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FOREWORD

The Radio Amateur’s Handbook has long been .a
staple of the radio amateur’s library. Since it. was fifst
published in 1925, nearly five million copies have been -
distributed, putting it near the top of the all-time best
seller list. It has achieved that distinguished record -
because it is a practical, useful manual. Its continuing
purpose is to present the necessary fundamentals, as
well as changing technology and applications, to setve
the varied interests of the experimenter, the home
builder, the DXer, the contester, and the ragchewer.

The present volume is the product of the efforts
and the skills of many talented amateurs. We hope
you will find it of value in the pursult of your goals.
and your interests,

RICHARD L. BALDWIN, WiRU
General Manager

¢

Newirfgton, Conn.
November, 1975
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ONE
The Amateur is considerate . . .He never knowingly uses
the air in such a way as to lessen the pleasure of others.

/

4. TWO .
%% The Amateur is Loyal . . .He offers his loyalty, encour-
k agement and support to his fellow radio amateurs, his local
club and to the American Radio Relay League, through
which amateur radio, is represented.

THREE

The Amateur is Progressive . . .He keeps his station
abreast of science. It is well built and efficient. His
- operatirig practice is above reproach.

FOUR

The Amateur is Friendly . . .Slow and patient sending
when requested, friendly advice and counsel to the begin-
ner, kindly assistance, cooperation and consideration for
the interests of others; these are marks of the amateur
spirit. ‘

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

SIX

The Amateur is Patriotic . . . His knowledge and his

. station are always ready for the service of his country and

his community. L .
- ' — PAUL M. SEGAL




:Amateur radio is a scientific hobby, a means of
gaining personal skill in the fascinating art of
lectronics and an opportunity to communicate
ith fellow citizens by private short-wave radio.
attered over the globe are over 700,000 amateur
dio operators who perform a service defined in
nwternational law as one of “self-training,
ntercommunication and technical investigations
ed on by .. .. duly authorized persons
terested in radio technique solely with a personal
“aiim:and without pecuniary interest.”

From ‘a humble beginning at the turn of the
-eentury, amateur radio has grown to become an
established institution. - Today - “the American
-followers ‘of amateur radio number over 250,000,

trainéd communicators from .whose fanks will .

ome the professional communications specialists
d executives of tomorrow” — just as many of
“today’s radio leaders were first attracted to-radio
y. their early interest in amateur radio
ommunication. A powerful and prosperous
anization now provides a bond between
mateurs and protects their interests; an

internationally respected magazine is ‘published .

“solely for their benefit. The military services seek
-the. cooperation of the amateur in developing
ommunications reserves. Amateur radio supports
a ‘manufacturing industry which, by .the very
“demands of amateurs for the latest and best
“equipment, is always up-to-date in its designs and
‘production techniques — in itself a national asset.
_Amateurs have won the gratitude of the nation for
‘their heroic performances in times of- natural
disaster; traditional amateur skills.in. emergency
communication are also the stand-by system for
- the nation’s civil defense. Amateur radio is, indeed,
- a magnificently useful institution.
..» Although as old as the art of radio itself,
ateur radio did not always enjoy such prestige.
s first enthusiasts were private citizens of an
xperimental turn of mind whose imaginations
nt wild when Marconi first proved that messages
ally could be sent by wireless. They set about
:Jeathing enough about the new scientific marvel to
build homemade spark transmitters. By 1912 there
were numerous Government and commercial sta-
tions, and hundreds of amateurs; regulation was

ed, so-laws, licenses and wavelength spemflca-‘

ians appeared. There was then no amateur organi-

gtion “nor:spokesman, The official v1ewpomt;

d amateurs was something like this:

A\mateurs? . . . Oh, yes ... Well, stick

200 meters and below; they’ll never get out B

ackyards with that.”

500-mile and even occasional. 1000-mile two-way
contacts. Because all long-distance messages-had:
be relayed, relaying developed into a fine art'— an

we might not span the Atlant;lc on 200 meters.
Most important of all; this petiod witnessed the’
birth- of the American-Radio Relay' League, the
amateur radio. organization whose-name was to b
virtually - synonymous with’ subsequent amat
progress- and shert-wave development. Congei d
and formed by the famous mven%ox, the late Hir:

early 1914. It had just. begun to exert its full force
in amateur activitics “when. the United St
declared war in 1917, and by that act sounded the
knell for:amateur radio for the next ‘two and & hy
years. There were then over 6000-amateur Ov

‘4000 of them served in the armed forces uring
_that war.

Today, few amateurs realize that World War
not only marked the:close .of the fitst' phase
amateur development but came very near mazkm
its end for all time. The fate of amateur radio Was
in the balance in the days immediately followin;
the signing of the Armistice.. The Government,
having had a taste of. supteme  authority. over
communications in wartime, was more than half
inclined to keep it. The war had not been ended
month before Congress. was considering: legislat
that would have made it impossible  for the

the years: rolled on, mateuts fnund out




; rushed to Washington pleaded,
an he ‘bill :was ‘defea

y (:h .sﬂence The League’s offices had been closed
or'a year and a half, its records stored away. Most
of ' the -former amateurs had pone into service;
‘many- of them would never come back. Would
thiose returning be interested ‘in such - things as
aniateur fadio? Mr. Maxim, determined to find out,
caned a méeting of the old Board of Directors. The
smmmn was  discouraging: amateur radio still
anned by law, former members scattered, no
‘gamzation no membership, no furids. But those
ew determmed men financed the. publication of a
i alfithe former amateurs that could be
diiKenneth B. Warner as the League’s
jury, floated a bond issue among old
feague ‘members 1o obtain money for immediate
mnnmg expenses, bought the magazine QST to be.
“the League’s ‘official organ, started activities, and
durined. officialdom wuntil the wartime ban was
“Jifted. and amatetir tadio resumed again, on Octo-
‘ber: 1, '1919. There- was a headlong rush by
tems to get back on the air. Gangway for King
't Manufacturers “were - hard - put .to supply
*tadib “apparatus ‘fast. enough, Each night saw
additional dozens ef statioms crashing out over the
I;qterference? Tt was bedlam!
wt it-was an era of progress. Wartime needs
had stimulated technical development. Vacuum
bes  were. being used. both for receiving and
' fsmittmg‘ Amateurs immediately adapted the
W ‘gear to -200-meter work, Ranges promptly
émeased and ‘it Became -possible” to bridge the
uh but-one mtermedlate relay,

AN&ATLANTI CS

‘As I)X became 1000; then 1500 and then 2000
-fiiles, amateurs began to dream. of  transatlantic
Work, ‘Could ‘they get across? In December, 1921,

RLsent abroad an expert amateur, Paul F.

bdley, 2ZE, with the best receiving equipment
dvailable, ‘Tests were run, and thirty American
statxons were heard in Europe. In 1922 another

nsatlantic test was carried out and 315 Ameri-
can‘ calls were logged by European amateurs and
_one Freach and two British statlons were heard on
tl'u&sxde

~{wi-way amateur communication across the Atlan-

tigl 1t must be possible — but somehow it couldn’t -

uite be done. More power? Many already were
sing” the legal maximum. Better receivers? They

““had superheterodynes. Another wavelength? What '
bout ‘those undisturbed wavelengths below 200

voryﬂung now was centered on one objective: . .

. ‘But there was - ltanti¢
mteur radio; the ‘war, ban contmued.,‘
ated representations to Washington met only -

* Fred Schnell, 1MO (now WACFY and-

Reinartz, 1XAM (later K6BJ) worked for several
hours with ‘Deloy, 8AB, in Ftiince, with aﬂﬂnﬁe

© stations on 110 meters! Additional station

ped down to 100 meters and found that they
could easily work two-way across the Atlaitic, The
exodis from the 200-meter region had started. The
“short-wave” era had begun! ‘ :

By 1924 dozZens of commercial cofnpaniés: hmd
rushed stations into the 100-meter region. Cliaos:
threatened, until the first of ‘a series of national
and international radio conferences pamtloned
various bands of frequencies for the differén!
services. Although thought still centered arotui
100 meters, League officials at the first of the
frequency-determining conferences, in 1924, wxse
ly obtained amateur bands not only at 80 metew
but at 40, 20, and even 5 meters. :

Eighty meters proved so successful that “forts?
was givén a try, and QSOs with Australia, New
Zealand and South Africa soon became comnion:
place. Themr how about 20 meters? This new band.
revealed entirely unexpected possibilities when:
1XAM worked 6TS on the West Coast, direct, at.
high noon; The dream of amateur radio — dayhgh
DX! — was finally true.

PUBLIC SERVICE

Amateur radio is a grand and glorious hobby
but this fact alone would hardly merit suc
wholehearted sdpport as is given it by our Govern
ment at international conferences. Thete: are other.
reasons. One of these is a thorough appreciation by

. the. military and civil defense authorities of ‘the

value of the amateur as a source of skilled radio
personnel ‘in time of war. Another asset is best
described as ‘‘public service.” )
About 4000 amateurs had contnbuted thieis
skill and ability in *17-°18. After the war it ‘was
only natural that cordial relations should prevail
between the Army .and Navy and the ‘amatenr,
These relations strengthened in the next few years
and, in gradual steps, grew into cooperative activi-
ties which resulted, in 1925, in the establishment
of the Naval Commumcatlons Reserve and. the
Army-Amateur Radio System (now the Military:

mete,ts" The engineering woild thought they were

otthless — but they had said that about 200
ers. So, in. 1922, tests between Hartford and

ston. were made on 130 meters with encouraging
<. Early in:1923, ARRL-syonsoxed tests on-

ngths down to 90 ‘meters, were successful.

-Reports indicated. that as the ‘wavelength dropped ‘

results ¥ ere better Excxtemant began to spread




m the “Naval Reserve wete-éﬁledfm’ :
where they . served with distinctwn,v
other. thousands served in the Army,

;um duty
‘many:.
orces; 'Coas ardiand Marine Corps. Alto-
1, hore than 25,000 radio amateurs served in

-armed forces of the United ‘States,

1qusands: were ‘engaged in vital civilian electronic
fesearch, development and ma.nufacmnng. They
#1360 organized and manned the War Emergency
adio. Service,, the’ communications sectlon of

The “pubhc-semce record of the amateurisa

rilliant tribute to his work. These activities can be
‘roughly divided into two classes, expedmons and -

‘emergencies. Amateur cooperation with expedi-
ons. began in 1923 when a-League member, Don
i%, 1TS, of Bristol, Conn. (from 1933 to 1968 a

‘member of the QST technical staff), accompanied

MucMillan to the Arctic on the schooner Bowdoin

‘with an amateur station. Amateursin Canada and

the7U.S. provided the home contacts. The success

of . this venture was so0 outstanding that other
cplorers followed suit. During subsequent years a
ptal of perhaps two hundred voyages-and expedi-

‘tions were assisted by amateur radio, the several

explorations of the Antarctic bemg perhaps the

best known.
Since 1913 amateur radio has been the princi-
: pal, and in many cases the only, means of outside
-“communication in - several  hundred’ storm, flood
and earthquake emergencies in this country. The
tthquakes which hit- Alaska in 1964, Peru in

1970 and California in 1971, the Dakota floods

and the aftermath of Tropical Storm Agnes in

1972, respectively, called for the amateur’s greatest

", emergency effort. In these disasters and many
others — tornados, sleet storms; forest fires, bliz-
‘zards — amateurs. played a major role in the relief
- work and earned wide commendation for their
tesourcefulness in effecting communication where
“all other means had failed. The League’s Emergen-

- .cy-Corps, now a part of the Amateur Radio Public
Service Corps (APRSC), was formalized in 1938,
~and a program of close cooperation with ‘the
‘American Red Cross was adopted. Since 1947,
“there has been a staff member at headquarters

‘whose primary job is coordination of public service -

activities. )
After World War I, it became evident that the
‘international situation was destined to be tense and
‘the need “for some civil -defense measures was
apparent. In the discussions with government
agericies that followed, the League got two points
dcross: first that amateur radio had a potentlal for
id " capability of playing a major role in this
fogtam; and second;, that our pa.rtxcxpatmn
iould, -this time as never before, be in eur own
e, as;an amateur radio service, even if and after

8L * shoyld break out. These principles were
ded into the planning by the formulation of
gegifations creating a new branch of the amateur

Fvice,

In the event of wm:,

Other -

technical progress.
‘eagerness to try anything new,’are two reago

" ring amateurs to the development and adoption:of’

the Radio' Amateur Civil Emergency Ser-
‘ACES Agan amateur setvice, its frequency |
1  shared “with- the. regular amateur

ain; remwuohs. In psace' :

cies. (such ag natural dmasters),LRA C

close!y with ARPSC, .

.

'TECHNICAL DEVELOPMENTS

" His mcessant cunostty

Another is that eveér-growing amateut radio corititk
ually overcrowds its frequency assignments; ‘spur,
new techniques to permit the accommodatwn

more stations. :
Duting World ‘War 1I, moumdé of skill

.amateuss contributed their knorwiedge to the de:

velopment of secret radio devices, baoth'in Govern
ment and private laboratories, - Equally ag-import
ant, the prewar technical progress by amateurs
provided the keystone for’ ﬂw;?developme,nt
modern military communicationis:équipment. -
‘From this work, amateuss have moved oh
satellites of their own, launchuﬂ pggyhackw
regular 'space -shots- at, no cost- to  the' taxpa;
Project Oscar Inc.; an ARRL afﬁhqte desngneda i
constructed the first fout, with launch dates:of
December 12, 1961; June: 2, 1962; March 9, 1=9.;S"
and December 21, 1965." Australis-Oscar 5 -was
built in ‘Australia and launched by NASA under the
auspices of Radio Amateur Satellite Corporation
(Amsat); it - went aloft om. January 23,19
Amsat-Oscar 6 was orbited October 15, 1972 a8
is expected to remain usable throughout 1973
contains beacons operating on 435.10 and 29
repeater with input from 145.9 to 146/ Miz:at
output from 29.45 to 29.55. Ground statlorlsmux_smg’*
the satellite should not exceed 160 watts eff ective:
radiated power. Incidentally, Oscar’ stands_ {034
“Orbital Satellite Carrying Amateur Radio.” .
Another space-age field in which amateu
currently working is that of 1ongamnge communieas
tion using the moon as a passive reflector.. The/
amateur bands from 50 to 2450 MHz are¢-bein
used for this work. Meonbounce ¢ommunieations.
have been carried out, for . instance, betwesh

Sweden and New Zealand on ‘144 MHz . a0

between Cahforma and England on both 432
1296 MHz.

THE AMERICAN RADIO RE LAY LEAGUE ;

The ARRL is today not only the spokesman for
amateur radio in the U.S, and Canada but itigtl
largest amateur organization in the ‘world. It s
strictly of, by and for amateuts, is nong¢ommerei
and has no stockholders. The members of “th
League are the owners of the ARRL and OST.

The League is pledged to promote intere
two-way amateur communication and; ‘expesime:
tation, It is interested in the relaying of message
by amateur fadio. Tt is.concerned with the advan

- ment of the radio art. It stands for the main
G “mmce of f:atemahsm and a htgh standqr




One of the League S pnncnpal purposes 1& to
p- amaieur activities so.well conducted that the

mateur radio -offers its followers countless plea-
ures and unending satisfaction. It also calls for the
ouldering of responsibilities — the maintenance

traditions - of -amateur radio, a dedication to its
kldeals and principles, so that the mstltutlon of
dimateur tadio ‘may continue to operate “in the
‘public interest, convenience and necessity.”

/- The.operating territory of ARRL is divided into
o"n"é Canadian and fifteen U.S. divisions. The affairs
“of the Leagpe are managed by a Board of Direc-
fors.-One dirggtor is elected every two years by the
membership ofieach U.S. division, and ong by the
‘Canadian membership. These directors then choose
“the. president. and three vice-presidents, who are
also members of the Board. The secretary and
U{reasiirer - are: also appointed by the Board. The
directors, -as- representatives of the amateurs in
“their divisions, meet -annually to examine current
amateur problems and formulate ARRL ‘policies
hereon. The directors ‘appoint a general manager
o, supervise the operations.of the League and its
“headquarters, -and to cany out the p()IlCleS and
instructions of the Board. ~

“ARRL owns and publishes the monthly maga-
ing, OST. Acting as a bulletin-of the League’s
rganized activities; OST also setves as a medium
for. the exchange of ideas and fosters amateur
it. Its technical articles are renowned. It has
rowri to_be the: “amateur’s bible,” as well as one
+the foremost radio magazines in the world.
Bership dues include a subscription to @ST.

tatién, known as the Hiram Percy Maxim Memor-
Station, in Newington, Conn. Its call.is W1AW,
he call held by Mr. Maxim until his death and later
tra sferred  to ‘the League station by a spec:lal
@vemment ‘action. Separate transmitters of maxi-
mam: legal power on :each amateur band have
-permltted the station to be heard regularly all over
the worlfd. More important, WIAW transmits on
gular schedules bulletins. of general interest to
yateurs, conducts code practice as a training
feature, -and engages in two-way work on all
“popular bands with as many amateuts as time

At ‘the headquarters of the League in New-
ngton, Conn., is a well-equxpped laboratory to
‘ragsist staff members in preparation of technical
‘material for QST and the Radio Amateur’s Hand-
‘book. Among its other activities, the League
mamtams a Communications Department concern-~
ed: with the -operating “activities of League mem-
bers; A large field organization is headed by a
éction. Communications Manager in each of the
eague’s seventy-four sections. There are appoint-
ents for qualified membexrs in various fields, as
outlined - in. Chapter - 24.. Special -activities and
ontests promote operating skill. A special place is

juif every sectlon

" tions Commission (FCC) has. wsued detailed 18
ateur will continue to justify his existence. -

of high standards, a cooperative, loyalty to the

and 21.25-21.270 MHz. Advanced and Extra have

RI maintains a model headquarters amateur -

filtered direct current. Emissions must be free from

a volunteer, - depending on - the license
served gach ‘month .in QST for amateur news -

Pursuant to the law ‘the Federal Comm

tions for the amateur service: .

A radio’ amateur is a duly authonzed pe_‘
interested in radio technique solely with a-pérso
aim and without pecuniary interest. Amat
operator licenses are available to most perman
residents who can, pass an examination on opet
tion, apparatus, and regulations affecting amateurs;
and who can demonstrate ability to send an
receive code. There are five available classeso;
amateur license — Novice, Technician, General:
(“Conditional” if taken by mail), Advanced, an&
Amateur Extra Class. Each has different require-
ments, the first two being the simplest and
consequently conveying limited privileges as to:
frequencies available. -Extra Class licensees have
exclusive use of the fréquencies 3.5-3.525;:
3.775-3.8, 7.0-7.025, 14.0-14.025, 21.0-21.025

exclusive use of the frequencies 3.8-3.890;
7.15-7.225, 14.2-14.275, 21.270-21.35 and
50.0-50.1 MHz. Exams for Novice, Technician and
Conditional classes are taken by mail under.the:
supervision of a volunteer examinei. Station . li-
censes are granted only to licensed operators. An =
amateur station may not be used for material - -
compensation of any sort nor for broadcasting..
Natrow bands of frequencies are allocated exclu-:
sively for use by amateur stations. Transmissions:
may be on any frequency within the assigned”
bands. All the frequencies may be used for ew
telegraphy; some are available for radiotelephone,
others for special forms of transmission such as
teletype, facsimile amateur television or fadio ... .
control.” The input to the final stage of amateur ; . ...
stations is limited to 1000 watts (with lower limits-.

in some cases; see the table on -page 14) and.on -
frequencies below 144 MHz must be adequately. =~

spurious radiations. The licensee must provide for =
measurement of the transmitter frequency  and
establish a procedure for checking'it regularly. A .~
complete log of station operation must be main- -
tained, with specified data. The station license also
authorizes the holder to operate portable and
mobile stations subject to further regulations. All:
radio, licenses are subject to penalties for violation
of regulations.

Amateur licenses are issued w1thout regaxd Y
the applicant’s age or physical condition. A fee of
$9.00 (payable to the Federal Communications
Commission) must accompany applications: fo
new and renewed licenses. The fee for license
modification is $4.00 (except Novices: no. fee).
When you are able to copy code at thé required
speed, have studied basic transmiittes theory and.
are familiar with the law and amdteur regulatia
you are ready to give serious thought to-seéus
the Government amateur licenses which ‘are issu
you, after examination by an FCC engitie

through the FCC Licensing Unit, Gettysbu
17325 A complﬁte up-to-thc—mmute discussm'




l,; L m] /t» . -» . L l“,

o lweme requirements, the FCC xegulmons for the

-amafeur service, and study guides for those pre-
paring for the examinatiens, are to be found in The
~Radio Amateur’s License Manual, available from
the American Radio Relay League, Newington,
Conn. 06111, for $1.00, postpaid. -

' AMATEUR LICENSING IN CANADA

The agency responsible for amateur radio in
Canada is the Department of Communications,
with its principal offices in Ottawa. Prospective
amateurs, no longer restricted as to age, may take
the examination for an Amateur Radio Operator
Certificate at one of the regional offices of the
DOC. The test is in three parts: a Morse code test
at ten words per minute, a written technical exam
and an oral examination. Upon passing the exami-
nation, the amateur may apply for a station
license, the fee for which is $10 per year. At this
point, the amateur is permitted to use cw on all
authorized amateur bands (see table on page 13)
and phone on those bands above SOMHz.

After six months, during which the station has
been operated on cw on frequencies below 29.7
MHz, the Canadian amateur may have his certifi-
cate endorsed for phone operation in the
28.0-29.7 MHz band. The amateur may take a 15
wpm code test and more-difficult oral and written
examinations for the Advanced Amateur Radio
Operator Certificate, which permits phone opera-
tions on portions of all authorized amateur bands.
Holders of First or Second Class or Special Radio
Operator’s Certificates may enjoy the privileges of
Advanced class without further examinations. The
maximum input power to the final stage of an
amateur transmitter is limited to 1,000
watts.

Prospective amateurs living in remote areas may
obtain a provisional station license after signing a
statement that they can meet the technical and
operating requirements. A provisional license is
valid for a maximum of twelve consecutive months
only; by then, a provisional licensee should have
taken the regular examination.

Licenses are available to citizens of Canada, to
citizens of other countries in the British Common-
wealth, and to non-citizens who qualify as “landed
immigrants” within the meaning of Canadian immi-
gration law. The latter status may be enjoyed for
only six years, incidentally. A U.S. citizen who
obtained a Canadian license as a ‘‘landed immi-
grant” would have to become a Canadian citizen at
the end of six years or lose his Canadian license.

Copies of the Radio Act and of the General
Radio Regulations may be obtained for a nominal
fee from the Queen’s Printer, Ottawa, and its
dealers. An extract of the amateur rules, Form
. AR-5-80, is available at DOC offices. Other books
- -include: The Canadian Amateur Radio Regulations

Handbook, $2.55 from CARF, Box 356, Kingston,
K7L 4W2, Ontario; the Ham Handbook for Beginners
and the Ham Handbook for Advanced, each $5.30
from ARTA Publishing Co., P.O. Box 571 Don
'. Mills, Ont.; Radio Amateur chensmg Handbook

. $4.95, ALH Distributors, P.O. Box 2/, Vancouver

from Guy Cadieux, VE2BTG, 924 20th Ave. S, .

1, BC.; ind Comment Devenir- Amateier, $2.50 .
Ville de St. Antoine, P.Q.

RECIPROCAL OPERATING

U.S. amateurs may operate their amatear sta- -

tions while visiting in Argentina, Australia, Austria, -
Barbados, Belgium, Bolivia, Brazil, Canada, Chile, -
Colombia, Costa Rica, Dominican Republic, Ecus-
dor, El Salvador, Finland, France*, Gemmany,
Guatemala, Guyana, Honduras, India, Indonesia,
Ireland, Israel, Jamaica, Kuwait, Luxembouig, Mo-
naco, Netherlands,* New Zealand, Nicaragua, Nor-
way, Panama, Paraguay, Peru, Portugal, Sierre -
Leone, Sweden, Switzerland, Trinidad & Tobago,
the United Kingdom*,Uruguay and Venezuela -and
vice versa. For the latest information, write to
ARRL headquarters.. '

LEARNING THE CODE

In starting to learn the code, you should
consider it simply another means of conveying
information. The spoken word is one method, the .
printed page another, and typewriting and short-

hand are additional examples. Learning the codeis " *

as easy — or as difficult — as learning to type. }

The important thing in beginning to study code
is to think of it as a language of sound, never as
combinations of dots and dashes. It is easy to
“speak™ code equivalents by using “dit” and
“dah,” so that A would be “didah™ (the “t” is
dropped in such combinations). The sound “di”
should be staccato; a code character such as “§”
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 cooperation. Learn the code by listening to it.
Don’t think about speed to start; the first require-
ment is to learn the characters to the point where
you can recognize each of them without hesitation.
Concentrate on any difficult letters. Learning the
code is not at all hard; a simple booklet treating
the subject in detail is another of the beginner
publications available from the League, and is
entitled, Learning the Radiotelegraph Code 50
cents, postpaid.

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

A Code-Practice Set
A simple oscillator circuit like the one shown in
Fig. 1-2 may be built using a Signetics NE555

* Includes overseas entities.

.




dahdahdah
-dxdah,dahdlt
dahdahdidah
~didahdit ’
dididit
dah
dididah

<cammowo

didididah

w dldahdah

X dahdxdldah

Y dahdidahdah

Z dandahdidi
‘1 dxdahdahdgghdah 6 géd.id_id.id.it
-2 dlchdahdahdah 7 dahdahdididit
F dtdldxdahdah 8 dahdahdahdldxt
4 dld}dldidah -9 ahdahdahdahd1t
5 dididididit 0 dahdahdahdahdah

Penod dldahdldahdxdah Comma : dahdahdidi-
dah hdah Ques ',n ‘mark dldldahdahdldlt “Error:
ddldldididididit' Double dash dahdldldldah
Colon : ‘dahdahdahdididit. Semicolon : dahdldah-
- didahdit. Parenthesis : dahd}@@bd}dah Frac-
tion bar: dahdididahdit. Wait : didahdididit. End
: f message' didahdidahdit Invitation to trans-

timer and a few extra parts. The printed circuit for
he oscillator is made from a 2-inch square piece of
pc. material but the IC could have been placed on
Masonite,  Formica or some other insulating
matérial. ‘Point-to-point wiring may be used. The
ircuit ‘is housed  in a.-liomemade enclosure that
“‘provides room for a battery of almost any value
between 4-1/2 ‘and 18 volts.. The speaker is
tached to the front of the enclosure with
canlkmg compound. Any speaker in the range of 4
1050 ohms will wotk well and may be salvaged
- = ftom a discarded transistor pocket radio.

‘“The circuit shown costs approximately five

“dollars to build. R2 is made from one fixed-value
fesistor chosen to give a pleasant tone. The volume
. control could be removed altogether (placing the
'speaker at the negative side of C3) or be replaced
“-with a - pait’ of resistors equalling about 10,000
-ghms.” The speaker should be connected between
“thé junction of -these resistors and ground. An
"on-off - switch should be used to dlsable the
. oscillator when it is not in use.
The audio pitch is determined by the values of
R1, C2 and the setting of R2. The cost of the
oscillator may be reduced somewhat by replacing
R2 with 'a fixed value of resistance; R3 could be
~replaced by d fixed-value resistor.. If this is done,
the speaker lead must be connected to the junction
‘of C3and R3. .- g

A cw code-practice oscillator along with a speaker
may be mounted inside a homemade aluminu
box. If desired, the battery could be mounted
inside the enclosure also, thereby allowing - eas
portability of the unit.

When power is applied the oscillator runs =
continuously and the audio output is keyed on and
off. This circuit gives a degree of freedom from
chirps or whoop-like sounds when rapidly keyed. .
However, the circuit always draws about 6 mA of .
current when operated. If used with a small
battery, such as those used in transistor portable -
radios, the battery could quickly be. discharged, so
a means of disconnecting the power should be
used, such as a spst switch, as shown at S1. S

If facilities are not available for etching a board,
point-to-point ‘wiring will work just as well, and
perforated board stock is a suitable material to be
used. If a builder does not want to solder. directly . -7
to the IC leads an 8-pin IC socket can be used, =
making all connections to the socket. e
’ +4.,5 70 18V ’ 2

mator Resistance is in ohms, k = 1000, Tl
capacitor is a disk ceramfc Utlisa Slgnetu
IC tlmer, g o



eense, you may wish o ‘Have the addit;oml help
ailable in How to Become a Radio Amateur
.00).°1t features an elementary desciiption of
-radio theory and constructional detalls on a simple
receiver and transmitter.
" Another aid is A Course in Radio Fundamentals
. $2 00). There are experiments, discussions, and
: ‘quizzes to help you learn radio fundamentals.
A League pubhcatlon Understanding Amateur
»'Radio, explains radio theory and practice in greater
detail than is found in How to Become a Radio
'madteur, but is at a more basic level than this
Handbook . Understanding Amateur Radio contains
' 304 pages, and is priced at $2.50.
. +These booklets are available postpaid from
. ARRL, Newington, Connecticut 06111. :

“subject to modification to fit the changmg picthr
.of world communications needs. Modifications of
mules to provide for domestic ‘needs are also-

- occasionally issued by FCC and DOC, apd in that

respect each amateur should keep himself mfonn
by W1AW bulletins, QST reports or by: communi
cation with ARRL Hgq. concerning a specific point;
On this page and page 14 are summaries of the
Canadian and U.S. amateur bands on which opera- -
tion is permitted -as of our press date. AP and Fp
mean unmodulated carriets. Al means cw teleg-
raphy, A2 is fone-modulated cw telegraphy, A3is
amplitude-modulated phone, A4 is fatimile, AS. is’
television, F1 is frequency-shift keying, F2 is.
frequency-modulated tone keying (Morse or” tele-
type), F3 is fm phone F4 is fm facsnmle and F5is’

fm television.

. fa?s

3.500-
3.725-

3,725 MHz Al,F1
4.000 MHz A1, A3, F3

80 meters
1)3)4)5)

Al Fl,
Al A3, F3

7.000— .
7.150~

7.150 MHz
7.300 MHz

40 meters
‘1)3)4)5)

14.100 MHz
14.350 MHz

14.000—
14.100—

Al F1 .
Al, A3,F3

* 20 meters
H3H4 35

21.000—
21.100-

21.100 MHz
21,450 MHz

{- 15 meters

. AL, F1
- D345

Al, A3,F3

28.100 MHz
29,700 MHz

28.000-
28.100—

| 10 meters
12)3)4)5)

Al, F1
Al, A3, F3

Al
Al, A2, A3, F1
F2,F3

A, Al, A2, A3
A4, F1, F2, F3,
F4

50.000—
50.050—

50.050 MHz
51.000 MHz

6 meters
3)4)
51.000—  54.000 MHz

144.000—
144,100

144,100 MHz
148.000 MHz

Al
AD, AL, A2, A3
A4.F1,F2, F3
F4

AP, Al, A2,A3,
A4,F1,F2,F3,
F4 -

450.000 MHz)
1300.000 MHz)
2450.000 MHz)
3300.000— 3500.000 MHz) A, Al, A2, A3
5650.000— 5925.000 MHz) A4, AS, F1,F2
10000.000—-10500.000 MHz) 13, F4
: 21000.000—~22000.000 MHz)
1).:Phone privileges are restricted to holders of Advanced Ama-
{: teur Radio Operator Certificates, and of Commercm] Cartifi-
-.cates.

2 meters:
e

~34 220.000; 225;000 MHz

4) 6) 420.000—
1215.000-

2300.000-

[ 2) Phorie prmleges are’ ‘testricted as in footnédte 1), and to
-1 “holders of’x Mpaten: RadlcrOperators Certificates. whose certifi-

: ca‘teshave’* OF-Op ion on phone in these bands.
3) Amplitude modulation (A2 A3, A4) shall not exceed + 3
kHz (6A3) :

4) Frequency modulation (F2, F3, F4) shall not produce a car-
rier deviation exceeding +3 kHz, (6F3) except that in the 52—
54 MHz and 146148 MHz bands and higher the carrier devia-

-, tion shall not exceed +15 KHz (30F3). ’

5) ‘Slow Scan television (AS), permitted by special authonza-
tion; shall not exceed a bandwndth greater than that Occl.lpled

CANADIAN AMATEUR BANDS

.employ asystemof

- means the hours between sunset and sunrise. Al, A3 andF3 ~

- Province of Quebec

6) Television (AS), permltted by speual authonzatlon, shalk
d ting with-a band—
width of not more than 4 MHz. -

©Operation in frequency band.1.800-2.000. MHz shall be
limited to the areas as indicated in the following table and shall ,
be limited to the indicated maximum dc power input to theun-
ode of the final radio frequency stage of the transmitter during
day and.night houts respectively; for the purpose of this table )
“day” means the hours between sunrise and sinset, and “night”

emission are permitted.

British Columbia
Alberta
Saskatchewan
Manitoba

Ontario

North of 50 N. Lat.
Ontario

South of 50° N. Lat.

