit,

an a.c. voltage is applied to the combination. In
any one branch, the eurrent will be unchanged
if one or both of the other two branches is dix-
connected, so long as the applied voltage re-
mains unchanged. lence the current in each
braneh can be ealeulated quite simply by the
Ohm’s Law formulas given in the preceding
seetions. The total eurrent, [, is the sum of the
currents through all three branches —not the
arithmetical sum, but the sum when phase is
taken into account.

The currents through the various branches
will be as shown in Fig, 2-35, assuming for pur-
poses of illustration that X1 is smaller than X¢
and that X¢ is smaller than 2, thus making /o
lurger than /¢, and /¢ kuger than [y The eur-
rent through €' leads the voltage by 90 degrees
and the current through L lags the voltage by 90
degrees, so these two currents are 180 degrees
out of phase. As shown at E, the total reactive
current is the difference between /¢ and Iy, This
resultant current lags the voltage by 90 degrees,
beeause [, is larger than /¢. When the reactive
current i added to g, the total current, /, is as
shown at 1. It can be seen that / lags the applied
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voltage by an angle smaller than 90 degrees and
that the total current, while less than the simple
arithmetical sum (neglecting phase) of the three
branch currents, is larger than the current
through R alone.

The impedance looking into the parallel cireuit
from the source of voltage is equal to the applied
voltage divided by the total or line current, /.

E.AC

‘/\
/I \/

@

/\c
©

(r).( ]\/( |\_

Fig, 2-35 Phase relationships between branch cur-
rents and applied voltage for the cireuit of Fig 2234,
The total enrrent llm.u;.h Land Cin |l.|r.1||1'| (I, + 1o
and the total current in the entire cirenit (1) also arc
show n.

1 the case illustrated, 7 is greater than I, so
the impedance of the circuit is less than the re-
sistance of K. How much less depends upon the
net reactive current flowing through L and ¢ in
parallel. 1f X', and X¢ are very nearly equal the
net reactive current will be quite small because
it ix equal to the difference between two nearly
equal currents. In such a ease the impedance of
the circuit will be almost the same as the re-
sistunce of R alone. On the other hand, if X't .and
Xc¢ are quite different the net reactive current
can be relatively large and the total current also
will be appreciably larger than /g, In such a
ease the cireuit impedance will be lower than the
resistance of 12 alone.

Power Factor
In the cireuit of Fig. 2-30 an applied e.m.f,
of 250 volts results in a eurrent of 2 amperes.
If the eircuit were purely resistive (containing
no reactance) this would mean a power dissipa-
tion of 250 X 2 = 500 watts, However, the cir-
cuit actually consists of resistanee and reactance,
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and only the resistance consumes power. The

power in the resistance is
P=1*R = (2)* X 75 = 300 watts

The ratio of the power consumed to the apparent
power iz called the power factor of the cireuit,
and in the case used as an example would he
300/500 = 0.6. Power factor is frequently ex-
pressed as a pereentage; in this case, the power
fuctor would be 60 per cent.

“Real" or dissipated power is measured
watts; apparent power, to distinguish it from
real power, is measured in volt-amperes (JlM
like the “wattless” power in a reactance), It is
simply the product of volts and amperes and has
1o direct relationship to the power actually used
up or dissipated unless the power factor of the
cireuit is known, The power factor of a purely
resistive cireuit is 100 per cent or 1, while the
power factor of a pure reactance ix zero. In this
illustration, the reactive power is

X = (2)* X 100
= 100 volt-amperes,

VA (volt-amperes) =

Complex Waves

It was pointed out early in this chapter that o
complex wave (i1 “‘nonsinusoidal™ wave) can be
resolved into a fundamental frequency and o
series of harmonie frequencies. When such a com-
plex voltage wave ix applied to a eireuit contain-
ing reactance, the current through the eireuit will
not have the same wave shape as the .1])])“(‘(1
voltuage. This is because the reactance of an in-
ductor and eapacitor depend upon the applied
frequency. For the second-harmonie component
of a (omplm wave, the reactance of the inductor
is twice and the reactance of the capacitor one-
half their respective values at the fundamental
frequeney: for the third harmonic the inductor
reactance is three times and the eapacitor react-
ance one-third, and <o 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 cireuit is arranged.
In a simple circuit with resistance and inductive
reavtance in series, the amplitudes of the har-
monies will be rmlu« ed because the inductive
reactance increases in proportion to frequeney.
When eapacitance and resistance are in series,
the harmonic eurrent is likely to be accentuated
hecause the eapacitive reactance hecomes lower
as the frequency is raised. When both inductive
and capacitive reactance are present the shape
of the current wave ean be altered in a variety
of ways, depending upon the circuit and the
“eonstants,” or the relative values of L, (', and
R, sclected.

This property of nonuniform behavior with
respect to fundamental and harmonies is an ex-
tremely uscful one. It is the basis of “filtering,”
or the suppression of undesired frequencies in
favor of a single desired frequeney or group of
such frequencies.
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CHAPTER 2

Transformers

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

The uscfulness of the transformer lies in the
fact that cleetrien] energy can be transferred
from one circuit to another without direet eon-
nection, and in the process ean be readily changed
from one voltage level to another, Thus, if a de-
vice to be operated requires, for example, 115
volts and only a 440-volt source is available, a
trahsformer can be used to change the source
voltage to that required. A transformer can be
used only with a.e., since no voltage will be in-
dueed in the secondary if the magnetic field is not
changing, If d.e. is applied to the primary of a
transformer, a voltage will be induced in the
secondary only at the instant of closing or open-
ing the primary cireuit, sinee it is only at these
times that the field is changing.

The Iron-Core Transformer

Asshown in Fig. 2-36, the primary and second-
ary coils of a transformer may be wound on a core

e
3t

Fig. 2-36 — The transformer. Power is transferred from
the primary coil to the seeondary by means of the mag-
netie field. The upper symbol at right indicates an iron-
core transformer, the lower one an air-core transformer.,

IRON CORE
P 94—t

PRIMARY T~} 4 SECONDARY
9 —

of magnetic material. This inereases the induet-
ance of the coils so that a relatively small number
of turns may be used to induee a given value of
voltage with a small current. A closed core (one
having a continueus magnetic path) such as that
shown in Fig. 2-36 also tends to insure that prace-
tically all of the field set up by the current in the
primary coil will eut the turns of the secondary
coil. owever, the core introduces a power loss
beeause of hysteresis and eddy eurrents so this
type of construction ix practicable only at power
and audio frequencies, The diseussion in this scee-
tion is confined to transformers operating at such
frequencies.

Voltage and Turns Ratio

For a given varying magnetic fickd, the voltage
induced in & coil in the field will be proportional
to the number of turns in the coil. If the two
coils of o transformer are in the same field (which
is the ease when both are wound on the same
closed core) it follows that the indueed voltages
will be proportional to the number of turns in
sch coil. In the primary the indueced voltage is

practically equal to, and opposes, the applied
voltage, as deseribed in the seetion on induetive
reactance, Henee,

n
Eu = Eu

",

where E, = Secondary voltage
E, = Primary applicd voltage
s = Number of turns on secondary
n, = Number of turns on primary

The ratio n,/n, is ealled the turns ratio of the
transformer,

Example: A transformer has a primary of 100
turns and a secondary of 2900 tarns. and an
e.mf. of 115 volts is applied to the primary. The
secondary voltage will be

9
Tp, =0 s —7x s
np 100

= 805 volts

Also, if an e.mf. of 805 volts is applied to the
2800-turn  winding (whieh then becomes the
primary) the output voltsge from the 100-turn
winding will be 115 volts

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

Es =

Effect of Secondary Current

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

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

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

If the magnetie fickds set up by the primary
and secondary eurrents are to be equal, the
primary current multiplied by the primary turns
must equal the secondary current muitiplied by
the sceondary turns, From this it follows that
Ny

I|)= [s

ny
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where 7, = Primary current
1. = Secondary current
n, = Number of turns on primary
ns = Number of turns on secondary

Example: Suppose that the secondary of the
transforimer in the previous example is deliver-
ing a current of 0.2 ampere to a load, Then the
pritnary current will be
ns 2800
np 400
Although the sccondary roltage is higher than
the pritiary voltage, the secondary current is
lower than the primary current, and by the same
ratio,

Iy X 0.2 =7 X 0.2 =1.4amp.

Power Relationships; Efficiency

A transformer cannot ereate power; it can only
transfer it and change the c.muf. Henee, the power
taken from the secondary cannot exceed that
taken by the primary from the source of applied
e.nnf. There is always some power loss in the
resistance of the eoils 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, = nl’

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

The eficiency, n, always is Jess than 1, It is s usu-
ally expressed ax a pereentage; if o is 0,63, for
instance, the efficiency is 65 per cent.
Example: A transformer has an efficiency of
85 at its full-load output of 1350 watts, ‘I'he
power input to the primary at full secondary
toad will be
P 150
= 20 <1765 watts

e s,
" .85

A transformer is usually designed to have its
higheﬂ eflicieney at the power output for which
it is rated. The efficieney deereases with cither
lower or higher outputs, On the other hand, the
losses in the transformer are relatively small at
low output but increaze as more power is taken.
The amount of power that the transformer can
handle is determined by its own losses, because
these heat the wire and core and raise the operat-
ing temperature. There is a limit to the tempera-
Liire vise that can be tolerated, because too-high
temperature cither will melt the wire or cause
the insulation to break down. A transformer al-
ways can be operated at reduced output, even
though the efficieney is low, because the actual
los= also will be low under such conditions,

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

Leakage Reactance

In a practical transformer not all of the mag-
netie flux is common to both windings, although
in well-designed transformers the amount of flux
thut “cuts” one coil and not the other is only a
small percentage of the total flux. This leakage
flux causes an e.muf. of self-induction: conse-~
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quently, there are small amounts of leakage in-
ductance associated with both windings of the
transformer. Leakage inductance acts in exactly
the same way as an equivalent amount of ordi-
nary induetance inserted in series with the cireuit.

SEC. ES

Fig. 2.37 — The equivalent circnit of a (r'msfnrmcr in-
cludes the effects of leakage induetance and resistance of
both primary and secondary. windings, The resistance
Rc is an equivalent resistance representing the core
losses, which are cssentially constant for any given

applied voltage and frequeney. Sinee these are compara-
tively small, their effect may be neglected in many
approvimate caleulations,

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

Cwrrent flowing through the leakage reactance
causes a voltage drop. This voltage drop inereases
with increasing carrent, henee it inereases as more
power is taken from the secondary, Thus, the
greater the secondary current, the smuller the
secondary terminal voltage becomes, The resist-
ances of the transformer windings also cause
voltage drops when current is flowing: although
these voltage drops are not in phase with those

aused by leakage reactance, together they result
in a lower secondary voltage under load than is
indicated by the turns ratio of the transformer.

At power frequencies (60 eyeles) the voltage at
the secondary, with a reasonably well-designed
transformer, should not drop more than about 10
per cent from open-cireuit conditions to full load,
The drop in voltage may be considerably more
thao this in a transformer operating at audio fre-
quencies beeause the leakage reactance increases
directly with the frequency.

Impedance Ratio

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

Zy =Z,N?

where Z, = Impedanee looking into primary ter-
minals from source of power
7y = Impedance of loud connected  to
secondary
N = Turns ratio, primary to sccondary

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

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

Zy = ZuN? = 3000 X (0.6)2 = 3000 X 0.36

= 1080 ohims
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By choosing the proper turns ratio, the im-
pedance of a fixed load can be transformed to any
desived value, within praetical limits. The trans-
formed or “reflected” impedance has the same
phase angle as the actual load impedance; thus
if the load is a pure resistance the Joad presented
by the primary to the source of power also will be
a pure resistance.

The above relationship may be used in prac-
ticnl work even though it is based on an “ideal”
transformer, Aside from the normal design re-
quirements of reasonably low internal Josses 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 impedanee of a transformer —
as il appears to the source of power — is determined
wholly by the load connected to the secondary
and hy the turns ratio. 1f the characteristies of
the transformer have an appreciable effect on
the impedance presented to the power source,
the transformer is either poorly designed or is
not suited to the voltage and frequeney at which
it ix being used. Most transformers will operate
quite well at voltages from dightly above to well
helow the design figure.

Impedance Matching

Many devices require a specifie valie of load
resistance (or impedance) for optimum operation,
The impedanee of the actual load that ix to
dissipate the power may differ widely from this
value, so a transformer is used to change the
actual load into an impedanee of the desired
value. This is ealled impedance matching. From
the preceding,

N =%
Z,

where N = Required turns ratio, secondary to
primary

Impedance of load conneeted to sec-
ondary

Z, = Impedance required

Z,

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

N = "I_Z = L”_ = T_ = 1
Zn \/ H000 H00 22.4

The primary therefore mist have 22.4 times as
many turns ax the secondury.

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 ontput when the
impedance of the load ix equal to the internal
impedance of the sonree. The impedance of the
source is said to be “matehed” under this con-
dition. The efficieney ix only 50 per cent in such
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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 matehing is
limited to cases where only a small amount of
power is available and heating from power loss
in the source is not important.

Transformer Construction

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

Two core shapes are in common use, as shown
in Fig. 2-38. In the shell type both windings are
placed on the inner leg, while in the core type

CORE TYPE

Fig. 2-38 — Two common types of transformer construc-
tion, Core pieces are interleaved to provide a continu-
ous magnetic path

the primary and seeondary windings may be
placed on separate legs, if desired. This is some-
times done when it is necessary to minimize
capacitive effeets between the primary and see-
ondary, or when one of the windings must op-
erate at very high voltage.