—
<
<
-

(=1
—
—

North of 52° 'N. Lat.
Province of Quebec
South of 52° M. Lat.
New Brunswick

Nova Scotia

Prince Edward Island
Newfoundland (Island)
Newfoundland (Labrador)
Yukon Territory
District of MacKenzie
District of Keewatin
District of Franklin

-
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1) The power levels 500 day — 100 night may be increased to
1000 day — 200 night when authorized by a Radio Inspector’
of the Department of Communications.

Frequency Band
E 1.900-1.925 MHz
¥ 1.925-1.950 MHz

G 1.950-1.975 MHz
H 1.975-2.000 MHz

Power Level — Watts

0 ~ Operation not permitted
1 — 25 night
2 — 50 night

— 100 night

125 day
250 day .
500.day




U3, AND POSSESSIONS AMATEUR BANDS

kHz

EMISSIONS - MHz EMISSIONS -

50.0—54.0

-1800-2000

Al,A3 Al

50.1-54.0 A2, A3, A4, A53 Fl ,
. 3500-4000 Al 6 mEr ; F2,F32, F51
80 ma» 3500-3775 F1 51.0-~54.0 AP :
SV 39753890 A51,F51 52.5-54.0 F3
: 3775-4000 A3, F32 ’ -

144-148

Al :
] ;888:3?28 ;}11 2m. 144.1-148 AP, A2, A3, A4, AS3, |
domer s AL Fs1 F@, F1, F2, F3,F51
7150-7300 A3,F32 : L
- 220-225 AP, Al, A2, A3, A4, A53
14000—14350 Al Ff, F1, F2, F3, F4, F51
20 m.#+ 14000-14200 F1 ‘ : sl
4 14200-14275 ASl, Fs1- 420-4504 A, Al, A2, A3, A4,AS8,] -
14200-14350 A3,F32 1,215-1,300 .Fp,F1,F2,F3,F4,F5

MHz EMISSIONS 23002450
. 3,300-3,500 ’ :
oo e al 5,650-5.925 AQ, Al, A2, A3, A4, A5
15 m** s 5135 Asl Fs1 10,000—10,5005 Fp, F1, F2, F3, F4, FS5,
21.25-21.45 A3, F32 24,000~-24,050 putse

28.0-29.7

Al
1 1om 28.0-28.5 F1 The bands 220 through 10,500 MHz are shared
T 28.5-29.7 A3, A51, F32, F51 with the Government Radio Posmonmg Service,
! 29.0-29.7 F3 which has priority.

| NOTE: Frequem:nes from 3.9-4.0 MHz and 7.1-7.3
=] 'MHz are not available to amateurs.on Baker,
1 Canton, Endetbury, Guam, Howland, Jarws,
. Palmyra, American Samoa, and Wake Islands

: When:operating from points outside ITU Region 2
- (roughly, the Western Hemisphere extended.to
- include Hawaii), licensees of Conditional Class and
-higher may operate A3 and F3 from 7075-7100
.kHz; Novice licensees may operate Al from
7050-7075 kHz.

« REPEATERS.

" The frequency ranges (in MHz) available for
repeater inputs and outputs are as follows:

1 Slow-scan television no wider than a smgle-
sideband voice signal may be used; on AS if voice is
simultaneously used, the total s1gnal can be no
wider than a standard a-m signal.

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

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

‘4 Input power must not exceed 50 waits in
Fla., Ariz., and parts of Ga., Ala., Miss,, N. Mex.,

52.0 - 54.0
: Tex., Nev., and Ca., See the Ltcense Manual or
146.0 — 148.0 write ARRL for further details.
1222.0 - 225.0 . . .
442.0 — 450.0 5 No pulse permitted in this band.

' any amateur frequency above 1215 MHz.

,,i"‘l"he‘frequency band 29.5 — 29.7 MHz may be au-
- thorized upon a special showing of need for repeat-
er station operation in this band.

: :. Novice licensees may use Al emission and a
. ‘maximum power input of 75 watts on the follow-

- ing frequencies:

- 3.700-3.750 MHz
7.100-7.150 MHz

21.100-21.200 MHz
28.100-28.200 MHz

Technician licensees are permitted- all amateur -
privileges in 50.1-54 MHz, 145-148 MHz and in the -

bands 220 MHz and above.

Except as otherwise specified, the maxunum o

amateur power input is 1000 watts.

: "#To minimize interference to radionavigation systems sharing the 160 meter band, amateurs’ are
requued to obsewe frequency and power restrictions.according to their geograph}c lacation Exact

: ined in.Section 97.61(b)(2) of the FCC Amateur R
nppea!s in the ARRL License Manual, available for $1.00 postpaid. A-chart of U.S. 160 meter hmuaeions
. .is available from AR.RL Headquarters: send a stamped, addressed envelope and request form $-16(a). -

- *‘*See page 10for restncnons on usage otparts of these bands. |

lations, This infi ion also.

L §




and Circuits

- ELECTRIC AND MAGNETIC FIELDS

When something occurs at one point in space

. “because something else happened at another point,

-..with no visible means by which the “‘cause” can be

related to the ‘‘effect,” we say the two events are

- connected by a field. In radio work, the fields with

which we are concerned are the electric and

magnetic, and the combination of the two called
the electromagnetic field.

A field has two important properties, intensity
(magnitude) and direction. The field exerts a force
on an object immersed in it; this force represents
potential (ready-to-be-used) energy, so the poten-
tial of the field is a measure of the field intensity.
The direction of the field is the direction in which

_ the object on which the force is exerted will tend
to move.

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

A “static” field is one that -neither moves nor
changes in intensity. Such a field can be set up by a
“.. - . stationary electric charge (electrostatic field) or by

cy a stationary magnet (magnetostatic field). But if
"7 either .an electric or magnetic field is moving in
‘space or changing in intensity, the motion or
change sets up the other kind of field. That is, a
changing electric field sets up a magnetic field, and

field. This interrelationship between magnetic and
electric fields makes possible such things as the
electromagnet and the electric motor. It also makes
possible the electromagnetic waves by which radio
communication is carried on, for such waves are
simply traveling fields in which the energy is
"~ ‘alternately handed back and forth between the,
. -electric and magnetic fields.

Lines of Force

Vi Although no one knows what it is- that
- composes the field itself, it is useful to invent a
"¢ .picture of it that will help in visualizing the forces
and the way in which they act.
" A Tield 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
- ﬂw force is exerted will move. The number of lines
‘a chosen cross sectxon of the ﬁeld is a measure

Electrical Laws

of the intensity of the force. The number’ of lmes

a changing magnetic field generates an electric”

per unit of area (square inch or square cen‘tlmeter)
is called the flux density.

ELECTRICITY AND THE ELECTRIC
CURRENT

Everything physical is built’ up of " atoms,
particles so small that they cannot be seen even
through the most powerful microscope. But the
atom in turn consists of several different kinds of
still smaller particles. One is the electron,
essentially a small particle of electricity.” The
quantity or charge of electricity represented by the
electron is, in fact, the smallest quantity of
electricity that can exist. The kind of electridity
associated with the electron is called negative.

An’ ordinary atom -consists of a central core
called the nucleus, around which one or more
electrons circulate somewhat as the earth and other
planets circulate around the sun. The nucleus has . -
an electric charge of the kind of electricity called
positive, the amount of its charge being just’
exactly equal to the sum of the negative charges on.
all the electrons associated with that nucleus.

The important fact about these two “opposite”
kinds of electricity is that they are strongly
attracted to each other. Also, there is a stmng
force of repulsion between two chatges of the same.:

kind. The positive nucleus and the negative
electrons are attracted to each other, but two, -
electrons will be repelled from each other and so

will two nuclei. ;
In a normal atom the positive chatge on the

nucleus is exactly balanced by the negative: charges N
on the electrons. However, ‘it is possible for an
atom to lose one of its electrons. When that
happens the atom has a little less negative charge
than it should — that is, it has a net.positive charge.
Such an atom is said to be ionized, and in this case - -
the atom is a positive ion. If an atom picks up an-
extra electron, as it sometimes does, it has a net::
negative charge and is called a negative ion. A’
positive ion will attract any stray electron in the
vicinity, including the extra one that may be -
attached to a nearby negative ion. In this way it is
possible for electrons to travel from atom to atom.’
The movement of ions or electzons constitutes the
electric current. ey
The amphtude of the current (1ts mtens1ty or
magnitude) is determined by the rate’ at which..!
electric charge — an accumulation of electrons or
ions-of the same kind — moves past a point in'a
circuit. Since the charge on a single electron or ioni
is extremely small the number that must move as.



Conductors and Insulatoss

‘Atoms of some materials, notably metals and
acids; wrll igive up an electron readily, but atoms of
other materials will -not part with any of their
e}ectrons even when the electric force is extremely
strong. Materials in which electrons or ions can be
~moved with relative ease are called conductors,
while those that refuse to permit such movement
“‘ate: .called  nonconductors or insulators. The
following list shows how some common materials
~are classified:

: -Conductors Insulators
Metals -~ - Dry Air Glass
Carbon Wood Rubber
-+ Acids Porcelain Resins
: Textiles ‘

Electromotive Force

~..- The electric force or potential (called electro-
.’"motlve force, and abbreviated emf) that causes
“eurrent flow may be developed in several ways.
: ‘Ihe action  of ~certain chemical solutions on
dissimilar  metals sets up an emf; such a
combmatlon is called a cell; and a group of cells
~forms an electric battery. The amount of current
that such cells can carty is limited, and in the
“¢ourse of current flow one of the metals is eaten
.:away, The amount of electrical energy that can be
taken from a battery consequently is rather small.
Where a large amount of energy is needed it js
‘usually furnished by an electric generator, which
: ‘developt its emf by a combmatlon of magnetic and
. mechamcal ‘means.

Direct and Alternating Currents

.In picturing current flow it is natural to think
‘of a single, constant force causing the electrons to
rirove. When this is so, the electrons always move in
.the same direction through a path or circuit.made
~up. of conductors connected together in a
continuous chain. Such a current is called a direct
. ,.current, abbreviated dc. It is the type of current
“fumished by batteries and by certain types of
generators. ‘
#It is also  possible to have an emf that
-periodically reverses. With this kind of emf the
"cutrent flows first in one’ direction through the
/ circuit and then in the other. Such an emf is called
‘an alternating emf, and the current is called an
alternating current (abbreviated ac). The reversals
“(alternations). may occur at any rate from a few per
- second up to sevexal billion per second. Two
.~ reversals make a cycle; in one cycle the force acts
first in one direction, then in the other, and then
returns to the first direction to begm the next
¢ycle. The number of cycles in one second is called
" the frequency of the alternating current.
~The difference between direct -current and
alternating current is show .in Fig. 2:1. In these
phs: the: horizontal axis measures time, increas-

* If the graph is above the horizontal axis, the currént

The vertical axis tepresénts the amplimde ,
strength of the current, incteasing in ‘either the
.ot down direction away from the horizontal axis.

is flowing in one direction through the cu‘cmt“ :
(indicated by the + sign) and if it is below’ the
horizontal axis the current is flowing in the reverse
direction through the circuit (indicated by the —
sign). Fig. 2-1A shows that, if we close the circuit
— that is, make the path for the current complete. .
— at the time indicated by X, the current instantly
takes the amplitude indicated by the height .A4.:
After that, the current continues at the same.. -
amplitude as time goes on. This is an ordmary’
direct current. Bt
In Fig. 2-1B, the current starts flowing with the
amplitude A at time X, continues at that amplitude-
until time Y and then instantly ceases. After an.
interval YZ the current again begins to flow and: -
the same sort of start-and-stop performance is
repeated. This is an intermittent direct current. We~
could get it by alternately closing and opening a .~
switch in the circuit. It is a direct current because
the direction of current flow ‘does not change; the
graph is always on the + side of the horizontal axis.
~In Fig. 2-1C the current starts at zero, increases
in amplitude as time goes on. until it reaches the
amplitude A1 while flowing in the + direction,
then decreases until it drops to zero amplitude
once more. At that time (X) the direction of the 7
current flow reverses; this is indicated by the fact -
that the next part of the graph is below the axis:
As time goes on the amplitude increases, with the
current now flowing in the — direction, until it -

reaches amplitude A2. Then the amplitudé
+
1
sfl |4
) £0 . >
g 1 X  Time—>
+ ) :
g L I I : l I
£ 4 L  Time —>
-'-
A\ 1 Cycle
© _‘30 ' -
| ] .
E A Tlme‘—'x 12 ; Y
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Fig. 2-1 — Three types of current flow. A dimc
current; B. —. intermittent dvrect current C‘
altematmg current.




edtien everses once more: 'I‘lus is. a.naltematmg

stefarms

; The type of alterﬂating current shown “in Fig.
2 1C"is known as a sine wave. The variations in
thany .ac waves are not so. smooth, nor is one
* half-cycle necessarily just like the preceding one in
. ‘shape. However, these complex waves can -be
shbwn to be the sum of two or more sine waves of
‘frequencies that are exact integral (whole-number)
multiples of some lower frequency. The lowest
~frequency is called the fundamental, and the higher
~.-frequencies are called harmonics.
Fig. 2-2 shows how a fundamental and a second
- harmonic (twice the fundamental) might add to
form a complex wave, Simply by changing the
. “relative amplitudes of the two waves, as well as the
.- times at which they pass through zero amplitude,
an. infinite number of waveshapes can be
* constructed from just a fundamental and second
harmonic, ' More  complex ‘waveforms can- be
. constructed if more harmonics are used.

Frequency multiplication, the generation of
second, third and higher-order harmonics, takes
place whenever a fundamental since wave is passed

. ‘through a nonlinear device. The distorted output is

~~made up of ‘the fundamental frequency plus
- harmonics; a desired harmonic can be selected
“through the use of tuned circuits. Typical
~;nonlinear devices used for frequency multiplication
{include rectifiers of any kind and amplifiers that
"distort an applied signal.

Electrical Units

The unit of electromotive force is called the
volt. An ordinary flashlight cell generates and emf
of-about 1.5 volts, The emf commonly supplied for

" domestic lighting and poweris 117 volts ac at a

frequency of 60 cycles per second.

coet . The flow of electric current is measured in

amperes. One ampere is' equivalent to. the
movement of many . billions of electrons past a
point in the circuit in one second. The direct
-currents used in amateur radio equipment usually
. -are not la.rge, and it is customary to measure such
- .currents in milliamperes. One milliampere is equal
to one one-thousandth of an ampere.

but the “ac ampere” must measure a current that is
continually varying in amplitude and periodically
" reversing direction. To put the two on the same
“basis, an ac ampere is defined as the current that
will: cause the same heating effect as one ampere of
‘steady direct current. For sine-wave ac,: this
. effective or (rms, for root mean square, the
“mathematical derivation) value is equal to the
-maximum (or peak) amplitude (41 or A2 in Fig.
: 2-1C) muitiplied by 0.707. The instantaneous value
“is the value that the current (or voltage) has at any
Selected instant in the cycle. If all the instanta-

Ifcydle, the resulting figuie is the average vatue.
i equal to’ 0 636 t:mes the maxunum amphtude.

eases until ﬁnally it dmps to zéro(Y) and the

A “dc.ampere” is a measure of a steady current,,

“ neous values in a. sine wave are averaged over a

Frequency ‘Classification Abbrev -
10 to 30 kHz ” Very-low frequencies = vif .*
30 to 300 kHz Low frequencies / - i
300 to 3000 kHz Medium frequencies. -mf' .
3to 30 MHz High frequencies . i
30 to 300 MHz Very-high freque “yhf”
300 to 3000 MHz' Ultrahigh fxecxuencles ::ff’
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Fig. 22 — A complex waveform, A fundamental :
(top) and second harmonic {(center) added
together, point by point at each instant, result in:
the waveform shown at the bottom. When the two .
components have the same polarity ‘at a selectéd.
instant, the resultant is the simple sum of the two.
When they have opposite polarities, the resultantis
the difference; if the negative-polarity component
is larger; the resultant is negative at that instant,

hod

FREQUENCY AND WAVELENGTH
Frequency Spectrum

Frequencies ranging from about 15 to 15,000-
cycles per second (cps,Hertz, or Hz) are called
audio frequencies, because the vibrations of air.
particles that our ears recognize as sounds eccur.at
a similar rate. Audio frequencies (abbreviated af)
are used to actuate loudspeakers and thus create
sound waves. “

Frequencies above about 15,000 cps are called S
radio frequencies (rf) because they are useful“im
radio transmission. Frequencies all the way up. to. *
and beyond 10,000,000,000 cps have been used.
for radio purposes. At radio frequencies it becomes. -
convenient to-use a larger unit than the cycle. Two
such units are the kilohertz, which is equal to 1000 B
cycles (or hz), and is abbreviated to kHz, and the .’
megahertz, which is equal to 1,000,000 hertz or "
1000 kilohertz, and is abbreviated MHz.

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

3000 to 30 000 MHz Superhigh &eﬂu@ncies



300,000,000 meters or about 186,000 .miles a
second in space. They can be set up by a
adiofrequency cutrent flowing in a circuit,
because the rapidly changing current sets up a
thagnetic field that changes in the same way, and
the varying magnetic field in turn sets up a varying
“electric field. And whenever this happens, the two
fields move outward at the speed of light.
. Suppose an 1f current has a frequency of
'-3,000,000 cycles per second. The field will go
" through comniplete reversals (one cycle) in
“ 173,000,000 second. In that same period of time
“the fields — that is, the wave — will move
-.300,000,000/3,000,000 meters, or 100 meters. By
the time the wave has moved that distance the next
© ¢ycle has begun and a new wave has started out.
"The first wave, in other words, covers a distance of

<. Given two conductors of the same size and

:shape, but of different materials, the amount of
- gurrent that will flow when a given emf is applied
- will be found to vary with what is called the
resistagice. of the material. The lower the resistance,
" the greater the current for a given value of emf.

““resistance of one ohm when an applied emf of one
- volt causes a current of one ampere to flow. The
“resistivity . of a material is the resistance, in ohms,
-of a cube of the material measuring one centimeter
“on_each- edge. One of the best conductors is
-‘capper, and it is frequently convenient, in making
-:resistance ' calculations, to compare the resistance
. of the material under consideration with that of a
..¢opper - conductor of the same size and shape.
" “Table 24 gives the ratio of the resistivity of various
" “conductors to that of copper.
: The longer the path through which the current
" "flows the higher the resistance of that conductor.

: o soon. This.distance is the wavelength.
Radlo waves travel at the same speed as hght -

RESISTANCE

Resistance ‘is measured in ohms. A circuit hasa

100" ‘meters before the’ begmnmg Qf

The longer the timé of one cycle — that i
lower the. frequency — the greater the .dis
occupied by each wave and hence the: longeér the
wavelength, The relationship between wavelengtli
and frequency is shown by the formuta-

A - 300000

where A = Wavelength in meters.
[ = Frequency in kilohertz
or - .= 300
f
where' A = Wavelength in meters
f = Frequency in megahertz

Example: The wavelength corresponding to a frequén—
¢y of 3650 kilohertz is

= 300,000
3650 = 82.2 meters

For direct current and low-frequency alternating-.:
currents (up to a few thousand cycles per second)
the resistance is inversely proportional to the
cross-sectional area of the path the cugrent must
travel; that is, given two conductors of the same -~ =
material and having the same length, but differing’
in cross-sectional area, the one with the larger area = . -
will have the lower resistance. :

i

Resistance of Wires

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

E le: Si of 3.5 ohms is needed

TABLE 2-1
Relative Resistivity of Metals
. Resistivity
Materials Compared to Copper
“Aluminum (pure) 1.6
_- Brass 3.7-4.9
- Cadmium 44
““Chromium 1.8
Copper ‘(hard-drawn) 1.03
" -Copper (annealed) 1.00
f Gold - 14
I .Iron (pure) 5.68
1 Lead . 12.8
- Nickel . 5.1
~-Phosphor Bronze - 2.8-54
- Siiver ‘ - 094
~Steel 7.6~-12.7
Tin - 6.7
<Zing . 3.4

and some No. 28 wire is on hand. The wire table in Chapter )
18 shows that No. 28 has a resistance of 66,17 ohms per- .-
thousand feet. Since the desired resistance is 3.5 ohms, the
length of wire required will be

3.5 =

G617 X 1000 = 52.89 feet.
Or, suppose that the resistance of the wire in the circuit
must not exceed 0.05 ohm and that the length of wire
required for making the connections totals 14 feet. Then

_14_
IOOOXR 0.05 ohm

where R is the maximum allowable resisténce in ohms pes. -
thousand feet. Rearranging the formula gives

!LQiZJQQQ

3.57. ohmsllOOO ft.

Reference to the wire table shows that No 151 the
smallest size havmg a resistance less than this value.

When the wire is not copper, ‘the reslstﬁm;e :
values given in the wire table should be muitipli
by the ratios given in Table 2-I to obtam the
resmtance




- resistance wire wound on ceramic

Resistance -

“Types of resistors used in radio

’

equipment. Those in the fore-
ground with wire leads are carbon
types, ranging in size from 1/2
watt at the left to 2 watts at the
right. ' The larger resistors use

tubes; sizes shown range from 5
watts to 100 watts. Three are the
adjustable type, having a sliding
contact on an exposed section of
the resistance winding.

Example: If the wire in the first example werenickel
instead of copper the length required for 3.5 ochms would be

35 =
6617 X351 X 1000 = 10.37 feet

Temperature Effects

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

_in that case.

Resistors

A “package” of resistance made up into a single
unit is called a resistor. Resistors having the same
resistance value may be considerably different in
size and construction. The flow of current through
resistance causes the conductor to become heated;
the higher the resistance and the larger the current,
the greater the amount of heat developed.

" Resistors intended for carrying large currents must

be physically large so the heat can be radiated
quickly to the surrounding air. If the resistor does
not get rid of the heat quickly it may reach a
temperature that will cause it to melt or burn.

Skin Effect

The resistance of a conductor is not the same
for alternating current as it is for direct cumrent.
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.

For low audio frequencies the increase in

- resistance 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 dc
resistance, and increases with increasing frequency.
In the rf range a conductor of thin tubing will have
just as low resistance as a solid conductor of the
same diameter, because material not close to the
surface carries practically no current.

Conductance

The reciprocal of fesistance(that is, 1/R) is’
called conductance. It is usually represented by the
symbol G. A circuit having large conductance has
low resistance, and vice versa. In radio work the
term is used  chiefly in connection with
vacuum-tube characteristics. The unit of conduct-
ance is the mho. A resistance of one ohm has a
conductance of one mho, a resistance of 1000
ohms has a conductance of .001 mho, and so on.
A unit frequently used in connection with vacuumm-
tubes is the micromho, or one-millionth of a mho.
It is the conductance of a resistance of one
megohm, o o

OHM'S LAW

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

flow out of the battery, through the apparatis

connected to it, and back into the battery. The
circuit is broken, or open, if a connection. is

-temoved at any point. A switch is a device for .~

making and breaking connections and thereby

closing ‘or opening the circuit, either allowing: '

current to flow or preventing it from flowing.
The values of current, voltage and resistance in
a circuit arg/ by no means independent of each
»

Fig. 23 — A simple
circuit consisting of a

battery and resistor, —Batt.




. : TABLE 2-"
Convemon ‘Factors for Fractional and
B . “+'Multiple Units ;
Fron To . Divide by -~ Multiply by
Units Micro-units 1,000,000
: Milli-units 1,000
Kilo-units - 1,000
4 Mega-units 1}000,000
Micro- Milli-units * 1,000
. units. Units 1,000,000
Milli- Micro-units 1,000
units - Units 1,000
Kilo-' ~ Units ) . 1,000
‘units ~  Mega-units 1,000
" Mega- . Units. ’ 1,000,000
units Kilo-units 1,000

.o{her. The relationship between them is known as
Ohm’s Law. It can be stated as follows: The
. curtent flowing in a circuit is directly proportional

the resistance. Expressed as an equation, it is

e I (amperes) = %%%1%%—

‘The equation above gives the value of current

be transposed so that each of the three quantities
’may be found when the other two are known:

E=IR

(that is, the voltage acting is equal to the current in
amperes miultiplied by the resistance in ohms) and

=E
1

,k‘(m, the resistance of the cﬁcuit is equal to the
-applied voltage divided by the current).

“constantly in radio work,. It must be remembered
that the quantities ate in volts, ohms and amperes;;
. other: units cannot be used in the equations
without first being converted. For example, if the
‘current is in milliamperes it must be changed to the
equivalent fraction of an ampere before the value
“ . cail be substituted in the equations, . -

Table 2-II shows how to convert between the

“to' the basic-unit name indicate the nature of the
unit. These prefixes are:

" micro ~ one-millionth (abbreviated L)
milli — one-thousandth (abbreviated m)
kilo — one thousand (abbreviated k)
© mega = one million ( abbreviated M)
-For example, one microvolt is one-millionth of a
"volt, and one megohm is 1,000,000 ohms. There
Care therefore 1,000,000 microvolts in one volt, and
©0.000001: megohm in one ohm. .

o the applied emf and inversely proportlonal to.

when the voltage and resistance are known. It may .

* All three forms of the equation are used almost.

“yarious units in common use. The prefixes attached -

m fol{owmg examples xﬂumatse ‘the use of Ohim’s
. ing in a resistance of 20,000 chts is
; 150 mimamperes What is the vo!me" Since the voltage:is
to be' found; the: equation to use is E = IR, The curment:
mast first-be converted from milliamperes to amperes, and -
reference to the table shows that to do so it iS hecessary to‘ S
divide by 1000. Therefore, < A

E= 430 x 20,000 - 3000vo|ts' R

When a voltage of 150 is apphed to a circuit the cummt
is measured at 2.5 amperes. What is the resmtance of the C
circuit? In this case R is the unknown, so SRR

'=—=i-!l= 60 ohms

3

No conversion was necessa:y because the voltage and:
current were given in volts and amperes. .

How much current will flow if 250 volts is applied toa
5000-chm zesistor? Since / is unknown

=E£ 5250 -
1 & = %500 = 005 ampere

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

SERIES AND PARALLEL RESISTANCES

Very few actual electric circuits are as simple as
the illustration in the preceding seéction. Common-
ly, resistances are found connected in a variety of .-
ways. The two fundamental methods of connecting
resistances are shown in Fig. 2-4. In the upper
drawing, the current flows from the source of emf"
(in the direction shown by the arrow, let us say)
down through the first resistance, RI, then. =
through the second, R2, and then back to the
source, These resistors are connected in series. The -

currént everywhere in the circuit has the same . .- -
value. e

Source SERIES
Fig. 24 — Resis- ' 5" ‘
tors - connected Ry
in series and in
parallel.
—3
ParatLEL
Source
of EMF. Ry

In the lower drawing the current flows to the -

common connection point at the top of the two

resistors and then divides, one part of it flowing s
through RI and the other through R2. At the. .. "
lower connection point these two cufrents again. .
combine; the total is the same as the current that

flowed into the upper common connection. In this,

case the two resistors are connected in paraltel. i

Resistors in Series

When a circuit has a number of resistances .
connected in series, the total resistance of the:
circuit is the sum of the individual resistances.
these are numbered R1, R2, R3, etc., ther <.
R (total) =R1+ R2+R3+ R4+, . .

LRI



J

EXample Shppbse that th:ee resistors are comected to

a source of emf as shown in Fig. 2-5. The emf is 250 volts.

- 'RI.is 5000 ohms, R2 is-20,000 ohms, and R3 is 8000
: ohms. The total resistance is then !

R= Rl + R2 + R3 = 5000.+ 20,000 + 8000
= 33,000 ohms

The current ﬂowmg in the circuit is then

-E._25 .
R = 13000 0.00757 amp. = 7.57 mA,

(We need not carry calculations beydnd three significant
figures, and often two wﬂ! suffice because the accuracy of
measurements is seldom better than a few percent.)

Voltage Drop

Ohm s Law applies to any part of a circuit as well
as to the whole circuit. Although the current is the
same in all three of the resistances in the example,

. the total voltage divides among them. The voltage

=e2sov

.

appéaring across each resistor (the voltage drop)
can be found from Ohm’s Law.

Example: If the voltage 4acro‘ss R1 (Fig. 2-5) is called E1,
. that across R2 is called E2, and that across R3 is called E3,
then

El =1R1 = 0.00757 X 5000 = 37.9 volts
E2 =1R2=0.00757 X 20,000 = 151.4 volts
E3=IR3 =0.00757 X 8000 = 60.6 volts
The applied voltage must equal the sum of the individual
voltage drops:

E=E1+E2+E3=37.9+1514+606

= 249.9 volts

The afiswer would have beeh more nearly exact if the
current had been calculated to more d | 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

fesistance is expressed in kilohms rather than

ohms. When resistance in kilohms is substituted
directly in Ohm’s Law the current will be
milliamperes if the emf is in volts.

Fig. 26 — An ex-
ample of resistors in

R,» series. The solution
20,005< of the - circuit is
worked out in the
text. .

Resistors in Parallel

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

“resistance of resistances in parailel is

) "1
_L 1 i
RI*R2+R3+R4+

“e e aw i

- agal
'resistors can ‘be conibined by the same fneth
. For only two Tesistances in pamllelw(a
common case) the formula becomes !

R1R2
R1+R2 ar

" Example: If a 500-ohm resistor is paralicled \vnh one of ,

1200 ohms, the total resistance is.

R1 500X1200
RTJ&RZi 500+1200

=353 ohms

It is probably easier to solve practical ptoblems
by a different method than the “reciprocal .of
reciprocals” formula. Suppose the three resistors of
the previous example are connected in parallel as
shown in Fig. 2-6. The same emf, 250 volts; is.
applied to all three of the resistors: The currentin
each can be found from Ohm’s Law as shown
below, [1, béing the current through R1, I2 the’
current through R2 and I3 the current through R3:

For convenience, the resistance will be expressed in kilohms . .
so the current will be in mnlhampetes »

= - 250- 50 ma

R=

i

- 600,000
1700

=230 12.5 mA

=g
b

3= =—5—=3125mA

R3
The total current is
I—ll+12+l3=50+125+3125
=93,75 mA
The total tesistance of the circuit is therefore

=E=.250 - i = 261
I=9373 2.66 kilohms (= 2660 ohms)

<
RS Ry

R3:
5ooo<. 200009

=Er250v 80003

Fig. 26 — An example of resistors in paraflel; The
solution is worked out in the text. :
,
Resistors in Series-Parallel

An actual circuit may have resistances both: in
parallel and in-series. To illustrate, we use the same.”
thre¢ resistances again, but now connected as in
Fig. 2-7. The method of solving a citcuit such as-
Fig. 2-7 is as follows: Consider R2 .and R3:in..
parallel -as through they formed a single resistor.
Find their equlvalent tesistance. ‘Then- thid
resistance in series with RI forms a simple series’
circuit, ‘as- shown at the nght in Fig. 2-7. An
example of the arithmetic is given under the:
iltustration,

Using the same principles, and staying w1thm
the practical- limits, a value for R2 can be
computed that will provide a given voltage drop
across R3 or a given current through R1I. Slmpl:e
algebra is required.

Example: The first step is ‘to find the equivalent . .
resistance of R2 and R3. From -the formula for two
resistances in paratlel, .

8 2160

Rea= B30 =55 %

= 5.71 kilohms

\




.l E:zsov Rzaf é;'. “ES0V ‘:~(g§.33mm R
o > ——— 4

20,0005 80009 = D of R, and Ry

T in porallel)

_The equivalent circuit is at the right. The solution
_-ig:worked out in the text,
The total resistance in the circuit is then
R = R1 + Req. = 5 + 5.71 kilohms
R . = 10.71 kilohms
The current is
= E =250 o
) I= 1071 23.3mA
The voltage drops across Rl and Req are’
El'=IR1=23:3 X 5=117 volts
E2 = IReq = 23.3 X 5.71 = 133 volts
with sufficient -accuracy. These total 250 volts, thus
s« checking the calculations so far, b the sum of the
+ voltage drops must equal the applied voltage. Since E2
appears across both R2 and R3,

2= 5—~ﬁ—565mA

l3="3—2=~3=166mA
- where 12 Cunent through R2
I3 = Current through R3

" The total is 23.25 mA, which . checks closely enough
< “with 23.3 mA, the cusrent through the whole circuit.

'POWER AND ENERGY

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

P=El where P = Power in watts
Sl E = Emf in volts
: : 1 = 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 TFhe plate voltage on a transrmttmg vactum
tube is 2000 volts and the plate current is 350 milliamperes.
(The must be changed to amperes before substitution
in‘the formula, and so is 0. 35 amp.) Then

~ P E[=2000X 0.35 = 700 watts

"By substltutmg the Ohm’s Law equivalent for £
~-and I, the following formulas are obtained for
power:

P=%3 P=I2R

" These formulas are useful in power calculations
when the resistance and either the current or vol-
* ‘tage (but not both) are known.

Exﬁnple How much power will be used up in a
7. 4000-ohm: resistor if the voltage applied to it is 200 volts?
©- From the equation .

oo psE2-0002 . 40000 = 10 watts

- Or, suppose. a cun‘ent of 20 mlllla.mperes flows through a

.- "300-ohm resistor. Th

ST p=T2R =(0.02)2 X-300 = 0.6004 X 300

“ E =0.12 watt

3 'Note that ‘thecurrent ‘was changed from -milliamperes to
amperes Befme subsmuhon inthe rormula

»Fig.'~2-7 — An example of resistors in series-parallel, ‘

+ some resistance of its own in the more narrow

electrical energy, not for power What you pay for

‘ heat “The. greate: the power the imose rap:dl th

heat is genexated Registors for radio” work - are

made in many sizes, the smallest being rated to
“dissipate” (or carry safely) about 1/8 watt: The
largest resistors commonly used in amateur- equip-
‘ment will dissipate about 100 watts. =

Generalized Definition-of Reslstance

Electrical power is not always turned mto heat R
The power used in running a motoz, for example; is
converted to mechanical motion. The power
supplied to a radio transmitter is largely converted -
into radio waves. Power applied to a loudspeakeris -
changed into sound waves. But in every case of this .
kind the power is completely “‘used up”.— it
cannot be recovered. Also, for proper operationof -
the device the power must be supplied at a definite
ratio of voltage to current. Both these features ate. "
characteristics of resistance, so it can be said that
any device that dissipates power has a definite
value of “‘resistance.” This concept of resistance as
something that absorbs power at a definite -
voltage/current ratio is very ugeful, since it permits: -
substituting a simple resistance for the load or-
power-consuming part of the device receiving :
power, often with considerable simplification of "
calculations. Of course, every electrical device has -

sense, so a part of the power supplied to it is = ¢
dissipated in that resistance and hence appears as -
heat even though the major part of the power may -
be converted to another form.

Efficiency

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

Eff. =}’,’—;>-

where Eff. = Efficiency (as a decimal)
Po = Power output (watts)
Pi = Power input (watts)

Example: If the dc input to the tube is 100 watts, and
the f power output is 60 watts, the efficiency is

Efy = 7o= 88 06 Lo
l .

Efficiency is usually expressed asa pefcenthg&, that is, it o
tells what percent of the input power will be available as use-
ful output. The’ efficieney in the above example is 60 per- e
.cent. e B

Energy .
In residences, the power c\ompany 'S bﬂ] is for




ds the wark that electncxty does for you, not the‘ .

. “raté at whichthat wozk is done. Electrical work is
i equal to power ‘multiplied by time; sthe common
* ynit is the watt-hour, which means that'a power of
one watt has been used for one hour. That is,
W=PT where W:= Energy in watt-hours )
) P =Power in watts
T =Time in hours

" CAPACITANCE

Suppose two flat metal plates are placed close

' . to each other (but not touching) and are connected

to a battery through a switch, as shown in Fig. 2-8.
At the instant the switch is closed, electrons will be
attracted from the upper plate to the positive
terminal of the battery, and the same number will
be repelled into the lower plate from the negative
battery terminal. Enough electrons move into one
plate and out of the other to make the emf
between them the same as the emf of the battery.

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

_The plates have then been discharged.

Fig. 2-8 —
A simple
capacitor.

Metal Plates

-—/3

L .
The ‘two plates constitute an electrical capaci-
- tor; a capacitor possesses the property of storing

electnc1ty (The energy actually is stored in the
electric field between the plates.) During the time

the electrons are moving — that is, while the

capacitor is being charged or discharged — a
current is flowing in the circuit even though the
circuit is “broken” by the gap between the
capacitor plates. However, the current flows only
during the time of charge and discharge, and this
time is usually very short. There can be no
continuous flow of direct current “through™ a
capacitor, but an alternating current can pass
through easily if the frequency is high enough.

. -The charge or quantity of electricity that can
be placed on a capacitor is ‘proportional to the
applied voltage and to the capacitance of the
capacitor. The larger the plate area and the smaller
- the . spacing between the plate the greater the
* capacitance. The capacitance also dépends upon
- jthe'kind of msulatmg material between the plates;
it is smallest with air insulation, but substitution of
qthe: msulatmg matem}s for air may mcrease the

‘the Watt-second 'I‘hese units should be !elf»ex

Other energy unfts are the kllmt’l“heut a@d. k

atory.
Energy . units are seldom used- in’ amat
practice, but it is obvious that #.small amount'of
power used for a long time can eventually result in’
a “power” bill that is just as latge as though a }axgef.
amount of power had been used for a very short
time, .

capacitance many - times. The ratio of the.
capacitance with some material other ‘than air
between-the plates, to the capacntance of the same *
capacitor with air insulation, is called the dielectric
constant of that particular insulating material. The
material itself is called a dielectric. The dielectric
constants of a number of materials commonly used,
as dielectrics in capacitors ate given in Table 2-TIL."
If a sheet of polystyrene is substituted for air
between the plates of a capacitor, for example, the -
capacitance will be increased 2.6 times.

Units )

The fundamental unit of capacitance is the
farad, but this unit is much too large for practical
work. Capacitance is usually measured in micro-
farads (abbreviated UF) or picofarads (pF). The
microfarad is one-millionth of a farad, and the
picofarad (formerly micromicrofarad) is one-mil-
lionth of a microfarad. Capacitors nearly always .
have more than two plates, the alternate plates ...
being connected together to form  two sets as
shown in Fig. 2-9. This makes it possible to attain.a
fairly large capacitance in a small space; since . -
several plates of smaller individual area can bé U

TABLE 2-111
Dielectric Constants and Breakdown Voltages - |
Dielectric Puncture
Material Constant* Voltage**

Air 1.0
Alsimag 196 5.7 v 240
Bakelite 44-54 300
Bakelite, mica-filled 4.7 - 325-375
Cellulose acetate 3.3-39 250600
Fiber 5-1.5 150--180
Formica 4.6-4.9 450
Glass, window 7.6-8 200-250
Glass, Pyrex 4.8 335 ©
Mica, ruby 54 38005600
Mycalex /1.4 250
Paper, Royalgrey / 3.0 200

'| Plexiglass f2.8 990
Polyethylene 2.3 1200
Polystyrene 2.6 500700
Porcelain 5.1-5.9 40-100
Quartz, fuxed 3.8 1000
Steatite, low-loss 5.8 150-315 p7
Teflon 2.1 1000-2000 1

© % At 1 MHz *# In volts per mil (0.001 inch)

A




-9 — 'A multiple-plate capacitor. Alternate
plates are connected together,

“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 both sides, and so are twice as
“effective in increasing the capacitance.

The formula for calculating capacitance is:

\ ‘c=0224KA(n—1)

'where C = Capacitance in pF.

K = Dielectric constant of material between
- plates

A= Area of one side of one plate in square

inches
d = Separation of plate surfaces in mches
n =Number of plates

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

; ‘Capacitors in Radio

The types of capacitors used in radio work
-differ considerably in physical size; construction,
. and - capacitance. Some representative types are
shown in the photograph. In variable capacitors
(almost - always constructed with air for the
- dielectric) one set of plates is made movable with
' respect to_the other set so that the capacitance can
be-varied. Fixed capacitors — that is, assemblies:
having :a single, non-adjustable-value of capacitance
. =:alse can be made with metal plates and with air
--as-the dielectric, but usually are constructed from
" V'plates of metal foil with a thin solid or liquid
~dielectric sandwiched in between, so that a
relatively large capacitance can be secured in a
small unit. The solid dielectrics commonly used are
mica, paper and special ceramics. An example of a

semiliquid conducting *chemicat cmnpound be

* of insulating material that forms on’ one set of

" evidenced by a spark or arc between the plates, but- :

tween them; the actual dielectric is a very thin film o 7

plates through electrochemical action when a de -
voltage is applied to the capacitor. The capdcitance -
obtained with a given plate area in an electrolytic: '~ @
capacitor is very large, compared with capacitors: -
having other dielectrics, because the film is so thin
— much less than any thickness that is practlcable
with a solid dielectric.

The use of electrolytic and oil-filled capamtots
is confined to power-supply filtering and audio -
bypass applications. Mica and ceramic capacitors: @,
are used throughout the frequency range from S
audio to several hundred megacycles. "

Voltage Breakdown

When a high voltage is applied to the plates of a
capacitor, a considerable force is exerted on the .
electrons and nuclei of the dielectric. Because the
dielectric is an insulator the electrons do not .~ .-
become detached from atoms the way they doin .~ * 7
conductors. However, if the force is great enough -
the dielectric will “break down”; usually it will
puncture and may char (if it is solid) and permit
current to flow. The breakdown voltage depends.
upon the kind and thickness of the dielectric, as
shown in Table 2-II1. It is not directly proportional
to the thickness; that is, doubling the thickness
does not quite double the breakdown voltage. If
the dielectric is air or any other gas, breakdown is

if the voltage is removed the arc ceases and the
capacitor is ready for use again. Breakdown will
occur at a lower voltage between pointed or
sharp-edged surfaces than between rounded and N
polished surfaces; consequently, the breakdown . -
voltage between metal plates of given spacing in air

can be increased by buffing the edges of the plates.

Since the dielectric must be thick to withstand =

high voltages, and since the thicker the dielectric ”
the smaller the capacitance for a given plate atea,a . -
high-voltage capacitor must have more plate area
than a low-voltage one of the same capacitanice. = -~ :
High-voltage high-capacitance capacitors are phys- o .
ically large. : g

Fixed and variable capacitors. The
large ~unit at the left is a
transmitting-type variable capaci-
tor for rf tank circuits. To its
right are other air-dielectric vari--
ables of different sizes ranging:
from the midget “air padder” to
the medium-power tank capacitor

at the top. center. The cased -
capacitors in the top row are for
power-supply filters, the cylindri-
cal-can unit being an electrolytic
and the rectangular one a paper-
dielectric capacitor. Varioys types

of mica, ceramic, and papers -
dlelectnc capacitors are n the Gk
foreground. .




CAPACITORS m ssm&s AND
PARALLEL

The ‘terms “par'ailel” 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
Cltota)=C1+C2+C3+C4+,

However, if two or more capacitors are
connected in series, -as in the second drawing, the
* total capacitance is less than that of the smallest

" capacitor in the group. The rule for finding the
“‘capacitance of a number of series-connected
- capacitors is the same as that for finding the
‘fesistance of a number of parallel-connected
resistors. That is,

__—1__.__.

C (total) P P P Y

: Gitditestat
S0 and, for only two capacitors in series,

C (tota) = £IC2-

e L L
. ofolu:'r;er CIT CZT CST
: Flg 2-10 — Ca-

°

PARALLEL pacitors in paral-
lel.and in series.
I <
Source I
of EMF. I
SERIES

The same units must be used throughout; that

~is, all capacitances must be expressed in either pF

or pF; both kinds of units cannot be'used in the
—same equation,

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

INDUCTANCE

It is possible to show that the flow of cun'ent
ough a conductor is accompanied by magnetic

. effects; a compass needle brought near the con-
... .ductor, for example, will be deflected from its
o2 . pormal north-south position. The cuzrent, in othet

~+ words, sets up a magnetic field.
* ' 'The transfer of energy to the magnetlc field
.. represents work done by the source of emf. Power
““is required for doing work, and since power is
-“.’equal to current multiplied by voltage, there must
'+ be-a voltage dtop in the circuit during the time in
" which ‘energy. is béing stored in the field. This

< 'voltag “drop” (wh:ch has nothmg to du with- th&

E=2000V.

Jv‘ .

.

Fig 2-11 — An example of capacitors connected in
series. The solution to this arrangement is worked
out in the text.

When capacm)rs are connected in senes, 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 appeats across -each .
capacitor of a group connected in series is in.
inverse proportion to its capacitance, as compared ..
with the capacitance of the whole group.

E le: Three having cap of l 2
and 4 H.F, respectlvely, are connetted in series as shown m
Fig. 2-11. The total capacitance is .

.—.#:,L.d.:%

141 41 ;1,17

atate 1tite g
=0.571 uF

The voltage across each capacitor is proportional to the tdtal .~
capacitance divided by the of the pacit m :
question, so the voltage across Cl is

El =9-lﬂl X 2000 = 1142 voits

Similarly, the voltages across C2 and C}- are
E2 =071 X 2000 = 571 volis

E3 =071 x 2000 = 286 volts
totaling approximately 2000 volts, the applied voltage.

Capac;tors are frequently connected in series tc‘
enable the group ‘to withstand a larger voltage (at
the expense of decreased total capacitance) than -
any individual capavitor is rated to stand, However,
as_shown by the previous example, the apphed‘
voltages does not divide equally among the capaci-
tors (except when all the capacitances are- the.
same) so care must be taken to see that the voltage
rating of no capacltor in the group is exceeded.

v

voltage drop in any resistance in the circuit)is the
result of an opposing voltage “‘induced™ in the
circuit, while the field is building up to its final' ®
value, When the field becomes constant thein-
duced emf or back emf disappears, since 910"
further energy is being stored. .
Since the mduoef emf opposes the emf of ‘the .
source, it tends to prevent the current from rismg .
rapidly when the circuit is closed. The amplitude
of the induced emf is proportional to-the rate at
which the current s changing and to a constant'.
associated . with the circuit itself, -called the mduc~~', :
taneeofthecucult Rt




..~ into a coil, for example, its inductance is incteased.
... A-coil of many turns will have more inductance
~'than: one. of few turns, if both coils are otherwise
- physically similar. Also, if a coil is placed on an
iron core its inductance will be greater than it was

*without the magnetic core.
: The polarity of an induced emf is always such
“'as to oppose any change in the current in the
. eircuit. This means that when the current in the
‘ eircuit is increasing, work is being done against the

: field, If the current in the circuit tends to decrease,
- the stored energy of the field returns to the circuit,
and thus adds to the energy being supplied by the
source of emf. This tends to keep the current
- flowing even though the applied emf may be
decreasing or be removed entirely.
The unit of inductance is the henry. Values of
" inductance used in radio equipment vary over a
" wide range. Inductance of several henrys is re-
quired in power-supply circuits (see chapter on
~Power Supplies) and to obtain such values of
‘inductance it ‘is necessaty to use coils of many
turns wound on iron cores. In radio-frequency
v circuits, the inductance values used will be mea-
-sured in millihenrys (a mH, one one-thousandth of
‘a henry) at low frequencies, and in.microhenrys
(uH, one one-millionth of a henry) at medium
.- fréquencies and higher. Although coils for radio
.- frequencies may be wound on special iron cores
.7 " (ordinary iron is not suitable) most rf coils made
" - and used by amateurs are of the “‘air-core” type;
. ;that is, wound on an insiating support consisting
of ponmagnetic material,
very 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 because if the
.~ ‘current through it changes its intensity rapidly
.. enough the induced voltage may be appreciable.
+ . This will be the case in even a few inches of wire
when an alternating current having a frequency of

inductance depends.on the phjéical characteris- e R
tics of the cotiductor. If the conductor is formed = :i:fr-‘s?f;s? 7 Coil dimen- .

induced emf by storing energy in the magnetic’

in the in-
ductance formula. The
wire diameter does not
enter into the formula.

the order of 100 MHz. or higher is flowing.
However, at much lower frequencies the induc-
tance of the same wire could be ignored because
the induced voltage would be negligibly small.

Calculating Inductance

The approximate inductance of - single-layer
air-core coils may be calculated from the simplified
formula )

2,2

S =._.a°ns

L) = 55 05

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

The notation is explained in Fig. 2-12. This
formula is a close approximation for coils having a
length equal to or greater than 0.8a

Example: Assume a coil having 48 turns wound 32 tums
per inch and a diameter of 3/4 inch. Thus 2 = 0.75 +2 =
0.375, b =48 +32 = 1.5, and n = 48. Substituting,

L=31SX 3I5X48X48 - 176 ,
(9X 375) + (10X 1.5) i

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

n= o/ L8210

a2

Example: Suppose an inductance of 10 pH is required.
The form on which the coil is to be wound has a diameter
of one inch and is long enoughto accommodate a coil of
11/4 inches. Then ¢ = 0.5, b = 1.25, and L = 10.
Substituting,

=,/19_L_5_11.514. + = =26, T
n X5 Y680 = 26.1 turns

Inductors for power and radio
frequencies. The two iron-core
coits at the left are “‘chokes’ for
power-supply filters. The mount-
ed air-core coils at the top center
are adjustable inductors for trans-
mitting tank circuits. The ‘“pie~
wound’’ coils at the left and in
the foreground are radio-frequen-
cy choke coils. The remaining .
coils are typical of inductors used .
in rf tuned circuits, the larger
sizes being used principally for '
transmitters.




& 26-tum coll would be clase eneugh in practxcal work. -

:Since the coil will be 1.25 inches long, the number of turns

. .per-inch will be 26.1, % 1.25 =20.8. Consulting the wire

* table, we' find that No. 17 enameled: wire (or anything
'smangr) can be userl The praper inductance is obtained by

. g the req ber of turns on the form and then
adjustmg the spacmg between the turns to make a

“ uniformly-spaced coil 1.25 inches long.

Inductance Charts

w7 Most inductance formulas lose accuracy when
© 7. applied to small coils (such as are used in vhf work
20 and in low-pass filters built for reducing harmonic
{ .+ interference to television) because the conductor
- ‘thickness is no longer negligible in comparison with
" the size of the coil. Fig. 2-13 shows the measured
“inductance of vhf coils, and may be used as a basis
. for circuit design. Two curves are given: curve A is
“for coils wound to an inside diameter of 1/2 inch;
curve B is for coils of 3/4-inch inside diameter. In
‘both curves the wire size is No. 12, winding pitch 8
~tums to the inch (1/8 inch center-to-center turn
spacing). The inductance values given include leads
<1/2 inch long.
: The charts of Figs. 2-14 and 2-15 are usefut for
‘rapid determination of the inductance of coils of
the type commonly used in radio-frequency
circuits in the range 3-30 MHz. They are of
sufficient accuracy for most practical work. Given
. -the coil length in inches, the curves show the
" multiplying factor to be applied to the inductance
< .. value given in the table below the curve for a coil
- of -the same diameter and number of turns per
: Example: A coil 1 inch in diameter is 1 1/4 inches long
and has 20 turns. Therefore it has 16 tums per inch, and
from the table under Fig. 2-15 it is found that the reference
inductance 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 0.35 = 5.9 yH

The charts also can be used for finding suitable
dimensions for a coil having a required value of
mductance.

Example: A coil having an inductance of 12 uH is
required. It is to be wound on a form having a diameter of
1 inch, the length available for the winding being not more
than 1 1/4 inches. From Fig. 2-15, the multiplying factor
for a l-inch diameter coil (curve B) having the maximum
possible length of 1 1/4 inches is 0.35. Hence the number
of turns per inch must be chosen for a reference inductance
of at least 12/0.35, ot 34 uH. From the Table under Fig.

;. . 2-15 it is seen that 16 tuns per inch (reference inductance
16.8 pH) is too small. Using 32 turns per inch, the
multiplying factor is 12/68, or 0,177, and from curve B this
‘corresponds to a coil length of 3/4 inch. There will be 24
tums in this length, since the winding “pitch” is 32 turns
per inch.

.- Machine-wound coils with the diameters and
" turns per inch given in the tables are available in
many radio stores, under the trade names of “B&W

- Mi:r’tiductor” and “Illumitronic Air Dux.”

IRON-CORE COILS
Permeablhty

an-iron core having a cross-sectional area of 2
*-square. inches. When a .certain current is sent
ﬂamug‘ﬁ the coil it is found that there are 80,000

-with the flux density. At low. flux densities (or

INDUCTANGE—~ph.
N>

Suppose that the coil in Fig. 2-16 is wound on

"Fug 2-13 — Measured |nductance of coil§: wound

mches, the ﬂux denstty is 40,060 hnes peI sguare
inch. Now suppose that the iron £ofe is Temov
and the same current is maintained in the. coil, and -
that the flux density without the'iron core is found .
to be 50 lines per square inch, The ratio of the ﬂux ;
density with the given core material to the flux
density (with the same coil and same current) with -
an air core is called the permeability of the
material. In this case the permeability of the iron’is.
40,000/50 = 800. The inductance of the coil is:
increased 800 times by inserting the iron core’
since, other things being equal, the inductance will
be proportional to the magnetic flux through the -
coil, ' B
The permeability of a magnetic material varies "

with an air core) increasing the current through the
coil will cause a proportionate increase in flux, but
at very high flux densities, increasing the current-
may cause no appreciable change in the flux.” *.
When this is so, the iron is said to be saturated:.
Saturation causes a rapid decrease in permeability, -
because it decreases the ratio of flux lines to those -
obtainable with the same current and an air core. .
Obviously, the inductance of an iron-core inducter:.;
is highly dependent upon the current flowing in-.
the coil. In an air-core coil, the inductance is
independent of current because air does not
saturate.
Iron core coils such as the one sketched in F:g o
2-16 are used chiefly in power-supply equipment.
They usually -have direct curfent flowing through -
the winding, and the variation in inductance with.
current is usually undesirable. It may be overcome. .
by keeping the flux density below the saturation
point of the iron. This is done by opening the core
so that there is a small “air gap,” as indicated by -
the dashed lines, The magnetic “resistance” intro- .
duced by such a gap is so large — even though the -
gap is only a small fraction of an inch — compared. -
with that of the iron that the gap, rather than the ~
iron, controls the flux density. This reduces the
inductance, but makes it practically constant.re--
gardless of the value of the current. :

o]
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Fig. 2:14 — Factor to be applied to the inductance
-of coils isted in the table below, for coil lengths up
""10°5 inches. '

Eddy Currents and Hysteresis

- When alternating current flows through a coil
"“wound on an iron core an emf will be induced, as
+previously explained, and since iron is a conductor
a current will flow in the core. Such curments
“(called eddy currents) represent a waste of power
‘bécause they flow through the resistance of the
iron and thus cause heating. Eddy-current losses
can be reduced by laminating the core; that is, by
cutting it into thin strips, These strips or lamina-
tions must be insulated from each  other by
painting them with some insulating material such
.--as'varnish or shellac,

’ There is also another type of energy loss: the
tirgn tends’ to Tesist any change in its magnetic
state, so a rapidly-changing current such as ac is
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g ab:hty of the iron is low compared w:th the values

overcome tlns 4 ema.” Losses of th S
called hydtemsxs losses. i :

Eddy-current and hysteresis losses: ‘in. iron in- :
crease rapldly as the frequency of the altematmg

current is increased. For this reason, ordinary iron - -

cores can- be used only at power and audio ®
frequencies — up to, say, 15,000 cyecles. Even so, a
very good grade of iron or steel is necessary if the:
core is to perform well at the higher audio.
frequencies. Iron cores of this type are completely -
useless at radio frequencies. .
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Fig. 2-15 — Factor to be applied to the mductance
of coils listed in the table below, as a function of
coil length. Use curve A for coils marked 4, and
curve B for coils marked B.
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For radio-frequency work, the losses in irom
cores can be reduced to a satisfactory figure by

grinding the iron into a: powder and then mixing it .-

with a “binder” of insulating material in such a
way that the individual iron particles are insulated
from each other. By this means cores can be made.

that will function satisfactorily even through the ™

vhf range — that is, at frequencies up to perhaps
100 MHz, Because a large part of the ‘magnetic
path is through a rionmagnetic material, the perme-:




“Fig. 2-16 — Typical con-

stiuction of an iron<core
“inductor; The small air gap
prevents magnetic ‘satura-
tion of the iron and thus
maintains the inductance
at high currents,

"+ ‘obtained at power-supply frequencies. The core is
" usually in the form of a “slug” or cylinder which
fits inside the insulating form on which the coil is
~wound. Despite the fact that, with this construc-
tion, the major portion of the magnetic path for

increasing the coil inductance. By pushing the slug
v .in and out of the coil the inductance can be varied
. over a considerable range.

" INDUCTANCES IN SERIES AND
'PARALLEL

When two or more inductors ate connected in

series (Fig. 2-17, left) the total inductance is equal’

to the sum of the individual inductances, provided
the coils are sufficiently separated so that no coil is
‘in the magnetic field of another.
That is,
Ligta1 = L1+L2+L3+L4+ N
~ If inductors are connected in parallel (Flg 2-17,
., tight) — and the coils are separated sufficiently, the
total inductance is given by
e s s e
Il vl R

‘and for two inductances in parallel,

L= LiL2 )
L1+12 P
Fig. 217 — In-
Ls ductances in ser-

ies and parallel.

‘ ,‘ Thus the rules for combining inductances in series
and parallel are the same for resistances, if the coils
are far enough apart so that each is unaffected by

TIME CONSTANT

Capacltance and Resistance

Connectmg a source of emf to a capacltor
~-cautses the capacitor to become charged to the full
emf pmctlca]ly mstantaneously, if the:e is no

the flux is in air, the slug is quite effective in

‘other the mutual inductance is relatively small.

Fig 218 —

Mutual ~ in-
ductance,
When . the

switch, S, is

closed cur-
rent flows
through coil
No. 1, setting
up a mag-
netic field
that - induces
an emf in the
turns of coil
No. 2.

another’s ‘magnetic field. When this is not so‘the
formulas given above cannot be used.

MUTUAL INDUCTANCE o

If two coils are arranged with their 4xes on the
same line, as shown in Fig. 2-18, a current sent -
through Coil 1 will cause a magnetic ficld which

“cuts” Coil 2. Consequently, an emf will be
induced in . Coil 2 whenever the field strength is
changing. This induced emf is similar to the emf of
self-induction, but since it appears in the second -
coil because of current flowing in the first; it is'a -
“mutual” effect and results from the mutual
inductance between the two coils.

If all the flux set up by one coil cuts all the
turns of the other coil the mutual inductance has.
its maximum possible value. If only a small part of -
the flux set up by one coil cuts the turns of the

Two coils having mutual mductance are sa1d to be
coupled. S
The ratio of actual mutual inductance to the -
maximum possible value that could theoretically.
be obtained with two given coils is called the *
coefficient of coupling between the coils. It is
frequently expressed as a percentage. Coils that
have nearly the maximum possible (coefficient = 1
or 100%) mutual inductance are said to be closely;:
ot tightly, coupled, but if the mutuat inductance is
relatively small . the coils are said to be loosely
coupled. The degree of coupling depends upon the
physical spacing between the coils and how they -
are placed with respect to each other. Maximum
coupling exists when they have a common axis and
are as close together as possible (one wound ovet
the other). The coupling is least when the coils are :
far apart or are placed so their axes are at right
angles. ) s

The maximum possible coefficient of coupling -
is closely approached only when the two coils are
wound on a closed iror core. The coefficiént with” "~
aircore coils may run as high as 0.6 or 0.7 if one
coil is wound over the other, but will be much IESs’
if the two coils are separated.

resistance in the circuit. However; if the circuit -

contains resistance, as in Fig. 2-19A, the resistance -
limits the current flow and an appreciable‘léngth of
time is required for the emf between the capacitor

Y
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Fig. 2-19 — lllustrating the time constant of an RC
circuit. )

“plates to build up to the same value as the emf of
the source. During this “building-up™ period the
current gradually decreases from its initial value,

" because the increasing emf stored on the capacitor

offers increasing opposition to the steady emf of

‘. the source.

Theoretically, the charging process is never
really finished, but eventually the charging current
drops to a value that is smaller than anything that
can be measured. The time constant of such a
circuit is the length of time, in seconds, required
- for the voltage across the capacitor to reach 63 per

cent of the applied emf (this figure is chosen for
mathematical reasons). The voltage across the
" capacitor rises with time as shown by Fig. 2-20.
The formula for time constant is
T=RC

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

Example: The time constant ofa 2-4/F capacitor and a
250,000-ohm (0.25 megohm) resistor is

T=RC=0.25 X2 =10.5 second

If the applied emf is 1000 volts, the voltage between the
capacitor plates will be 630 volts at the end of 1/2 second.

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

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

- value,
Example: If the capacitor of the example above is

charged to 1000 volts, it will discharge to 370 volts in 1/2
second through the 250,000-9hm resistor.

Inductance and Resistance

A comparable situation exists when resistance

and inductance are in series. In Fig, 2-21, first
consider L to have no resistance and also assume

that R is zero. Then closing S would tend to send a

current through the circuit. However, the instanta-
" neous transition from no curent to a finite value,
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Fig. 2-20 — How the voltage across a capacitor
rises, with time, when charged through a resistor.
The lower curve shows the way in which the
voltage decreases across the capacitor terminals on
discharging through the same resistor.

however small, represents a very rapid change in
cutrent, and a back emf is developed by the
self-inductance of L that is practically equal and
opposite to the applied emf. The result is that the
initial current is very small. -

The back emf depends upon the change in
current and would cease to offer opposition if the
current did not continue to increase. With no
resistance in the circuit (which would lead to an
infinitely large current, by Ohm’s Law) the current
would increase forever, always growing just fast
enough to keep the emf of self-induction equal to
the applied emf,

When resistance is in series, Ohm’s Law sets a
limit to the value that the current can reach. The
back emf generated in L has only to equal the
difference between E and the drop across R, |
because that difference is the voltage actually
applied to L. This difference becomes smaller as
the current approaches the final Ohm’s Law value,
Theoretically, the back emf never quite disappears
and so the current never quite reaches the Ohm’s
Law value, but practically the differences becomes
unmeasurable after a time. The time constant of an
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Fig. 221 — Time constant of an LR circuit,




ductxve cucmt is the txme in seconds requxred for
‘the current to reach.63 petcent of its-final va]ue
¢The formula is

=L
N T R
‘where T'= Time constant in seconds
L = Inductance in Henrys
R = Resistance in chms

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

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

-___2_
T 0 0.2 second

if there is no other resistance in the circuit. If a dc emf of
10 volts is applied to such a cail, the final current, by
Ohm’s Law, is

=£-10_
I & =100 0.1 amp. or 100 mA -

The current would risé from zero to 63 milliamperes in 0.2
second after closing the switch.

An inductor cannot be “discharged” in the
same way as a capacitor, because the magnetic field
disappears as soon as current flow ceases. Opening
S does not leave the inductor ‘“‘charged.” The
energy stored in the magnetic field instantly
returns to the circuit when S is opened. The rapid
disappearance of the field causes a very large
voltage to be induced in the coil — ordinarily many
times larger than the voltage applied, because the

. induced voltage is proportional to the speed with
" which the field changes. The common result of
opening the switch in a circuit such as the one
shown is that a spark or arc forms at the switch
contacts at the instant of opening. If the induct-
ance is large and the current in the circuit is high, a
great deal of energy is released in a very short
“ period of time. It is not at all unusual for the
‘switch contacts to burn or melt under such
circumstances. The spatk or arc at the opened
switch can be reduced or suppressed by connecting
a ‘suitable capacitor and resistor in series across the
contacts,
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Fig. 2-22 — Voltage across capacitor termmals ina
discharging RC circuit, in terms of the initial
charged voltage. To obtain time in seconds,
multiply the factor t/RC by the time constant of
the circuit. .
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Time constants play an important part -in
numerous devices, such as electronic keys, timing -~
and control circuits, and shaping of keying charac- -
teristics by vacuum -tubes. The time constants of
circuits are also important in such applications as

automatic gain control and noise limiters, In nearly

all such apphcatlons a res1stance-capac1tance (RC)
time constant is involved, and it is usually neces-
sary to know the voltage across the capacitor at-
some time interval larger or smaller than the actual™

time constant of the circuit as given by the formula S

above. Fig. 2-22 can be used for the solution of
such problems, since the curve gives the voltage
across the capacitor, in terms of percentage of the
initial charge, for percentages between 5 and 100,
at any time after discharge begins. .

Example: A 0.01-u4F capacitor is charged to 150 volts
and then allowed to discharge through a 0.1-megohm
resistor. How long will it take the voltage to fall .to 10
volts? In percentage, 10/150 = 6.7%. From the chart, the'
factor corresponding to 6.7% is 2.7. The time constant of
the circuit is equal to RC=0.1 X .01 = ,001. Thetime is
therefore 2.7 X 0.001 = 0027 second, or 2.7 milliseconds:

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 related
thing takes place. The later event is said to lag the
carlier, while the one that occurs first is said to
lead, In ac circuits the current amplitude changes

- continuously, so the concept of phase or time
beecomes important., Phase can be measured in the
“ordinary time units, such as the second, but there
is a more convenient method: Since each ac cycle
occupies exactly the same amount of time as every
other cycle of the same frequency, we can use the
cycle itself as the time unit. Using the cycle as the

- time unit makes the specification or measurement

. of ‘phase independent. of the frequency of the
~cutrent, so long as only one frequency is under
consideration ~at . a_time. When two .or more

frequencies are to be considered, as in the case
where harmonics are present, the phase measure- -
ments are made with respect to the lowest, or
fundamental, frequency. :

The time interval or “‘phase difference” under
consideration usually will be less than one cycle.
Phase difference could be measured in decimal
parts of a cycle, but it is more convenient to divide

_ the cycle into 360 parts or degrees. A phase degree

is therefore 1/360 of a cycle. The reason for this-
choice -is_ that with sine-wave alternating current
the value of the current at any instant is propor-’
tional to the sine of the angle that corresponds to
the number of degrees — that is, length of time —
from the instant the cycle began. There is no actual -
“angle” associated with an alternating current. Fig. -
223 should help make this method of measure-'

. ‘ment clear.