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

The number of turns required in the primary
for a given applied e.m.f. is determined by the
size, shape and type of core material used, and
the frequency, The nimber of turns required is
inversely proportional to the cross-sectional area
of the core. As a rough indieation. windings of
small power transformers frequently have about
six to cight 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 seetion requires more turns per volt, and
vice versi.

In moxt transformers the eoils are wound in
lavers, with a thin sheet of treated-paper insula-
tion between each laver, Thicker insulation is
used between eoils and between eoils and core.
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Autotransformers

The transformer principle can be utilized with
only one winding instead of two, as shown in
g, 2-39; the principles just discussed apply
equally well. .\ one-winding transformer is called
an autotransformer. The current in the common
section (\\) of the winding is the difference be-
tween the line (primary) and the load (secondary)
currents, sinee these currents are out of phuse.
Henee if the line and load currents are nearly
equal the common seetion of the winding may be
wound with comparatively small wire, This will
be the case only when the primary (line) and
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Fig. 2-39 — 'T'he autotrans- -} /ron Core
former is based on the trans-
former principle, but uses
only one winding. The line

and load currents in the Line
eommon winding (1) flowin T
opposite directions, so that l,x

the resultant current is the

difference  between  them.

The voltage across A is pro-

portional to the turns ratio. load

secondary (load) voltages are not very different.
The autotransformer is used chiefly for boosting
or reducing the power-line voltage by relatively
small amounts.

The Decibel

In most radio communication the reeeived
signal ix converted into sound. Thix being the
case, it ix useful to appraise signal strengths in
terms of relative loudness as registered by the
car. A peeuliarity of the earis that anincrease
or decrease in loudness is responsive to the
ratio of the amounts of power involved, and is
practically independent of absolute value of the
power. For example, if a person estimates that
the signal is “twice as loud” when the trans-
mitter power is increased from 10 watts to
40 watts, he will also estimate that a 100-watt
signal is twice as loud as o 100-watt signal. In
other words, the human ear has a logarithmnic re-
sponse.

This fact is the basis for the use of the
relative-power unit ealled the decibel, A change
of one deeibel (abbreviated db.) in the power
level is just deteetable as a change in loudness
under ideal conditions. The number of decibels
corresponding with a given power ratio is given
by the following formula:

Db. =10 log }I:_z_
1

Common logarithms (base 10) are used.

Voltage and Current Ratios

Note that the decibel is based on power
ratios. Voltage or current ratios can be uxed,
hut only when the impedance is the same for both
values of voltage, or current. The guin of an
amplifier eannot be expressed correctly in db.
if it isx based on the ratio of the output voltage
to the input voltage unless hoth voltages are
nieasured across the same value of impedance.
When the impedancee at both points of measure-
ment is the same, the following formula may
be used for voltage or current ratios:

Db. = 20 logl_—g
L1

~

9
or 20 log =
1

Decibel Chart

The two formulas are shown graphieally in
Fig. 2-40 for ratios from 1 to 10. Gains (in-
creases) expressed in decibels may be added
arithmetically ; losses (decreases) may be sub-
tracted. A power deercase is indicated by
prefixing the deeibel figure with a minus
sign. Thus 46 db. means that the power has
been multiplied by 4, while —6 db. means
that the power has been divided by 4.
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Fig. 2-10 — Decibel chart for power, voltage and cur-
rent ratios for power ratios of 1:1 to 10:1. In determining
decibels for current or voltage ratios the currents (or
voltages) being eompared must be referred to the same
value of impedance.

The chart may be used for other ratios by
adding (or subtracting, if & loss) 10 db. each time
the ratio seale is multiplied by 10, for power
ratios: or by ndding (or subtracting) 20 db. each
time the scale is multiplied by 10 for voltage or
current ratios. For example, a power ratio of 2.5
is 4 db. (from the chart). A power ratio of 10
times 2.5, or 25, is 14 db. (10 4 4), and a power
ratio of 100 times 2.5, or 250, is 24 db. (20 + 4).
A voltage or current ratio of 4 is 12 db., a voltage
or current ratio of 40 is 32 db. (20 4 12), and a
voltage or eurrent ratio of 400 is 52 db. (40 + 12).
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CHAPTER 2

Radio-Frequency Circuits

@ RESONANCE

Fig. 2-41 shows a resistor, capacitor and in-
ductor connected in series with a source of alter-
nating current, the frequency of which can be
varied over a wide range. At some low frequency
the capacitive reactance will be much larger than
the resistance of R, and the inductive reactance
will be small compared with either the reactance

R

Eac c

[

AAAS

Fig. 2-t1 — A series circuit containing I, € and R is
“resonant” at the applied frequeney when the reactance
of C is equal to the reactance of L.

of C or the resistance of . (I is assumed to be the
same at all frequencies.) On the other hand, at
some very high frequency the reactance of €' will
be very small and the reactance of L will be very
large. In either of these cases the current will be
small, beeause the reactance is large at either low
or high frequencices.

At some intermediate frequency, the reactances
of C and L will be equal and the voltage drops
across the eoil and enpacitor will be equal and
180 degrees out of phase. Therefore they cancel
each other completely and the current flow is
determinced wholly by the resistance, . At that
frequeney the current has its largest possible

alue, assuming the source voltage to be constant
regardless of frequency. A series eireuit in which
the inductive and capacitive reactances are equal
is said to be resonant.

Although resonanee is possible at any fre-
quency, it finds its most extensive application in
radio-frequency cireuits. The reactive effects
associated with even small inductances and eapac-
itances would place drastic limitations on r.f.
circuit operation if it were not possible to “cancel
them out”’ by supplying the right amount of re-
actance of the opposite kind — in other words,
“tuning the circuit to resonance.”

Resonant Frequency
The frequency at which a series ereuit is
resonant is that for which X, = X Substitut-
ing the formulas for inductive and capucitive
reactance gives
1

22N/ LC

where [ = Frequeney in eyeles per second
L. = Inductance in henrys
(' = Capacitance in farads
T 3.14

These units are inconveniently large for radio-

frequency circuits. A formula using more appro-
priate units is

108
f = ‘—_—
2z\/ LC
where f = Frequeney in kilocyeles (ke.)
L = Inductance in microhenrys (uzh.)
C = Capacitance in micromicrofarads
(uuf.)

r = 3.14

Example: The resonant frequency of a series
circuit containing a 5-ph. inductor and a 35-
puf. capacitor is

108 108
2 VLC 628 X V6 X 35
108 108

6.2% X 13.2 83

= 12,050 ke.
The formula for resonant frequency is not
affeeted by the resistanee in the eireuit,

Resonance Curves

If a plot is drawn of the current flowing in the
circuit of Fig. 2-41 as the frequency is varied
(the applied voltage being constant) it would
look like one of the curves in Fig. 2-42. The shape
of the resonance curve at frequencies near reso-
nance is determined by the ratio of reactance to
resistance.

If the reactance of cither the coil or eapacitor is
of the same order of magnitude as the resistance,
the current decreases rather slowly as the fre-
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Fig. 2-42 — Current in a series-resonant circuit with

+20

various values of series resistance. The values are arbi-
trary and would not apply to all circuits, but represent a
typical case. It is assumed that the reactances (at the
resomant freqaency ) are 1000 ohms (minimum Q = 10).
Note that at frequencies more than plus or minus ten per
cent away from the resonant frequency the current is
substantially unaffected by tlie resistance in the eircuit.
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Fig, 2-13 — Current in series-resonant circuits having
different Qs In this graph the current at resonance is
assimed to be the same in all ¢ The lower the Q, the
more slowly the current decre the applied fre.
l[lli'lll‘.'\’ i.\‘ “Ill\'i'll away fl"(l"] resonance,

queney is moved in cither direetion away from
resonanee, Such aeurve is said to be broad. On
the other hand, if the reactanee is considerably
larger than the resistance the current deereases
rapidly as the frequeney moves away from
resonance and the eircuit is said to be sharp. A
<harp cireuit will respond a great deal more read-
ily to the resonant frequeney than to frequencies
quite close to resonance; a broad cireuit will
respond almost equally well to a group or band
of frequencies centering around the resonant
frequencey.

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

Q

Most diagrams of resonant circuits show only
iduetance and eapacitance; no resistance is indi-
cated. Nevertheless, resistance is always present.
At frequencies up to perhaps 30 Me. this resist-
ance is mostly in the wire of the coil. Above this
frequeney energy loss in the eapacitor (princi-
pally in the =olid diclectric which must be used
to form an insulating support for the capacitor
plates) beeomes appreciable, This energy loss is
equivalent to resistance. When maximum sharp-
ness or seleetivity is needed the object of design
is to reduce the inherent resistance to the lowest
poxsible value.

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

X
P=%
where Q = Quality factor
X = Reactance of either coil or condenser,
in ohms
R = Resistance in ohms

Example: The inductor and capacitor in a
series cireuit each have a reactance of 350 ohms
at the resonant frequency. The resistance is 5
ohms. Then the Q is

X 35
=2 30 g
I &

The effeet of @ on the sharpness of resonance
of a cireuit is shown by the curves of IFig. 2-43.
In these curves the frequeney change is shown
in pereentage above and below the resonant
frequeney. Qs of 10, 20, 50 and 100 are shown;
these values cover much of the range commonly
used in radio work.

Voltage Rise
When a voltage of the resonant frequeney is
inserted in series in a resonant circuit, the volt-
age that appears across either the inductor or
apacitor is considerably higher than the applied
voltage. The current in the cireuit is limited only
by the resistance and may have a relatively
high value; however, the same current flows
through the high reactances of the induetor and
apacitor and eauses large voltage drops, The ra-
tio of the reactive voltage to the applied voltage
is equal to the ratio of reactance to resistanee.
This ratio is the @ of the cireuit. Therefore, the
voltage across either the inductor or capacitor is
equal to @ times the voltage inserted in series
with the circuit.
Exumple: Theinduetive reactance of a cirenit
is 200 ohms, the capacitive reactance is 200
ohms, the resistance 5 ohws, and the applied
voltage 1s 30, The two reactances caneel and
there will be but 5 ohins of pure resistance to
limit the current flow. T'hus the current will be
50/5. or 10 amperes. The voltage devetoped
across either the inductor or the capacitor will be
equal to its reactance times the current, or
200 X 10 — 2000 volts. An alternate method:
The @ of the cirenit is N/R = 200/5 = 40,
The reactive voltuge is ool ta Q times the
applied voltage, or 40 X 50 = 2000 volts,

Parallel Resonance

When a variable-frequeney source of constant
voltage is applied to a parallel eireuit of the type
shown in Tig., 2-41 there is a resonance effect
similar to that in a series eircuit, However, in this
case the “line” current (measured at the point
indicated) is smallest at the frequeney for which
the induetive and eapacitive reactaneces are equal.
At that frequency the current through 1 is ex-
actly canceled by the out-of-phase current
through (', so that only the current tuken by R
flows in the line. At frequencies below resonance
the current through 1 ix larger than that through
(', beeause the reactanee of I is smaller and
that of ' higher at low frequencies; there is
only partial cancellation of the two reactive
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currents and the line current therefore is larger
than the current taken by £ alone. At frequencies
ahove resonance the situation is reversed and
more current flows through (7 than through L,
so the line current again increases. The current
at resonance, being determined wholly by R,
will be small if I is large and large if B is small.

Eac L ¢ RS

T

Fig. 2-44

Cireait illustrating parallel resonance.

The resistance 12 shown in Fig. 2-14 is not
necessarily an actual resistor. In most cases it
will be an “equivalent’ resistance that represents
the energy loss in the cireuit. This loss can he in-
herent in the coil or capacitor, or may represent
energy transferred to a load by means of the
resonant cireuit. (For example, the resonant
cireuit may be used for transferring power from
a vacuum-tube amplifier to an antenna system.)

Parallel and series resonant cireuits are quite
alike in some respects, For iustance, the circuits
given at A and Bin Fig. 2-45 will behave identi-
cally, when an external voltage is applied, if (1)
L and C are the same in both eases; and (2) Rp

(A) B8)

Fig. 2-45 — Series and parallel equivalents when the
two eircuits are resonant. The series resistor, R., in A
cun be replaced by an equivalent parallel resistor, Ry, in
B, and vice versa.

multiplied by R, equals the square of the reaet-
ance (at resonance) of either L or . When these
conditions are met the two cirenits will have the
same Qs. (These statements are approximate, but
are quite aceurate if the Q is 10 or more.) The eir-
euit at A is a series circeuit if it is viewed from the
“inside” — that is, going around the loop
formed by L, C and I — so its @ can be found
from the ratio of X to [

Thus a circuit like that of Fig. 2-45A has an
equivalent parallel impedance (at resonance)
equal to Ry, the relationship between Ry, and R,
being as explained above. Although Ry, is not
an actual resistor, to the source of voltage the
parallel-resonant  eircuit “*looks like” a pure
resistance of that value. It is “pure” resistance
because the induetive and eapacitive currents are
180 degrees out of phase and are equal; thus there
is no reactive current in the line. At the resonant
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frequency the parallel impedance of a resonant
eircuit is
Z.=QX
Resistive impedanee at resonance
Quality faetor
Reactanee (in ohms) of cither
inducetor or eapacitor

where Z. =
Q
X

the

Example: The parallel impedance of a circuit
having a Q of 50 and having inductive and ca-
pacitive reactances of 300 ohms will be

Z: = QX =50 X 300 15,000 ohins.