¢
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~'Fig. 2-23 — An ac cycle is divided off into 360
degrees that are used as a measure of time or phase.

Measuring Phase

. The phase difference between two currents of

the same frequency is the time or angle difference
between cortesponding parts of cycles of the two
currents. This is shown in Fig. 2-24. The current

- gince A’s cycles begin 45 degrees earlier in time. It
- . is equally correct to say that.B lags A by 45
" degrees.

Two important special cases are shown in Fig.
2-25. In the upper drawing B lags 90 degrees
behind A; that is, its cycle begins just one-quarter
" _cycle later than that of A. When one wave is
- passmg through zero, the other is ]ust at its
-/ maximum point.

' In the lower drawing A and B are 180 degrees
" out of phase. In this case it does not matter which
. one is considered to lead or lag. B is always positive
. while A is negative, and vice versa. The two waves
are thus completely out of phase.
... - The waves shown in Figs. 2-24 and 2-25 could
- «zepresent current, voltage, or both. 4 and B might
.be two currents in separate circuits, or A might
‘xepresen.t voltage and B current in the same circuit.
- If A and B represent two currents in the same
.. cifcuit (or two voltages in the same- circuit) the
o total or resultant current (or voltage) also is a sine
.+ 'wave, because adding any number of sine waves of
the same frequency always gives a sine wave also of
the same frequency.

B

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 current
are in phase. This is true at any frequency if the

Amplitude

—-—

* Fig. 2-24 — When two waves of the same frequency
“'start their -cycles at slightly different times, the
~time: difference or phase difference is measured in
degrees In-this drawing wave B starts 45 degrees
. {one-eighth cycle) tater than wave A and so lags 45
degrees behind 4.

Iabeled A leads the one marked B by 45 degrees,’

n’eslstﬁneé 13 prure that i§, i’ free o
reactive  effects dmcussed in- the next. sections

Practically, it is often difficult to obtain puIeB' L ’

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

. In a purely resistive circuit, or for purely-
resistive parts of eircuits, Ohm’s Law is just as valid -
for ac of any frequency as it is for dc.

REACTANCE

Alternating Current in Capacitance

In Fig. 2-26 a sine-wave ac voltage having a .
maximum value of 100 volts is applied to. a
capacitor, In the period OA, the applied voltage
increases from zero to 38 volts; at the end of this
period the capacitor is charged to that voltage. In -
interval AB the voltage increases to 71 volts; that
is, 33 volts additional. In this interval a smaller
quantity of charge has been added .than in OA,
because the voltage rise during interval AB is
smaller. Consequently the average current during '
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Fig. 225 — Two important special chses of phase
difference. In the upper drawing, the phase
difference between A and B is 90 degrees; in the
lower drawing the phase difference is 180 degrees.
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AB is smaller than during OA. In the third interval,
BC, the voltage rises from 71 to -92 volts, an
increase of 21 volts. This is less than the voltage -
increase during AB, so the quantity of electricity
added is less; in other words, the average current
during interval BC is still smaller. In the fourth
interval, CB, the voltage increases only 8 volts; the
charge added is smaller than in any preceding
interval and tHerefore the current also is smaller.

By dividing the first quarter cycle into a very’
large number of intervals it could be shown that
the current charging the capacitor has the shape of
a sine wave, just as the applied voltage does. The
cutrent is largest at the beginning of the cycle and
becomes zero at the maximum value of the voltage,
so there is a phase difference of 90 degrees <
between the voltage land current. Dufing the first -
quatter cycle the cutrent is flowing in the normal .
direction through the ciscuit, since the capacitor JS.

.being charged. Hence the current is posmve,
‘ mdlcated by the dashed line in Fig, 2-26. . -~
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Fig. 2-26 — Voltage and current phase relationshibs
when an alternating voltage is applied to a

- - capacitor.

In the second quarter cycle — that is, in the
time from D to H, the voltage applied to the

" capacitor decreases. During this time the capacitor

Joses its charge. Applying the same reasoning, it is

plain that the current is small in interval DE and -
continues to increase during each succeeding inter-

val. However, the current is flowing against the

.applied voltage because the capacitor is discharging
into the circuit. The current flows in the negative .

direction during this quarter cycle.

The third and fourth quarter cycles repeat the
events of the first and second, respectively, with
this difference — the polarity of the applied voltage
has reversed, and the current changes to corres-
pond. In other words, an alternating current flows

in the circuit because of the alternate charging and -

discharging of the capacitance. As shown by Fig.

~.2-26, the current starts its cycle 90 degrees before
*. the voltage, so the current in a capacitor leads the

applied voltage by 90 degrees.

Capacitive Reactance -

The quantity of electric charge that can be
placed on a cdpacitor is proportional to the applied

emf and the capacitance, This amount of charge

moves back and forth in the circuit once each
cycle, and so the rate of movement of charge —

‘that is, the current — is proportional to voltage,
" capacitance and frequency. If the effects of capaci-

tance and frequency are lumped together, they
form a quantity that plays a part similar to that of
resistance in Ohm’s Law. This quantity is called

~ yeactance, and the unit for it is the ohm, just as in

the case of resistance, The formula for it is

Xc= 2'nf'—‘c

‘where X¢ = = Capacitive reactance in ohms’
. f = Frequency in cycles per second
C = Capacitance in farads
7= 3.14
-Although the unit of reactance is the ohm,
there is no power dissipation in reactance. The
energy stored in the capacitor in one quarter of the
cycle is simply returned tothe circuit in the next.
The fundamental units (cycles per second,
farads) are too large for practical use in radio
circuits. However, if the capamtance is in micro-

. fatads ‘and the frequency is in megacycles, the.
- 'reactance will come out in ohms in the formula. -

" "to-an inductance.

Ex;mp)e 'l’he ‘reactaee - of capacitor .of .
(0 00047 #F) at'a frequency of 7150 kHz (7.15 Mﬂz)x'

e L o
X e ST X D00AT ~ 74 ohms

Inductive Reactance

When an altetnating voltage is applied to a pure
inductance (one with no resistance — all practical:
inductors have resistance) the current is again 90
degrees out of phase with the applied voltage..
However; in this case the current lags 90 degrees,
behind the voltage — the opposite of the capacltor,
current-voltage relationship.

The pnmary cause for this is the back emf.
generated in the inductance, and since the ampli-
tude of the back emf is proportional to the rate.at, .
which the current changes, and this in turn is .
proportmnal to the frequency, the amplitude of -
the current is mversely proportional to the applied
frequency. Also, since the back emf is proportional -
to inductance. for a given rate of current change,
the current flow is inversely proportional .to,
inductance for a given applied voltage and frequen- -«
cy. (Another way of saying this is that just enough
current flows to generate an induced emf that -
equals and opposes the applied voltage.) - :

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

XL = 2TffL

where X7, = Inductive reactance in ohms B
f= Frequency in cycles per second =
L = Inductance in henrys )
m= 3.14

Example: The
frequency of 14 MHz is
Xy, =2mL=628X 14 X 15=1319 ohms .+

of a 15-microhenty coil at a,

In radio-frequency circuits the inductance
values usually are small and the frequencies are *
large. If the inductance is expressed in millihentys '
and the frequency in kilocycles, the conversion.
factors for the two units cancel, and the formuls
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.

r~
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Fig. 2-27 - Phase relationships’ between voltage
and current when an alternatmg voltage is apphed
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Fig. 2-28 — Inductive and capacitive reactance vs. frequency. Heavy lines represent multiples of 10,
intermediate light lines multiples of 5; e.g., the light line between 10 {H and100uH representsSOUH,

" the light line between 0.1 UF and 1 UF represents 0.5 UF, etc.

with the help of the interpolation scale.

Intermediate values can beestimated

: Reactances outside the range of the chart may be found by applying appropnate factors to values
within the chart range. For example, the reactance of 10 henrys at 60 cycles can be found by taking the
reactance to 10 henrys at 600 cycles and dividing by 10 for the 10-times decrease in frequency.

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

Xy, = 27fL = 6.28 X 120 X 8 = 6029 chms

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 connected
in senes with the coil.

Ohm’s Law for Reactance

~ Ohm’s Law for an ac circuit containing only
reactance is :

where E = Emf in volts
I =Current in amperes
X = Reactance in ohms

The reactance in the circuit may, of course, be
either inductive or capacitive.
Example: If a current of 2 amperes is flowing through
the capacitor of the earlier example (reactance = 47.4
okms) at 7150 kHz, the voltage drop across the capacitor is
E=IX=2X474=94.8 volts

If 400 volts at 120 hertz is applied to the 8-henry
inductor of the earlier example, the current through the

coil will be_
=E - 420 .
1 X = 5036 0.0663 amp. (66.3 mA)
Reactance Chart

The accompanying chart, Fig. 2-28, shows the .
reactance of capacitances from 1 pF to 100 uF,
and the reactance of inductances from 0.1 LH to
10 henrys, for frequengies between 100 hertz and .
100 megahertz per second. The approximate valie
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" of reacts.nce can be read from the cha:t or, where
more ‘exact values are needed, the: chart will serve

‘-as a check on the order of magnitude of reactances
¢alculated from the formulas given above, and thus
avoid ‘“‘decimal-point errors.”

Reactances in Series and Parallel

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

X=X1+X2+X3+X4

and for reactances of the same kind in parallel the

resultant is

Xs— 1

1, 1,1,1
sitetxsTxa
or for two in parallel, '
X1X2_
X=X1i%3

The situation is different when reactances of
opposite kinds are combined. Since the current in a
capacitance leads the applied voltage by 90 degrees
and the current in an inductance lags the applied
voltage by 90 degrees, the voltages at the terminals

of opposite types of reactance are 180 degrees out -

of phase in a series circuit (in which the current has
to be the same through all elements), and the
currents in reactances of opposite types are 180
degrees out of phase in a parallel circuit (in which
the same voltage is applied to all elements). The
180-degree phase relationship means that the cur-
rents or voltages are of opposite polarity, so in the
series circuit of Fig. 2-29A the voltage EL across
the inductive reactance XL is of opposite polarity
to the voltage EC across the capacitive reactance
XC. Thus if we call XL “positive” and XC
“negative” (a common convention) ‘the applied
voltage EAC is EL — EC. In the parallel circuit at B
the total current, /, is equal to IL — IC, since the
currents are 180 degrees out of phase. .

In the series case, therefore, the resultant
reactance of XL and XC is

X=X,—Xc
and in the parallel case
X= —Xi XC
XL —
1 1
x 2 B L4
Enc ‘17 Epc X, Xe
Xe i
(a) 8

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

Note: that in ‘the series circuit the total react,,
ance is negative if ‘XC is larger than XL; this’

indicates that the total reactance is capacitive in’ '

such a case. The resultant reactance in a series .’
circuit is always smalier than the larger of the two
individual reactances. _ i

In the parallel circuit, the resultant reactance is
negative (i.e., capacitive) if XL is larger than XC,
and positive (inductive) if XL is smaller than XC,
but in every case is always larger than the smaller
of the two individual reactances.

In the Special case where XL = XC the total
reactance is zero in the series circuit and mﬁmtely
large in the parallel circuit.

Reactive Power -

In Fig. 2-29A the voltage drop across the
inductor is larger than the voltage applied to the
circuit. This might seem to be an impossible
condition, but it is not; the explanation is that
while energy is being stored in the inductor’s
magnetic field, energy is being returned to the
circuit from the capacitor’s electric field, and vice -
versa. This stored energy is responsible for the fact
that the voltages across reactances in series can be
larger than the voltage applied to them.

In a resistance the flow of current causes ' -
heating and  a power loss equal to J2R. The power .. .

in a reactance is equal to J2X, but is not a “loss”; it
is simply power that is transferred back and forth
between the field and the circuit but not used up
in heating anything. To distinguish this “nondis-
sipated” power from the power which is actually
consumed, the unit of reactive power is called the
volt-ampere-reactive, or var, instead of the watt.
Reactive power is sometimes called “‘wattless”
powert.

IMPEDANCE

When a circuit contains both resistance and
reactance the combined effect of the two is called
impedance, symbolized by the letter Z. (Impe-
dance is thus a more general term than either
resistance or reactance, and is frequently used even
for circuits that have only resistance or reactance,
although usually with a qualification — such as
“gesistive impedance” to indicate that the circuit
has only tesistance, for example.)

The reactance and resistance comprising an
impedance may be connected either in series of in
parallel, as shown in Fig. 2-30. In these circuits the -
reactance is shown as a box to indicate that it may
be either inductive or capacitive. In the series
circuit the current is the same in both elements,
with (generally«}‘d/ifferent voltages appearing across
the resistance and reactance. In the parallel circuit
the same voltage is applied to both elements, but -
different currents flow in the two branches. )

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




Fig. 2-30 — Series and paraliel circuits containing
resistance and reactance.

Series Circuits

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

Z: R2+ X2

" where Z = Impedance in ohms
: R = Resistance in ohms
X = Reactance in ohms

. 'I"hg reactance may be either capacitive or induc-
.tive. If there are two or more reactances in the
. circuit they may be combined into a resultant by
- the rules previously given, before substitution into
“the formula above; similarly for resistances. .

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

Parallel Circuits

With resistance and reactance in parallel, as in
: Fxg 2- 30B the impedance is

Z=
) R2+ X2

"“‘where the symbols have the same meaning as for

series circuits.

; Just as in the case of series c1rcu1ts a number of
' _zéactances in parallel should be combined to find

the resultant reactance before substitution into the

in parallel..

‘Equivalent Series and Parallel Circuits

The two circuits shown in Fig. 2-30 are
equivalent if the same current flows when a given
voltage of the same frequency is applied, and if the
. phase angle between voltage and current is the
. same in both cases. It is in fact possible to
““transform” any given series circuit into an equiv-
alent parallel circuit, and vice versa.

Transformations of this type often lead to
- .- simplification in the solution of complicated
. % «circuits. However, from the standpoint of practical
" work the usefulness of such transformations lies in
" the fact that the impedance of a’circuit may be

-glements, depending on which happens to be most
“convenient in the: partlcular case. Typical applica-
tions are considered later in connectipn with tuned
‘cmcults and transmission lines.

'ing impedance just as readily as to circnits having

“formal above; similarly for a number of resistances

- modified by the addition of either series or parallel’

Ohm 5. Law for hnpedance :
Ohm s Law can be-applied to cucuxts contam-

resistance or reactance only. The formulas are
1=E

E=17
Z= E

where E = Emf in volts .
F=Current in amperes ' .
Z = Impedance in ohms ‘ o E
Fig. 2-31 shows a simple circuit consisting of a

resistance of 75 ohms and a reactance of 100 chms in ,
series. From the formula prcv»musly given, the impedance is d

Z=+RZ+XL2=Y(75)2+(100)2 = 125

If the applied voltage is 250 volts, then

1—2-—12—25%=23mperes

This current flows through both the resistance and reac-
tance, so the voltage drops are

Er=IR=2X75=150volts

EXL =IXL =2 X 100 = 200 volts
The simple arithmetical sum of these two drops, 350 volts,
is greater than the applied voltage because the two voltages™
are 90 degrees out of phase. Their actual resultant, when
phase is taken into account, is

Y(150)2 + (200)2 = 250 volts

Power Factor

In the circuit of Fig. 2-31 an applied emf of .
250 volts results in a current of 2 amperes, giving :
an apparent power of 250 X 2 = 500 watts. .
However, only the resistance actually consumes
power. The power in the resistance is

P =I2R = (2)2 X 75 = 300 watts

The ratio of the power consumed to the apparent
power is called the power factor of the circuit, and
in this example the power factor would be
300/500 = 0.6. Power factor is frequently ex-

“pressed as a percentage; m this case, it would be 60

percent.

“Real” or dissipated power is measured in
watts; apparent power, to distinguish it from real
power, is measured in volt-amperes, It is simply the
product of volts and amperes and has no direct
relationship to the power actually used up or
dissipated unless the power factor of the circuit is
known. The power factor of a purely resistive
circuit is 100 percent or 1, while the power factor
of a pure reactance is zero. In this illustration, the
reactive power is VAR 12X = (2)2 X 100 = 400
volt-amperes

R=75 chms

¥=100 chms

Fig. 2-31 - Circuit used as an example for ;
impedance calculations. . :



AR ReactanoeandComplexW:ms .
Tt was pointed out earlier in this chapter that a
mplex wave (a “nonsinusoidal” wave) can be
resolved into a fundamental frequency and a series
of harmonic frequencies. When such a complex
voltage wave is applied to.a circuit containing
reactance, the current through the circuit will not
" ‘have the same wave shape as the applied voltage.
This .is because the reactance of an inductor and
capacitor depend upon the applied frequency. For
the second-harmonic component of a complex
wave, the reactance of the inductos. is twice and
the reactance of the capacitor one-half their
respective values at the fundamentat frequency; for
" .the third harmonic the inductor reactance is three
~times and the capacitor reactance one-third, and so
" on, Thus the circuit impedance is different for each

harmonic component.

Just what happens to the current wave shape

TRANSFORMERS FOR AUDIO FREQUENCIES

Two coils having mutual inductance constitute

a ttansformer The coil connected to the source of
~energy is called the primary coil, and the other is
" called the secondary coil.

The usefulness of the transformer lies in the
fact that electrical energy can be transferred from
one cucult to -another without direct connection,
and in the process can be readily changed from one
voltage level to another. Thus, if a device to be
operated requires, for example, 115 volts ac and

“.only a 440-volt source is available, a.transformer
can be used to change the source voltage to that
required. A transformer can be used only with ac,
since no voltage will be induced in the secondary if
the magnetic field is not changing. If dc is applied
to the pnmary of a transformer, a voltage will be
induced in the secondary only at the instant of
closing or opening the primary circuit, since it is
only at these times that the field is changing.

THE IRON-CORE TRANSFORMER

As shown "in Fig. 2-32, the primary and
secondary coils of a transformer may be wound on
a core of magnetic material. This increases the
inductance of the coils so that a relatively small

" number of turns may be used to induce a given
value of voltage with a small current. A closed core
(one having a continuous magnetic path) such as

o G '
PRMARY T . D SECONDARY
T 3t

IRON CORE

il

‘Fig. 2-32 ' — The transformer. Power is transferred
from the primary coil to the secondary by means
. of the: magnetm field. The upper symbol at right
" indicates an iron-core transformer, the Iower one
,an an'-core transformer.

depends upoa the va}ues of :esmtani':e'

tance involved and how the cifcnit is ananged I
simple  circuit with. resistancerand inductive- teac
tance in series, the amplitudes of the harmoni
currents will be reduced because the inductive,
reactance increases in proportion to frequency,
When capacitance and resistance are in series, the
harmonic current is likely to be accentuated
because the capacitive reactance becomes lower as
the frequency is raised. When both inductive and
capacitive reactance are present the shape of thee
current wave can be altered in a variety of ways /
depending upon the circuit and the “constants,”or -
the relative values of L, C, and R, selected. -
This property of nonuniforin behavior with
respect to fundamental and harmonics is an ex- . -
tremely useful one. It is the basis of “ﬁltenng,” or !
the suppression of undesired frequencies in favor
of a single desired frequency or group of such
frequencies: .

that shown in Fig. 2-32 also tends to insure that
practically all of the field set up by the current in -
the primary coil will cut the tuns of the secondary,
coil. However, the core introduces a powes loss:
because of hysteresis and eddy currents so this
type of construction is normally practicable only *
at power and audio frequencies. The discussion in
this section is confined to transforrhers operatmg
at such frequencies.

Voltage and Turms Ratio

For a given varying magnetic field, the voltage -
induced in a coil in the field will be proportional to
the number of tums in the coil. If the two coils of .
a transformer are in the same field (which is the
case when both are wound on the same closed
core) it follows that the induced voltages will be o
proportional to the number of turns in each coil.
In the primary the induced voltage is practically
equal to, and opposes, the applied voltage, as-
described earlier. Hence,

E,=72% E,
s‘ﬁ; Ep

where Bg = Secondary voltage
E = Primary applied voltage ' -

= Number of turns on secondary
= Number of turns on primary

The ratlo, ns/np is called the seconda.ty-to—pnmary
turns ratio of the transformer.

Example: A txansformer has a primary of 400 tums and
a secondary of 2800 tums, and an emf of 115 volts is

applied to the p\qunary

Eg -—Ep 2800 x 135=7x 115

400

= 805 volts
Also, if an emf of 805 volts is applied to the 2800-tumn . . .
winding (which then becomes the primary) the outpuf ' .~
voltage from the 400-turn winding will be 115 volts. .

VEither winding of a transformer can be used as the

. primary, providing the winding has enough turns (enough' - .,
inductance) to induce a’voltage equal to the applied voltage :

. without requiring an excessive current flow. o



Effect of Secondary Current -
" The eurrent that flows in the primary when.no
current is taken from the secondary is called the
. magnetizing -current. of the transformer. In any
‘properly-designed transformer the primary induc-
“tance will be so large that the magnetizing current
“will be quite small. The power consumed by the
- ‘transformer when the secondary is “open” — that
is, not delivering power — is only the amount
‘necessary to supply the losses in the iron core and
.in the resistance of the wire with which the
" primary is wound.

- -When power is taken from the secondary
. winding, 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 equak the applied voltage, the original fietd
must be maintained. Consequently, the primary
must draw enough additional current to set up a
- field exactly equal and opposite to the field set up
by the secondary current.

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

If the maghnetic fields set up by the primary and
secondary currents are to be equal; the primary
-current multiplied by the primary turns must equal
. the secondary current multiplied by the secondary

turns. From this it follows that

= Primary current
= Secondary current

p = Number of turns on primary

= Number of turns on secondary

Example Suppose that the secondary of the trans-
former in the previous example is delivering a current of 0.2
ampere to a load: Then the primary current will be

=Ms 7 -2800 = =
p=asls -—"—moxo:z 7X0.2=1.4 amp.

where [
R

Although the secondary voltage is higher than the primary
voltage, the secondary current is lower.than the primary
. current, and by the same ratio.

Power Relationships; Efficiency

A transformer cannot create power; it can only
ansfet it and change the emf. Hence, the power
taken from the secondary cannot exceed that
taken by the primary from'the source of applied
- emf. There is always some power loss in the
tesistance of the coils and in the iron core, so in all
practical cases the power taken from the source
will exceed that taken from the secondaxy Thus,
Py = nPy
- whereP = Power output from secondary
P; = Power input to primary
n = Efficiency factor
~The efficiency, n, always is less than 1. It is usually
““expressed as a percentage; if n is 0.65, for
. ‘instances, the efficiency is 65 percent
Example: A transformer has an efficiency of 85 perceht

at its fulllead output of 150 watts. The power input to the
primary at full secondary toad will be

=Fo. 150 }
py=t2 = 1801765 watts

highest efficiericy at the power output for which
is rated. The efficiency decreases with either lower'_ :

A txmsformer is usually designed - to. have-its

or highet outputs. On the other hand, the losses.in
the transformer are relatively small at low output~ .
but increase as more power is taken. The amount .
of power that the transformer can handle is -
determined by its own losses, because these heat
the wire and core. There i§ a limit to the
temperature rise that can be tolerated, because
too-high temperature either will 'meit the wire or .
cause the insulation to break down. A transformer,
can be operated a reduced output, even though the
efficiency is low,because the actual loss will be low -

" under such conditions.

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

Leakage Reactance

In a practical transformer not all of the
magnetic flux is common to both windings,
although in well-designed transformers the amount
of flux that “‘cuts” one coil and not the other is
only a small percentage of the total flux. This
leakage flux causes an emf of self-induction;
consequently, there are small amounts of leakage
inductance associated with both windings of the
transformer. Leakage inductance acts in exactly
the same way as an equivalent amount of ordinary
inductance inserted in series with the circuit. It
has, therefore, a certain reactance, depending upon
the amount of leakage inductance and -the =
frequency. This reactance is called leakage reac- -
tance. '

Current flowing through the leakage reactance
causes a voltage drop. This voltage drop increases
with increasing current, hence it increases as more
power is taken from the secondary. Thus, the
greater the secondary current,  the smaller the
secondary terminal voltage becomes. The resis-
tances of the transformer windings also cause -
voltage drops when current is flowing; although
these voltage drops are not in phase with those
caused by leakage reactance, together they result in

a lower secondary voltage under load than is |

indicated by the turns ratio of the transformer.

At power frequencies (60 cycles) the voltage at
the secondaiy, with a reasonably well-designed
transformer, should not drop more than about 10
percent from open-circuit conditions to full load.
The drop in voltage may be considerably more
than this in a transformer operating at audio

frequencies because the leakage reactance increases -

directly with the frequency.

Impedance Ratio

In an ideal transformer — one without losses or
i leakage. reactance - the following relationship is

N

true:




be Iron*Core Tramfoms ‘,

‘ ‘Where Zy= Impedance lookmg into primary ter-
minals from source of power

Zg Impedance of load connected to sec-
' ohdary
Np/Ng = Tuns ratio, primary to secondary

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

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

N,
Zy= Zflilvf]= 3000 X (0.6)2 = 3000 X 0.36
= 1080 ohms

By choosing the proper turns ratio, the imped-
- ance of a fixed load can be transformed to any
desired value, within practical limits. If transformer
losses can. be neglected, the transformed or
“reflected” impedance has the same phase angle as
the actual load impedance; thus if the load is a
pure resistance the load presented by the primary
to the source of power also w111 be a pure
resistance.

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

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

Impedance Matching

Many devices require a specific value of load
resistance (or impedance) for optimum operation.

. <
it
O

Fig. 2-33 — The equivalent circuit of a transformer

includes the effects of leakage inductance and’

resistance of both primary and secondary windings.
The resistance Rc is an equivalent resistance
representing the core losses, which are essentially
constant for any given applied voltage and
frequency. Since these are comparatively small,
‘their effect may be neglected in many approximate

: catcu!atlons.

i

CORE TYPE

Fig. 2-34 — Two.common types of transformer

construction. Core pieces are interleaved to provide
a continuous magnetic path,

The impedance of the actual load that is to,

dissipate the power may differ widely from this
value, so a transformer is used to change the actual
load into an impedance of the degired value. This is
called impedance matchmg From the preceding,

N p

whese Np/Ng = Requued turns ratio, primary  to.
secondary
Zp, = Primary impedance required
Zg=Impedance of load connected to
secondary

Exarple: A vacuum-tube af amplifier requires a load of
5000 ohms for optimum performance, and is to be
connected to a loud-speaker having an impedance of 10
ohms. The tusns ratio, primary to secondary, required in
the coupling transformer is

Np. ~/§2= 73900 - 300 =224
: ]

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

Impedance matching means, in general, adjust-

‘ing the load impedance — by means of a trans-

former or othérwise — to a desired value. However,

there is also another meaning. It is possible to show
that any source of power will deliver its maximum -
possible output when the impedance of the load is -

equal to the internal impedance of the source, The

impedance of the source is said to be “matched” "

under this condition. The efficiency is only 50
percent in such a case; just as much power is used
up in the source as is delivered to the load. Because

of the poor efficiency, this type of impedance . .
matching is limited to cases where only a small.
amount of power is available and heating from ' .

power loss in the source is not important.

Transformer Construction

Transformers lisually 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 also helps to reduce flux leakage and
therefore minimizes leakage reactance.

Two core shapes are in common use, as shown
in Fig. 2-34. In the shell type both windings are

placed on the jnner leg, while in the core type the




‘Fig, 2-35 — Theautotransformer is based on the

‘The line and load currents in the common winding
(A) flow in opposite directions, so that the
resultant current is the difference between them.
The voltage across A is proportional to the turns
ratio.

.- primaty and secondary windings may be placed on
"-separgte legs, if desired. This is sometimes done
- when it is necessary to minimize capacitive effects
betwigen the primary and secondary, or when one
‘of ﬂﬁ windings must operate at very hxgh voltage.
-+ Core material for small transformers is usually
silicon steel, called “transformer iron.” The core is
. builtup of laminations, insulated from each other
‘(by.’s thin coating of shellac, for exampie) to
prevent the flow of eddy currents. The laminations
are ‘interleaved at the ends to make the magnetic
- path as continuous as possible and thus reduce flux
“~leakage.

~. The number of turns required in the primary
for a given applied emf is determined by the size,
“shape and type of core material used, and the

In ‘most radic communication the received
signal is converted into sound. This being the case,
=it is useful to appraise signal strengths in terms of
. ‘relative loudness as registered by the ear. A
: .peculiarity of the ear is that an increase or decrease
. in - loudness is responsive to the ratio of the
- ‘amnounts of power involved, and is practically
“independent of absolute value of the power. For
example, if a person estimates that the signal is
& “twice as loud” when the transmitter power is
" increased from 10 watts to 40 watts, he will also
estimate that a 400-watt signal is twice as loud as a
'100-watt signal. In other words, the human ear has
a logarithrmic tesponse. i
. This fact is the basis foi the use of the
relative-power unit called the decibel (abbreviated
dB). A change of one décibel in the power level is
just detectable as a change in loudness under ideal
conditions. The/ number of decibels corresponding
to a given power ratio is given by the following
formula: . )
"dB=101og !I}l
1
- Common logarithms (base 10) are used.

Voltage-and Current Ratios

.~ . Note that the decibel is based on power ratios.
Voltage of current ratios can be used, but only
‘when: vthe impedance is the same for both values of

transformer principle, but uses only one winding.”

Thenumberoftumsrequedmm-

~ versely propottional .to the: cross-sectional area of -
“the core. As a rough indication, windings of small
power. transformers frequently have about six to

eight turns per volt on a core of 1-square-inch cross
section and have a magnetic path 10 or 12 inches

_in length. A longer path or smaller cross section:

requires more turns per volt, and vice versa.

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

Autotransformers

. The transformer principle can be utilized with
only one winding instead of two, as shown in Fig.
2-35; the principles just discussed apply equally.
well. A one-winding transformer is called an
autotransformer. The current in the common .
section (A) of 'the winding is the difference
between the line (primary) and the load (second-
ary) currents, since these currents are out of phase.
Hence if the line and load currents are nearly equal
the common section of the winding may be wound’
with comparatively small wire. This will be the case
only when the primary (line) and secondary (load)
voltages are not very different. The  auto-
transformer is used chiefly for boosting or reducing
the power-line voltage by relatively small amounts.
Continuously-variable' autotransformers are
commercially available under a variety of trade
names; ‘“Variac” and “Powerstat™ ' are ' typical
examples. '

THE DECIBEL

voltage, or current. The gain of an amplifier cannot

be expressed correctly in dB if it is based on the
ratio of the output voltage to the input voltage -
unless both voltages are measured across the same
value of impedance. When the impedance at both
points of measurement is the same, the following
formula may be used for voltage or current ratios:

= 141 Iz
dB =20 log 2 or 20 log i
18 Vs
"4
L
1 o7
& %l A
8 B}’* / .
. =
LA
O v /
] (X3 2% 3 4 5 6 78801
Ratio \

Fig, 2-36 — Decnbel chart for power, voltage and
current ratios for power ratios of 1:1 and 10:1. In
determining decibels for current or voltage ratios
the currents {or voltages) being compared must be .
referred to the same value of |mpedance.




. Decibel Chart
The two formulas are shown graphically in Fig.
- 2-36 for ratios from 1 to 10. Gains (increases)
expressed in decibels may be added arithmetically;
logses (decreases) may be subtracted. A power
. decrease is indicated by prefixing the decibel figure
" "with a minus sign. Thus +6 dB. means that the
power has been' multiplied by 4, while —6 dB
means that the power has been divided by 4.

The chart may be used for other ratios by

RADIO-FREQUENCY CIRCUITS

RESONANCE IN SERIES CIRCUITS

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

- At some intermediate frequency, the reactances
of C and L will be equal and the voltage drops
across the coil and capacitor will be equal and 180
degrees out of phase. Therefore they cancel each
other completely and the current flow is deter-
mined wholly by the resistance, R. At that
frequency the current has its largest possible value,
assuming the source voltage to be constant.regard-
less of frequency. A series circuit in which the
inductive and capacitive reactances are equal is said
to be resonant.

The principle of resonance finds its most
extensive application in radio-frequency circuits.
The reactive effects associated with even small

. inductances and capacitances would place drastic
limitations on rf circuit operation if it were not
possible to. “cancel them out” by supplying the
right amount of reactance of the opposite kind —

in other words, “tuning the circuit to resonance.”