At frequencies off resonance the impedance
is no longer purely resistive because the inductive

1.0 —
|
0.8 i
|, -a=100
: |
206 |
S |
gf Q=50
X
04
i
~
3
@O Q=20
02
0 I Q=10 l\
-20 =10 0 +10 +20

PER CENT CHANGE FROM RESONANT FREQUENCY

Fig. 2-16 — Relative impedance of parallel-resonant
circuits with different Qs. These curves are s to
those in Fig. 2-12 for current in a series-resonant circuil.
The cffect of Q on impedance is most marked near the
resonant frequeney.

and capacitive currents are not equal. The off-
resonant impedance therefore is eomplex, and
is lower than the resonant impedanee for the
reasons previously outlined.

The higher the @ of the circuit, the higher the
parallel impedance. Curves showing the varia-
tion of impedance (with frequencey) of a parallel
circuit have just the same shape as the curves
showing the variation of current with frequency
in a series circuit. Fig. 2-16 is a set of such curves.

Parallel Resonance in Low-Q Circuits

The preceding discussion is accurate only for
(s of 10 or more. When the @ is below 10, reso-
nanece in a parallel circuit having resistance in
series with the coil, as in Iig. 2-45A, is not so
casily defined. There is a set of values for L, and
C that will make the parailel impedance a pure
resistanee, but with these values the impedance
does not have its maximum possible value. An-
other set of values for L and ¢ will make the
parallel impedance a maximum, but this maxi-
mum value is not a pure resistance. LKither
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condition could be called “resonance,” so with
low-Q) cireuits it is necessary to distinguish be-
tween maximum impedance and resistive im-
pedance parallel resonance. The difference be-
tween these L and " values and the equal react-
ances of a series-resonant eireuit is appreciable
when the @ s in the vieinity of 3, and becomes
more marked with still lower Q values.

Q of Loaded Circuits

In many applications of resonant cireuits the
only power lost is that dissipated in the resistance
of the eireuit itself. At frequencies below 30 Me,
most of this resistance is in the eoil. Within
limits, inereasing the number of turns on the
coll increases the reactance faster than it raises
the resistanee, so coils for circuits in which the
() must be high may have reactances of 1000
ohms or more at the frequeney under considera-
tion.

ITowever, when the cireuit delivers energy to
a load (as in the case of the resonant circuits
used in transmitters) the energy consumed in
the cireuit itself is usually negligible compared
with that consumed bs the load. The equivalent
of such a cireuit is shown in Fig. 2-47A, where
the parallel resistor represents the load to which
power i delivered. If the power dis<ipated in the
load is at least ten times as great as the power
lost in the inductor and eapacitor, the parallel im-
pedance of the resonant cirenit itself will be so
high compared with the rvesistance of the load
that for all practical purposes the impedance of
the combiued cireuit is equal to the load resist-
ance. Under these conditions the Q of a parallel-
resonant cireuit loaded by o resistive impedance is

Q= /4
X
where Q = Quality factor
2 = Parallel load resistanee (ohms)
X = Reactanee (ohms) of cither the in-
ductor or eapacitor
Example: A resistive load of 3000 ohmsis con-
neeted seross a resonant eireuit in which the in-
ductive and capacitive reactances are cach 250
ohis. Fhe cireuit @ is then
R 3000 _
X 20

Q= 12

(B)

Fig. 2-17 — The equivalent circuit of a resonant cire
cuit 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 aeross the whole eircuit,

The “cffective” Q of a circuit loaded by a
parallel resistanee becomes higher when the re-
actances are decreased. A cireuit loaded with a
relatively low resistance (a few thonsand ohms)
must have low-reactance elements (large capaci-

47

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 cireuit of a vacuum-tube r.f.
power amplifier. As described in the chapter on
vacuum tubes, there is an optimum value of load
resistance for each type of tube and set of operat-
ing conditions. However, the resistance of the
load to which the tube is to deliver power usually
is considerably lower than the value required for
proper tube operation. To transform the actual
load resistance to the desired value <he load may
be tapped across part of the coil, as shown in
Fig. 2-4713, This is equivalent to connecting a
higher value of load resistance across the whole
eircuit, and is similar in prineiple to impedance
transformation with an iron-core transformer.
In high-frequency resonant cirenits the im-
pedance ratio does not vary exaetly as the square
of the turns ratio, because all the magnetie flux
lines do not cut every turn of the coil. .\ desired
reflected impedance usually must be obtained by
experimental adjustment,

When the load resistance has a very low value
(say below 100 ohms) it mav be eonnected in
series in the resonant circuit (as in Mg 2-15.0,
for example), in which ease it i transformed to
an equivalent parallel impedance as previously
deseribed. If the @ is at Jeast 10, the equivalent
parallel impedance is

Z, A
where Z, = Resistive impedance at resonanee
X = Reactance (in ohms) of cither the
coil or condenser
R = Load resistance inserted in series

If the © 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 Figs. 2-18 and 2-19 show react-
ance valucs of induotances and capacitances in
the range commonly used in r.f. tuned circuits
for the amateur bands. With the exception of the
3.5=1 Me. band, limiting values for which are
shown on the charts, the change in reactance over
a band, for either inductors or eapacitors, is small
enough so that a single curve gives the reactance
with sufficient accuracy for most practical
purposes.,

L/C Ratio

The formula for resonant frequency of a circuit
shows that the same frequency alwayvs will be
obtained so long as the product of I and C is con-
stant. Within this limitation, it is evident that L
can be large and ("small, L small and (' large, ete.
The relation between the two for a fixed fre-
queney is called the L/C ratio. \ high-C circuit
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Fig. 2-18 — Reactance chart for inductance valucs

commonly used in amateur bands from 1,75 to 220 Me.

is one that has more eapacitanee than “normal”
for the frequeney: a low-C cireuit one that has
less than normal eapacitance. These terms depend
to o considerable extent upon the particular ap-
plication considered, and have no exact numeri-
al meaning.

LC Constants

It is frequently convenient to use the numerieal
value of the LC constant when a number of ealeu-

1000 "\ 1IN S = S B o i 8 2 8 s o

CAPACITANCE IN MICROMICROFARADS
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CAPACITIVE REACTANCE IN OHMS

Fig. 2.19 Reactance chart for capacitance  values
commonly used in amateur bands from 1.75 10 220 Me.
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lations have to be made involving different L/¢7
ratios for the same frequency. The constant for
any frequency is given by the following equation:
25,330

—f"’—

where L = Inductance in microhenrys (uh.
C = Capacitance in micromicrofarads
(uuf.)
[ = Frequency in megaeycles

Example: Find the inductance required to
resonate at 3650 kec. (3.65 Me)) with eapaci-
tances of 25, 50, 100, and 500 ppf, The LC
constant is

9 .
Lo o 23330 25830
(3.65)* 13.35

1900

With 25 ppf. L = 1900/ = 1900/25

= 76 uh.

50 ppf. L = 1900/C = 1900/50
= 38 uh.

100 uuf. L = 1900/C = 1900/100
= 14 gh.

500 ppf. L = 1900/C = 1900/500
= 3.8 uhi.

COUPLED CIRCUITS

Energy Transfer and Loading

Two circuits are coupled when cnergy can be
transferred from one to the other. The eireuit
delivering power is ealled the primary cireit: the
one receiving power is called the secondary cir-
cuit. The power may be practically all dissipated
in the secondary circeuit itself (thix ix usvally the
ease in receiver cireuits) or the secondary may
simply act as a medium through which the power
is transferred to a load. In the latter case, the
coupled ciredits may act as o radio-frequency
impedance-matehing device. The matehing can
be accomplished by adjusting the loading on the
secondary and by varying the amount of eoupling
between the primary and secondary.

Coupling by a Common Circuit Element

One method of ecoupling between two resonant
circuits is through o circuit element conmmon to
both. The three variations of this type of coupling
shown at A, B and C of ‘Fig. 2-30, utilize @ con-
mon induetance, eapacitance and resistianee, res
spectively, Current cireulating in one L branch
flows through the common elenent (L, Coor
and the voltage developed aeross this elenent
causes current to flow i the other L branch,

If both eireuits are resonant to the same fre-
quency, as is usually the case, the valie of cou-
pling reactance or resistance required for maxi-
mum energy transfer is generally quite small
compared with the other reactances in the ecir-
cuits. The common-circuit-element method of
coupling is used ouly occasionally in amateur
apparatus,

Capacitive Coupling

In the cireuit at 1) the coupling inercases as
the eapacitance of (', the “coupling eapacitor,”
is made greater (reactance of ¢ ix decreased).
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Output (A)

Output B)

©
- I —
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Input L, 7£-c, c27 L,<  Output D)

L

| BN

Fig. 2-50 — Four methods of circuit coupling,

When two resonant ctreuits are coupled by this
means, the capacitance required for maximum
energy transfer is quite small if the () of the sec-
ondary cireuit s at all high, For example, if the
paralle] impedance of the secondary circuit is
100,000 ohms, a reactanee of 10,000 ohms or so
in the capacitor will give ample coupling. The
corresponding capacitance required is only a few
micromicrofarads at high frequencies.

Inductive Coupling
Figs. 2-51 and 2-52 <how inductive coupling, or

coupling by means of the mutual inductance be-
tween two coils. Circuits of this type resemble the

[o, ©

Input L3 ele c;é Output  (A)
o— o
P

5
E ; Output (8]
—0

{ Single-tuned indoctively -coupled  ciceuits,

Input 7\

Fig. 2-5

iron-core transtormer, but because only a part of
the magnetie flux lines set up by one coil cut the
turns of the other coil, the simple relationships
between turns ratio, voltage ratio and impedance
ratio in the iron-core transformer do not hold.
Two types of inductively-coupled cireuits are
shown in Fig. 2-51. Only onc eireuit is resonant.,
The eircuit at A is frequently used in receivers for
coupling between amplifier tubes when the tuning
of the cirenit must be varied to respond to signals
of different frequencies. Cireuit I3 is used prin-
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cipally in transmitters, for coupling a radio-
frequency amplifier to a resistive load.

In these cirenits the coupling between the
primary and secondary coils usnally is “tight” —
that ix, the coeflicient of coupling hetween the
coils is large. With very tight coupling cither eir-
cuit operates nearly as though the deviee to which
the untuned coil is connected were simply tapped
across a corresponding number of turns on the
tuned-cireuit coil, thus either cireuit is approxi-
mately equivalent to Fig, 2-4713.

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

The @ and parallel impedance of the tuned
circuit are reduced by coupling through an un-
tuned coil in much the =ame way asx by the
tapping arrangement <hown in Fig. 2-178.

Coupled Resonant Circuits
When the primary and secondary eircuits are
both tuned, as in Fig. 2-52, the resonance effects

O 0

/

—C L L, Cp F Qutput
o 0
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Input
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Input 7\C| Ly Lo 2 Qutpui
o —0

(B)

Fig, 2-52 — Inductively-coupled resonant cireaits, Cir-
cuit A is used for high-resistance loads (load resistance
much higher than the reactance of cither L2 or Co at the
resonant frequeney). Cireait B is suitable for low resist-
ance loads (load resistance much lower than the react-
ance of either Lo or Cr at the resonant frequeney).

i both cienits inake the operation sromewhat
more complicated than in the simpler cirenits just
considered. Imagine first that the two circuits are
not coupled and that cach s independently tured
to the resonant rrequency. ’The impedatec of each
will he purely resistive, 1§ the primary cireait is
vonnected to a source of r.f. energy of the resonant
frequency and the secondary ix then loosely
coupled to the primary, a current will flow in the
secondary civeuit. In flowing through the re-
sistance of the secondary circuit and any load
that may be connected to it, the current causes a
power loss. This power must come from the
energy source through the primary cireuit, and
manifests itself in the primary as an increase iu
the equivalent resistance in with  the
primary coil. Hence the ) and parallel impedaniee
of the primary eircuit are decreased by the

series
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coupled secondary. As the coupling is made
greater (without ehanging the tuning of either
cirenit) the coupled resistance becomes larger
and the parallel impedance of the primary con-
tinues to deerease. 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 deereases if the eoupling
is tightened still more (still without changing the
tuning).

Critical coupling is a funetion of the Qs of the
two cireuits. .\ higher cocflicient of eoupling is
required to reach eritieal coupling when the s
are low: if the Qs are high, as in receiving applica-
tions, a coupling coeflicient of a few per cent may
give critieal coupling.

With loaded cireuits 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 ax the physical construetion permits,
In such case, inereasing the Q of either eireuit
will he helpiul, although it is generally better to
merease the Q of the lower-Q circuit rather than
the reverse. The  of the parallel-tuned primary

input) eireuit ean be inerensed by decreasing the
L./C ratio beeause, as shown in connection with
Fig, 2-47, this cireuit is in effect loaded by a
paratlel resistance (effeet of coupled-in resist-
ance). In the parallel-tuned secondary circuit,
Iig. 252\, the @ can be increased, for a fixed
value of load resistanee, either by decreasing the
L/ ratio or by tapping the load down (see Fig.
2470, In the series-tuned secondary ¢ireuit, Iig,
2521, the  may be inereased by increasing the
L. (" ratio. There will generally be no difficulty in
sceuring  sufficient  coupling, with  practicable
coils, if the product of the Qs of the two tuned
circuits is 10 or more. A smaller product will
suffice if the coil construction permits tight
coupling.

Selectivity

In Fig, 2-51 only one circuit is tuned and the
sclectivity eurve will he essentially that of o single
resonant cireuit, As stated, the effeetive Q de-
pends upon the resistance connected to the un-
tuned coil.

In Pig. 2-532, the selectivity is the same as that
of a single taned eireuit having o Q equal to the
product of the Q= of the individual cireuits — 2f
the coupling is well below eritical (this is not the
condition for optimum power transfer discussed
immediately above) and both eireuits are tuned
to resonance. The Qs of the individual eircuits
are affected by the degree of eoupling, because
each couples resistance into the other; the
tighter the coupling, the lower the individual Qs
and therefore the lower the over-all selectivity.

If both circuits are independently tuned to
resonance, the over-all seleetivity will vary about
as shown in Fig. 2-53 as the coupling is varied.
With loose coupling, A, the output voltage
(aeross the secondary eireuit) is small and the
seleetivity is high. As the eoupling ix increased
the secondary voltage also inereases until eritieal
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Fig. 2-53 — Showing the effect on the output voluage
from the secondary cirenit of changing the coeflicient of
coupling between two resonant cirenits independently
tuned to the same frequency. The voltage applied to the
primary is held constant in amplitude while the fre.
quency is varied, and the output voltage is measured
across the secondary.

coupling, 13, is reached. At this point the output
voltage at the resonant frequency is maximum
but the secleetivity is lower than with looser
coupling. At =till tighter coupling, (, the output
voltage at the resonant frequeney decreases, but
as the frequency is varied either side of resonance
it 1s found that there are two “humps” to the
curve, one on either side of resonance. With very
tight coupling, 1), there is a further deercase in
the output voltage at resonance and the “humps”
are farther away from the resonant frequeney,
Curves such as those at (' and D are called flat-
topped beeause the output voltage does not change
much over an appreciable band of frequencies.

Note that the off-resonance humps have the
same maximum value as the resonant output volt-
age at eritical eoupling. These humps are eaused
by the fact that at frequencies off resonance the
secondary cirenit is reactive and couples reactance
as well as resistance into the primary. The cou-
pled resistance deerenses off resonanee, and each
hump represents & new condition of eritieal cou-
pling at a frequeney to which the primary is
tuned by the additional coupled-in reactance
from the secondary.

Band-Pass Coupling

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

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

Link Coupling

A modifieation of inductive coupling, ealled
link coupling, is <hown in IMig. 2-51. This gives
the effeet of induetive coupling between two coils
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that have no mutual inductance; the link is
simply a means for providing the mutual induct-
ance. The total mutual inductance between two
coils coupled by a link cannot be made as great
as if the coils themselves were coupled. This is
beeause the cocfficient of coupling between air-
core coils is considerably less than 1, and since
there are two coupling points the over-all coupling

o——4 —o0

Input 7éc. L F—g L Ca é Qutput

o— —0
s R

Fig. 2.54 — Link coupling. 'The mutual inductances at
both ends of the link are equivalent to mutual induet-
ance between the tuned circuits, and serve the same
purpose,

cocfficient is less than for any pair of coils. In
practice this need not be disadvantageous because
the power transfer can be made great enough by
making the tuned cireuits sufficiently high-Q.
Link coupling is convenient when ordinary in-
duetive coupling would be impracticable for con-
structional reasons.

The link coils usually have a small number of
turns compured with the resonant-cireuit coils.
The number of turns is not greatly important,
hecause the coeflicient of coupling is relatively
independent of the number of turns on either coil;
it ix more important that both link coils should
have about the same inductance. The length of the
link between the coils is not eritical if it is very
small compared with the wave length, but if the
length is more than about one-twenticth of u
wave length the link operates more as a transmis-
sion line than as a means for providing mutual
inductance. In such ease it should be treated by
the methods deseribed in the chapter on Trans-
mission Lines,

@ IMPEDANCE-MATCHING CIRCUITS

The coupling cireuits discussed in the preced-
ing seetion have been based either on inductive
coupling or on coupling through & common eir-
cuit element between two resonant circuits. These
are not the only circuits that may be used for
transferring power from one device to another.
There is, in fact, a wide variety of such circuits
available, all of them being classified generally as
impedance-matching networks. Two such net-

L XL= \'Rain- RE

(A) Rin— C R xc=ﬂi_".

Fig. 2.55 — The I network for transforming a given
resistive load, R, into a desired value of resistance, Rix.
(A) is for transforniing to a higher value of resistance,
(B) for transforming to a lower value.
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works frequently used in amateur equipment are
the L network and the pi network, shown in the
form commonly used in Figs, 2-55 and 2-56.

The L Network

The L network is the simplest possible im-
pedance-matching circuit. Tt closely resembles
an ordinary resonant circuit with the load resist-
ance, I, Fig. 2-55, either in series or parallel.
The arrangement shown in Fig. 2-35A is used
when the desired impedance, Rix, is larger than
the actual load resistance, R, while Fig, 2-5513
is used in the opposite case. The design equations
for cach case are given in the figure, in terms of
the circuit reactances. The reactances may be
converted to inductance and capacitance by
means of the formulas previously given or taken
directly from the charts of Figs. 2-18 and 2-19.

When the impedance transformation ratio is
large — that is, one of the two impedances is
of the order of 100 times (or more) barger than the
other — the operation of the circuit is exactly
the same as previously dizeussed in connection
with impedance transformation with a simple
LC resonant cireuit.

The Q of an L network is found in the same
wayv as for simple resonaut circuits, That ix, it ix
equal to X1,/ R or Rix XN¢ in Vig, 2-53A, and to
X1 Rix or B/Xc in Fig. 2-35B. The value of
() is determined by the ratio of the impedances
to be matched, and cannot he selected inde-
pendently. In the equations of Fig. 2-55 it ix ax
sumed that both 2 and Rix are pure reststances,

The Pi Network
The pi network, shown in Fig. 2-56, offers more
flexibility than the L since the operating Q may

- R,/R
Xe, RZVQ’-H—(F:,/RZ)

x. = QR#*RRs/Xc,)
L F
Qi+1

Fig. 2-56 — 'The pi network, for matching any two val
ues of purely resistive impedanees, R and Re. In the
definition of the O of the network it is assumed that R
is the higher of the two resistances, and should be so
chosen in using the equations.

be chosen practically at will. The only limitation
on the eircuit values that may be used is that the
reactance of the series arm, the inductor L in the
figure, must not be greater than the square root
of the product of the two values of resistive im-
pedanee to be matched. Ax the circuit ix applied
in amateur equipment, this limiting value of
reactance would represent a network with an
undesirably low operating (), and the cireuit val-
ues ordinarily used are well on the safe side of
the limiting values.
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In its prineipal application as a “tank’ eircuit
matching a transmission line to a power amplifier
tube, the load 2 will generally have a fairly
low value of resistance (up to a few hundred
ohms) while /), the required load for the tube,
will be of the order of a few thousand ohms.
In such a case the @ of the eircuit is defined as
R1/X¢1, s0 the choice of a value for the operat-
ing Q immediately sets the value of X¢yand henee
of (1. The values of X¢2 and X|. are then
found from the equations given in the figure.

Graphical solutions of these equations for the
most important practical eases are given in the
chapter on transmitter design in the-discussion
of plate tank cireuits, The L and € values may bhe
caleulated from the reactances or read from the
charts of Figs. 2-18 and 2-19.

@ riLTERS

A filter is an electrical eircuit configuration
(network) designed to have specifie characteris-
tics with respeet to the transmission or attenua-
tion of various frequeneies that may be applied to
it. There are three general types of filters: low-
pass, high-pass, and band-pass.

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

A high-pass filter similarly has a cut-off fre-
queney, above which there is little or no loss in
transmission, but below which there is consider-
able attennation. Its hehavior is the epposite of
that of the low-pass filter.

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

The pass band of a filter is the frequencey spee-
trum that is transmitted with little or no loss,
I'he transmission characteristic is not necessarily
perteetly uniform in the pass band, but the varia-
tions in the transmission characteristic usually
are small.

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

Filters are designed for a specifie value of
purely resistive impedanee (the terminating im-
pedance of the filter). When sueh an impedance
is connected to the output terminals of the filter,
the impedance looking into the input terminals
has essentinlly the same value, throughout most
of the pass band. Simple filters do not give per-
feetly uniform performance in this respeet, but
the input impedance of a properly-terminated
filter can be made fairly constant, as well as
closer to the design value, over the pass band
hy using m-derived filter seetions.

A discussion of filter design prineiples is beyond
the scope of this Handhook, hut it is not difficult

CHAPTER 2

to build satisfactory filters from the circuits and
formulas given in Fig. 2-57. Filter cireuits are
built up from elementary seetions as shown in the
figure. These sections ean he used alone or, if
greater attenuation and sharper cut-off (that is, a
more rapid rate of rise of attenuation with fre-
queney bevond the cut-off frequency) are re-
quired, several sections can be connected in
series. In the low- and high-pass filters, f. repre-
sents the cut-off frequency, the highest (for the
low-pass) or the lowest (for the high-pass) fre-
queney transmitted without attenuation, In the
band-pass filter designs, f is the low-frequency
cut-off and f» the high-frequency cut-oft. The
units for L, €', R and f are henrys, farads, ohms
and eyeles per second, respectively.,

All of the types shown are “unbalanced” (one
side grounded). For use in balanced eireuits (e.g.,
300-ohm transmission line, or push-pull audio
cirenits), the series reactances should be equally
divided between the two legs, Thus the balanced
constant-£ r-scetion low-puss filter would use two
inductors of a value equal to L, ’2, while the
balaneed constant-k w-section  high-pass  filter
would use two eapacitors each equal to 2C.

If several low- (or high-) pass seetions are to
be used, it is advisable to use m-derived end
secetions on either side of a constant-k center see-
tion, although an m-derived eenter section can be
used, The factor m determines the ratio of the
cut-off frequeney, f., to a frequeney of high
attenuation, fo. Where only one m-derived see-
tion is used, a value of 0.6 is generally used for m,
although a deviation of 10 or 15 per cent from
this value is not too serious in amateur work.
For a value of m = 0.6, fr will he 1.25f, for the
low-pass filter and 0.8f. for the high-pass filter,
Other values ean be found from

2

o
=

= \/] - (?L)z for the low-pass filter and

o«

m = \/l = (f_”)z for the high-pass filter.
Je

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

Simple audio filters can be made with pow-
dered-iron-core  chokes and  paper  eapacitors.
Sharper cut-off characteristies will he obtained
with more seetions, The values of the com-
ponents can vary by 5% with little or no
reduction in performance. The more sections
there are to a filter the greater is the need for
accuracy in the valiues of the components, High-
performanece audio filters can be built with only
two sections by winding the induetors on toroidial
powdered-iron forms: three sections are generally
needed for obtaining equivalent results when
using other types of inductors.

Band-pass filters for single side-band  work
(see later chapter) are often designed to operate
in the range 10 to 20 ke, Their attenuation re-
quirements arc such that usually at least a five-
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Fig. 2.57 — Basic filter sections and design formulas. In the above formulas R is in ohms, C in farads, L in henrys,

and f in cycles per second.
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seetion filter is required. The eoils should be as
high-Q as possible, and mica is the most suitable
capacitor dielectrie.

Low-pass and high-pass filters for harmonic
suppression and  receiver-overlond  prevention
in the television frequencies range are usually
made with self-supporting cotls and mica or
ceramic capacitors, depending upon the power
requirements.

In any filter, there should be no magnetic or
-apacitive coupling between sections of the filter
unless the design specifically calls for it. This
requirement makes it necessary to shicld the
coils from each other in some applications, or to
mount them at right angles to each other,

@ PIEZOELECTRIC CRYSTALS

A number of erystalline substances found in
nature have the ability to transform mechanical
strain into an cleetrical charge, and vice rersa.
This property is known as piezoelectricity. A
small plate or bar cut in the proper way from a
quartz erystal and placed between two conduct-
ing clectrodes will be mechanieally  strained
when the electrodes are connected to a source of
voltage. Conversely, if the ervstal is squeezed
hetween two clectrodes o voltage will be devel-
oped between the electrodes,

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

Crystal Resonators

Crystalline plates also are mechanical resona-
tors that have natural frequencies of vibration
ranging from a few thousand cyeles to several
megacyeles per second. The vibration frequency
depends on the kind of crystal, the way the plate
is cut from the natural erystal, and on the dimen-
sions of the plate, The thing that makes the crys-
tal resonator valuable is that it has extremely
high Q. ranging from 5 to 10 times the Qs obtain-
able with good L( resonant cireuits,

Analogies can be drawn between various mie-
chanical properties of the erystal and the clec-
trieal eharncteristics of a tuned eircuit. This
Jeads to an “equivalent circuit” for the erystal.
The electrieal coupling to the erystal is through
the electrodes between which it is sandwiched;
these clectrodes form, with the erystal as the
dicleetrie, a small capacitor like any other ca-
pacitor constructed of two plates with a dicleetrie
between, The crystal itself is equivalent to a
series-resonant  cireuit, and together with the
capacitance of the electrodes forms the equivalent
circuit shown in Fig, 2-58. At frequencies of the
order of 150 ke,, where erystals are widely used
as resonators, the equivalent L may be several
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Fig. 2-58— Equivalent
cireuit of a ervstal resona- L
tor. L, CC and R are the

L .
eleetrical  equivale
mechanical properties L
wanical properties c ==,
the ervstaly Cy is the capa-
a -

inee of the eleetrodes
with the erystal plate be-
tween them. R

henrvs and the equivalent " only a few hun-
dredths of a micromicrofarad.  Although the
equivalent R is of the order of a few thousand
ohms, the reactance at resonance is so high that
the @ of the erystal likewise is high.

A cireuit of the type shown in Fig. 2-58 has a
series-resonant frequency, when viewed from the
cireuit terminals indicated by the arrowheads,
determined by L and C only. At this frequency
the cireuit impedance is simply equal to £, pro-
viding the reactance of Cy is large compared with
R (this is generally the case). The circuit also
has a parallel-resonant frequency determined by
L and the equivalent capacitance of ' and (',
in series. Since this equivalent capacitance is
smaller than € alone, the parallel-vesonant fre-
queney is higher than the series-resonant fre-
queney. The separation hetween the two resonant
frequencies depends on the ratio of €y to €, and
when this ratio is large (as in the case of a erystal
resonitor, where C will be a few ppf. in the
average case) the two frequencies will be quite
close together. A separation of a kiloeyele or
less is typical of a quartz erystal.