Resonant Frequency

The frequency at which a series circuit is
resonant is that for which XL =XC , Substituting

Fig. 2-37 — A series circuit containing L, C and R-
is “resonant™ at the applied frequency when the
. reactance of C is equal to the reactance of L.. -

adding (or subtracting, if a loss) 10 dB each time
“the ratio scale is multiplied by 10, for power 1atios;

or by adding (or subtracting) 20 dB each time the .
scale is multiplied by 10 for voltage or current:
ratios. For example, a power ratio of 2.5 is 4 éB
(from the chart). A power ratio of 10 times 2.5, or
25, is 14 dB (10 + 4), and a power ratio of 100
times 2.5, or 250, is 24 dB (20 + 4). A voltage or” .
current ratio of 4'is 12 dB, a voltage or current
ratio of 40 is 32 dB (20 + 12), and one of 400 is 52
dB (40 + 12).

the formulas for mductwe and capacitive reactance
gives

f 2= ____.L___.._
- 2myLC
where f= Frequency in cycles per second
= Inductance in henrys
€ = Capacitance in farads
= 3.14

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

6

1= omic

where f= Frequency in kilohertz (kHz)
L = Inductance in microhenrys (UH)
C = Capacitance in picofarads (pF)
= 3.14

Example: The resonant frequency of a series circuit
containing a 54H inductor and a 35-pF capacitor is

f=-Jd08 ___ 106
2myiT 6.28 X5 X 35

106 _108_,, os0kHz
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PER CENT CHANGE FRON RESONANT FREQUENCY

Flg 2-38 — Currentin a senes -resonant circuit wnth‘ -
various values of series resistance. The values are -
arbitrary and would not apply to all circuits, but
represent a typical case. It is assumed that the
reactances (at the resonant frequency) are 1000
ohms. Note that at frequencies more than plus or: .
minus ten percent away from the - resonant:.
frequency the current _is substantlallv unaffected
by the resxstance m the circuit. . ;




The formula for resonant frequericy is not affected

‘by resistance in the circuit.

Resonance Curves

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

If the reactance of either the coil or capacitor is
of the same order of magnitude as the resistance,
the current decreases rather slowly as the
frequency is moved in either direction away from
-resonance. Such a curve is said to be broad. On the
other hand, if the reactance is considerably larger
than the resistance the current decreases rapidly as
the frequency moves away from resonance and the
circuit is said to be sharp. A sharp circuit will
respond a great deal more readily to the resonant
-frequency than to frequencies quite close to
resonance; a broad circuit will respond almost
- equally well to a group or band of frequencies
centering around the resonant frequency.

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

Q

Most diagrams of resonant circuits show only
-~ inductance and capacitance; no resistance is indi-
cated. Nevertheless, resistance is always present. At
- frequenciés up to perhaps 30 MHz this resistance is
mostly in the wire of the coil. Above this fre-
quency energy loss in the capacitor (principally in
the solid dielectric which must be used to form an
insulating support for the capacitor plates) also
-becomes a factor. This energy loss is equivalent to
resistance. When maximum sharpness or selectivity
is needed the object of design is to reduce the
inherent resistance to the lowest possible value.
The value of the reactance of either the

“ " inductor or capacitor at the resonant frequency of

“a series-resonant circuit, divided by the series
resistance in the circuit, is called the Q (quality
factor) of the circuit, or

_X‘
: Q=5

where @ = Quality factor
X = Reactance of either coil or capacitor in -
ohms
r= Series resistance in ohms

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

R

= .~The effect of Q on the sharpness of resonance
. of a_circuit is shown by the curves of Fig. 2-39. In
. these. curves the frequency change is shown in
percentage -above  and below the resonant fre-
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Fig. 2-39 — Current in series-resonant circuits
having different Qs. In this graph the current at
resonance is assumed to be the same in all cases.
The lower the Q, the more slowly the current
decreases as the applied frequency is moved away
from resonance. ‘
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quency. @s of 10, 20, 50 and 100 are shown; these
values cover much of the range commonly used in
radio work. The unloaded Q of a circuit is
determined by the inherent resistances associated
with the components,

Voltage Rise at Resonance

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

RESONANCE IN PARALLEL CIRCUITS

When a variable-frequency source of constant
voltage is applied to a parallel circuit of the type
shown in Fig. 240 there is a resonance effect
similar to that in a series circuit. However, in this
case the “line” current (measured at the point
indicated) is smallest at the frequency for which
the inductive and capacitive reactances are equal.
At that frequency the current through L is exactly
canceled by the out-of-phase current through C, so
that only the current taken by R flows in the line.
At frequencies below resonance the current
through L is larger than that through C, because
the reactance of L is smaller and that of C higher at
low frequencies; there is only partial cancellation
of the two reactive currents and the line cusrent

therefore is larger than the current taken by R’

alone. At frequencies above resonance the situation

is reversed and more cuirent flows through'C than o




~ Fig. 240 — Circuit illustrating parallel resonance.

through L, so the line current again increases. The
_curtgnt at resonance, being determined wholly by
R, will be small if R is large and large if R is small.
The resistance R shown in Fig. 240 is not
- necessarily an actual resistor. In many cases it will
be the series resistance of the coil “transformed”
.to an equivalent parallel resistance (see later). It
may be antenna or other load resistance coupled
.~ into the tuned circuit. In all cases it represents the
~ total effective resistance in the circuit,
" Parallel and series resonant circuits are - guite
alike in some respects. For instance, the circuits
given at A and B in Fig. 241 will behave
identically, when an external voltage is applied, if
(1) L and C are the same in both cases; and (2) R
multiplied by 7, equals the square of the reactance
(at resonance) of either L or C. When these
conditions are met the two circuits will have the
same Q. (These statements are approximate, but
- are quite accurate if the Q is 10 or mote.) The
" circuit at A is a series circuit if it is viewed from
the “inside” - that is, going around the loop

" formed by L, C and r — so its Q can be found from

the ratioof X to 7,
Thus a circuit like that of Fig. 2-41A has an
equivalent parallel impedance (at resonance)

of R= Xz,

inductor or the capacitor, Although R is not an
actual resistor, to the source of voltage the
parallel-resonant circuit “looks like” a pure resis-
tance of that value. It is “pure” resistance because
the inductive and capacitive currents are 180
degrees out of phase and are equal; thus there is no
reactive current in the line, In a practical circuit
with a high-Q capacitor, at the resonant frequency
the para.llel impedance is '
Z,=0X

where Z, = Resistive impedance at resonance
Q= Quality factor of inductor

X is the reactance of either the

X = Reactance (in ohms) of either the in«

ductor or capacitor

[
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A
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Fig. 2-41 — Series and parallel equivalents when

_the two circuits are resonant. The series resistance,
r,.io. A is-replaced in B by the equivalent paraliel
resistance (R X 2c/r X2L/r)\and vice versa. -

- of 10 or more. When the @ is below 10, resonarice

.. mare marked mth still lowet Q va.lues. :
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Fig. 2-42 — Relative impedance of parallel-resonant
circuits with different Os. These curves. are similar -
to those in Fig. 2-39 for current in aseries-resonant .
circuit. The effect of Q on impedance is most. .
marked near the resonant frequency. :

Example: The parallel impedance of a circuit with a coil
Q of 50 and having inductive and capacitive reactance of
300 ohms will be

Z,= 0X = 50 X 300 = 15,000 ohms

At frequencies off resonance the impedance is
no longer purely resistive because the inductive and -
capacitive currents are not equal. The off-resonant ~
impedance therefore is complex, and is lower than -
the resonant impedance for the reasons previously -
outlined. -

The higher the Q of the circuit, the higher the’ .
parallel impedance, Cuzrves showing the variation of
impedance (with frequency) of a parallel circuit -
have just the same shape as the curves showing the
variation of current with frequency in a series. .-~
circuit. Fig. 242 is a set of such curves. A set of-
curves showing the relative response as a function -
of the departure from the resonant frequency - .-
would be similar to Fig, 2-39, The —3 dB band~ . -
width (bandwidth at 0.707 relative response) IS‘ )
given by :

Bandwidth -3 dB = f,/Q

where fo is the resonant frequency and Q'the
circuit Q. It is also called the “half; power
bandwidth, for ease of recollection.

Parallel Resonance in Low-Q Circuits
The preceding discussion is accurate only for Qs

in a parallel circuit having resistance in series with
the coil, as in Fig. 2-41A, is not so easily defined.
There is a set of values for L and C that will make
the patallel impedance a pure resistance, but with
these values the impedance does not have its .
maximum possible value. Another set of values for -
L and C will make the parallel impedance a -
maximum, *but this maximum value is not a pure
resistance. [Either condition ‘ could be called

*“resonance,” so with low-Q circuits it is necessary
to distinguish between maximum impedance and .
resistive impedance parallel resonance. The differ-
ence between these L and C values and the- equal |
reactances of a series-resonant circuit is appreciable
when the Q-is in the vicinity of 5, and becomes



: Fig. 2443 — The equivalent circuit of a resonant
circuit delivering power to a load. The resistor R
represents the load resistance. At B the load is
tapped. across part of L, which by transformer
:action is equivalent to ‘using. a higher
resistance across the whole circuit.

Q of Loaded Circuits

. In many applications of resonant circuits the

only power lost is that dissipated in the resistance
of the circuit itself. At frequencies below 30 MHz
- .most of this resistance is in the coil. Within limits,
increasing the number of turns in the coil increases
"~ ‘the reactance faster than it raises the resistance, so
4. coils for circuits in which the Q must be high are
e _made with telatively large inductance for ‘the
frequency.,

However, when the circuit delivers energy to a
load (as in the case of the resonant circuits used in
“ transmitters) the energy consumed in the circuit
itself is usually negligible compared with that
.. consumed by the load. The equivalent of such a

- ¢ircuit is shown in Fig. 243A, where the parallel
. .mesistor represents the load to which power is

" Jeast ten times as great as the power lost in the
“inductor and capacitor, the parallel impedance of
" the resonant circuit itself will be so high compared
- with the resistance of the load that for all practical
" purposes the impedance of the combined circuit is

vequal to the load resistance. Under these condi-

" “a tesistive impedance is
: =R

X

v'?hereR = Parallel load resistance (ohms)
X = Reactance (ochms)

Example: A resistive load of 3000 ohms is connected
across a resomant circuit in which the inductive and

~ capacitive reactances are each 250 ohms, The circuit Q is |

then .

. 0=-8-3000.
X 250

' The “effective” Q of a circuit loaded by a
* . - parallel resistance becomes higher when the re-

12

_relatively low resistance (a few thousand ohms)
must have low-reactance elements (lazge capaci-
tance and small inductance) to have reasonably

. high,

Impedance Transformation v
An important application - of the parallel-
.in the output circuit of a vacuum-tube rf power
. amplifier. As desctibed in the chapter on vacuum

‘tubes, there. is an optimum value of load resistance
or each type of tube and et of operating

load

delivered. If the power dissipated in the load is at .

tions the Q of a parallel resonant circuit loaded by

actances are decreased. A circuit loaded with a .
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% resonant circuit is as an impedance-matching device

 éonditions. However, the resistasice of the load to ="
‘which - the tube is to deliver power usually is -
considerably lower than the value required .for

proper tube operation. To transform the actual

load resistance to the desired value the load may be

tapped across part of the coil, as shown in Fig.
2-43B. This is equivalent to connecting a higher
value of load resistance across the whole circuit,

-and is similar in principle to impedance transforma-

In high-:

tion with an iron-core transformer.
frequency resonant circuits the impedance ratio
does not vary exactly as the square of the turns
ratio, because all the magnetic flux lines do not cut
every turn of the coil. A desired reflected im-
pedance usually must be obtained by experimental
adjustment.

When the load resistance has a very low value
(say below 100 ohms) it may be connected in
series in the resonant circuit (as in Fig. 241A, for
example), in which case it is transformed to an
equivalent parallel impedance as previously de-
scribed. If the Q is at least 10, the equivalent
parallel impedance is

z, =%
r
Resistive parallel impedance at reso-
nance
"X = Reactance (in ohms) of elther the coil
or capacitor
r = Load resistance inserted in series

wheré Zy=

If the Q is lower than 10 the reactance will have
to be adjusted somewhat, for the reasons given in
the discussion of Jow-Q circuits, to obtain a
resistive impedance of the desired value.

10 20 204050 100 200 300400500 1000 2000
INDUCTIVE REACTANCE IN OHMS

Fig. 2-44 — Reactance chart for inductance values
* commonly used in amateur bands from 1.75 to
220 MHz.’ ST
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COupIed Clrcmts.

Reactance Values S

The charts of Figs, 2-44 and 245 '‘show te-
actance values of inductances and capacitances in
the range commonly used in rf tuned circuits for
the amateur bands. With the exception of the 3.54
. 'MHz band, limiting values for which are shown on

the charts, the change in reactance over a band, for
. either inductors or. capacitors, is small enough so
that a single curve gives the reactance with suffi-
cient accuracy for most practical purposes.

 L/C Ratio

The formula for resonant frequency of a circuit
shows that the same frequency always will be
obtained so long as the product of L and C is
constant, Within this limitation, it is evident that L
can be large and C small, L small and C large, etc.
The relation between the two for a fixed frequency
is called the L/C ratio. A high-C circuit is one that
has' more capacitance “than “normal” for the
frequency; a low-C circuit is one that has less than
normal capacitance. These terms depend to a
considerable extent upon the particular application
considered, and have no exact numerical meaning.

LC Constants

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

LC:M
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Fig. 2-45 — Reactance chart for capacitance values
‘commonly used m amateur bands from 1 75 10
N 220 MHz . .
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Fig. 2-46 — Three methods of cireuit coupling. B

where L = Inductance in*microhenrys (LH)
C = Capacitance in picofarads (pF)
f= Frequency in megahertz

i1t

E le: Find the i required to resonate at
3650 kHz (3.65 Milz) with capacitances of 25, 50, 100 and
500 pF. The LC constant is

LC=25.330 . 25,330
(3.65)2 13.35

With 25 pF L = 1900/C = 1900/25 = 76 4H
50 pF L = 1900/C = 1900/50 = 38 uH-
100 pF L = 1900/C = 1900/100 = 19 uH

'500 pF L = 1900/C = 1900/500 = 3.8 uH

=1900

¥

¥

COUPLED CIRCUITS ;
Energy Transfer and Loading

Two circuits are coupled when energy can be._
transferred from one to the other. The circuit
dehvermg power is called the primary circuit; the
one receiving power is called the secondary circuit, -
The power may be practically all dissipated in the .
secondary circuit itself (this is usually the case in
receiver circuits) or the secondary may simply act -
as a medium through which the power is trans-
ferred to a load. In the latter case, the coupled
circuits may act as a radio-frequency impedance- -
matching device. The matching can be accom-..
plished by adjusting the loading on the secondary.
and by varying the amount of coupling between- )
the primary and secondary. B

Coupling by a Common Circuit Element

One method of coupling between two resonant
circuits is through a circuit element common to"
both, The three common variations of this type of -~
coupling are shown in Fig. 246; the circuit:
element common to -both circuits  carries the.
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Fig. 2-47 — Single-tuned inductively coupled
circuits.

LICI flows through the common element, and the

voltage developed across this element causes

current to flow in L2C2, At C, CM and C2 form a
capacitive voltage divider across LIC1, and some of

~ the voltage developed across LIC] is applied across
- L2C2, .

If both circuits are resonant to the same
frequency, as is usually the case, the value of
coupling reactance required for maximum energy
transfer can be approximated by the following,
based on Ll = L2, C1=C2and QI = Q2:

(A) Ly =L1/Ql1; (B) ¢ =QICIL;
©om= Cl/Q

The coupling can be increased by increasing the
above coupling elements in A and C and decreasing
the value in B. When the coupling is increased, the
resultant bandwidth of the combination is in-
creased, and this principle is sometimes applied to
“broad-band” the circuits in a transmitter or
réceiver. When the coupling elements in A and C
are decreased, or when the coupling element in B is
increased, the coupling between the circuits is
decreased below the critical coupling value on
which the above approximations are based. Less
than critical coupling will decrease the bandwidth
and the energy transfer; the principle is often used
in receivers to improve the selectivity.

Inductive Coupling

Figs. 247 and 2-48 show inductive coupling, or

~ coupling by means of the mutual inductance
between two coils, Circuits of this type resemble
the iron-core transformer, but because only a part
of the magnetic flux lines set up by one coil cut

- the turns of the other coil, the simple relationships

between turns ratio, voltage ratio and impedance
1atio in the iron-core transformer do not hold.
Two types of inductively-coupled circuits are
.. shown in Fig. 2-47. Only one circuit is resonant.
- The-circuit at A is frequently used in receivers for
coupling between amplifier tubes when the tuning
of the ¢ircuit must be varied to respond to signals
of different frequencies. Circuit B is used prin-

cipally in transmitters, for coupling a radio--

frequency amplifier to a resistive load.

“In these circuits the coupling between the
primary and secondary coils usually is “tight” —
that is, the coefficient of coupling between the
coils is large. With very tight coupling either circuit
operates nearly as though the device to which the
untuned coil is connected were simply tapped
across a corresponding number of turns on the

* ELECTRICAL LAWS AND CIRCUITS

7
tuned-circuit coil, thus either circuit is approxi-
mately equivalent to Fig. 2-43B.

By proper choice of the number of turns on the
untuned coil, and by adjustment of the coupling,
the parallel impedance of the tuned circuit may be
adjusted to the value required for the proper
operation of the device to which it is connected. In
any case, the maximum energy transfer possible for
a given coefficient of 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 same way as by the tapping
arrangement shown in Fig, 2-43B.

Coupled Resonant Circuits

When the primary and secondary circuits are

both tuned, as in Fig, 2-48, the resonance effects in
both circuits make the operation somewhat more
complicated than in the simpler circuits. just
considered. Imagine first that the two circuits are
not coupled arid that each is independently tuned
to the resonant frequency. The impedance of each
will be purely resistive. If the primary circuit is
connected to a source of rf energy of the resonant
frequency and the secondary is then loosely
coupled to the primary, a current will flow in the
secondary circuit, In flowing through the resistance
of the secondary circuit and any load that may be
connected to it, the current causes a power loss.
This power must come from the energy source
through the primary circuit, and manifests itself in
the primary as an increase in the equivalent
resistance in series with the primary coil. Hence the
Q and parallel impedance of the primary circuit are
decreased by the coupled secondary. As the
coupling is made greater (without changing the
tuning of either circuit) the coupled resistance
becomes larger and the parallel impedance of the
primary continues to decrease. Also, as the coup-
ling is made tighter the amount of power trans-

ferred from the primary to the secondary will

o - °
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Fig. 2-48 — Inductively-coupled resonant circuits,
Circuit A is used for high-resistance loads (load
resistance much higher than the reactance of either
L2 or C2 at the resonant frequency). Circuit B is
suitable for low resistance loads (load resistance
much lower than the reactance of either L2 or C2
at the resonant frequency),
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‘ mctease 't0 a maximum’ of one value of couplmg,

called eritical coupling, but then decreases if the

coupling is tightened still more (still without -

changing the tuning).

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

With loaded circuits such as are used in trans-
mitters the Q@ may be too low to give the desired
power transfer even when the coils are coupled as
tightly as the physical construction permits, In

~ such case, increasing the Q of either circuit will be

helpful, although it is generally better to increase
the Q0 of the lower-Q circuit rather than the
reverse. The @ of the parallel-tuned primary
(input) circuit can be increased by decreasing the
L/C ratio because, as shown in connection with
Fig. 2-43, this circvit is in effect loaded by a
parallel resistance (effect of coupled-in resistance).
In the parallel-tuned secondary circuit, Fig.
248A, the-Q may be increased by increasing the
L/C ratio. There will generally be no difficulty in
securing sufficient coupling, with practicable coils,

if the product of the Qs of the two tuned circuits is

10 or more. A smaller product will suffice if the
coil construction permits tight coupling.

Selectivity

In Fig. 247 only one circuit is tuned and the
selectivity curve will be essentially that of a single
resonant circuit. As stated, the effective Q depends
upon the resistance connected to the untuned coil.

In Fig. 248, the selectivity is increased. It
approaches that of a single tuned circuit having a Q
equalling the sum of the individual circuit Qs — if
the coupling is well below critical (this is not the
condition for optimum power transfer discussed
immediately above) and both circuits are tuned to
resonance. The Qs of the individual circuits are
affected by the degree of coupling, because each
couples resistance into the other; the tighter the
coupling, the lower the individual Qs and therefore
the lower the over-all selectivity.
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Fig. 249 — Showing the efféct on the output
voltage from the secondary circuit of changing the

coefficient of coupling between two resonant:

circuits independently tuned to the same frequen-
cy. The voltage applied to the primary is held
constant in amplitude while the frequency is

varied, and the output voltage is measured across

the secondary. -

o If‘bl)th circyits are independently tuned to

resonance, the over-all selectivity will vary about as...
shown in Fig. 249 as the coupling is varied. With-
loose coupling, A, the output voltage (across the
secondary cifcuit) is small and the selectivity is
high, As the coupling is increased the secondaty -
voltage also increases until critical coupling, B, -is
reached. At this point the output voltage at the -
resonant frequency is'maximum but the selectivity -
is lower than with looser coupling. At still tighter
coupling, C, the output voltage at the resonant®
frequency decreases, but as the frequency is varied
either side of resonance it is found that there are -
two “humps” to the curve, one on either side of .
resonance. With very tight coupling, D, there is a -
further decrease in the output voltage at resonance. -
and the “humps” are farther away from the.
resonant frequency. Curves such as those at C and
D are called flat-topped because the output voltage
does not change much over an apprecmble ‘band of .
frequencies.

Note that the off-resonance humps have the
same maximuin -value as the resonant output
voltage at critical coupling. These humps are
caused by the fact that at frequencies.-off reso~
nance the secondary circuit is reactive and couples - .
reactance as well as resistance into the primary. .
The coupled resistance decreases off resonance, .
and each hump represents a new condition: of
critical coupling at a frequency to which the
primary is tuned by the additional coupled-in’
reactance from the secondary. ) -

Fig. 2-50 shows the response curves for various - .
degrees of coupling between two circuits tuned to
a frequency f,.. Equal Qs are assumed in both -
circuits, although the curves are representative if
the Qs differ by ratios up to- 1.5 oreven2to 1. In
these cases, a value of @ = Q7 02 should be used.

Band-Pass Coupling

Over-coupled resonant circuits are useful where
substantially uniform output is desired ovr a’
continuous band of frequencies, without readjust-
ment of tuning. The width of the flat top of the
resonance curve depends on the Js of the two
circuits as well as the tightness of coupling; the
frequency separation between the humps will-
increase, and the curve become more flat-topped,
as the Qs are lowered,

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

.

Link Coupling

A modification of inductive coupling, called
link coupling, is shown in Fig. 2-51. This gives the

effect of inductive coupling between two coils that- "~
have no mutual inductance; the link is simply 2 -
.means for providing the mutual inductance. The~

total mutual inductance between two coils coupled -~
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.’ Fig. 2-50 — Relative response for a single tuned cir-
- cuit. and for coupled circuits. For inductively-
" coupled circuits (Figs. 2-46A and 2-48A),
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o where M is the mutual inductance. For capacitance-
- goupled circuits (Figs. 2-46B-and 2-46C),
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respectively.

C bya link cannot be made as great as if the coils
‘themselves were coupled. This is because the

" “coefficient of coupling between air-core coils is

- considerably less than 1, and since there are two
.coupling points the over-all coupling coefficient is
less than for any pair of coils. In practice this need
. not be disadvantageous because the power, transfer
can be made great enough by making the tuned
circuits sufficiently high-Q. Link coupling is con-
venient when ordinary inductive coupling would be
impracticable for constructional reasons.
The link coils usually have a small number of
turns compared with the resonant-circuit coils, The

the coefficient of coupling is relatively inde-
" pendent of the number of turns on either.coil; it is
more important that both link coils should have
- about the same inductance. The length of the link
between the coils is not critical if it is very small
compared with the wavelength, but if the length is
‘more than about one-twentieth of a wavelength the

: A
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ch 2-51 — Link coupling. The mutual inductances
dt both ends of the link are equivalent to mutual
mductance between the tuned circuits, and serve
the same purpose..

“number of turns is not greatly important, because -

hpk opefates nmte asa transrmgslon hne than asa -
. means - for -providing: mutval inductance. In:such -

case it should be treated by the methods, descnbed

" m the chapter on Transmission Lines,

IMPEDANCE-MATCHING CIRCUITS

Various combinations of L and C can be used
to transform one impedance level to another and

provide desirable selectivity to unwanted energy at. -

the same time. While the simpler matching circuits
use fewer components and are relatively easy to
design, they lack the-flexibility that is possible
with more sophisticated networks.

The L network shown in Fig. 2-52 is the
simplest possible impedance-matching circuit. It
closely resembles an ordinary resonant circuit with
the load resistance, R, either in series or parallel.
The arrangement shown in Fig. 2-52A is used when
the desired impedance, R;,, is larger ,than the
actual load resistance, R while Fig. 2-52B is used in
the opposite case. The design equations for each
case are given in the figure, in terms of the circuit
reactances. The reactances may be converted to
inductance and capacitance by means of the
fotmulas previously given or taken directly from
the charts of Figs. 244 and 2-45.

The Q of an L network is found in the same ;

way as for simple resonant circuits. That is, it is
equal to XL/R or Ryn/XC in Fig. 2-52A, and to
XL/Ryy ot R/XC in Fig. 2-52B. The value of Q i$
determined by the ratio of the impedances to be
matched, and cannot be selected independently. In
the equations of Fig. 2-52 it is assumed that both
R and Ry, are pure resistances.
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Fig. 252 — Impedance-matching networks
adaptable to amateur work. (A) L network for
matching to a lower value of resistance. (B) L
network for matching to a higher resistance value,

~{C} pi network. (D) Versatile circuit often usedi in

transistor- and antenna-matching networks i
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o ’f'he pi network shown in Fig. 2-52C is often
used in the final stage of a transmitter. Different
values of L are switched in for the appropriate
band of frequencies while C1 and C2 are usually
continuously variable,

In its principal application as a “tank” circuit
matching a transmission line to a power amplifier
tube, the load R2 will generaily have a fairly low
value of resistance ‘(up to a few hundred ohms)
while RI, the required load for the tube, will be of
the order of a few thousand ohms.

Graphical solutions for practical cases are given
in the chapter on transmitter design in the dis-
cussion of plate tank circuits. The L and C values
may be caleulated from the reactances or read
from the charts of Figs. 2-44 and 2-45.

While the pi network can be used to match a
high resistance to a low one, the circuit shown in
Fig. 2-52D has some attractive features. With C1
and C2 ganged and L variable, it is often used in
matching an antenna to a transmitter (Trans-
match). The inductor can be tapped to provide
impedance transformation between resistances that
are low in value, but nearly equal. This is often the
case with many transistor circuits.

Example: Find a circuit that will match an
antenna with a resistance of 1500 ohms, to a
transmitter with a resistance of 50 ohms. Using the

[circuit shown in Fig, 2-52D, we see that Q has to

be greater than (/ 1500/50 — 1 ©r 5.38. A Q of
10 will satisfy this condition and a guess is made
that it will also give reasonable component values.

XL will be 1500/10 or 150  ohms.
XC2 = 50\/551)—%111)—10r7690hms
xc1—l5_°9_(£)l( 50 or 138.85 ohms.
10 (76.

If the freguency of operatlon was 3 7 MHz the
component values would be: = 6.4 uUH,
Cl1 = 309 pF, and C2 = 559.3 pF. The guess was
good since C2 is becoming large and higher values
of @ would make this situation worse.

Quite often the load and source have reactive
components along with resistance but in many
instances the matching networks just discussed can
sti.ll be used. The effect of these reactive com-
ponents can be compensated for by. changing one
of the reactive elements in the matching network.
For instance, if some capacitive redctance was
shunted across the 1500 ohms in the last example,
L would have to be decreased to cancel it.

FILTERS

A filter is an electrical circuit configuration
(network) designed to have specific characteristics
with respect to the transmission or attenuation of
vatious frequencies that may be applied to it.
There are four general types of filters: low-pass,

. high-pass, band-reject, and band-pass.

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

- but that will attenuate all frequencies above the

cut-off frequency.
A high-pass. filter similarly has a cut-off fre-
quency, above which there is little or no loss in

transnnssmn, but below wluch thete is considerab!e

attenuation, Its behavior is the opposue of that.of "

the low-pass filtes.

A band-pass filter is one that wﬂl transmit &
selected band of frequencies with substantially no
loss, but that will attenuate all frequencles elther‘

higher or lower than the desired band.

A band-reject filter attenuates a selected band

of frequencies, but allows others to be transmitted,

The types that amateurs frequently encounter are

commonly called traps .

The pass band of a filter is the frequency .

spectrum that is transmitted with little or no loss,
The transmission characteristic is not necessarily
perfectly uniform in the pass band, but the
variations usually are small,

The stop band is the frequency region in which S
attenuation is desired. The attenuation may vary in - -

the stop band, and in a simple filter usually is least

near the cut-off frequency, rising to high values at © -

frequencies considerably removed from the cut-off
frequency.

Filters are designed for a specific value of
purely resistive impedance (the terminating impe-
dance of the filter). When such an impedance is
connected to the output terminals of the filter, the
impedance looking into the input terminals has
essentially the same value throughout most of the

pass band. Simple filters do not give perfectly -

uniform performance in this respect, but the input
impedance of a properly-terminated filter can be

made fairly cOnstant, as well as closer to the design .~
value, over the pass band by usmg m-derived filter . .

sections.
A discussion of filter design principles is be-'

yond the scope of this Handbook, but it is not -

difficult to build satisfactory filters. from the
circuits and formulas given. in Fig. 2-53. Filter
circuits are built up from elementary sections as

shown in the figure. These sections can be used ~ .
alone or, if greater attenuation and sharper cut-off

(that is, more rapid rate of rise of attenuation with.

frequency beyond the cut-off frequency) are re-
quired, several sections can be connected in seties.
In the low- and high-pass filters, fc represents the

cut-off frequency, the highest (for the low-pass) or
the lowest (for the high-pass) frequency transmit- .

ted without attenuation. In the band-pass filter

designs, f1 is the low-frequency cut-off and f2 the . -
high-frequency cut-off. The units for L, C, R andf "~

are microhenrys, picofarads, ohms and megahertz,
respectively.

All of the types shown are ‘“‘unbalanced™ (one
side grounded). For use in balanced circuits (e.g.,
300-ohm transmission line, or push-pull audio
circuits), the series reactances should be equally
divided between the two legs. Thus the balanced

constant-k 7-section low-pass filter would use two

inductors of a value equal to Ly/2, while the

balanced constant-k f-section high-pass ﬁlter L

would use two capacitors each equal to 2Cy.

If several low- (or high-) pass sections are to be
used, it is advisable to use m-derived end sections
on either side of a constantk center section,
although an m-derived center section ¢an be used.,
The factor m determines the ratio of the cut~of£

1
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frequency, fe to a frequency of hlgh attenuation, ‘

foo. Where only one m-derived section is used; a
value of 0.6 is generally used for m, although a
deviation of 10 to 15 percent from this value is not
too serious in amateur work. For a value of m =
0.6, foo will be 1.25fc for the low-pass filter and
0. 8fc for the high-pass filter. Other values can be
found from

me= \/ 1— (j;"_)zfox the low-pass filter and
0

. feo ) . :
m= 4/1 — ( fo_) for the high-pass filter.

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

PIEZOELECTRIC CRYSTALS

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

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

Crystal Resonators

" Crystalline plates also are mechanical resonators
that have natural frequencies of vibration ranging
from a few thousand cycles to tens of megacycles
per second. The vibration frequency depends on
the kind of crystal, the way the plate is cut from
the natural crystal, and on the dimensions of the
plate. The thing that makes the crystal resonator
valuable is that it has extremely high Q, ranging
from a minimum of about 20,000 to as high as
1,000,000. )

Analogies can be drawn between various me-
chanical properties of the crystal and the electrical
characteristics of a tuned circuit. This leads to an
“equivalent circuit” for the crystal. The electrical

Fig. 2-b4 — Equivalent
circuit of a crystal reso-
nator. L, C and R are
the electrical. equiva-
lents of = mechanical
properties of the crys-
tal; Ch is the capaci-
tance of the holder
plates with the crystal
plate between them,

“frequency is the one principally used in =
- case, while the'more common forms of oscillator ..
: cucuft nse-the paxallel-resonant ftequency :
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Fig. 2-65 — Reactance and resistance vs. frequency
of a circuit of the type shown in Fig. 2-54. Actual
values of reactance, resistance and the separation
between the series- and parallei-resonant frequen-
cies, f1, and fa, respectively, depend on the circuit
constants.

coupling to the crystal is through the holder plates
between which it is sandwiched; these plates form,
with the crystal as the dielectric, a small capacitor
like any other capacitor constructed of two plates
with a dielectric between. The crystal itself is
equivalent to a series-resonant circuit, and together
with the capacitance of the holder forms the
equivalent circuit shown in Fig. 2-54. At frequen-
cies of the order of 450 kHz, where crystals are
widely used as resonators, the equivalent L may be - -
several henrys and the equivalent C only a few :
hundredths of a picofarad. Although the equivalent

R is of the order of a few thousand ohms, the -

reactance at resonance is so high that the Q of the
crystal likewise is high.