REACTANCE RESISTANCE

e

| FREQUENCY ==

| INCREASING —%/"\

f, f2

IMPEDANCE
«— CAPACITIVE o [NDUCTIVE —
-

tance vs, frequency of a

Fig. 2-39 — Reactance and re
. 238, Actual values

circuit of the type shown in
of reactance, resistance and the separation between
the series- and parallel-resonant frequencies, fi and [2,
respeetively, depend on the circuit constants,

Fig. 2-59 shows how the resistance and react-
ance of such a cireuit vary as the applied fre-
quency is varied. The reactance passes through
zero at both resonant frequencies, but the resist-
ance rises to a large value at parallel resonance,
just as in any tuned cireuit.

Quartz erystals may be used ecither as simple
resonators for their selective properties or as the
frequency-controlling elements in oscillators as
deseribed in later chapters. The series-resonant
frequency is the one principally used in the former
case, while the more common forms of oscillator
cireuit use the parallel-resonant frequency.
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Practical Circuit Details

@ COMBINED A.C. AND D.C.

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

In this meeting, the a.e, and d.e. are actually
combined into a single current that “pulsates”
(at the a.c, frequency) about an average value
cqual to the direet earrent. This is shown in Ifig,
2-60. 1t i convenient to consider that the alter-

‘;, ; Fig. 2.60 — 1ul-
N :‘g" sating d. ¢., com-
e posed of an alter-
I T R nating current or
5 | voltage  superim-
§ Iz s pl.;svd on a steady
§ l | dircet  current or
0 1 voltage.

TIME ———»

nating current is superimposed on the direet
current, so we may look upon the aetual current
as having two components, one d.e, and the
other a.c.

In an alternating current the positive and nega-
tive alternations have the same average ampli-
tude, =0 when the wave is superimposed on a
direet current the latter is alternately inereased
and decreased by the same amount. There is thus
no average change in the direct eurrent. If a d.c.
instrument is being used to read the current, the
reading will be exactly the same whether or not
the a.c. is superimposed.

However, there is actually more power in such
a combination current than there is in the direct
current alone, This is beeause power varies as the
square of the instantancous value of the current,
and when all the instantaneous squared values
are averaged over a cyele the total power is
greater than the d.e. power alone. If the a.e. ixa
sine wave having a peak value just equal to the
d.e., the power in the cireuit is 1.5 times the d.c.
power. An instrument whose readings are pro-
portional to power will show such an inerease

Series and Parallel Feed

I'ig. 2-61 shows in simplified form how d.e. and
a.c. may be combined in a vacuum-tube eireuit.
In this case, it is assumed that the ae. is at
radio frequencey, suggested by the coil-and-
capacitor tuned cireuit. It is also assumed that
r.f. current can easily flow through the d.e,
supply; that is, the impedance of the supply at
radio frequencies is so small as to be negligible.

In the circuit at the left, the tube, tuned cireuit,
and d.e. supplv all are conneeted in series, The

direct current flows through the r.f. coil to get to
the tube; the r.f. current generated by the tube
flows through the d.c. supply to get to the tuned
cireuit. This is series feed. It works beeause the
impedance of the d.e, supply at radio frequeneies
is so low that it does not affect the flow of r.f. cur-
rent, and beeause the doe, resistance of the coil is
s0 low that it does not affeet the flow of direct
current,

In the circuit at the right the direet current
does not flow through the r.f. tuned cireuit, but
instead goes to the tube through a second coil,
RFC (radio-frequency choke). Direct current
cannot flow through L beeause a blocking capaci-
tance, (), ix placed in the circuit to prevent it.
(Without €, the d.e. supply would be short-
cireuited by the low resistance of L.) On the
other hand, the r.f. current generated by the tube
can easily flow through € to the tuned cireuit be-
cause the capacitance of (7is intentionally chosen
to have low reactance (compared with the im-
pedance of the tuned cireuit) at the radio fre-
quencey, The i.f. current eannot flow through the
d.c. supply beeause the inductance of REC is in-
tentionally made so large that it has a very high
reactance at the radio frequeney. The resistance
of REFC, however, is too low to have an appre-

15 D.C ;
Supply
Series Feed

Parallel Feed

Fig. 2-61 — Hlustrating series and parallel feed.

cinble effect on the Aow of direet eurrent. The two
currents are thus in parailel, hence the name
parallel feed.

Either type of feed may be used for both n.f.
and r.f. eireaits. In parallel feed there is no d.e.
voltage on the a.c. cireuit, a desirable feature
from the viewpoint of safety to the operator, be-
cause the voltages applied to tubes — particu-
larly transmitting tubes — are dangerous. On the
other hand, it is somewhat difficult to make an
r.f. choke work well over a wide range of fre-
quencies. Series feed is often preferred, therefore,
because it is relatively easy to keep the impedance
between the a.c. circuit and the tube low.

Bypassing

In the series-feed cireuit just discussed, it was
assumed that the d.e. supply had very low im-
pedance at radio frequencies. This is not likely
to be true in a practieal power supply, partly
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beeause the normal physical separation between
the supply and the r.f. eireuit would make it
necessary to use rather long connecting wires or
leads. At radio frequencies, even a few feet of
wire can have fairly large reactance — too large
to be considered a really “low-impedance” con-
nection.

An aectual eircuit would be provided with a
by-pass capacitor, as shown in g, 2-62. Capaci-
tor (" is chosen to have low renctance at the
operating frequency, and is installed right in the
circuit where it can be wired to the other parts
with quite short connecting wires, Ilence the r.f.
current will tend to flow through it rather than
through the d.e. supply.

To be effective, the reactance of the by-pass
upacitor should not be more than one-tenth of
the impedance of the by-passed part of the cir-
cuit. Very often the latter impedance is not
known, in which case it is desirable to use the
largest eapacitance in the bypass that ecireum-
stances permit. To make doubly sure that r.f.
current will not flow through a non-r.f. cireuit
such as a power supply, an r.f. choke may be
connected in the lead to the latter, as shown in
Fig, 2-62,

The same type of by passing ix used when audio
frequencies are present in addition to r.f. Beeause
the reactance of a eapacitor changes with fre-
quency, it is readily possible to choose a capuei-
tance that will represent a very low reactance at

¢ /

— ;-\
Fig, 2.62—"1'y pical c
use of a by-pass ca- Yl
pacitor in a series-feed I
cireuit,
RFC
¢ —
T supsly ©

radio frequencies but that will have such high
reactance at andio frequencies that it is practi-
cally an open eireuit. .\ capuaeitance of 0,001 pf,
i practically a <hort cireuit for r.f., for example,
but ix almost an open cirenit at audio frequencies.
('The aetual value of eapacitanee that is usable
will be modified by the impedances concerned.
By-paxs eapacitors also are used in audio cireuits
to carry the audio frequencies around a e,
supply.

Distributed Capacitance and Inductance

In the discussions carlier in this chapter it
was assumed that a capacitor has only eapaci-
tance and that an induetor has only inductance.
t'nfortunately, thix is not strictly true. There is
alwiys a certain amount of induetanee in a con-
duetor of any length, and a capacitor ix bound
to have a little inductance in addition to its
intended eapacitance. Also, there ix always ca-
pacitance between two conductors or between
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parts of the same conductor, and thus there is
appreeiable ecapacitance between the turns of an
inductance coil.

This distributed inductance in a eapacitor and
the distributed capacitance in an inductor have
important practical effects. Actually, every ca-
pacitor is a tuned ecircuit, resonant at the fre-
quency where its capacitance and distributed
induetance have the same reactance. The same
thing is true of a coil and its distributed eapaci-
tance. At frequencies well below these natural
resonances, the capacitor will net like a normal
capaeitanee and the coil will aet like a normal
induetance. Near the natural resonant points,
the coil and eapacitor act like self-tuned circuits,
Above resonanee, the eapacitor acts like an in-
ductor and the inductor acts like o eapacitor,
Thus there is a limit to the amount of eapacitance
that can be used at a given frequeney. There is a
similar limit to the induetanee that can be used,
At audio frequencies, eapacitances measured in
microfarads and inductances measured in henrys
are practicable. At low and medium radio fre-
quencies, inductances of a few miilihenrys and
capacitances of a few thousand  micromicro-
farads are the largest practicable, At high radio
frequencies, usable inductance values drop to
a few microheneys and eapacitances to a few
hundred nmieromierofarads,

Distributed eapacitance and mductance are
important not only in r.f. tuned cireuits, but in
bypassing and choking as well, It will be appre-
ciated that a by-pass capacitor that actually
acts like an induetance, or an r.f. choke that aets
like a low-reactance capacitor, cannot work as it
is intended they should.

Grounds

Throughout this book there are frequent refer-
ences to ground and ground potential. When a
conneetion is =aid to be “grounded” it does not
necessarily mean that it actually goes to carth,
What it means ix that an actual earth connection
to that point in the circuit should not disturb
the operation of the eireuit in any way. The
term also ix used to indicate a “common’ point
in the cireuit where power supplies and metallic
supports (such ax o metal chassis) are electrieally
tied together, It is general practice, for example,
to *ground " the negative terminal of o doe. power
supply, and to “ground” the filiment or heater
power supplies for vacuum tubes. Sinee the
cathade of a vacuum tube is a junetion point
for grid and plate voltage supplies, and =ince the
various cireuits connected to the tube clements
have at least one point connected to cathode,
these points also are “returned to ground.”
Ground is therefore 1 common reference point
in the radio cireuit. “Ground potential” means
that there ix no “difference of potential” — that
ix, no voltage — between the eireuit point and
the earth.,

Single-Ended and Balanced Circuits
With reference to ground, a ecircuit may be
cither single-ended (unbalanced) or balanced.
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In a single-ended circuit, one side of the cir-
cuit is connected to ground. In a balanced
cireait, the electrical midpoint is connected to
ground, so that the eireuit has two ends each
at the same voltage “above” ground.

Tvpical single-ended and balaneed cireuits are
shown in Fig. 2-63, RA. circuits are shown in
the upper row, while iron-core transformers (such

sy
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=

SINGLE-ENDED

Fig. 2-63 — Single-ended and balaneced cireuits,

as are used in power-supply and audio circuits,
are shown in the lower row. The r.f, circuits may
be halanced ecither by connecting the center of
the eoil to ground or by using a “balanced” or
“split-stator'” capacitor and eonneeting its rotor
to ground. In the iron-core transformer, one or
both windings may be tapped at the eenter of
the winding to provide the ground connection.

Shielding

Two circuits that are physically near cach
other usually will be coupled to each other in
some degree even though no coupling is intended.
The metallie parts of the two circuits form a
small eapacitance through which energy can be
transferred by means of the electrie field. Also,
the muagnetie field about the coil or wiring of
one eircuit ean couple that cireuit to a seeond
through the latter’s coil and wiring. In many
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cases these unwanted couplings must be prevented
if the cireuits are to work properly.

Capacitive coupling may readily be prevented
by enelosing one or both of the cireuits in
grounded low-resistance  metallic  containers,
called shields. The eleetrie ficld from the cirenit
components does not penetrate the shield. A
metallie plate, called a baffle shield, inserted be-
tween two components also may suflice to pre-
vent eclectrostatic coupling between them. 1t
should be large enough to make the components
invisible to cach other,

Similar metallie shielding is used at radio fre-
quencies to prevent magnetic coupling. The
shielding effect inereases with frequeney and with
the conduetivity and thickness of the shielding
material.

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

Shielding a coil reduces its inductance, beeause
part of its field is canceled by the shield. Also,
there is always a small amount of resistance in
the shield, and there is therefore an energy loss,
This loss raises the effective resistance of the
coil, The decrease in inductance and inerease in
resistance lower the () of the coil, but the redue-
tion in inductance and Q will be small if the
spacing hetween the sides of the coil and the
shicld is at least half the coil diameter, and if the
spacing at the ends of the coil is at least equal te
the coil diameter, The higher the conductivity of
the shield material, the less the effect on the
inductance and Q. Copper is the best material,
but aluminum is quite satisfactory.

For good magnetic shielding at audio fre-
queneies it is neecessary to enclose the coil in a
container of high-permeabtlity iron or steel. In
this ense the shicld ean be quite close to the coil
without harming its performance.

U.HF. Circuits

@ RESONANT LINES

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

At the very-high and ultrahigh frequencies it
is not readily possible to separate these com-
ponents, Also, the conneeting leads, which at
lower frequencies would serve merely to join the
capacitor and coil, now may have more induct-
ance than the coil itself. The required inductance
coil may be no more than a single turn of wire,

yvet even this single turn may have dimensions
comparable to a wave length at the operating
frequeney. Thus the energy in the field surround-
ing the “coil” may in part be radiated. At a
sufficiently high frequency the loss by radiation
may represent a major portion of the total energy
in the cireuit.

For these reasons it is common practice to
utilize resonant sections ¢f transmission line as
tuned cireuits at frequencies above 100 Me. or so.
A quarter-wave-length line, or any odd multiple
thercof, shorted at one end and open at the
other exhibits large standing waves, as deseribed
in the chapter on transmission lines, When a
voltage of the frequency at which such a line
is resonant is applied to the open end, the re-
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sponse is very similar to that of a parallel res-
onant cireuit The equivalent relationships are
shown in Fig. 2-61. At frequencies off resonance
the line dispiays qualities comparable with the

CHAPTER 2

sort illustrated will be shorter, physieally, than
unloaded lines resonant at the same frequency.