A circuit of the type shown in Fig. 2-54 has a
series-resonant frequency, when viewed from the
circuit terminals indicated by the arrowheads,

‘determined by L and C only. At this frequency the

circujt impedance is simply equal to R, providing

‘the reactance of Ch 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 C and Ch in series.
Since this equivalent capacitance is smaller than C
alone, the parallel-resonant frequency is higher
than the series-resonant frequency. The separation
between the two resonant frequencies depends on
the ratio of Ch to C, and when this ratio is large (as
in the case of a crystal resonator, where Ch will be
a few pF, in the average case) the two frequencies
will be quite close together, A separation of a
kilocycle or less at 455 kHz is typical of a quartz
crystal.

Fig. 2-55 shows how the resistance and react-
ance of such a circuit vary as the applied frequency
is varied. The reactance passes through zero at both.
resonant frequencies, but the resistance rises to a
large value at parallel resonance, just as gl any
tuned circuit. X

Quartz crystals may be used either as simple
resonators for their selective properties or as the
frequency-controlling elements in oscillators -as
described in later chapters. The series-resonant.

e former |




COMBINED AC AND DC
Most radio circuits are built around vacuum
tubes, and it is the nature of these tubes to require

: direct current (usually at a fairly high voltage) for

their operation. They convert the direct current

"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 invariably requires
that the direct and alternating currents meet
somewhere in the circuit. .

In this meeting, the ac and dc are actually
combined into a single current that “pulsates” (at
-the ac frequency) about an average value equal to
; the direct current. This is shown in Fig, 2-56. Itis
convenient to consider that the alternating current
is superimposed on the direct current, so we may
look upon the actual current as having two
components, one dc and the other ac.

In an alternating current the positive and
‘negative alternations have the same average amp-

litude, so when the wave is superimposed on a.

- direct current the latter is alternately increased and
decreased by the same amount. There is thus no
average. change in the direct current. If a dc
instrument is being used to read the current, the
reading will be exactly the same whether or not the
" ac is superimposed.

However, there is actually mare power in such a

" combination current than there is in the direct

current alone. This is because power varies as the
square of the instantaneous value of the current,
and when all the instantaneous squared values are
averaged over a cycle the total power is greater
- than the dc power alone. If the ac is a sine wave
having a peak value just equal to the dc, the power
in the circuit is 1.5 times the dc power. An
instrument whose readings are proportional to
power will show such an increase.

Series and Parallel Feed

+ Fig. 2-57 shows in simplified form how dc and
ac may be combined i a vacuum-tube circuit. In
. this case,~'it is assumed that the ac is at radio

"frequency, as suggested by the coil-and-capacitor
. tuned circuit. It is also assumed that tf current can
easily - flow through the dc supply; that is, the
impedance of the supply at radio frequencies is so
- small as to be negligible.

- In the circuit at the left, the tube, tuned circuit,
-and dc supply all are connected in series. The
.« direct current flows through the 1f coil to get to

Fig. 2-66 — Pul-
sating dc, com-
posed of an al-
ternating current
or voltage super-
imposed on a
steady direct
current or volt-
age.

15, 0C &
Supply
Series Feed

Parallel Feed

Fig. 2-67 — lllustrating series and parallel feed.

the tube; the rf current generated by the tube
flows through the dc supply to get to the tuned
circuit.’ This is series feed. It works because the
impedance of the dc supply at radio frequencies is
so low that it does not affect the flow of rf
current, because the dc resistance of the coil is so
low that it does not affect the flow of direct
current., '

In the circuit at the right the direct current
does not flow through the rf tuned circuit, but
instead goes to the tube through a second coil,
RFC (radio-frequency choke). Direct current can-
not flow through L because a blocking capacitance,
C, is placed in the circuit to preventit, (Without C,

the de supply would be short-circuited by the low -

resistance of Z.) On the other hand, the tf current
generated by the tube can easily flow through C to
the tuned circuit because the capacitance of C is
intentionally chosen to have low reactance (com-
pared with the impedance of the tuned circuit) at
the radio frequency. The 1f current cannot flow
through the dc supply because the inductance of
RFC is intentionally made so large that it.has a
very high reactance at-the radio frequency. The
resistance of RFC, however, is too low to have an
appreciable effect on the flow of direct current.
The two currents are thus in parallel, hence the
name parallel feed.

Either type of feed may be used for both af and
1f circuits. In parallel feed there is no dc voltage on
the ac circuit, a desirable feature from the view-
point of safety to the operator, because the
voltages applied to tubes — particularly transmit-
ting tubes — are dangerous. On the other hand, it is
somewhat difficult to make an rf choke work well
over a wide range of frequencies. Series feed is
often preferred, therefore, because it is relatively
easy to keep the impedance between the ac circuit
and the tube low, ’

Bypassing

“In the series-feed circuit just discussed, it was
assumed that the dc supply had very low imped-
ance at radio frequencies, This is not likely to be
true in a practical power supply, partly because the

normal physical separation between the supply and .
the 1f circuit would make it necessary to‘use rather -

s )
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use. .of a bypass

capacitor and ‘rf
choke in a series-
feed circuit.
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. long connecting wires or leads. At radio frequen-

cies, even a few feet of wire can have fairly large

* reactance — too large to be considered a really

“low-impedance” connection.

An actual circuit would be provided with a
bypass capacitor, as shown in Fig. 2-58. Capacitor
C-is chosen to have low reactance at the operating
frequency, and is installed right in the circuit
where it can be wired to the other parts with quite
short connecting wires. Hence the rf current will
tend' to flow through it rather than through the dc
supply. .

To be effective, the reactance of the bypass
capacitor should not be more than one-tenth of the
impedance of the bypassed part of the circuit.
Very often the latter impedance is not known, in
which case it is desirable to use the largest
capacitance in the bypass that circumstances per-
mit. To make doubly sure that 1f current will not
flow through a non-rf circuit such as a power
supply, an tf choke may be connected in the lead
to the latter, as shown in Fig, 2-58.

The same type of bypassing is used when audio
frequencies are present in addition to rf, Because
the reactance of a capacitor changes with frequen-
cy, it is readily possible to choose a capacitance
that will represent a very low reactance at radio
frequencies but that will have such high reactance
at audio frequencies that it is practically an open
circuit, A capacitance of .001 UF is practically a
short circuit for rf, for example, but is almost an
open circuit at audio frequencies. (The actual value
of capacitance that is usable will be modified by
the impedances concerned.) Capacitors also are
used in audio circuits to carry the audio frequen-
cies around a dc supply.

Distributed Capacitance and Inductance

In the discussions earlier in this chapter it was
assumed that a capacitor has only capacitance and
that an inductor has only inductance. Unfortunate-
ly, this is not strictly true. There is always a certain
amount of inductance in a conductor, of any
length, and a capacitor is bound to have a little
inductance in addition to its intended capacitarce.
Also, there is always capacltance between two

conductors or between parts of the same conduct-

or, and thus there is appreciable capacitance
between the turns of an inductance coil.
This distributed inductance in a capacitor and

- the distributed capacitance in an inductor have.
important practical effects. Actually, every capacit-

or is in effect a series-tuned circuit, resonant at the

- frequency where its inductance and disttibuted

-will act like an inductor. Near the natural resons -
‘ance points, the inductor will have its highest .

‘important not only in rf tuned circuits, but in

fre!]uency where its capacltance and’ mductanoe'
have the same reactance. Similarly, every. mductor
is in effect a parallel tuned circuit, resonant at the

capacitance have the same reactance. At frequen-’. .
cies well below these natural resonances, the :
capacitor will act like a capacitor and the coil

impedance and the capacitor will have its lowest "
impedance. At frequencies above resonance, the
capacitor acts like an inductor and the inductor
acts like a capacitor. Thus there is a limit to the
amount of capacitance that can be used at a given
frequency. There is a similar limit to the induct-
ance that can be used. At audio frequencies,
capacitances measured in microfarads and induct-
ances measured in henrys are practicable. At low
and medium radio frequencies, inductances of a. .
few mH and capacitances of a few thousand pF are
the largest practicable. At high radio frequencies,
usable inductance values drop to a few MH and
capacitances to a few hundred pF. .
Distributed capacitance and inductance are

bypassing a choking as well. It will be appreciated
that a bypass capacitor that actually acts like an .
inductance, or an 1f choke that acts like &
low-reactance capacitor, cannot work as it is
intended they should. :

Grounds

Throughout this book there are frequent refer:
ences to ground and ground potential. When-a
connection is said to be “grounded” it does not.
necessarily mean that it actually goes to earth.
What it means that an actual earth connection to
that point in the circuit should not disturb the
operation of the circuit in any way. The term also ..
is used to indicate a “‘common” point in the circuit .
where power supplies and metallic supports (such. ":
as a metal chassis) are electrically tied together. It .
is general practice, for example, to “ground” the
filament or heater power supplies for vacuum
tubes. Since the cathode of a vacuum tube is-a
junction point for grid and plate voltage supplies,
and since the vatious circuits connected to the tube
elements have at least one point connected to
cathode, these points also are ‘“returned to
ground.” Ground is therefore a common reference . -
point in the radio circuit.. “Ground potential”
means that there is no “difference of potential” —~
no voltage — between the circuit point and the . -
earth, .

Single-Ended and Balanced Circuits

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

Typical single-ended and balanced circuits are’ "
shown in Fig. 2-59. Rf circuits' are shown in the .
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Fig. 2-569 — Single-ended and balanced circuits.

upper row, while iron-core transformers (such as .

are used in power-supply and audio circuits) are
shown in the lower row. The if circuits may be
balanced either by connecting the center of the
coil to ground or by using a “balanced” or
“split-stator” capacitor and connecting its rotor to
f ground. In the iron-core transformer, one or
both windings may be tapped at the center of the
winding to provide the ground connection,
Shielding

Two circuits that are physically near each other
usually- will be coupled to each other in some
degree even though no coupling is intended. The
metallic parts of the two circuits form a small
capacitance through which energy can be transfer-
red by means of the electric field. Also, the
magnetic field about the coil or wiring of .one
-circuit can couple that circuit to a second through
the latter’s coil and wiring. In many cases these
unwanted couplings must be prevented if the
" circuits are to work propesly.
Capacitive coupling may readily be prevented

ELEC“rchL LAws AND cmcuws

by enclosing one or both of the cuc.u;ts in
grounded low-resistance metallic containers, called
shields. The electric field from the circuit com--
ponents does not penetrate the shield, A metallic
plate, called a baffle shield, inserted between two
components also may suffice to prevent electro-
static coupling between them. It should be large
enough to make the components invisible to each
other.

Similar metallic shielding is used at radio
frequencies to prevent magnetic coupling. The
shielding effect for magnetic fields increases with
frequency and with the conductivity and thickness
of the shielding material.

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

Shielding a coil reduces its inductance, because
part of its field is canceled by the shield. Also,
there is always a small amount of resistance in the
shield, and there is therefore an energy loss. This
loss raises the effective resistance of the coil. The
decrease in inductance and increase in re§1stance
lower the Q@ of the coil, but the reduction in
inductance and @ will be small if the spacing
between the sides of the coil and the shield is at
least half the coil diameter, and if the spacing at
the ends of the coil is at least equal to the coil
diameter. The higher the conductivity of the shield -
material, the less the effect on the inductance and -
Q. Copper is the best material, but aluminum is
quite satisfactory.

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

UHF CIRCUITS

RESONANT LINES

In resonant circuits as employed at the lower
frequencies it is possible to consider each of the
reactance components as a separate entity. The
fact that an inductor has a certain amount of
: self-capacitz\mce, as well as some resistance, while a
capacitor also possesses a small self-inductance, can
usually be disregarded.

At the very-high and ultrahigh frequencies it is
not readily possible to separate these components.
Also, the connecting leads, which at lower frequen-
cies would serve merely to join the capacitor and
~ coil, now may have more inductance than the coil

. itself. The required inductance coil may be no

more than a single turn of wire, yet even this single
turn may have dimensions comparable to a wave-
length at the operating frequency. Thus the energy
in the field surrounding the “coil” may in part be
radiated. At.a sufficiently high frequency the loss
by radiation may represent a major pomon of the

SR ,total enetgy in the circuit.

For these reasons it is common practice to
utilize resonant sections of transmission line as
tuned circuits at frequencies above 100 MHz or so.
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Fig. 260 — Equivalent coupling circuits for

parallel-hne coaxnal line and conventnonal resonant
circuits. .




AL quarter-wavelength hne or any odd multiple:

 thereof, shorted at one end and open at the other
exhibits. large standing waves, as described in the
section on transmission lines, When a voltage of the
frequency- at which such a line is resonant is

_applied to the open end, the response is very
similar to that of a parallel resonant circuit. The
equivalent relationships are shown in Fig. 2-60. At
frequencies off resonance the line displays qualities
comparable with the inductive and capacitive
reactances of a conventional tuned circuit, so
sections of transmission line can be used in much
the same manner as inductors and capacitors.

To minimize radiation loss the two conductors
of a parallel-conductor line should not be more
than about one-tenth wavelength apart, the spacing
‘being measured between the conductor axes. On
the other hand, the spacing should not be less than
about twice the conductor diameter because of
“proximity effect,” which causes eddy currents
and an increase in loss. Above 300 MHz it is
difficult to satisfy both these requirements simulta-
neously, and the radiation from an open line tends
to become excessive, reducing the Q. In such case
the coaxial type of line is to be preferred, since it is
inherently shielded.

Representative methods for adjusting coaxial
lines to resonance are shown in Fig. 2-61. At the
left, a sliding shorting disk is used. to reduce the

_effective length of the line by altering the position

. of the short-circuit. In the center, the same effect’

is accomplished by using a telescoping tube in the
end of the inner conductor to vary its length and
thereby the effective length of the line. At the
tight, two possible methods of using parallel-plate
capacitors are illustrated. The arrangement with
the loading capacitor at the open end of the line
has the greatest tuning effect per unit of capaci-
tance; the alternative method, which is equivalent
to tapping the capacitor down on the line, has less
effect on the Q of the circuit. Lines with capacitive
“loading” of the sort illustrated will be shorter,
physically, than unloaded lines resonant at the
same frequency.

Two methods of tunmg paxallel—conductor lines
are shown in Fig. 2-62. The sliding short-circuiting
strap can be tightened by means of screws and nuts
to make good electrical contact. The parallel-plate
capacitor in the second drawing may be placed
anywhere along the line, the tuning effect becom-
ing less as the capacitor is located nearer . the
shorted end of the line. Although a low-capaci-
tance variable capacitor of ordinary construction
can be used, the circular-plate type shown is
» symmetrical and thus does not unbalance the line.
It also has the further advantage that no insulating
material is required,

WAVEGUIDES

A wavegnide is a conducting tube through
which energy is transmitted in the form of electro-
magnetic waves, The tube is not considered as
carrying a current in the same sense that the wires
- of ‘a two-conductor line do, but rather as a

- boundary which confines the waves to the enclosed
space, Skin effect. prevents any electromagnetic

A

Fig. 261 — Methods of tuning coaxial resonant .
lines.

effects from being evident outside the guide. The
energy is injected at one end, either through.
capacitive or inductive coupling or by radiation, -

-and is received at the other end. The waveguide .

then merely confines the energy of the - fields,
which "are propagated through it to the receiving .
end by means of reflections against its inner walls,
Analysis of waveguide operation is based on the .
assumption that the guide material is a perfect -
conductor of electricity. Typical distributions of = -~
electric and magnetic fields in a rectangular guide
are shown in Fig. 2-63, It will be observed that the. *
intensity of the electric field is greatest (as indi-- .
cated by closer spacing of the lines of force) at the .
center along the x dimension, Fig. 2-63(B), dimin- -
ishing to zero at the end walls, The latter.is a
nécessary condition, since the existence. of any =
electric field paraliel to the walls at the surface.
would cause an infinite current to flow in a perfect. -
conductor This represents an 1mposs1ble situation.

Modes of Propagation

Fig. 2-63 represents a relatively simple distribu--
tion of the electric and magnetic fields. Thereis in
general an infinite number of ways in which the
fields can arrange themselves in a guide so long as.
there is no upper limit to the frequency to be
transmitted. Each field configuration.is called a.
mode. All. modes may be separated into fwo
general groups. One group, designated TM (trans- -
verse' magnetic), has the magnetic field entirely,
transverse to the direction of propagation, but has.
a component ‘of electric field in that direction. The
other type, designated TE (transverse electric) has .
the electric field entirely transverse, but has a
component of magnetic field in the direction of
propagation, TM waves are sometimes called E
waves, and TE waves are sometimes called H waves,
but the TM and TE designations are preferred. i

The particular mode of transmission is identi-
fied by the group letters followed by two subscript
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Fig. 262 — Methods of tuning . pafallel-tyj"
resonantlmes
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Fig. 2-63 — Field distribution in a rectangular
waveguide,. The' TE; o mode of propagatlon is
. depicted.

- numerals; for example, TEy,0 TMy;, etc. The
- number of possxble moded increases with ‘frequency

. for a given size of guide. There is only one possible
_‘mode (called the dominant mode) for the lowest
' frequency .that can be transmitted. The dominant
.“mode is the one generally used in practical work.

Wavegnide Dimensions

“ In the rectangular guide the critical dimension
- is x in Fig, 2-63; this dimension must be more than
* one-half wavelength at the lowést frequency to be
ransmitted. In practice, the y dimension usually is
made about equal to 1/2 x to avoid the possibility
~of operation at other than the dominant mode.
" Other cross-sectional shapes than the rectangle
can be used, the most important being the circular
pipe. Much the same considerations apply as in the
' rectangular case. ' ‘
Wavelength formulas for rectangular and circu-
. lar guides are given in the following table, where x
is the width of a rectangular guide and r is the
~ radius of a circular guide. All figures are in terms of
the dominant mode,

Rectangular Circular

Cutoff wavelength 2x  341r
- Longest wavelength trans-

" mitted with little attenu-

. ation

" "Shortest wavelength before -
next mode becomes pos—
s:ble

1.6r  3.2r

Lix 2.8

Cnvity Resona : toxs

Another kind of circuit particularly applicable
at wavelengths of the order of centimeters is the
cavity resonator, which may be looked upon as a
section of a waveguide 'with the dimensions chosen '
so that waves of a given length can be mamtamed
inside.

. Typical shapes used for resonators are the
cylinder, the rectangular box and the sphere, as
shown in Fig. 2-64. The resonant frequency de-
pends upon the dimensions of the cavity and: the

"mode of oscillation of the waves (comparable to

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

Cylinder . .......... .o .. 2617
Squarebox . . ... ......... L41]
Sphere . . ... ... N .. 228 \

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

A form of cavity resonator in practical use is
the re-entrant cylindrical type shown in Fig. 2-65.
In construction it resembles a concentric line
closed at both ends with capacitive loading at the
top, but the actual mode of oscillation may differ
considerably from that occuring in coaxial lines.
The resonant frequency of such a cavity depends
upon the diameters of the two cylinders and the

* distance d between the cylinder ends.

Compared with ordinary resonant circuits, cav-
ity resonators have extremely high Q. A value of O
of the order of 1000 or more is readily obtainable,
and Q@ values of sevéral thousand can be secured
with good design and construction.

4
x %
, g -
, 2 —p
' SQUARE PRISM CYLINDER
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Fig. 2-64 — Forms of cavity resonators. S




. CROSS-SECTIONAL VIEW

Fig. 2-65 — Re-entrant cylindrical cavity resonator.

Couphng to Waveguldes and Cavity
"~ Resonators

Energy may be introduced into or abstracted
from a waveguide or resonator by means of either
the electric or magnetic field. The energy transfer
frequently is through a coaxial line, two methods
of coupling to which are'shown in Fig. 2-66. The
probe shown at A is simply a short extension of
the inner conductor of the coaxial line, so oriented

" that it is parallel to the electric lines of force. The

loop.shown at B is ananged so that it encloses
some of the magnetic lines of force. The point at

MODULATION, HETERODYNING, AND BEATS

Since one of the most widespread uses of radio
frequencies is the transmission of speech and
music, it would be very convenient if the audio
spectrum to be transmitted could simply be shifted
up to some radio frequency, transmitted as radio
waves, and shifted back down to audio at the
receiving point. Suppose the audio signal to be
transmitted by radio is a pure 1000-hertz tone, and
we wish to transmit the signal at 1 MHz (1,000,000
hertz. One possible way to do this might be to add
1.000 MHz and 1 kHz together, thereby obtaining
a radio frequency of 1.001 MHz. No simple
method for doing this directly has been devised,
although the ‘effect is obtained and used in
“single-sideband transmission.”

When two different frequéncies are present
simultaneously in an ordinary circuit (specifically,
one in which Ohm’s Law holds) each behaves as
though the other were not there. The total or
resultant voltage (or current) in the circuit will be
the sum of the instantaneous values of the two at

“every instant. This is because there can be only one

value of curmrent or voltage at any single pointina

Fig. 267 — Amplitude-vs.-time and amplitude-vs.-

- frequency plots of various signals. {A) 1-1/2 cycles

of an audio signal, assumed to be 1000 hz in this
example. (B) A radio-frequency signal, assumed to
be 1 MHz; 1500 hertz are completed during the
same time as the 1-1/2 cycles in A, so they cannot
be shown accurately. (C) The signals of Aand B in
the same circuit; each maintains its own identity.
(D) The signals of A and B in a circuit where the
amplitude of A can control the amplitude of B.
The 1-MHz signal is modulated by the 1000-hz
signal.

E, F, G and H show the spectrums for the

- slgnals in A, B, C and D, respectively. Note the new
) freqhencnes in H, resulting from the modulation

" circuit at any instant. Figs. 2-67A and B show two - ‘

(8

Fig. 2-66 — Coupling to waveguides and resonators;

f

which maximum coupling will be secured depends. -
upon the particular mode of propagation in the: '
guidé or cavity; the coupling will be maximum- '
when the coupling device is in the most mtense
field.
Coupling can be varied by turmng the probe or ...
loop through a 90-degree angle. When the probe s *
perpendiciilar to the electric lines the coupling will -~ -
be minimum; similarly, when the plane of the loop "~
is parallel to the magnetic lines the coupling will .
have its minimum value,

such frequencies, and C shows the resultant. The
amplitude of the 1-MHz current is not affected by
the presence of the 1-kHz current, but the axis is -
shifted back and forth at the 1-kHz irate. An
attempt to transmit such a combination as- a radio
wave would result in only the radiation of the




*There” are dev1ces, however, which make 1t
possible for one frequency to control the ampll-

‘used to control a 1-MHz signal, the maximum 1f
-output will be obtained when the 1-kHz signal is at

occur at the peak of the next alternation. The

_effect is.shown in Fig. 2-67D. The resultant signal
.+ is now entirely at radio frequency, but with its
* amplitude varying at the modulation rate (1 kHz).
Receiving equipment adjusted to receive the 1-MHz
1f signal can reproduce these changes in amplitude,
. and reveal what the audio signal is, through a
“process called detection.
. It might be assumed that the only radio
frequency present in such a signal is the original
1.000 MHz, but such is not the case. Two new
-frequencies have appeared. These are the sum (1.00
“+ ,001) and the difference (1.000 — .001) of the
“two, and thus the radio frequencies appearing after
-modulation are 1.001, 1.000 and .999 MHz.
" When an audio frequency is used to control the
amplitude of a radio frequency, the process is
generally called “amplitude modulation,” as men-
_tioned, but when a radio frequency modulates
another radio frequency- it is called heterodyning.
The processes are identical. A general term for the
“sum and difference frequencies generated during
heterodyning or amplitude modulation is “beat
frequencies,” and a more specific one is upper side
frequency, for the sum, and lower side frequency
for the difference.

In the simple example the modulating signal

" was assumed to be a pure tone, but the modulating

" signal can just as well be a band of frequencies
making up speech or.music. In this case, the side
frequencies are grouped into the upper sideband
and the lower sideband. Fig. 2-67H shows the side
frequencies appearing as a result of the modulation
process.

Amplitude modulation (a-m) is not the only
‘possible. type nor is it the only one in use. Such
signal properties as phase and frequency can also
be modulated. In every case the modulation
process leads to the generation of a new set (or
sets) of radio frequencies symmetrically disposed
about the original radio (carrier) frequency.

-With many builders, miniaturization is the
watchword. This is especially true when working
- with solid-state and etched-circuit projects. One of
" the deterrents encountered in designing small-
volume equipment is the squeezing in of bulky
inductors — slug-tuned or air wound - into a
compact assembly.- Toroids offer a practical solu-
tion to the problem of mass. The good points do
. not end there, however; toroidal-wound inductors
“not only fit into small places, they offer exception-
ally “high ‘values of tuned<circuit Q, a definite

tude of the other. If, for example, a 1-kHz tone is -

* the peak of one alternation and the minimum will

process is called amplitude modulation, and the .

Fig. 2-68 — Actual oscilloscope photograph show-
ing the signals described in the text and shown in
the drawings of Fig, 2-67.

TOROIDAL INDUCTORS AND TRANSFORMERS

attribute when selectivity in an important con-
sideration in equipment performance. Ordinarily,
air-wound inductors which provide comparable Q
are many times larger than are their toroidal
kinsmen. The correct type of core material must be
used in order to realize the best possible Q at a

* particular frequency.

Minimum interaction between the tuned stages
of a given piece of equipment is usually of
paramount importance to the builder. Here is’
where the toroid performs well; a toroidal inductor .



" _is self-shielding. That-is to say, its magnetic flux is_

very nearly . all contained within the coil itself. This
feature cuts down stray inductive coupling be-
tween adjacent circuits and -permits the toroid to
be mounted physically close to other components
— including the chassis and cabinet walls — without
impairment of its efficiency. The latter is not true
of ordinary rf or af inductors. Because the flux is
contained within the toroid coil, tighter coupling
between windings, when a primary and secondary
" -are used, is possible.

The high permeability of ferrite toroid cores
permits the user to employ fewer turns in the
tuned-circuit inductor. With fewer turns of wire
required, larger wire gauges can be used, with a
resultant reduction in heating and I2R losses. This
feature is especially beneficial in transistorized
equipment where high collector currents are fre-
quently required.

It is best to understand that the word *‘to-
roidal” refers to a physical format — doughnut
shape — rather than to a specific device or type of
material. Toroid cores come in a host of sizes, are
manufactured by many firms (each with a different
identifying code for the type of core material
used), and are fashioned from a wide variety of
materials. Some cores are made by rolling up great
lengths of thin silicon steel tape (Hypersil) into a
toroidal form. Such cores are held together -by

means of plastic covers, or are wrapped with glass .

tape which holds the core intact while insulating it
from the wire which is wound on it. This type of
core is commonly used for low-frequency power
applications such as dc-to-dc, and dc-to-ac con-
verters. For audio and if applications powdered
iron and ferrite (a newer type of ceramic) material
are generally used. Ferrite acts like an insulating
" material, making it unnecessary in all instances to
place a layer of tape between the core and the
winding of the transformer or inductor.

Choosing a Core

There is no simple rule that can be used for
selecting a toroid core for a particular job. Many
things must be considered notably the intended
frequency of operation, the operating frequency
versus the physical size and permeability of the
core, and whether or not the core will be used in a
small- or large-signal tuned circuit. The higher the

permeability rating of the material, the fewer will

be the number of turns required to obtain a
specific inductance value. For example: if a core of
certain size has a permeability rating of 400, it
might require, say, 25 turns of wire to give an
inductance of 10 yH. Therefore, where minimum
I2R loss in the winding is desirable, the higher
permeability is better. A core with a larger cross-
" sectional area (computed from inside diameter,
outside diameter, and core height) will reduce the
required number of turns also. These are but a few
possibilites to consider when selecting a core. Q1
material is rated for tf applications up to 10 MHz,
Q2 stock is good to 50 MHz, and Q3 ferrite is rated
to 225 MHz. These three ranges handle most if
needs. 1 If the improper material is chosen for a
given frequency of operation, the core material will

“not provide. 2 high-Q inductor. In fact, the wrong

material can completely ruin a tuned circuit. If tog
large a core (physical size) is used in the upper hf-
region, or at vhf, it may be impossible to wind a

“suitable coil on the toroid because so little wire

will be required to provide the needed value of
inductance. For this reason, the smaller cores, and
those with low permeability ratings, should be used
in the upper frequency range.

It is helpful to have some knowledge of the
core types offered by the various companies before
ordering a toroid for a particular project. Indiana
General offers a specification sheet for each of
their core materials (see Table I). Each sheet lists
such data as permeability, flux density,residual . .
magnetism, usable frequency range, and the loss
factor at a specified frequency. Bulletin 101A lists
the physical dimensions -of their cores and also
gives the cross-sectional area of each model in
square inches. With this information one can
calculate the required number of turns for -a
specific’inductance value, using a selected core size. -
With the foregoing information at our disposal, the
formula given here will enable the constructor to
determine the inductance of a tor01d when the
number of turns is known: ¢

L =(0.0046 uN2h log1o ;70 ) MH
D

WhereL = inductance
M = permeability of the material
N = number of turns
OD = outer diameter of core (cm.)
ID = inner diameter of core (cm.)
h = height of core (in cm.)

To obtain dimensions in centimeters, multiply
inches by 2.54. The inductance nomogram given
in Fig. 2-70 can be used when designing toroidal
inductors which are to be wound on the standard
cores offered by Indiana General.

Specific Applications

Because toroids can be used in circuits that
handle anything from microwatts to kilowatts,
they can be put to good use in almost any
tuned-circuit or transformer application.

Most amateurs are familiar with balun trans-
formers, having used them at one time or another
in their antenna systems. Toroids find widespread
use as balun transformers because they provide a
broad-band transformer that is compact and offers
good power-transfer efficiency. An article which
describes how to contruct homemade toroidal
baluns was published in August 1964 QST. Core
size with respect to four different power levels —
150 to 1000 watts — is treated in the article.

Toroidal inductors are useful when applied to

circuits in which a high degree of selectivity is

desired. A high-Q toroidal tuned circuit in the rf -
and mixer stages of a communications receiver can
aid image rejection more than is possible w1th
conventional slug-tuned inductoss.

1Q1, Q2, and Q3 designations used here are
those assigned to cores made by Indiana General

Corp., Keasbey, NJ 08832. Other manufactures of
ferramic materials use di:ferent.identifying codes.

’
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Another application for torcidal inductors is in
transistorized transmitting and receiving equipment
= “and in some vacuum-tube circuits —
“‘proad-band input, interstage, or output rf trans-
" formers are desired: Toroids can be used in such

"eircuits to provide good efficiency and small
physical size. The broad-band transformer requires
“no tuning controls when properly designed for a
given frequency range — a particularly useful

. design a broad-band transformer 2 that will work
.-+ over a range of 3 to 30 MHz, but one must take
- precautions ‘against the radiation of harmonic
:~“energy when using this kind of transformer in the
final stage of a transmitter.

‘- Compact equipment calls for the close spacing

circuits of several stages be in close  physical
proximity. This sort of requirement often leads to
electrical instability of one or more of the stages,
because of unwanted interstage coupling, thus
" impairing the performance of the “equipment.
Because the toroidal transformer or inductor is
self-shielding, it is possible to place the tuned
circuits much closer together than when using
¢onventional inductors. The self-shielding feature
..-.also makes it possible to mount a toroid against a
" circuit board, or against a metal chassis or cabinet
wall, without -significantly - affecting their Q.
' Normally, the most noticeable effect of moving a
" toroid closer to or fa{ther away from a metal

' 2C41,. Ruthroff, “Some Broadband Trans-
formers”, Proc, IREs Vol. 47, p. 137, Aug. 1959.

0.1 UH

Inductance
L

where -

' _feature in mobile equipment. It is not difficult to’

of component parts, often requiring that the tuned-

~suffacé is a change in pverall circuit capacitance;
which in tumn slightly affects the resonant fre-
quency of the-toroidal tuned circuit. . Because fewer "~
turns of wire ‘are needed for a toroid coil than for
ordinary ai-wound or slug-tuned inductors, the
assembly can be made extremely compact — a -
much sought-after feature in miniaturized equip-
ment.

Inductors and transformers which are wound
on toroid cores are subject to the same general
conditions that are common to the laminated
iron-core types treated earlier in this chapter. A
sufficient amount of cross-sectional area.is nec-
essary for a given amount of power in order to
prevent. saturation and heating. Fither of these
‘conditions will seriously impair the efficiencyd a
circuit. When toroids are used in circuits where
high pk-pk 1f voltage is (or can be) present, the
core should be wrapped with glass tape or some
insulating material of similar characteristics. Tef-
lon-insulated wire should be used to prevent
flashover between turns, or between the winding
and the core.