Two methods of tuning a parallel-conductor
lines are shown in Fig. 2-66. The =liding short-
cireniting strap can be tightened by means of
screws and nuts to make good eleetrical con-
tact. The parallel-plate capacitor in the second
drawing may be placed anywhere along the
line, the tuning effect becoming less as the
apacitor is located nearer the shorted end
of the line. Although a low-capacitanee varia-
ble capacitor of ordinary construetion can be
used, the circular-plate type shown is symmet-
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Fig, 2.04 — Lqui
line, coaxial-line and conventional resonant

valent coupling circuits for parallel-
cireuits,

inductive and eapacitive reactances of a con-
ventional tuned cireuit, so sections of transmis-
sion line ean be used in much the same manner as
inductors and capacitors,

To minimize radiation less the two conduetors
of a parallel-conductor line should not be more
than about one-tenth wave length apart, the
spacing being mensured between the conductor
axes. On the other hand, the spacing should not
he less than about twice the conductor diameter
heeause of  “proximity  effect,”  which  caunses
eddy eurrents and an inerease in loss. Above 300
Me. it is diflicult to satisfy both these require-
ments simultaneously, and the radiation from
an open line tends to become excessive, reducing
the . In such ease the coaxial tyvpe of line is to
be preferred, sinee it i inherently =hielded.

Representative methods for adjusting coaxial
lines to resonance are shown in Fig. 2-63. At the
left, a sliding shorting disk is used to reduce the

Fig. 2-65 — Methods of tuning coaxial resonant lines.

effeetive length of the line by altering the position
of the short-cireuit. In the center, the same effeet
ix accomplished by using a telescoping tube in
the end of the inner conductor to vary its length
and thereby the effective length of the line. At
the right, two possible methods of using parallel-
plate capacitors are illustrated. The arrange-
ment with the loading capacitor at the open
end of the line has the greatest tuning effect
per unit of capacitance; the alternative method,
which is equivalent to tapping the condenser
down on the line, has less effect on the @ of the
circuit. Lines with capacitive “loading” of the
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@
["ig. 2-66— Methods
of tuning parallel
type resonant lines
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rical and thus does not unbalance the line. It
also has the further advantage that no insulat-
ing material is required.

¢
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@ WAVE GUIDES

A wave guide is a conducting tube through
which cnergy is transmitted in the form of elee-
tromagnetic waves, The tube is not considered
as earrying a current in the same sense that the
wires of a two-conductor line do, but rather as
a boundary which confines the waves to the
enclosed space, Skin effect prevents any clee-
tromagnetic effeets from being evident outside
the guide. The energy is injected at one end,
cither through eapaceitive or induetive coupling
or by radiation, and is reecived at the other
end. The wave guide then merely confines the
energy of the fields, which are propagated
through it to the receiving end by means of
reflections against its inner walls,

Analysis of wave-guide operation is based on
the assumption that the guide material is a
perfect conductor of electricity, Typical dis-
tributions of ecleetric and magnetic fields in o
rectangular guide are shown in Fig, 2-67. Tt will
be observed that the intensity of the eleetrie
field is greatest (as indieated by eloser spacing
of the lines of foree) at the center along the &
dimension, Fig. 2-67B, diminishing to zero at
the end walls. The latter is a neeessary condition,
since the existence of any electrie field puarallel
to the walls at the surface would cause an inlinite
current to flow in a perfecet conductor. This repre-
sents an impossible situation,

Modes of Propagation
Fig. 2-67 represents a relatively simple dis-
tribution of the cleetrie and magnetie fields.
There is in general an infinite number of ways
in which the fields can arrange themselves in a
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guide so long as there is no upper limit to the
frequency to be transmitted. Fach field config-
uration is called a mode. All modes may be
separated into two general groups. One group,
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Fig. 2.67 — Field distribution in a rectangular wave
guide, The TE) 0 mode of propagation is depicted,

designated TM (transverse magnetic), has the
magnetic field entirely transverse to the diree-
tion of propagation, but has a component of
olectrie field in that direetion. The other type,
designated TE (transverse electric) has the elec-
tric field entirely transverse, but has a com-
ponent of magnetic field in the direction of
propagation. 7"} waves are sometimes called
F waves, and TE waves are sometimes called
If waves, but the 7.V and T'FK designations are
preferred.

The particular mode of transmission is
identified by the group letters followed by two
subseript numerals; for example, 7T FEyo,
T Uy ete. The number of possible mades in-
creases with frequeney for a given size of guide,
There is only one possible mode (called the
dominant mode) for the lowest frequency that
an be transmitted. The dominant mode is the
one generally used in practical work.

Wave-Guide Dimensions

In the reetangutar guide the eritical dimen-
sion is . in Fig. 2-67; this dimension must be
more than one-hali wave length at the lowest
frequency to be transmitted. In practiee, the y
dimension usually is made about equal to Yar
to avoid the possibility of operation at other
than the dominant mode.

Other cross-scetional shapes than the ree-
tangle can be used, the most important being
the circular pipe. Much the same considera-

tions apply as in the rectangular case.

Wave-length formulas for rectangular and
circular guides are given in the following table,
where ris the width of a rectangular guide and
r ix the radius of a circular guide. All figures
are in terms of the dominant mode.

Rectangular Circular

Cut-off wave length. .. ... 2z 3.41r
Longest wave length trans-

mitted with little atten-

uation. , ... 1.6z 3.2
Shortest wave length before

next made beeones pos-

sible. ...l 1.1z 2.8r

Cavity Resonators

Another kind of cireuit particularly applicable
at wave lengths of the order of eentimeters is the
cavity resonator, which may be looked upon
asascction of a wave guide with the dimensions
chosen so that waves of a given length ean be
maintained inside,

Typical shapes used for resonators are the
evlinder, the reetangular box and the sphere,
as shown in lig, 2-68. The resonant frequeney
depends upon the dimensions of the eavity and
the mode of oscillation of the waves (compar-
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Fig, 2-68 — Yorms of cavity resonators.

able to the transmission modes in a wave guide).
For the lowest modes the resonant wavelengths
are as follows:

Cylinder. ... 2.61r
Square box. ... ... ... 1.41¢
Sphere. . ... . i 2.28r

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

A form of eavity resonator in practical use is
the re-entrant cvlindrical type shown in Fig.
2-69. In construction it resembles a concentric
line closed at both ends with eapacitive loading
at the top, but the actual mode of oscillation may
differ considerably from that occurring in
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eoaxial lines. The resonant frequency of such a
cavity depends upon the diameters of the two
cylinders and the distance d between the ends
of the inner and outer cylinders.

.'i 4
f

o CROSS-SECTIONAL VIEW

Fig. 2-69 — Re-entrant  evlindrical cavity resonator,

Compared with ordinary resonant cireuits,
cavity resonators have extremely high Q. A value
of @ of the order of 1000 or more is readily ob-
tainable, and @ values of several thousand ean
be secured with good design and construction.

Coupling to Wave Guides and Cavity
Resonators

Energy may be introduced into or ab-
stracted from a wave guide or resonator by
means of either the electric or magnetie field.
The energy transfer frequently is through a
coaxial line, two methods for coupling to which
are shown in Fig. 2-70. The probe shown at A
is simply a short extenzion of the inner eon-

CHAPTER 2

ductor of the coaxial line, so oriented that it
is parallel to the electrie lines of foree. The
loop shown at I3 is arranged so that it encloses
some of the magnetice lines of foree. The point
at which maximum coupling will be secured
depends upon the particular mode of propa-
gation in the guide or cavity; the coupling
will be maximum when the coupling device

is in the most intense field.

(B8)

Fig. 2.70 — Coupling to wave guides and resonators,

Coupling can be varied by turning either the
probe or loop through a 90-degree angle.
When the probe is perpendicular to the clec-
trie lines the coupling will be minimum; simi-
larty, when the plane of the loop is parallel
to the magnetic lines the coupling will have
its least possible value,

Modulation, Heterodyning and Beats

Since one of the most widespread uses of radio
freguencies is the transmission ot speech and
nmusie, it would be very convenient if the audio
spectrum to be transmitted eould simply be shifted
up to some radio frequeney, transmitted as radio
waves, and shifted back down to the audio spec-
trum at the receiving point. Suppose the audio
signal to be transmitted by radio is a pure 1000-
cvele tone, and we wish to transmit it at some
frequeney around 1 Me, (1,000,000 eveles). Oue
possible way might be to add 1,000,000 eveles
and 1000 eveles together, thereby obtaining ¢
radio frequeney of 1,001,000 eveles. No simple
method for doing such a thing direetly has ever
heen devised, although the effect iz obtained and
used in advanced communications techniques.

Actually, when two different frequencies are
present simultancously in an ordinary  cireuit
(specifically, one in which Ohm’s Law holds) each
behaves as though the other were not there. It is
true that the total or resultant voltage (or cur-
rent) in the circuit will be the sum of the instan-
taneous vulues of the two at every instant. This
is bectuse there ean be only one value of eurrent
or voltage at anv single point in a circuit at any
instant. Fig. 2-71\ and B show two such fre-
quencies, and (' <hows the resultant. The ampli-
tude of the 1,000,000-¢vcle current is not atfeeted
by the presence of the 1000-cyele current, but
merely has its axis shifted back and forth at the
1000-cycle rate. An attempt to transmit such a
combination as a radio wave would result simply

in the transmission of the 1,000,000-cvele fre-
queney, since the 1000-cyele frequeney retains its
identity as an audio frequency and hence will not
be radiated.

There are deviees, however, which make it pos-
sible for one frequeney to control the amplitude
of the other, If, for example, a 1000-cvele tone
is used to coutrob a 1-Me. signal, the maximum
r.f. output will be obtained when the 1000-¢ycle
signal s at the peak of one alternation and the
minimum  will oceur at the peak of the next
alternation. The process is ecalled amplitude
modulation, and the effeet is shown in INig. 2-71D),
The resultant signal is now entirely at radio fre-
queney, but with its amplitude varying at the
modulation rate (1000 cyveles). Reeeiving equip-
ment adjusted to reecive the 1,000,000-cvele r.d.
signal ean reproduce these changes in amplitude,
and thus tell what the audio signal is, through a
proceess called detection or demodulation.

It might be assumed that the only radio fre-
queney present in osuch a signal is the original
1,000,000 eveles, but such is not the case, It will
be found that two new frequencies have ap-
peared. These are the sum (1,000,000 4+ 1000)
and difference (1,000,000 — 1000) frequeneies,
and hence the radio frequencies appearing in the
circeuit. after modulation are 999,000, 1,000,000
and 1,001,000 eveles,

When an andio frequency is used to control
the amplitude of a radio frequeney, the process
is generally ealled “amplitude modulation,” as
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Fig. 2-71 — Amplitude-rs.-time and  amplitnde-ps.-
frequency plots of various signals, (A) 112 eyeles of a
1000 evele signal, (B) A LO0d,000-¢yele signal plotted
to the same scale as A, Beecause there are 1500 eyveles
during this time, they cannot be shown accurately,
(€2) "Fhe signals of A and B flowing in the same cireuit,
(1)) The signals of A and B combined in a eircuit where
A can control the amplitude of B, The 1,000,000-cy cle
signal is modulated by the 1000-cyele signal. (E), (1),
(G), (H) Amplitede-ps.-frequency plots of the signals
i A, B, C and 1)

»

mentioned previously, but when a radio fre-
queney modulates another radio frequencey it is
called heterodyning. However, the processes are
identical. A general term for the sum and differ-
ence frequencies generated during heterodyning
ot amplitude modulation is ‘‘beat frequencies,”
and a more specific one is upper side frequency,
for the sum frequeney, and lower side frequency
for the difference frequency.

In the simple example, the modulating signal
was assumed to be a pure tone, but the modulat-
ing stgnal can just as well be a hand of frequencies
making up speech or musie. In this case, the =ide
frequencies are grouped into what are called the
upper side band and the lower side band. Inany
case, the frequeney that is modulated isealled the
carrier frequency.

In A, B, Cand D of Fig. 2-71, the sketches are
obtained by plotting amplitude aguinst time.
However, it is equally helpful to be able to visual-
ize the speetrun, or what a plot of amplitude ¢s.
frequency looks like, at any given instant of time.
I, I, G oand 11 of Fig. 2-71 show the signals of
Iig. 2-71A, B, C and D on an amplitude-vs.-
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frequency basis. Any one frequency 1s, ot course,
represented by a vertical line. I'ig. 2-7111 shows
the side frequencies appearing as a result of the
modulation process.

Amplitude modulation (a.m.) is not the only
possible type nor is it the only one in use. This
and other types of modulation are treated in
detail in later chapters,




CHAPTER 3

Vacuum-Tube Principles

@ CURRENT IN A VACUUM

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

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

Thermionic Emission

If a thin wire or filament is heated to in-
cindescence in a vacuum, electrons near the
surface are given enough energy of motion to
fly off into the surrounding space. The higher
the temperature, the greater the number of
clectrons emitted. A more general name for the
filaiment is cathode.

If the eathode is the only thing in the vacuum,
most of the emitted eleetrons stay in its imme-
dinte vicinity, forming a “cloud” about the
cathode, The reason for this is that the elee-
trons in the space, being negative eleetricity,
form a negative charge (space charge) in the
region of the eathode. The space charge repels

.

Representative tube types. Transmitting tubes having
up to 300-watt capability are shown in the back row.
The tube with the top cap in the middie row ix a low.
power leansmitting type, Others are receiving tubes,
with Ute exception of the one in the eenter foreground
which is a v.hf. teansinitting type.
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those electrons nearest the cathode, tending to
make them fall back on it.

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

Direction
of tlow
Positive

Hot
Filament plate

Fig. 3-1 — Conduction by thermionic emission in a
vacuum tube. One battery is used to heat the filament to
a temperatnure that will cause it to emit electrons, The
other hattery makes the plate positive with respect to
the filament, thereby eansing the emitted electrons to be
attracted to the plate, Eleetrons captured by the plate
flow back through the battery to the filament.

cathode, as indicated in Fig. 3-1, electrons emitted
by the cathode are attracted to the positively-
charged conductor. An electric current then
flows through the circuit formed by the cathode,
the charged conductor, and the source of e.m.f.
In IFig. 3-1 this e.m.f. ix supplied by a battery
(“‘B” battery); a sccond battery (‘A battery)
i« also indicated for heating the cathode or
filament to the proper operating temperature.

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

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

Cathodes

Before electron emission can  oceur, the
cathode must be heated to a high temperature.
However, it is not essential that the heating cur-
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ypes of cathode construction.  Directly-heated
cathodes or filaments are shown at A, B, and C. The inverted V
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almost all the clectrons are going to the
plate. At higher voltages the plate current
stayvs at practically the sume value.

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

-

(€)

filament is used in small receiving tubes, the M in both receiving
and tran=mitting tubes, The spiral filament is a transmitting-

tube tyvpe. The indirectly-heated cathodes at D and E show

@ RECTIFICATION

two types of heater construction, one a twisted loop and the

other bunched heater wires. Both types tend to ecancel the
magnetic fields set up by the current through the heater.

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

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

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

Plate Current

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

Fig. 3-3 shows a typical plot of plate
current vs. plate voltage for a two-ele-
ment tube or diode. A curve of this type
can be obtained with the cireuit shown,
if the plate voltage is inereased in small
steps and a current reading taken (by
means of the current-indieating instru-
ment — a milliammeter) at each volt-
age. The plate current is zero with no
plate voltage and the curve rises until a
saturation point is reached. This is where
the positive charge on the plate has sub-
stantially overcome the space charge and

Since current ean flow through o tube in
only one direction, a diode ean be used to
change alternating current into direet current, It
does this by permitting current to flow when the
plate is positive with respect to the cathode,
hut by shutting off current flow when the plate
is negative.

Fig. 3-1 shows a representative circuit, Al-
ternating voltage from the secondary of the
transformer, 7', is applied to the diode tube in
series with o load resistor, X, The voltage
varies as 15 usual with a.e., but current flows
through the tube and R only when the plate
is positive with respect to the cathode — that
i, during the half-cycle when the upper end of
the transformer winding is positive. During the
negative half-cyele there is simply a gap in the
current flow, This rectified alternating current
thercfore is an tnlermitient direct current,

The load resistor, R, represents the actual
cireuit in which the rectified alternating current
does work. All tubes work with a load of one
type or another; in this respecet a tube is much
like a generator or transformer. \ circuit thuat
did not provide a load for the tube would be
like a short-circuit ncross a transformer: no
useful purpose would be accomplished and the
only result would be the generation of heat
in the transformer. So it is with vacuum tubes:
they must cause power te be developed in 2 lowd
in order to serve a useful purpose. Also, to be effi-
ctentmost of the power must do useful work in the
oad and not be used in heating the plate of the
tube. This means that most of the veltage should
appear as a drop across the load rather than as a
drop between the plate and eathode.
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Fig. 3-3 — The diode, or two-element tube, and a typical curve
showing how the plate current depends upon the voltage applied
to the plate.
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With the diode conneeted
as shown in Fig. 3-1, the
polarity of the voltage drop
across the load is such that
the end of the load nearest the
cathode s positive. Hf the
connections to the diode cle-
ments are reversed, the diree-
tion of rectified eurrent flow
atzo will be reversed through
the load.

+

AC. Diode

x

Fig. 3-t — Reetification in a diode.
Current flows only when the plate
is positive with respeet to the
cathode, so that only half-cyveles of
current flow through the load re-
sistor, R.

Voltoge
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Vacuum-Tube Amplifiers

@ TRIODES
Grid Control

If & third element — called the control grid,
or simply grid —ix inserted between the cath-
ode and plate as in Fig, 3-5, it can be used to
control the effeet of the space charge. If the
grid is given a positive voltage with respeet to
the eathode, the positive charge will tend to
neutralize the negative space  charge. The

Fig. 3-5 — Construction of an
elementary triode vacuum tube,
showing the filament, grid (with
an end view of the grid wires) and
plate. Vhe relative density of the
space charge is indicated roughly
by the dot density.,

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

The grid is inserted in the tube to control
the space charge and not to attract
cleetrons to itself, so it 1= made in the

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

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

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

The fact that a small voltage acting on the
grid is equivalent to a large voltage acting on
the plate indicates the possibility of amplifica-
tion with the triode tube. The many uses of
the electronic tube nearly all are based upon
this amplifying feature. The amplified output
is not obtained from the tube itself, but from the
souree of e.m.f. conneeted between its plate and
athode, The tube simply controls the power from
this source, changing it to the desired form.

To utilize the controlled power, a load must
be connected in the plate or “output” circuit,
just as in the diode case. The load may be

form of a1 wire mesh or spiral. Elee-
trons then ean go through the open
spaces in the grid to reach the plate.

14
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Characteristic Curves
For any particular tube, the effect
of the grid voltage on the plate cur-
rent can he shown by a set of char-
acteristic curves. \ typical set of
curves is shown in Fig. 3-8, together

Plate Current-MA.
o o

£

[

with the cireuit that iz used for get- K3 -20

ting them. For each value of plate
voltage, there is a value of negative
grid voltage that will reduce the

plate current to zero; that is, there is  at the right.

-13 -10
Grid Voltage

Fig 3-6 — Grid-voltage-rs.-plate-current enrves at various fixed values
of plate voltage (F1) for a typical small triode. Characteristie curves of
this type can be taken by varying the battery voltages in the cireuit
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either a resistance or an impedance. The term
“impedance” is frequently used even when
the load is purely resistive.

Tube Characteristics

The physical construetion of a triode deter-
mines the relative effectiveness of the grid
and plate in controlling the plate current. If 2
very small ehange in the grid voltage has just
as much cffect on the plate current as a very
large change in plate voltage, the tube is said
to have a high amplification factor. .\mplifica-
tion factor ix commonly designated by the
Greek letter w. An amplification factor of 20,
for example, means that if the grid voltage is
changed by 1 volt, the effeet on the plate cur-
rent will be the same as when the plate voltage
is changed by 20 volts. The amplification factors
of triode tubes range from 3 to 100 or so. .\ high-g
tube ix one with an amplification factor of per-
haps 30 or more; medium-g tubes have ampli-
fieation factors in the approximate range 8 to 30,
and low-g tubes in the range below 7 or 8,

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

The best all-around indication of the effective-
ness of the tube as an amplifier is its grid-plate
transconductance — nlso called mutual conduct-
ance. This charaeteristic takes aecount of both
amplification factor and plate resistanee, and
therefore is a figure of merit for the tube, Trans-
conductance is the change in plate current divided
by the change in grid roltage that eauses the plate-
eurrent change (the plate voltage being fixed at
a desired value). Sinee current divided by voltage
is conductance, transconductance is measured in
the unit of conductance, the mho, Practieal
values of transconductance are very small, so
the wmieromho (one-millionth of a mho) is the
commonly-used unit. Different types of tubes
have transconductances ranging from a few
hundred to several thousand., The higher the
transconductance the greater the possible am-
plification,

@ AMPLIFICATION

The way in which a tube amplifies is best
shown by a type of graph called the dynamic
characteristic. Such a graph, together with the
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circuit used for obtaining it, is shown in Fig, 3-7.
The curves are taken with the plate-supply
voltage fixed at the desired operating value, The
difference between this eireuit and the one shown
in Fig, 3-6 is that in Fig. 3-7 a load resistance is
connected in series with the plate of the tube.
Fig. 3-7 thus shows how the plate current will
vary, with different grid voltages, when the plate
currend 1s mude to flow through a load and thus
do nscful wark,

~N

[=3
Plate Current, MA.

-3 =25 -20 =I5 <10 -5 o
Grid Voltage

Fig, 3-7— Dynamie characteristies of a small triode

with various foad resistances from 3000 to 100,000 ohms.

The several curves in Fig. 3-7 are for various
valtues of load resistance. When the resistance is
small (as in the case of the 5000-ohm load) the
plate current changes rather rapidly with a
given change in grid voltage. If the load resistance
is high (as in the 100,000-0hm curve), the change
in plate current for the same grid-voltage change
is relatively small; also, the curve tends to be
straighter,

IYig. 3-8 is the same type of eurve, but with
the cireuit arranged so that a source of alternating
voltage (signal) is inserted between the grid and
the grid battery (“C” battery). The voltage of
the grid battery is fixed at —23 volts, and from
the curve it is seen that the plate current at this
grid voltage i= 2 milliamperes. This current flows
when the load resistance is 50,000 ohms, as
indicated in the eireuit dingram. If there is no
a.c, signal in the grid eireuit, the voltage drop in
the load resistor is 30,000 X 0.002 = 100 volts,
leaving 200 volts between the plate and eathode,

When a sine-wave signal having a peak value of
2 volts is applied in series with the bias voltage
in the grid cireuit, the instantancous voltage at
the grid will swing to —3 volts at the instant the
signal reaches its positive peak, and to —7 volts
at the instant the signal reaches its negative
peak. The maximum plate current will occur at
the instant the grid voltage is —3 volts, As shown
by the graph, it will have a value of 2,65 milli-
amperes, The minimum plate current oceurs at
the instant the grid voltage is —7 volts, and has
a value of 135 ma. At intermediate valoes of
grid voltage, intermediate plate-current values
will oceur,

The instantaneous voltage between the plate
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Fig. 3-8 — Amplifier operation. When the plate eurrent
varies in response to the signal applied to the grid, a
varying voltage drop appears across the load, Ry, as
shown by the dashed eurve, L. Ip is the plate eurrent.

and cathode of the tube also is shown on the
graph. When the plate current is maximum,
the instantaneous voltage drop in R}, is 50,000
X 0.00265 = 1325 volts; when the plate cur-
rent is minimum the instantancous voltage
drop in R, ix 50,000 X 0.00135 = 67.5 volts.
The actual voltage between plate and eathode
is the difference between the plate-supply po-
tential, 300 volts, and the voltage drop in the
load resistance. The plate-to-cathode voltage
is therefore 167.5 volts at maximum plate current
and 232.5 volts at minimum plate current.

This varyving plate voltage is an a.c. voltage
superimposed on the steady plate-cathode poten-
tial of 200 volts (as previously determined for
no-signal conditions). The peak value of this a.c.
output voltage is the difference between either
the maximum or minimum plate-eathode voltage
and the no-signal value of 200 volts, In the illus-
tration this difference is 232.5 — 200 or 200 —
167.5; that is, 32.5 volts in either case. Since the
grid signal voltage has a peak value of 2 volts, the
voltage-amplification ratio of the amplifier is
32.5,2 or 16,25, That is, approximately 16 times
as much voltage is obtained from the plate cireuit
as is applied to the grid cireuit.

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

CHAPTER 3

Bias

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

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

Distortion of the output wave shape that
results from working over a part of the curve that
is not straight (that is, a nonlinear part of the
curve) has the effeet of transforming a sine-wave
grid signal into a more complex waveform. As
explained in an earlier chapter, a complex wave
ean be resolved into a fundamental and a series
of harmonies. In other words, distortion from
nonlinearity causes the generation of harmonie
frequencies — frequencies that are not present
in the signal applied to the grid. Harmonie dis-
tortion is undesirable in most amplifiers, although
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Fig. 3-9 — Harmonie distortion resulting from choice
of an operating point on the eurved part of the tube
characteristie. ‘The lower half-cycle of plate current does
not have the same shape as the upper half-cycle.
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there are occasions when harmonies are deliber-
ately generated and used.

Amplifier Output Circuits

The useful output of a vacuum-tube amplifier
is the alternating eomponent of plate eurrent or
plate voltage. The d.c. voltage on the plate of the
tube is essential for the tube’s operation, but it
alimost invariably would cause difficulties if it
were applied, along with the a.c. output voltage,
to the load. The output circuits of vacuum tubes
are therefore arranged so that the a.e, is trans-
ferred to the load but the d.c. is not.

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

In the resistance-coupled circuit, the w.e. voit-
age developed aeross the plate resistor 12, (that is,
the voltage between the plate and cathode of the
tube) is applied to a second resistor, 14, through a
coupling capacitor, (.. The capacitor “blocks
off” the d.e. voltage on the plate of the first tube
and prevents it from being applied to the grid of
tube B. The latter tube has negative grid bias
supplied by the battery shown. No current flows
in the grid cireuit of tube I3 and there is therefore
no d.e. voltage drop in R.; in other words, the
full voltage of the bias battery is applied to the
grid of tube B.

The grid resistor, 12, usually has a rather high
value (0.5 to 2 megohms). The reactance of the
coupling capacitor, (', must be low cnough
compared with the resistance of £ so that the
a.e. voltage drop in (% is negligible at the lowest
frequency to be amplified. If R, is at least 0.5
megohm, a 0.1-pf. eapacitor will be amply large
for the usual range of audio frequencies.

So far as the alternating component of plate
voltage is concerned, it will be realized that if the
voltage drop in C. is negligible then R, and Ry
are effectively in parallel (although they are
quite separate so far as d.e. is concerned). The
rosultant parallel resistance of the two is there-
fore the actual load resistance for the tube. That
is why K, is made as high in resistance as possi-
ble; then it will have the least effect on the load
represented by K.