Additional design data and information on
making one’s own toroid cores are given in,
“Toroidal-Wound Inductors,” QST for January
1968, page 11. Industrial data files and application
notes are available from the manufacturers of
ferrite products,3

3indiana General Corp,, Electronics Div./
Ferrites, Keasbey, NJ 08832. Also, Ferroxcube
Corp. of America, Saugerties, NY 12477 and

Amidon Associates, 12053 Otsego St., N. Holly-
wood, CA 91607, ' :
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Fig. 269 — Nomograph which can be 8 7 )
used to calculate the number of turns 10/ -~
required . for a specific inductance 1mH '
once the type of core {Indiana Gen- 500% ool os PR X cra01 4
eral) is known. Draw a line of in- I ofn | - cFa20 4
ductance, L through the marker s 40
vyr!ich indicates the core material 100 uH , 60
being used, Q1, Q2, Q3, etc. Com- , At sy 80
plete this line until it intersects the 50 ol" |- 100 :
Reference line, Now draw a line from A i g;:}}g =
the intersect point on the Reference 7T ) 200
line to the catalog number line of the 10 uH Ferramic Catalog
nomogram (CF number of the core). . 200 umber
- This line will cross the Number of 600
_ Turns (N) line, indicating the number 800
of turns needed. Example- shown Numb 1:’$°
18-turn winding required for 10MH 1 umbyy o1 Tuns
. inductance on CF-114 core of Q2 0.5
material. (Nomogram courtesy of
Andiana General.)
Reference
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Vacuum-Tube Principles

CURRENT IN A VACUUM

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

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

Thermionic Emission

If a piece of metal is heated to incandescence in
.a vacuum, electrons near the surface are given
_enough energy of motion to fly off into the
surrounding space. The higher the temperature, the
greater the number of electrons emitted. The name

for the emitting metal is cathode.
~ If the cathode is the only thing in the vacuum,
most of the emitted electrons stay in its immediate
vicinity, forming a “cloud” about the cathode. The
reason for this is that the electrons in the space,
being negative electricity, for a negative charge
(space charge) in the region of the cathode, The

Transmitting tubes are in the back and center row_s.'

Receiving tubes are in the front row (1. to r.):
miniature, pencil, planar triode {two), Nuvistor and
1-inch diameter cathode-ray tube.

POSITIVE
PLATE

v . I A ] o
« . . F |___-':'ll +

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

space charge repels those electrons nearest the
cathode, tending to make them fall back on it.
Now suppose a second. conductor is introduced
into the vacuum, but not connected to anything -
else inside the tube. If this second conductor is
given ‘a positive charge by connecting a voltage
source between it and the cathode, as indicated in
Fig. 3-1, electrons emitted by the cathode are
attracted to the positively charged conductor. An
electric. current then flows through the circuit
formed by the cathode, the charged conductor,
and the voltage source. In Fig. 3-1 this voltage
source is a battery (“B” battery); a second battery

(“A” battery) is also indicated for heating the .-

cathode to the proper operating temperature.

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

Since electrons are negative electricity, they
will be attracted to the plate only when the plate is’
positive with respect to the cathode. If the plate is
given a negative charge, the electrons 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 occur, the cathode
must be heated to a high temperature. However, it

s not-essential that the heating current flow
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Fig. 3-2 — Types of cathode construction. Directly
heated cathodes or “filaments’’ are shown at A, B,
and C. The inverted V filament is used in small
receiving tubes, the M in both receiving and
" transmitting tubes. The spiral filament is a trans-
mitting tube type. The indirectly heated cathodes
at D and E show two types of heater construction,
one a twisted loop and the other bunched heater
wires, Both types tend to cancel the magnetic
fields set up by the current through the heater.

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

Much greater electron emission can be obtain-
ed, at relatively low temperatures, by using special

these is thoriated tungsten or tungsten in which
thorium is dissolved. Still ‘greater efficiency is
achieved in the oxide-coated cathode, a cathode in
which rare-earth oxides form a coating over a metal
base.
- Although_the oxide-coated cathode has the
: highest efficiency, it can be used successfully only
in tubes that operate at rather low plate voltages.
Its use is therefore confined to receiving-type tubes
‘and to the smaller varieties of transmitting tubes.
. The thoriated filament, on the other hand, will
" _operate well in high-voltage tubes.

Plate Current

If there is only a small positive voltage on the
- plate, the number of electrons reaching it will be
small because the space charge (which is negative)
prevents those electrons nearest the cathode from
‘being attracted to the plate. As the plate voltage is
increased, the effect of the space charge is
increasingly overcome and the number of electrons

t Saturation
- Point
-
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| | '_4', - 1ncrease ————-
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.._Fig. 3-3 — The diode, or two-element tube, and a
. typical curve showmg how the plate current
i depends upon-the voltage. apphed to the plate.

i attracted to the platé becomes la:ge: ‘I’hat :s, ‘the

cathode materials rather than pure metals. One of /

VACUUM-TUBE PRINCIPLES

plate current
voltage.

Fig. 3-3 shows a typical plot of plate current vs.
plate voltage for a two-element tube or diode. A
curve of this type can be obtained with the circuit
shown, if the plate voltage is increased in small
steps and a current reading taken (by means of the
current-indicating instrument — a milliammeter) at
each voltage. The plate current is zero with no
plate voltage and the curve rises until a saturation
point is reached. This is where the positive charge
on the plate has substantially overcome the space
charge and almost all the electrons are going to-the
plate. At higher voltages the plate current stays at

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

practically the same value.

The plate voltage multiplied by the plate
current is the power input to the tube. In a circuit
like that of Fig. 3-3 this power is all used in
heating the plate. If the power input is large, the
plate temperature may rise to a very high value
(the plate may 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
surroundmg air.

RECTIFICATION

Since current can flow through a tube in only
one direction, a diode can be used to change
alternating current into direct current. It does this
by permitting current to flow only when the anode
is positive with respect. to the cathode. There is no
current flow when the plate is negative,

Fig. 34 shows a representative circuit. Alternat-
ing voltage from the secondary of the transformer,
T, is applied to the diode tube in series with a load
resistor, R. The voltage varies as is usual with ac,
but current flows through the tube and R only
when the plate is positive with respect to the
cathode — that is, during the half-cycle when the
upper end of the transformer winding is positive.
During the negative half-cycle there is simply a gap
in the current flow. This rectified "alternating
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current therefore is an intermittent direct current.

~'The load resistor, R, represents the actual
circuit in which the rectified alternating current
does work. All tubes work with a load of one type
or another; in this respect a tube is much like a
generator or transformer. A circuit that did not
provide a load for the tube would be like a
short-circuit across a transformer; no - useful
‘purpose would be accomplished and the only resutt
would be the generation of heat in the transformer.
So it-is with vacuum tubes; they must cause power

to be developed in a load in order to serve a useful
purpose. Also, to be efficient most of the power™
must do useful work in the load and not beused in
heating the plate of the tube. Thus the voltage
drop across the load should be much higher than
the drop across the diode.

With the diode connected as shown in Fig. 3-4
the polarity of the current through the load is as
indicated. If the diode were reversed, the polarity .
of the voltage developed across the load R would
be reversed.

VACUUM-TUBE AMPLIFIERS

TRIODES
Grid Control

If a third element — called the control grid, or
simply grid — is inserted between the cathode and
plate as in ‘Fig. 3-5, it can be used to control the
effect of the space charge. If the grid is given a
positive voltage with respect to the cathode, the
positive charge will tend to neutralize the negative
space charge. The result is that, at any selected
plate voltage, more electrons will flow to the plate
than if the grid were not present. On the other
hand, if the grid is made negative with respect to
the cathode the negative charge on the grid will
add to the space charge. This will reduce the
number of electrons that can reach the plate at any
selected plate voltage.

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

the grid to reach the plate.

Characteristic Curves

“For any particular tube, the effect of the grid
voltage on the plate current can be shown by a set
of characteristic curves. A typical set of curves is
shown in Fig. 3-6, together with the circuit that is
used for getting them. For each value of plate
voltage, there is a value of negative grid voltage
that will reduce the plate current to zero; that is,
there is a value of negative grid voltage that will cut
off the plate current.

Fig. 3-5 — Construction
of an elementary triode
vacuum tube, showing
the directly-heated
cathode (filament), grid
(with an end view of
the grid wires) ‘and
plate. The relative den-
sity of the space charge
is indicated roughly by
the dot density.
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Fig. 36 — Grid-voltage-vs.-plate-current curves at
various fixed values of plate voltage (Ey) for a ©
typical small triode. Characteristic curves of this
type. can be taken by varying the battery voltag&s
in the circuit at the right.

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

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

The fact that a small voltage acting on.the grid
is equivalent to a large voltage acting on ‘the plate

indicates the possibility .of amplification with the © »"
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Fig. 3-7 — Dynamic characteristics of a small triode
with various load resistances from 5000 to 100,000
ohms.

triode tube. The many uses of the electronic tube
neaily all are based upon this amplifying feature.

. The amplified output is not obtained from the
tube itself, but from the voltage source connected
between' its plate and cathode. The tube simply
controls the power from th1s soutce, changing it to
the desired. form.

To utilize the controlled power, a load must be
connected in the plate or “output” circuit, just as
in the diode case. The load may be either a
résistance or an impedance. The term “impedance”
is frequently used even when the load is purely
resistive. .

Tube Characteristics

The physical construction of a triode deter-
mines the relative effectiveness of the grid and
plate in controlling the plate current. The control
of the grid is increased by moving it closer to the
cathode or by making the grid mesh finer.

The plate resistance of a vacuum tube is the ac
resistance of the path from cathode to plate. For a
given grid voltage, it is the quotient of a small
change in plate voltage divided by the resultant
change in plate current. Thus if a 1-volt change in
plate-voltage caused a plate-current change of .01
mA (.00001 ampere), the plate resistance would
* be 100,000 ohms.. o

The amplification factor (usually designated by
the Greek letter W) of a vacuum tube is defined as
the ratio &f the change in plate voltage to the
change in grid voltage to effect equal changes in

“plate current. If, for example, an increase of 10
plate volts raised the plate current 1.0 mA, and an
increase in (negative) grid voltage of 0.1 volt were
required to return the plate current to its original
value, the amplification factors of triode tubes
would be 100. The amplification factors of triode
" tubes range from 3 to 100 or so. A high-u tube is
one with an amplification of perhaps 30 or more,
‘medium-{t tubes have amplification factors in the
approximate range 8 to 30 and low-u tubes in the
" ‘range below 7 or 8. The u of a triode is useful in

" -computing stage gains.

" The: best all-around indication of the effective-

. neéss of a tibe as an amplifier is its grid-plate - ©

transconductance — also called mutual conduct-

‘ance Or gp,. It is the change in plate current divided

by the change in grid voltage that caused the
change; it can be found by dividing the

‘amplification factor by the plate resistance, Since

current  divided by voltage is conductance,
transconductance is measured in the unit of

_ conductance, the mho.

Practical values of transconductance are very
small, so the micromho (one millionth of a mho) is
the commonly used unit. Different types of tubes
have transconductances ranging from a few
hundred to several thousand. The higher the
transconductance the greater the posible amplifica-
tion.

AMPLIFICATION

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

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

Fig. 3-8 is the same type of curve, but with the
circuit arranged so that a source of alternating
voltage (signal) is inserted between the grid and the
grid battery (“C” battery). The voltage of the grid
battery is fixed at —5 volts, and from the curve it is
seen that the plate current at this grid voltage is 2
milliamperes. This current flows when the load
resistance is 50,000 ohms, as indicated in the
circuit diagram, If there is no ac signal in the grid
circuit, the voltage drop in the load ‘resistor is
50,000 x .002 = 100 volts, leaving 200 volts
between the plate and cathode.

When a sine-wave s1gnal having a peak value of
2 volts is applied in series with the bias voltage in
the grid circuit, the instantaneous voltage at the
grid will swing to —3 volts at the instant the signal
reaches its positive peak, and to —7 volts at the
instant the signal reaches its negative peak. The
maximum plate current will occur at the instant
the grid voltage is —3 volts. As shown by the graph,
it will have a value of 2.65 milliamperes. The
minimum plate current occurs at the instant the
grid voltage is —7 volts, and has a value of 1.35
mA. At intermediate values of grid voltage,
intermdiate plate-current values will occur,
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Fig. 3-8 — Amplifier operation. When the plate
current varies in response to the signal applied to
the grid, a varying voltage drop appears across the
load, Ry, as shown by the dashed curve. Ep. Iy is
the Plate current

The instantaneous voltage between the plate
and cathode of the tube also is shown on the
graph. When the plate current is maximum, the
instantaneous voltage drop in Ry is 50,000 X
.00265 = 132.5 volts; when the plate current is
minimum the instantaneous voltage drop in Ry
50,000 x .00135 = 67.5 volts. The actual voltage

 ‘between plate and cathode is the difference
between the platesupply potential, 300 volts, and

the voltage drop in the load resistance. The .

plate-to-cathode voltage is therefore 167.5 volts at
maximum plate current and 232.5 volts at
minimum plate current.
This varying plate voltage is an ac voltage
superimposed on the steady plate-cathode poten-
" tial of 200 volts (as previously determined for
no-signal conditions). The peak value of this ac
output voltage is the difference between either the
maximum or minimum plate-cathode voltage and
the no-signal value of 200 volts. In the illustration
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

i 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 circuit
asis_applied to the grid circuit.

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

oomponent of plate voltage (that is, the amplified

signal) is 180 degrees out of phase with the signal
.- voltage on the grid.

T

. earlier chapter, a complex wave can be resolved

the tube characteristic. The lower halfcycle of

upper half-cvcle

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

A second reason for using negative grid bias is -
that any signal whose peak positive voltage does
not exceed the fixed negative voltage on the grid
cannot cause grid current to flow. With no current -
flow there is no power consumption, so the tube
will amplify without taking any-power from the
signal source. (However, if the positive peak of the
s1gna.l does exceed the negative bias, current 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 effect of transforming a sine-wave grid signal -
into a more complex waveform. As explained in an,

into a fundamental and a series of harmonics. In
other words, distortion from nonlinearity causes -
the generation of harmonic frequencies — frequen-
cies that are not present in the signal applied to the -
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Fig. 39 — Harmonic distortion resulting from "
choice of an operating point on the curved part of -

plate current does not have the same shape as the




TRANSFORMER COUPLING

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

' ‘grid. Harmonic distortion is undesirable in most
amplifiers, although there are occasions when
harmonics are deliberately generated and used.

Audio Amplifier Output Circuits

. The useful output of a vacuum-tube amplifier is
. the alternating component of plate current or plate
- voltage. The dc voltage on the plate of the tube is

essential for the tube’s operation, but it almost’

invariably would cause difficulties if it were
applied, along with the ac output voltage, to the
-load. The output circuits of vacuum tubes are
therefore arranged so that the ac is transferred to
the load but the dc is not.

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

In the resistance-coupled circuit, the ac voltage ‘

developed across the plate resistor Ry (that is, the
ac voltage between the plate and cathode of the
tube) is applied to a second resistor, R g through a
coupling capacitor, C.. The capacitor “blocks off”
the dc voltage on the plate of the first tube and
prevents it from being applied to the grid of tube

B. The. 1aﬁe: tube has negatxve grid bias supplied - -
by the battery shown. No current flows on the grid
circuit of tube B and there is therefore no dc
voltage drop in Rg; in other words, the full voltage
of the bias battery is applied to the grid of tube B.

The grid resistor Rg, usually has a rather high
value (0.5 to 2 megohms). The reactance of the
coupling capacitor, C., must be low enough
compared with the resistance of Ry so that the ac
voltage drop in C, is negligible at the lowest
frequency to be amplified. If R, is at least 0.5
megohm, a0.1-UF capacitor will be:amply large for
the usual range of audio frequencies.

So far as the alternating component of plate
voltage is concerned, it will be realized that if the
voltage drop in C, is negligible then Ry, and Ry are
effectively in parallel (althoughi they are quite
separate so far as dc is concerned). The resultant
parallel resistance of the two is therefore the actual
load resistance for the tube. That is why Rg is
made as high in resistance as possible; then it will
have the least effect on the load represented by
R,.

p'I'he impedance-coupled - circuit differs from
that using resistance coupling only in the
substitution of a high inductance (as high as several
hundred henrys) for the plate resistor. The
advantage of using an inductor rather than a
resistor at this point is that the impedance of the
inductor is high for audio frequencies, but its
resistanice, is relatively low., Thus it provides a
higher value of load impedance for ac without an
excessive dc voltage drop, and consequently the
power-supply voltage does not have to be high for
effective operation.

The transformer-coupled amplifier uses a
transformer with its primary connected in the plate

.circuit of the tube and its secondary connected to

the load (in the circuit shown, a following
amplifier). There is no direct connection between
the two windirigs, so the plate voltage on tube A4 is
isolated from the grid of tube B. The transformer-
coupled amplifier has the same advantage as the
impedance-coupled circuit with respect to loss of
dc voltage from the plate supply. Also, if the
secondary has more turns than the primary, the
output voltage will be “stepped up” in proportion
to the turns ratio.

Resistance coupling is simple, inexpensive, and
will give the same amount of amplification — or
voltage gain — over a wide range of frequencies; it
will give substantially the same amplification at
any frequency in the audio range, for example.
Impedance coupling will give somewhat more gain,
with the same tube and same plate-supply voltage,
than resistance coupling. However, it is not quite
so good over a wide frequency range; it tends to
“peak,” or give maximum gain, over a comparative-
ly narrow band of frequencies. With a good
transformer the gain of a transformer-coupled
amplifier can be kept fairly constant over the
audio-frequency range. On the other hand,

transformer coupling in voltage amplifiers (see
below) is best suited to triodes having amplifica-
tion factors of about 20 or less, for the reason that
the primary inductance of a practicable transform-
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Fig. 3-11 — An elementary power-amplifier circuit
in which the power-consummg load is coupled to
the plate circuit through an mpedance-matchmg
transformer.

er cannot be made large enough to work well with
a tube having high plate resistance.
Class A Amplifiers

An amplifier in which voltage gain is the
primary consideration is called a voltage amplifier.
Maximum voltage gain is secured when the load

resistance or impedance is made as high as possible

- in comparison with the plate resistance of the tube.
In such a case, the major portion of the voltage
generated will appear across the load.

Voitage 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, éven with the

" largest signal to be handled by the grid, it is called
a Class A; amplifier. Voltage amplifiers are always
Class Ay amplifiers, and their primary use is in
driving a following Class A amplifier,

Power Amplifiers

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

Fig. 3-11 shows an elementary power-amplifier
circuit. It is simply a transformer-coupled amplifier
with the load connected to the secondary.
Although the load is shown as a resistor, it actually
would be some device, such as a loudspeaker, that
employs the power usefully. Every power tube
requires a specific value of load resistance' from
plate to cathode, usually some thousands of ohms,
for optimum  operation, The resistance of the
actual load is rarely the right value for “matching”
this optimum load resistance, so the transformer
turns ratio is chosen to reflect the power value of
resistance into the primary. The tums ratio may be
either step-up or step-down, depending on whether
the actual load resistance is higher or lower than
the load the tube wants.

The power-amplification ratio of an amplifier is
the ratio of the power output obtained from the.

" plate circuit to the power required from the ac
signal in the grid circuit. There is nho power lost in
the grid circuit of a Class A3 amplifier, so such an
amplifier has an infinitely large power-amplifica-
tion ratio, However, it is quite possible to operate a

S Class A amphﬁe: in such-a way that carrent fl

~ amplifiers is power sensitivity. In the case of a

.in its grid circuit dunng at least patt of the ¢y
In such a case power is used up in the grid circuit
and the power amphficatlon ratio is not infinite, A
tube operated in this fashion is known as'a Class
Ao amplifiexr. It is necessary to use a power
amplifier to drive a Class Ay amplifier, because 2"
voltage amplifier cannot deliver power without
serious distortion of the wave shape.

Another term used in connection with power

Class Aj amplifier, it means the ratio of power
output to the grid signal voltage that causes it, If
grid current flows, the term usually means the ratio
of plate power output to grid power input. ‘

The ac 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 s
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 dc plate input is called the .
plate efficiency. The higher the plate efficiency,
the greater the amount of power that can be taken
from a tube having a given plate-dissipation rating. -

Parallel and Push-Pull R

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

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

PUSH-PULL

Fig 312 — Parallel and push-pull af ampltfler
circuits.
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-An increase in power output also can be
“secured by connecting two tubes in push-pull. In
" this case the grids and plates of the two tubes are
" connected to opposite ends of a balanced circuit as
. shown in Fig. 3-12. At any instant the ends of the
'secondary winding of the input transformer, Ty,
will be at opposite polarity with respect to the
cathode - connection, so the grid of one tube is
swung positive at the same instant that the grid of

‘push-pull-connected .amplifier the voltages and
currents of one tube are out of phase with those of
the other tube.
In- push-pull operation the even-harmonic
(second, fourth, etc.) distortion is balanced out in
«.. the plate circuit. This means that for the same
" power output the distortion will be less than wnh
parallel operation. ‘
The exciting voltage measured between the two
‘grids must be twice that required for one tube. If
the grids consume power, the driving power for the
push-pull amplifier is twice that taken by elther
_ . 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 amplifer, then take the second amplifier’s
output and apply it to a third, and so on. Each
amplifier is called a stage, and stages used
successively are said to be in cascade.

Class B Amplifiers

Fig. 3-13 shows two tubes connected in a
push-pull citcuit. 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
.1espect to the cathode. Since in the balanced grid
, circuit the signal voltages on the grids of the two

“tubes always have opposite polarities, plate current
ows only i in one tube at a time.

the' other is swung- negative. Hence, in any’

The
amphﬁer.‘ The plate cutrent -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 primary works
alternately to induce a half-cycle of voltage in the
secondary. In the secondary of T2, the original
waveform is restored. This type of opQIatlon is
called Class B amplification.

The Class B amplifier has considerably higher
plate efficiency than the Class A amplifier.
Furthermore, the dc plate current of a Class B
amplifier is proportional to the signal voltage on
the grids, so the power input is small with small

signals. The dc plate power input to a Class A

amplifier is the same whether the signal is large,

. small, or absent altogether; therefore the maximum

dc plate input that can be applied to a Class A
amplifier is equal to the rated plate dissipation of

the tube or tubes. Two tubes in a Class B amplifier .

can deliver approximately twelve times as much
audio power as the same two tubes in a Class A
amplifier.

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

Certain types of tubes have been designed ’

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

Class B amplifiers used at radio frequencies are

_known as linear amplifiers because they are

adjusted to operate in such a way that the power
output is proportional to the square of the rf
exciting voltage. This permits amplification of a
modulated 1f signal without distortion. Push-pull is
not required in this type of operaﬁon a single tube
can be used equally well.

Class AB Amplifiers

A Class AB audio amplifier is a push-pull
amplifier ‘'with higher bias than would be normal
for pure Class A operation, but less than the
cut-off ‘bias required for Class B. At low signal

levels the tubes operate as Class A amplifiers, and

graphs show the operatmn al;‘ stu:h an, :




signal.“At hlgher 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 s1gna1 The
total plate current for the amplifier also rises above
the no-signal level with a large signal is applied.

In a properly designed-Class AB amplifier the
distortion is as low as with a Class A stage, but the

efficiency and power output are considerably

higher than with pure Class A operation. A Class
AB amplifier can be operated either with or
without driving the grids into the positive region. A
Class ABy amplifier is one in which the grids are
never - positive with = respect . to the cathode;
therefore no driving power is required — only
voltage. A Class ABo amplifier is one that has
grid-cutrent flow during part of the cycle if the
applied signal is large; it takes a small amount of
driving power. The Class ABo 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 vacuum tubes is working for only half the ac
cycle and idling during the other half, It is

convenient to describe the amount of time during -

which plate current.flows in terms of electrical
degrees: In Fig, 3-13 each tube has “180-degree”
excitation, a half-cycle being equal to 180 degrees.

" The number of degrees during which plate current

flows is called the operating angle of the amplifier.
From the descriptions given above, it should be
clear that a Class A amplifier has 360-degree
excitation, because plate current flows during the
whole cycle. In a Class AB amplifier the operating
angle is between 180 and 360 degrees (in each
tube) depending on the particular operating
conditions chosen. The greater the amount of

_negative grid bias, the smaller the operating angle
“becomes.

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-cycle of the signal on its grid. Using two
tubes in push-pull, as in Fig. 3-13, would merely
put together two distorted = half-cycles.. An
operating angle of less than 180 degtees therefore
cannot be used if distortionless output is wanted.

Class C Amplifiers

In power amplifiers operating at radio frequen-
cies distortion of the rf wave form is relatively

unimportant. For reasons described later in this

chapter, an rf amplifier must be operated with
tuned circuits, and the selectivity of such circuits
“filters out™ the rf 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 increased,
because the loss in the plate is proportionhal, among

the plate cunent is the same w1th or mthout'

other thmgs, to the amount @\f time during which
the plate current flows, and this time is reducéd b y

.decreasing the operating angle.

Depending on the type of tube; the optlmum\
load resistance for a Class C amphﬁer 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 résistance 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 compromise between driving . -

power, plate efficiency, and power output usually
results when the minimum plate: voltage (at the °
peak of the driving cycle, when the plate current
reaches its highest value) is just equal to the peak
positive grid voltage. Under these conditions the
operating angle is usually between 120 and 150
degrees and the plate efficiency lies in the range of
60 to 80 percent. While higher plate efficiencies °
are possible, attaining them requires excessive
driving power and gnd bias, together with higher
plate voltage than is ‘‘normal” for the particular
tube type.

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

FEEDBACK o

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 circuit .
is 180 degrees out of phase with the signal voltage
acting on the grid, the feedback®is called negative,
or degenerative. On the other hand, if the voltage is -
fed back in phase with the grid signal, the feedback

is called positive, or regenerative.

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 reducing the
voltage amplification. That is, a larger exciting
voltage is required for obtaining the same output
voltage from the plate citcuit.

The greater the amount of negative feedback : :

(when properly applied) the more independent the
amplification becomes of tube characteristics and
circuit conditions. ' This' tends to make the
frequency-response characteristic of the amplifier
flat — that is, the amplification tends to be the
same at all frequencies within the range for which
the amplifier is designed. Also, any distortion =
generated in the plate ¢ircuit of the tube tends to: " -




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

“buck itself out.” - Amplifiers with negative
feedback are therefore comparatively free from
harmonic distortion. These advantages are worth
while if the amplifier otherwise has enough voltage
gain for its intended use.

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

The circuit shown At B in Fig. 3-14 can be used
to give either negative or positive feedback., The

"~ secondary of a transformer is connected back into

the grid circuit to insert a desired amount of
feedback voltage. Reversing the terminals of either
transformer winding (but not both simultaneously)
will reverse the phase.

_ Positive Feedback

Positive feedback increases the amplification.

because the feedback voltage adds to the original
signal voltage and the resulting larger voltage on
the grid canses a larger output woltage. The
amplification tends to be greatest at one frequency
(which depends upon the particular circuit
arrangement) and harmonic distortion is increased.
If enough energy is fed back, a self-sustaining
oscillation — in which energy at essentially one
frequency is generated by the tube itself — will be
“set up. In such case all the signal voltage on the
grid can be supplied from the plate circuit; no
external signal is needed because any small
-irregularity in the plate current — and there are
always some 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

VACUUM-TUBE PRI}

l used for selechve amphficatmn at both aud:o and

radio frequencies, the feedback being kept below
the value that causes self-oscillation,

INTERELECTRODE CAPACITANCES

Each pair of elements in a tube forms a small '
- capacitor

“plate.” There are three such capaci-
tances in a triode — that between the grid and
cathode, that between the grid and plate, and that
between the plate and cathode. The. capacitances
are very small — only a few picofarads at most —
but they frequently have a very pronounced effect
on the operation of an amplifier circuit.

Input Capacitance

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

. As a result, a capacitive current flows around
the circuit, its amplitude being directly proportion-
al to the sym of the ac grid and plate voltages and
to the grid-plate capacitance. The source of the
grid signal must furnish this amount of cutrent, in
addition to the capacitive current that flows in the
gridcathode capacitance. Hence the signal source
“sees” an effective capacitance that is larger than
the grid-cathode capacitance. This is known as the
Miller Effect.

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

Cinput=Cgxt Cgp (A+ 1)

where Cgk is the gnd-to-cathode capac1tance, Cep
is the grid-to-plate capacitance, and A is the voltage
amplification. The input capacitance may be as
much as several hundred picofarads when the
voltage amplification is large, even though the
interelectrode capacitances are quite small.
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Fig. 3-15 — The ac voltage appearing between the
grid and plate of the amplifier is the sum of the
signal voltage and the output voltage, as shown by
this simplified circuit. lnstantaneous polarities are
indicated,




-Grid Tubes

. Output Capacitance

The. principal component  of the output
capacitance of an amplifier is the actual plate-to-
cathode capacitance of the tube. The output
capacitance usually need not be considered in

audio amplifiers, but becomes of importance at
radio frequencies.

Tube Capacitance at RF

At radio frequencies the reactances of even very
small interelectrode capacitances drop to very low
values, A resistance-coupled amplifier gives very
little amplification at rf, for example, because the
reactances. of the interelectrode *‘capacitors” are so
low that they practically short-circuit the input
and output circuits and thus the tube is unable to
amplify. This is overcome at radio frequencies by
using tuned circuits for the grid and plate, making
the tube capacitances part of the tuning capaci-
tances. In this way the circuits can have the high
resistive impedances necessary for satisfactory
amplification.

The grid-plate capacitance is important at radio
frequencies because its reactance, relatively low at
tf, offers a path over which energy can be fed back
from the plate to the grid. In practically every case
the feedback is in the right phase and of sufficient
.amplitude to cause self-oscillation, so the circuit
becomes useless as an amplifier.

Special “neutralizing” circuits can be used to
prevent feedback but they are, in general not too
satisfactory when used in radio receivers. They are,
however, used in transmltters

SCREEN-GRID TUBES

The grid-plate capacitance can be reduced to a
negligible value by inserting a second grid between
the control grid and the plate, as indicated in Fig.
3-16. The second grid, called the screen grid, acts

CONTROL
SR | |, GRID
=4 L
| __CATHODE
.«
-
PLATE am
b " Nes ) HEATER

Fig. 3-16 — Representative arrangement of ele-
ments in a screen-grid tetrode, with part of plate
and screen cut away. This is “‘single-ended’” con-

struction with a button base, typical of miniature
receiving tubes. To reduce capacitance between
control grid and plate the leads from . these ele-
ments are brought out at opposite sides; actual
tubes probably would have additional shielding
between these leads.

cas an” electrostatlc shield to prevent capacit:vb
couphng between the centrol grid and plate. I{ 38
made in the form of a grid or coarse screen so that'
electrons can pass through it.

Because of the shielding sction of the screen”
gnd the positively charged plate cannot attract™
electrons from the cathode as it does in a triode. In.
order to get electrons to the plate, it is necessary to" -
apply a positive voltage (with respect to the
cathode) to the screen. The screen then atiracts
electrons much as does the plate in a triode tube..
In traveling toward the screen the electrons acquire
such velocity that most of them shoot between the
screen wires and then are attracted to the plate. A
certain proportion do strike the screen, however, .
with the result that some current also flows in the
screen-grid circuit.

To be a good shield, the screen grid must be '

connected to the cathode through a circuit that has =

low impedance at the frequency being amplified. A -

bypass capacitor from screen grid to cathode,
having a reactance of not more than a few hundred
ohms, is generally used.

A tube having a cathode, control grid, screen
grid and plate (four elements) is calted a tetrode. :

Pentodes

When an electron traveling at appreciable velo- - A

city through a tube strikes the plate it dislodges
other electrons which “splash” from the plate into. .
the interelement space. This is called secondary
emission. In a triode the negative grid repels the.
secondary electrons back into the plate and they
cause no disturbance. In the screen-grid tube,
however, the positively charged screen attracts the.

secondary electrons, causing a reverse current to -

. flow between screen and plate.

To overcome the effects of secondary emission,
a third grid, called the suppressor grid, may be: -
inserted between the screen and plate.' This grid =
acts as a shield between the screen grid and plate'so
the secondary electrons cannot be attracted by the. ~
screen grid. They are hence attracted back to the
plate without appreciably obstructing the regular
plate-cun'ent flow. A five-element tube of this type :
is called a pentode.

Although the screen grid in either ‘the tetrode
or pentode greatly reduces the influence of the
plate upon plate-current flow, the control grid still
can- control the plate current in essentially the
same way that it does in a triode. Consequently,
the grid-plate transconductance (or mutual con-
ductance) of a tetrode or pentode will be of the
same order of value as in a triode of corresponding
structure. On the other hand, since a change in
plate voltage has very little effect on the plate-cur- -
rent flow, both the amplification factor and plate
resistance of a pentode or tetrode are very high. In
small receiving pentodes the amplification factoris .
of the order of 1000 or higher, while the plate
resistance may be from 0.5 to 1 or more megohms. .
Because of the high plate resistance, the actual
voltage amplification possible with a pentode is

very much less than the laxge ampliﬁcation factor
might indicate. A voltage gain in the vwlmty ef 50 ‘

to 200 is typical of a pentode stage




W kpmctical‘ scrqen-gnd tabas” the gnd-ﬂplate
. .capacitanice 'is only ‘a small fraction of a picofarad.