The impedance-coupled eircuit differs from
that using resistance coupling only in the sub-
stitution of a high-inductance coil (usually sev-
eral hundred henrys for audio frequencies) for the
plate resistor. The advantage of using an in-
ductance rather than a resistor is that its im-
pedance is high for alternating currents, but its
resistance is relatively low for d.e, It thus permits
obtaining a high value of load impedance for a.e.
without an excessive d.e. voltage drop that
would use up a good deal of the voltage from the
plate supply.

The transformer-coupled amplifier uses a trans-
former with its primary connected in the plate
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Fig. 3-10 — Three basic forms of coupling between
vacuum-tube amplifiers.

cireuit of the tube and its seeondary connected
to the load (in the circuit shown, a following
amplifier). There is no direct connection between
the two windings, so the plate voltage on tube A
is isolated from the grid of tube 3. The trans-
former-coupled amplifier has the same advantage
ax the impedance-coupled cireuit with respeet to
loss of voltage from the plate supply. Also, if the
secondary has more turns than the primary, the
output voltage will be “‘stepped up” in propor-
tion to the turns ratio.

Resistance coupling is simple, inexpensive, and
will give the same amount of amplification — or
voltage gain — over a wide range of frequencies;
it will give substantially the same amplification
at any frequencey in the audio range, for example.
Impedance coupling will give somewhat more
gain, with the same tube and same plate-supply
voltage, than resistanee eoupling. However, it is
not quite so good over a wide frequeney range;
it tends to “peak,” or give maximum gain, over
a compuaratively narrow band of frequencies.
With a good transformer the gain of a trans-
former-coupled amplifier can be kept [fairly
eonstant over the audio-frequency range. On the
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other hand, transformer eoupling in voltage
amplifiers (see below) ix best suited to triodes
having amplification factors of about 20 or less,
for the reaxon that the primary induetance of a
practicable transformer cannot be made large
enough to work well with a tube having high
plate resistance.

An amplifier in which voltage gain is the pri-
mary consideration is ealled a voltage amplifier.
Maximum voltage gain is secured when the load
resistance or impedance s made as high as pos-
sible in eomparison with the plate resistance of
the tube. In such a case, the major portion of the
voltage generated will appear across the load and
only a relatively small part will be “lost” in the
plate resistance.

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

Power Amplifiers

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

Output
Transformer

—

Signal

1-
T+

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

Load

Fig. 3-11 shows an elementary power-amplifier
eircuit. It is simply a transformer-coupled ampli-
fier with the load connected to the secondary.
Although the load is shown as a resistor, it
actually would bhe some deviee, such as a loud-
speaker, that employs the power usefutly. Every
power tube requires a specitic value of load
resistance from plate to cathode, usually some
thousands of ohms, for optimum operation, The
resistance of the actual load is rarely the right
value for “matehing” thix optimum load re-
sistance, so the transformer turns ratio is ¢hosen
to reflect the proper value of resistance into the
primary. The turns ratio may be cither step-up
or step-down, depending on whether the actual
load resistance is higher or lower than the load
the tube wants,
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The power-amplification ratio of an ampli-
fier is the ratio of the power output obtained
from the plate circuit to the power required
from the a.c. signal in the grid circuit. There is
no power lost in the grid cireuit of a Class A}
amplifier, so such an amplifier has an infinitely
large power-amplification ratio. However, it is
quite possible to operate a Class .\ amplifier
in such a way that eurrent flows in its grid
circuit during at least part of the cycle. In such
a case power is used up in the grid circuit and
the power amplification ratio is not infinite.
A tube operated in this fashion is known as a
Class A, amplifier. It is necessary to use a power
amplifier to drive a Class Ao amplifier, because a
voltage amplifier eannot deliver power without
serious distortion of the wave shape.

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

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

Parallel and Push-Pull

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

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

An increase in power output also can be
secured by econneeting two tubes in push-pull.
In this case the grids and plates of the two
tubes are conneeted to opposite ends of a balanced
cireuit as shown in Fig, 3-12, At any instant the
ends of the secondary winding of the input
transformer, 7';, will be at opposite polarity
with respect to the eathode conneetion, so the
grid of one tube is swung positive at the same
instant that the grid of the other is swung
negative, llence, in any push-pull-connected
amplifier the voltages and currents of one tube
are out of phase with those of the other tube.
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T

PUSH-PULL

Fig. 3-12 — Parallel and push-pull a.f. amplilier circuits,

In push-pull operation the even-harmonic
(second, fourth, cte.) distortion is balanced out
in the plate eircuit, This means that for the
sume power output the distortion will be less
than with parallel operation,

The execiting voltage measured between the
two grids must be twice that required for one
tube. If the grids consume power, the driving
power for the push-pull amplifier is twice that
taken by cither tube alone.

Cascade Amplifiers

It is readily possible to take the output of one
amplifier and apply it as a signal on the grid of
a second amplifier, then take the seceond ampli-
fier's output and apply it to a third, and so on.
Fach amplifier is called a stage, and stages used
successively are said to be in cascade.

Class B Amplifiers

Fig. 3-13 shows two tubes connceted in a
push-pull eireuit. If the grid bias is set at the
point where (when no signal is applied) the
plate current is just cut off, then a signal can
cause plate current to flow in either tube only
when the signal voltage applied to that particular
tube is positive with respeet to the eathode. Since
in the balanced grid eireuit the signal voltages on
the grids of the two tubes always have opposite
polaritics, plate current flows only in one tube at
a time.

The graphs show the operation of such an
amplifier. The plate current of tube B is drawn
inverted to show that it flows in the opposite
direction, through the primary of the output
transformer, to the plate current of tube A.
Thus each half of the output-transformer pri-
mary works alternately to induce a half-cycle
of voltage in the secondary. In the secondary
of T», the original wave form is restored. This
type of operation is called Class B amplification.

The Class B amplifier has considerably higher
plate efliciency than the Class A amplifier. Fur-
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thermore, the d.c. plate current of a Cluss B am-
plifier is proportional to the signal voltage on
the grids, so the power input is small with small
signals. The d.c. plate power input to a Class A
amplifier is the same whether the signal is large,
small, or absent altogether; therefore the maxi-
mum d.e. plate input that can be applied to a
Class A amplifier is equal to the rated plate dissi-
pation of the tube or tubes. Two tubes in a Class
B awmplitier ean deliver approximately twelve
times ax much audio power as the sume two tubes
in a Class A amplifier.

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

Certain types of tubes have been designed
specifically  for Class I3 service and can be
operated without fixed or other form of grid
bins (zero-bias tubes). The amplification factor
is so high that the plate current is small without
signal. Because there is no fixed bias, the grids
start drawing current immediately whenever a
signal is applied, so the grid-current flow is
continuous throughout the cvele. This makes the
load on the driver much more constant than is
the case with tubes of lower g biased to plate-
current cut-off.

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

Class AB Amplifiers

A Class AB amplifier is & push-pull amplifier
with higher bias than would be normal for pure
Class .\ operation, but less than the cut-off
bias required for Class I3. At low signal levels
the tubes operate practically as Class A am-
plifiers, and the plate current is the same with or
without signal. At higher signal levels, the plate
current of one tube is cut off during part of the
negative cycle of the signal applied to its grid,
and the plate current of the other tube rises with
the signal. The plate current for the whole
amplifier also rises above the no-signal level
when a large signal is applied.

In a properly-designed Class A amplifier
the distortion is as low as with a Class .\ stage,
but the efficiency and power output are con-
siderably higher than with pure Class .\ opera-
tion. A Class A3 amplifier can be operated
either with or without driving the grids into
the positive region. .\ Class AB, amplifier is
one in which the grids are never positive with
respect to the cathode; therefore, no driving
power is required — only voltage. .\ Class AB,
amplifier is one that has grid-current flow during
part of the cyele if the applied signal is large;
it takes a small amount of driving power. The
Class A3 amplifier will deliver somewhat more
power (using the same tubes) but the Class AB;
amplifier avoids the problem of designing a driver
that will deliver power, without distortion, into
a load of highly-variable resistance.

Operating Angle

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

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

Class C Amplifiers

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

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

Depending on the type of tube, the optimum
load resistance for a Class ¢ amplifier ranges
from about 1500 to 5000 ohms. It is usually
secured by using tuned-circuit arrangements, of
the type described in the chapter on circuit
fundamentals, to transform the resistance of the
actual load to the value required by the tube.
The grid is driven well into the positive region,
so that grid current flows and power is consumed
in the grid circuit. The smaller the operating
angle, the greater the driving voltage and the
larger the grid driving power required to develop
full output in the load resistance. The best com-
promise between driving power, plate efficiency,
and power output usually results when the
minimum plate voltage (at the peak of the driv-
ing evele, when the plate eurrent reaches its high-
est value) is just equal to the peak positive grid
voltage. Under these conditions the operating
angle is usually between 150 and 180 degrees and
the plate efficiency lies in the range of 70 to 80
percent. While higher plate efficiencies are pos-
sible, attaining them requires excessive driving
power and grid bias, together with higher plate
voltage than is “normal” for the partieular tube
type.

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

@ rEEDBACK

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

If the voltage that is inserted in the grid cir-
cuit is 180 degrees out of phase with the signal
voltage acting on the grid, the feedback is called
negative, or degenerative. On the other hand, if
the voltage is fedback in phase with the grid
signal, the feedback is called positive, or re-
generative.
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Negative Feedback

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

The greater the amount of negative feedbaek
(when properly applied) the more independent
the amplification becomes of tube characteristics
and eireuit conditions, This tends to make the
frequenceyv-response characteristic of the amplifier
flat — that is, the amplification tends to be the
same at all frequencies within the range for
which the amplifier is designed. Also, any distor-
tion generated in the plate cireuit of the tube
tends to “buck itself out.” Amplifiers with nega-
tive feedback are therefore comparatively free
from harmonice distortion. These advantages are
worth while if the amplifier otherwise has enough
voltage gain for its intended use.

Fig. 3-11 — Simple circuits for producing feedback.

In the circuit shown at .\ in Fig. 3-14 resistor
R, is in series with the regular plate resistor, 12,
and thus is a part of the load for the tube. There-
fore, part of the output voltage will appear across
IR.. However, R, also is connected in series with
the grid cireuit, and so the output voltage that
appewrs across R, is in series with the signal
voltage. The output voltage across R. opposes
the signal voltage, so the actual a.c. voltage
between the grid and cathode is equal to the
difference between the two voltages.

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

Positive Feedback

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

. INTERELECTRODE CAPACITANCES

Lach pair of elements in a tube forms a small
capacitor, with each element acting as a capac-
itor “plate.”” There are three such capacitances
in a triode — that between the grid and cathode,
that between the grid and plate, and that be-
tween the plate and cathode. The capacitances
are very small — only a few micromicrofarads at
most — but they frequently have a very pro-
nounced effect on the operation of an amplifier
circuit.

Input Capacitance

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

As a result, a capacitive current flows around
the circuit, its amplitude being directly propor-
tional to the suim of the a.c. grid and plate
voltages and to the grid-plate capacitance. The
source of grid signal must furnish this amount of
current, in addition to the capacitive eurrent that
flows in the grid-cathode capacitance. llence the
signal source “secs” an effective capacitance that
is larger than the grid-cathode capacitance. This
is known as the Miller Effect.

Fig. 3.15— The a.c. voltage appearing between the
grick and plate of the amplifier is the sum of the signal
voltage and the output voltage, as shown by this sim-
plitied circuit. Instantaneous polarities are indicated.
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The greater the voltage amplification the
greater the effective input eapacitance. The input
capacitance of a resistance-coupled amplifier is
given by the formula
Cac+ Co, (A1)
where Cy is the grid-to-cathode eapaeitance,
C'wp is the grid-to-plate capuacitance, and A is the
voltage amplification, The input eapacitance may
be as much as several hundred micromierofarads
when the voltage amplifieation is large, even
though the interelectrode capacitances are quite
small.

(& =
input =

Output Capacitance

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

Tube Capacitance at R.F.

At radio frequencies the reactances of even
very small intereleetrode eapacitances drop to
very low values, A resistance-coupled amplifier
gives very little amplification at r.{., for example,
beeause the reactances ol the intereleetrode “‘ea-
pacitors” are =0 low that they practically short-
cireuit the input and output eireuits and thus the
tube is unable to amplify. This is overcome at
radio frequencies by using tuned eireuits for the
grid and plate, making the tube capacitances part
of the tuning eapacitances. In this way the eir-
cuits ean have the high resistive impedances nec-
essary for satisfuetory amplification.

The grid-plate capacitance is important at
radio frequencies because its reactance, relatively
low at r.f., offers a path over which energy ean be
fed back from the plate to the grid. In practically
every case the feedback is in the right phase and
of sufficient amplitude to eause self-oseillation, so
the circuit hecomes useless ax an amplifier.

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

@ SCREEN.GRID TUBES

The grid-plate capacitance can be reduced to a
negligible value by inserting a second grid be-
tween the control grid and the plate, as indicated
in Fig. 3-16. The second grid, ealled the screen
grid, acts as an electrostatie shield to prevent
apacitive coupling between the control grid and
plate. 1t is made in the form of a grid or coarse
sereen so that electrons ean pass through it.

Because of the shielding action of the sereen
grid, the positivelv-charged plate cannot attract
electrons from the cathode as it does in a triode.
In order to get electrons to the plate, it is
necessary to apply a positive voltage (with
respect to the cathode) to the sereen. The sereen
then attracts electrons much as does the plate in
a triode tube. In traveling toward the sereen the
clectrons acquire such velocity that most of them
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3-16 — Represent-
ative arrangement of
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