“Able increase in input capacitance as described in
the preceding section, so the input capacitance of a -
- screen-grid tube is equal to the capacntance be-
tween the plate and screen.
In addition to- their applications as radlo-fre-
.-quency amplifiers, pentodes or tetrodes also are
used for audio-frequency power amplification. In .
- ‘tubes de31gned for this purpose the chief function
of the screen is to setve as an accelerator of the
electrons, so that large values of plate current can
be drawn at relatively low plate voltages. Such

... fubes-have quite high power sensitivity compared

with triodes of the same power output, although -
" harmonic distortion is somewhat greater.

Beam Tubes
A beam tetrode is a four-element screen-grid

‘are formed into concentrated beams on their way
to the plate. Additional design features overcome
- the effects of secondary emission so that a suppres-
sor grid is not needed. The “beam™ construction
makes it possible to draw large plate currents at
_relatively low plate voltages, and increases the’
power sensitivity.

~ " For power amplification at both audio and
‘radio frequencies beam tetrodes have largely sup-
planted the non beam types because large power
outputs can be secured with very small amounts of
grid dnvmg power.

", "~ Variable Tubes

The mutual conductance of a vacuum tube
" decreases when its grid bias is made more negative,
" assuming that the other electrode voltages are held
- constant. Since the mutual conductance controls
the amount of amplification, it is possible to adjust
\the gain of the amplifier by adjusting the grid bias.
. This method of gain control is universally used in

. " radio-frequency amplifiers designed for receivers.

-~ The oxdinary type of tube has what is known as
a sharp-cutoff characteristic. The mutual conduct-
ance decreases at a uniform rate as the negative
-"bias is increased. The amount of SIgnal voltage that
_such a tube can handle without causing distortion
is not sufficient to take care of very strong signals.

variable-u characteristic — that is, the amplification

\. factor decreases with increasing grid bias, The

- varjable-d tube can handle a much larger signal
than the sharp-cutoff type before the signal swings
either beyond the zero grid-bias point or the
' +plate-current cutoff point.

INPUT AND OUTPUT IMPEDANCES

" The inpat unpedance of a vacuum-tube amplifi-
~er is the impedance “‘seen” by the signal source
“ when connected to the input terminals of the
~ amplifier. In the types of amplifiers previously
discussed, the input impedance is the impedance
measured between the grid and cathode of the tube
with operanng voltages appl:ed At audio frequeri-

“This capacitance is too 'small to cause an appreci- -

tube constructed in such a way that the electrons -

- To overcome this, some tubes are made with a

output

* the load resistor,

cles t'he mput impedame of aClass A ‘amplifieris
for all practical purposes the: input nnpedance of

the stage. If the tube is driven into the grid-current

region there is in addition a resistance component
in the input impedance, the resistance having an
average value equal to E2/P, where E is the rms
driving voltage and P is the power in watts
consumed in the grid. The resistance usually will
vary during the ac cycle because grid current may
flow only during part of the cycle; also, the
grid-voltage/grid-current Characteristic is seldom

linear.

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

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

OTHER TYPES OF AMPLIFIERS

In the amplifier circuits so far discussed, the
signal has been applied between the grid and
cathode and the amplified output has been taken
from the plate-to-cathode circuit. That is, the
cathode has been the meeting point for the input
and output circuits, However, it is possible to use
any one of the three principal elements as the
common point. This leads to two additional kinds
of amplifiers, commonly called the grounded-grid

_amplifier (or grid-separation circuit) and the cath-

ode follower.

. These two circuits are shown in simplified form
in Fig. 3-17. In both circuits the resistor R
represents the load into which the amplifier works;
the actual load may be resistance-capacitance-
coupled, transformer-coupled, may be a tuned
circuit if the amplifier operates at radio frequen-
cies, and so on. Also, in both circuits the batteries
that supply grid bias and plate power are assumed
to have such negligible impedance that they de not
enter into the operation of the circuits.

‘

Grounded-Grid Amplifier

In the grounded-grid amplifier the input signal
is applied between the cathode and grid, and- the

Fig. 317 — In
the upper cir-
cuit, the grid is
the junction
point between
the input and
circuits
in the lower
drawing, the
plate is the junc-
tion. In either
case the output

is developed in

R, and may be
coupled to a fol-
lowing amplifier
by the. usual
methods.

CATHQDE FOLLOWER



- output is takeri between  the plafe” and grid. 'ﬁ:e‘

- grid ig'thus the common element. The ac compon-

" ‘ent of the plate current has to flow through the
signal source to reach the cathode. The source of
signal is in series with the load through the
ylate—to—cathode resistance of the tube, so some of
the power in the load is supplied by the signal
source, In transmitting applications this fed-
through power is of the order of 10 percent of the
total power output, using tubes suitable for
grounded-grid service.

The input impedance of the grounded-grid
amplifier consists of a capacitance in parallel with
an equivalent resistance representing the power
furnished by the driving source of the grid and to
the load. This resistance is of the order of a few
hundred ohms. The output 1mpedance, neglecting
the interelectrode capacitances, is equal to the
plate resistance of the tube. This is the same as in
the case of the grounded-cathode amplifier.

The grounded-grid amplifier is widely used at
vhf and uhf, where the more conventional amplifi-
er circuit fails to work properly. With a triode tube
designed for this type of operation, an rf amplifier
can be built that is free from the type of feedback
that causes oscillation. This requires that the grid
act as a shield between the cathode and plate,
reducing the plate-cathode capamtance to a very
low value.

Cathode Follower -

The cathode follower uses the plate of the tube
as the ‘common element. The input signal is applied
between the grid and plate (assuming negligible
impedance in the batteries) and the output is taken
between cathode and plate. This circuit is degener-
ative; in fact, all of the output voltage is fed back
into the 1np t circuit out of phase with the grid
signal, The ihput signal therefore has to be larger
than the output voltage; that is, the cathode
follower gives a loss in voltage, although it gives the
same power gain as other circuits under equivalent
operating conditions.

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

T

Zout = T;_Eﬁ"

where rp, is the tube plate resistance and [ is the
amplification factor. Low output impedance is a
valuable characteristic in an mpMer designed to
cover a wide band of frequencies. In addition, the
input capacitance is only a fraction of the grid-to-
cathode capacitance of the tube, a feature of
further - benefit in a wide-band amplifier. The
cathode followeris useful as a.step-down imped-
_ ance transformer, since the input impedance is high
and the output impedance is low.

CATHODE CIRCUITS AND GRID BIAS

Most of the equipment used by amateurs- is
powered by the ac line, This includes the filaments

- or heaters of vacuum tubes. Although supplies for
the plate (and sometimes the grid) are usually -

mtlf'wd and filtered to give pure dc'— that is, -

dlrect current that is* Gonstant and ‘without

- currents required by filaments and heaters tisually
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superimposed ac component — the relatively larg
make a rectifier-type dc supply impracticable. .

Filament Hum

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

Hum troubles are worst with dlrectly-heated
cathodes or filaments, because yith such cathodes,
there has to be a dltect connection between the
source of heating power and the rest of the circuit.
The hum can be minimized by either of  the
connections shown in Fig. 3-18. In both cases the.
grid- and plate-return circuits ate connected to the
electrical midpoint (center tap) of the filament -
supply. Thus, so far as the grid and plate are:
concerned, the voltage and current on one side of
the filament are balanced by an equal and opposite .
voltage and current on the other side. The balance .
is never quite perfect, however, so filament-type '
tubes are never completely hum-free. For this
reason duectly-heated filaments. are employed for
the most part in power tubes, where the hum
introduced is extremely small in comparison w1th
the power-output level. :

With indirectly heated cathodes the chief pmb- ;
lem is the magnetic- ficld set up by the heater. -
Occasionally, also, there is leakage between the
heater and cathode, allowing a small ac voltage to
get to the grid. If hum appears, grounding one side
of the heater supply usually will help to reduce it,
although sometimes better results are obtained if
the heater supply is center-tapped and the centez-
tap grounded, as in Fig. 3-18. :

Cathode Bias

In the simplified amplifier circuits dlscussed in
‘this chapter, grid bias has been supplied by a '
battery. However, in equipment that operates from
the power line, cathode bias is almost universally
used for tubes that are operated in Class A
(constant dc input).

The cathode-bias method uses a resistor (caﬂ\-
ode resistor) connected in series with the cathode, -

Flg. 3-18 — Filament centemapping methods for
use with directly heated tubes




:. " Fig. 319 — Cathode biasing. R is the cathode
- resistor and C is the cathode bypass capacitor.

as shown at R in Fig.. 3-19. The direction of
plate-current flow is such that the end of the
resistor nearest the cathode is positive. The voltage
" drop across R therefore places a_negative voltage
on the grid. This negative bias is obtained from the
" steady dc plate current.

If the alternating component of plate current
flows through R when the tube is amplifying, the
voltage drop caused by the ac will be degenerative
- {note the similarity between this.circuit and that of
Fig. 3-14A). To prevent this the resistor is by-

reactance compared with the resistance of R.
Depending on the type of tube and the particular
kind of operation, R may be between about 100
and 3000 ohms. For good bypassing at the low
audio frequencies, C should be 10 to 50 micro-
farads (electrolytic capacitors are used for this
purpose). At radio frequencies, capacitances of
about 100 pF to 0.1 uF are used; the small values
- -are sufficient at very high frequencies and the
. largest at low and medium frequencies. In the
range 3 to 30 megahertz a capacitance of .01 UF
is satisfactory.
The value of cathode resistor for an amplifier
- having negligible dc resistance in its plate circuit
* (transformer or impedance coupled) can easily be
calculated from the known operating conditions of
‘the tube. The proper grid bias and plate current
- always are specified by the manufacturer. Knowing
_ these, the required resistance can be found by
applying Ohm’s Law.

- ‘Example: It is found from tube tables that the tube to
"be used should have a negative grid bias of 8 volts.and that
at this bias the plate current will be 12 milliamperes (0.012
amp). The required cathode resistance is then

E 8. =
R= iiv] 667 ohms

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

P=EI=8X .012=0.096 watt

A 1/4-watt or 1/2-watt resistor would have ample rating,

The current that flows through R is the total
" cathode current, In an ordinary triode amplifier
this is the same as the plate current, but in a

. the. plate and screen currents. Hence these two
“currents must be added when calculating the value
‘of cathode resistor required for a screen-grid tube.

passed by a capacitor, C, that has very low .

screen-grid tube the cathode current is the sum of -

inas At this bias and the' séecommended plate and screén
“voltages, its plate cutrent is 9 mA and its screen cusrent is 2

mA. The cathode current is therefore 11 mA (0.011 amp).
The requited resistance is
=E £- 3 =
11 272 ohms

A 270-ohm sesistor would be satisfactory. The power in the
resistor is
P=EI=3X0011= .033watt

The cathode-resistor method of biasing is self-
regulating, because if the tube characteristics vary
slightly from the published values (as they do in
practice) the bias will increase if the plate current
is slightly high, or decrease if it is slightly low. This
tends to hold the plate current at the proper value,

Calculation of the cathode resistor for a resist-
ance-coupled amplifier is ordinarily not practicable
by the method described above, because the plate
current in such an amplifier is usually much smalier
than the rated value given in the tubg tables.
However, representative data for the tubes com-
monly used as resistance-coupled amplifiers are
given in the chapter on audio amplifiers, including

-cathode-resistor values.

“Contact Potential” Bias

In the absence of any negative bias voltage on
the grid of a tube, some of the electrons in the.
space charge -will have enough velocity to reach the
grid. This causes a small current (of the order of
microampezes) to flow in the external circuit
between the grid and cathode. If the current is
made to flow through a high resistance — a
megohm or so — the resulting voltage drop in the
resistor will give the grid a negative bias of the
order of one volt. The bias so obtained is called
contact-potential bias.

Contact-potential bias can be used to advantage
in circuits operating at low signal levels (less than
one volt peak) since it eliminates the cathode-bias
resistor and bypass capacitor. It is principally used
in low-level resistance-coupled audio amplifiers.
The bias resistor is connected directly between grid
and cathode, and must be isolated from the signal
source by a blocking capacitor.

Screen Supply

In practical circuits using tetrodes and pentodes
the voltage for the screen frequently is taken from
the plate supply through a resistor. A typical
circuit for an rf amplifier is shown in Fig. 3-20.
Resistor R is the screen dropping resistor, and C is
the screen bypass capacitor. In flowing through R,
the screen current causes a voltage drop in R that
reduces the plate-supply voltage to the proper
value for the screen. When the plate-supply voltage

‘and the screen current are known, the value of R

can be caluclated from Ohm’s Law.,

Example: An 1f receiving pentode has a rated screen
current of 2 milliamperes (0.002 amp) at normal operating
conditions. The rated screen voltage is 100 volts, and the
plate supply gives 250 volts. To put 100 volts on the screen,
the drop across R must be equal to the difference between

_ the plate-supply voltage and the screen voltage; that is,
250 — 100 =150 volts. Then
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Fig. 3-20 — Screen-voltage supply for a pentode
tube through a dropping resistor, R. The screen
bypass capacitor, C, must have low enough react-
ance to bring the screen to ground potential for the
frequency or frequencies-being amplified.

- R=E< 130275000 ob
R 7 ‘,'0024!75,00001111:3

Thé power to be dissipated in the resistos is
“P=EI=150X .002= 0.3 watt

A 1/2- or 1-watt resistor would be satisfactory.

The reactance of the screen bypass capacitor, C,

‘should be low compared with the screen-to-

cathode impedance. For radio-frequency applica-
tions a capacitance in the vmuuty of .01 MF is -
amply large.

In some vacuum-tube circuits the screen voltage
is obtained from a voltage divider connected across
the plate supply. The design of voltage dividers is -
discussed at length elsewhere in this book.

OSCI LLATORS

It was mentioned eartlier that if there is enough
pasitive feedback in an amplifier circuit, self-sus-
taining oscillations will be set up, When an amplifi-
er is armranged so that this condition exists it is
called an oscillator.

Oscillations normally take place at only one
frequency, and a desired frequency of oscillation
can be obtained by using a resonant circuit tuned
to that frequency. For example, in Fig. 3-21A the
circuit LC is tuned to the desired frequency of
oscillation. The cathode of the tube is connected
to a tap on coil L and the grid and plate are
connected to opposite ends of the tuned circuit.
When an 1f current flows in the tuned circuit there
is a voltage drop across L that increases progressive-
ly along the turns. Thus the point at which the tap
is connected will be at an intermediate potential
with respect to the two ends of the coil. The
amplified current in the plate circuit, which flows
through the bottom section of L, is in phase with
the current already flowing in the circuit and thus
in the proper relationship for positive feedback.

The amount of feedback depends on the
position of the tap. If the tap is too near the grid

end the voltage drop between grid and cathode is -

too small to give enough feedback to sustain
oscillation, and if it is too near, the plate end of the
impedance between the cathode and plate is too
small to permit good amplification. Maximum
feedback usually is obtained when the tap is
somewhere near the center of the coil.

The circuit of Fig. 3-21A is_parallelfed, ‘Cy
being the blocking capacitor. The value of Cy, is
not critical so long as its reactance is low (not more
than a few hundred ohms) at the operatmg
frequency.

Capacitor Cg is the gnd capacitor. It and Ry
(the grid leak) are used for the purpose of
obtaining grid bias for the tube. In most oscillator
circuits the tube generates its own bias. During the
part of the cycle when the grid is positive with
respect to the cathode, it atiracts electrons. These
electrons cannot flow through L back to the
cathode because Cy “blocks” direct current. They
therefore have to flow or “leak™ through Rg to
cathode, and in doing so cause a voltage drop inRg

- that places a negative blas on the gnd 'I'he amount

of bias so developed is equal to the grid current
multiplied by the resistance of Rg (Ohm’s Law).:
The value of grid-leak resistance required depends
upon the kind of tube used and the purpose for
which the oscillator is intended. Values range all
the way from a few thousand to several hundred
thousand ohms. The capacitance of Cg should be
large enough to have low reactance (a fgw hundred
ohms) at the operating frequency.

The circuit shown at B in Fig. 3-21 uses the
voltage drops across two capacitors in series in the
tuned circuit to supply the feedback. Other than
this, the operation is the same as just described.
The feedback can be varied by varying the ratio of
the reactance of C1 and C2 (that is, by varying the
ratio of their capacitances).

Another type of oscillator, called the tuned-
plate tuned-grid circuit, is shown in Fig. 3-22.
Resonant circuits tuned approximately to the same
frequency are connected between grid and cathode
and between plate and cathode. "I'he two coils, L1

RFC
+ (A)
Plate Voitage
i o-
7
-
HARTLEY CIRCUIT
Cq RFC
(8)
R +
;ECI Plate Voltage
L : O- ’
B,
e

cowl#s CIRCUIT
Fig. 3-21 — Basic osciilator circuits. Feedback
voltage is obtained by tapping the grid and cathode
across a portion of the tuned circuit. In the Hartley
circuit the tap is on the coil, but in the Colpitts
circuit the voltage is obtained from the drop.across
a capacitor.
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o Fig. 3-22 — The tuned-plate tuned-grid oscillator.

* and L2, are not magnetically coupled. The feed-
“back- is through the grid-plate capacitance of the
tube, and will be in the right phase to be positive
~when the plate circuit, C2-L2, is tuned to a slightly
*higher frequency than the grid circuit, L1-C1.The
amount of feedback can be adjusted by varying the
taning of either circuit. The frequency of oscilla-
" tion is determined by the tuned circuit that has the
higher Q. The grid leak and grid capacitor have the
.'same functions as in the other circuits. In this case
“it is convenient to use series feed for the plate
circuit, so Cp, is a bypass capacitor to guide the rf
current around the plate supply.

There are many oscillator circuits (examples of
others will be found in later chapters) but the basic
feature of all of them is that there is positive
feedback in the proper amplitude and phase to

* sustain oscillation.

Oscillator Operating Characteristics

When an oscillator is delivering power to a load,
‘the adjustment for proper feedback will depend on
how heavily the oscillator is loaded — that is, how
much power is being taken from the circuit. If the
feedback is not large enough — grid excitation too

* too much feedback will make the grid curtent
excessively higher, with the result that the power
loss in the grid circuit becomes. larger than
necessary. Since the oscillator itself supplies this
... grid power, excessive feedback lowers the over-all
- efficiency because whatever power is used in the
" grid circuit is not available as useful output.

One of the most important considerations in
oscillator design is frequency stability. The princi-
pal- factors that cause a change in frequency are (1)
" temperature, (2) plate voltage, (3) loading, (4)
mechanical variations of circuit elements. Tempera-
ture changes will cause vacuum-tube elements to
expand or contract slightly, thus causing variations
in the interelectrode capacitances. Since these are
‘unavoidably part of the tuned circuit, the frequen-
¢y will change correspondingly. Temperature
"> changes in the coil or the tuning capacitor will alter

the inductance or capacitance slightly, again caus-

~ ing a shift in the resonant frequency. These effects

- -are relatively stow in operation, and the frequency
‘change caused by them is called drift.

A change in plate voltage usually will cause the

.7 called dynamic instability. Dynamic instability can
-~ be reduced by using. a tuned circuit of high
- effective Q. The energy taken from the circuit to

.- supply grid losses, as well as energy supplied to a

" load, represent an.increase in the effective resist-

- 'small — a small increase in load may tend to throw
the circuit out of oscillation. On the other hand,

frequency to change a small amount, an effect

4 anoe of the t(med' mrcusit and, thus lower ifs. Q Fer

hlghest ‘stability, therefore, the coupling between
‘the tuned circuit and the tube and load must be
kept as loose as possible. Preferably, the oscillator
should not be required to deliver power to an
external circuit, and a high value of grid leak
resistance should be used since this helps to raise
the tube grid and plate. resistances as seen by the
tuned circuit., Loose coupling can be effected in a
variety of ways — one, for example, is by *“‘tapping

" down” on the tank for the connections to the grid

and plate. This is done in the “series-tuned”
Colpitts circuit widely used in variable-frequency
oscillators for amateur transmitters and described
in a later chapter. Alternatively, the L/C ratio may
be made as small as possible while sustaining stable -
oscillations (high C) with the grid and plate
connected to the ends of the circuit as shown in
Figs. 3-21 and 3-22. Using relatively high plate-
voltage and low plate current also is desirable.

In general, dynamic stability will be at maxi-
mum when the feedback ‘is adjusted to the least
value that permits reliable oscillation. The use of a
tube having a high value of transconductance is
desirable, since the higher the transconductance
the looser the permissible coupling to the tuned
circuit and the smaller the feedback required.

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

Mechanical variations, usually caused by vibra-
tions, cause changes in inductance and/or capaci-
tance that in turn cause the frequency to “‘wobble”
in step with the vibration.

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

Ground Point

In the oscillator circuits shown in Figs. 3-21
and 3-22 the cathode is connected to ground. It is
not actually essential that the radio-frequency
circuit should be grounded at the cathode; in fact,
there are many times when an 7f ground on some
other point in the circuit is desirable. The f
ground can be placed at any point so long as
proper provisions are made for feeding the supply
voltages to the tube elements.

Fig. 3-23 shows the Hartley circuit with the
plate end of the cncult grounded. The cathode and
control grid are “above ground,” so far as the rf is
concerned. An advantage of such a circuit is that
the frame of the tuning capacitor can be grounded.
The Colpitts-circuit can also be used with the plate

AT

Voltage

Fig. 323 — Showing how the plate may be
grounded for rf in a typical oscillator circuit
{Hartley). .




_Micrdwave Tubes -

! gtounded and the cathode above ground jtis only B vanatlon is to use the screen ghd of the tube as the
.- anode for the Hartley or Colpitts oscillator circuit:

necessary to feed the dc to the cathode through an
rf choke.

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

- It is usually used in the grounded anode circuit,*’
and the plate circuit of the tube is tuned to the
second harmonic of the oscillator frequency.

VHF AND MICROWAVE TUBES

Until now, it has been assumed that the time it
takes for the electrons ta travel from the cathode
to the plate does not affect the performance of
vacuum-tube operation, As the frequency of opera-
tion is raised, this time, called the tranmsit time,
becomes increasingly important. The transit time
depends upon the voltage from the cathode to the
plate and the spacing between them. The higher
the voltage and the smaller the spacing, the shorter
the-transit time. This is why tubes-designed for vhf
.and uhf work have very small interelectrode
spacings. However, the power handling capabilities
also get smaller as the spacing decreases so there is

a limit above which ordinary triode and pentode '

tubes cannot be operated efficiently.

Many different tubes have been developed
which actually use transit-time effects to an ad-
vantage. Velocity modulation of the electron
stream in a klystron is one example. A small
voltage applied across the gap in a re-entrant cavity
resonator either retards or accelerates an electron
stream by means of the resultant electric field.

Initially, all the electrons are traveling at the same

velocity and the current in the beam is uniform.
After the velocity fluctuations are impressed on
the beam, the current is still uniform for awhile
but then the electrons that were accelerated begin
to catch up with the slower ones that passed
through when the field was zero. The latter are also
catching up with ones that passed through the gap
earlier but were retarded. The result is that the
current in the beam is no longer uniform but
consists  of a series of pulses. If the beam now
passes through another cavity gap, a current will be
induced in the cavity walls and an electric field also

. will be set up across the gap. If the phase of the

electric * field is right, the electron pulses or
“bunches” pass through the gap and are retarded,
thus giving up energy to the electric field. When
the electric field reverses, it would normally
accelerate the same number of electrons and give

" back the energy, but fewer electrons now pass

through the gap and the energy given up is less.
Thus, a net flow of energy is from the beam to the

. cavity. If the voltage produced across the output

cavity is greater than that across the input cavity,
amplification results (assuming the two cavity
impedances are the same).

The type of klystron that amateurs are most
likely to use is the reflex klystron oscillator. Here,
the input and output cavity are the same. The
electron stream makes one pass through, becomes
velocity modulated, and is turned around by the
negative charge on an element called the repeller.
During the second pass through, the stream is now
bunched and delivers some of its energy to the
cavity. The dissipated beam.is then picked up by

the cavity walls and the circuit is completed. This
is'shown pictorially in Fig. 3-24.

Klystrons either have cavities external to the
vacuum part of the tube or built in as an integral
part of the tube structure. The 723 reffex klystron
is of the latter type, and along with similar types -
can be purchased surplus. These tubes were used as
local oscillators in radar receivers and can be used: :
for the same purpose in amateur apphcatlons They
also may be used in low power transmitters.

Along with a heater supply (usually 6.3 volts),
two other voltages are necessary for the operation
of the reflex klystron. This is shown in Fig. 3-24.
Ve is typically 300 volts dc and Vr will vary from
100 to 150 volts dc. The loaded Q of the reflex *°
klystron cavity is quite low and oscillations will
occur at different frequencies for various values of
Vr. This can be used to advantage and either
frequency - modulation or automatic frequency .-
control (afc) can be applied to the klystron by
means of changes in V1. As the repeller voltage is
made more negative, it will be found thatr
oscillations will occur, increase in amplitude; and
then drop out. This will be repeated as the voltage
is increased and each time the maximum amplitude

“of the output power will be less. However, the

frequency. range covered by each different set of
oscillation conditions is approximately the same.

- VT B
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Fig. 3-24 — Cross-sectlonal view of a typical reﬂex
klystron. The frequency of the cavity resonator is "~

. changed by varying the spacing between the grids. :
using a tuning mechanism and a flexible bellows. . -

Modification of this system may be necessary to .
get certain surplus klystrons into an appropnate .
amateur band )
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and parts information for a

power supply and control unit

suutable for amateur ‘micro-

wave* transceivers. Unless

otherwise specified, capacitor

values are in UF and resistors

are 1/2-watt composition.

CR1 — 1000 PRV, 1-A.

F1 — 1-A fuse and hoider.

J1 — Shielded microphone
jack,

J2 — Coaxial chassis fitting.

L1 — 10-H 110-mA- choke
{Stancor C-1001).

+270V

TO
REPELLER

To FM : R1 — 0.5-megohm potentiom-
DISCRIMINATOR eter, audio taper,

REPELLE&WU R2 — 0.2-meghom potentiom-

$.~  PROBE eter, carbon, linear taper.

R3 — Meter shunt; value to
suit meter used, for 1-mA

M 1 range.
LIMITER PR 8 R4 — 5000 ohms, 20 watts,
COAX TO BASE DIAGRAM FOR with slider.
CRWTAL  TI3ANDSIMILARTYPES RFC1 — 15 turns No. 24
enamel on 1/2-inch form,
COAX TO I-F OR {Any rf choke for 30 to
FM RECEIVER 100 MHz is suitable.)

+258VREG. S1 — Toggle switch,
yOMYSION 52 — Toggle switch,
S§3 — Single-pole 3-position
wafer switch,
S4 — Toggle switch.
T1 — 270-0-270 volts at 70
mA min,, 5 volts, 3 A. 6.3

- volts, 3.5 A (Stancor
108V PC-8405). ‘
o270 AFC T2 — 6.3 volts, 1.2 A {Stancor
P-6134). .

QO +

Practical metering, afc, modulator, and power
supply circuit diagrams are shown in Fig. 3-25
(OST, August, 1960) which are suitable for the
723 and 2K26 klystrons. One disadvantage of the
system shown is that the shell of the klystron is at
260 volts above ground. An alternate method is to
ground the shell and apply —260 volts to the
‘cathode and —(260 + Vr) to the repeller. A
510-volt supply is needed for the repeller, but since
< the repeller draws negligible current, this should
not be difficult.
~As is the case with most microwave tubes,
coupling power out from the klystron is somewhat
~more complicated than is the -case with low-
- fréquency tubes. A magnetic pickup loop placed in
the cavity is connected either to a coaxial fitting or
a waveguide probe. The latter (used with the 2K26
-and the 723) is inserted into the middle of the

waveguide and the coupling to the line is de-
termined by the depth of the probe. Since
klystrons (and other microwave tubes) are quite
sensitive to variations in loading, some sort of
attenuator or an isolator is often necessary to
prevent malfunctions.

Other types of microwave tubes that the
amateur may encounter are the traveling wave tube
(TWT), and the backward wave oscillator (BWO).
Here, an electromagnetic wave is slowed -down

" below the speed of light in free space and allowed

to interact continuously with an electron stream.
While -the latter two tubes use magnets for focusing
the electron beam, the magnetron and other

crossed-field amplifiers also use a magnetic field in -

conjunction with. an electric field in their
operation. :

Fig. 3-25 — Schematic diagram -+
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Semiconductor

Materials whose conductivity falls approximate-
ly midway between that of good conductors (e.g.,
copper) and good insulatoss (e.g., quartz) are called
semiconductors. Some of these materials (primarily
germanium and silicon) can, by careful processing,
be used in solid-state electronic devices that

perform many or all of the functionsof thermionic

tubes, In many applications their small size, long
life and low power requirements make them
superior to tubes.

The conductivity of a material is proportional
to the number of free electrons in the material.
Pure germanium and pure silicon crystals have
relatively few free electrons. If, however, carefully
controlled amounts of ‘‘impurities” (materials
having a different’ atomic structure, such as arsenic
or antimony) are added the number of free
electrons, and consequently the conductivity, is
increased. When certain other impurities are
introduced (such as aluminum, gallium or indium),
an electron deficiency, or hole, is produced. As in
the case of free electrons, the presence of holes
encourages the flow of electrons in the semicon-
ductor material, and the conductivity is increased.
Semiconductor material that conducts by virtue of
the free electrons is called n-type material; material
that conducts by virtue of an electron deficiency is

called p-type.

Electron and Hole Conduction

If a piece of p-type material is joined to a piece
of n-type material as at A in Fig. 4-1 and a voltage
is applied to the pair as at B, current will flow
across the boundary or junction between the two
(and also in the external circuit) when the battery
has the polarity indicated. Electrons, indicated by
the minus symbol, are attracted across the junction
from the n material through the p material to the
positive terminal of the battery, and holes,
indicated by the plus symbol, are attracted in the
opposite direction across the junction by the
negative potential of the battery. Thus current
flows through the circuit by means of electrons
moving one way and holes the other.

If the battery polarity is reversed, as-at C, the
excess electrons in the n material are attracted
away from the junction and the holes in the p
material are attracted by the negative potential of
the battery away from the junction. This leaves the
junction  region without any current carriers,
consequently there is no conduction.

. In other words, a junction of p- and n-type
materials constitutes a rectifier. It differs from the

Typical silicon and. germanium dlodes *of the
present era. The larger units are daslgned o handie
high current.

Devices

NO CURRENT

CURRENT

e

L+ + "¢

- Lt
m ®

Fig. 4-1 — A p-n junction (A) and its
behavior when conducting (B) and
nonconducting {C).

tube diode féctlﬁer in that there is a measurable,
although comparatively very small, reverse current.’
The reverse current results from the. presence of

some carriers of the type opposite to those which '

principally characterize the material,
With the two plates separated by practlca.lly‘

zero spacing, the junction forms a capacitor of

relatively high capacitance. This places a limit on
the  upper frequency at. which semiconductor
devices of this construction will operate, as -
compared with vacuum tubes. Also, the number of

excess electrons and holes in the material depends

upon temperature, and since the conductivity in
turn depends on the number of excess holes and
electrons, the device is more temperature sensitive’ |
than is a vacuum tube. .

Capacitance may be reduced by making the
contact area very small. This is done by means of 2 .
point contact, a tiny p-type region being formed .
under the contact point during manufacture when
n-type material is used for the main body of the
device.

SEMICONDUCTOR DIODES

Point-contact and junction-type diodes are used
for many of the same purposes for which tube
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- Fig. 4-2 — At A, a germanium point-contact diode.
At B, construction of a silicon junction-type diode.
The symg‘ol at C is used for both diode types and

~+ indicates the direction of minimum resistance
. measured by conventional methods. At C, the

arrow cofresponds to the plate (anode) of a

vacuum-tube diode. The bar represents the tube’s

cathode element.

diodes are used. The construction of such diodes is
shown in Fig. 4-2. Germanium and silicon are the
most widely used materials; silicon finds much
application as a microwave mixer diode. As
" compared with the tube diode for rf applications,
~ the  semiconductor point-contact diode has the
.- advantages of very low interelectrode capacnance
{on the order of 1 pF or less) and not requmng any
heater or filament power.

- The germanium diode is characterized by
- relatively large current flow with small applied
" voltages in the ‘“forward” direction, and small,
“-although finite, current flow in the reverse or
“back” direction for much larger applied voltages.

‘", A typical characteristic curve is shown in Fig, 4-3.

The dynamic resistance in either the forward or

" back direction is determined by the change in

» current that occurs, at any given point on the

g

Fig." 43 — Typical
point contact’ german-
- ium diode characteristic
= curve, Because the back
“ - current is much smaller
“than the forward cur-
rent, a different scale is
-used for back voltage

/

-]

8
.

3

°

FORWARD CURRENT~-MA

*‘and current.
' )74

L
3

BACK vOoLTS
40  -30 -20

1 2 3
FORWARD vOLTS

y.‘.‘o 50 -

i

curve, when the applied voltage is changed by a

.small amount. The forward resistance shows some

variation in the region of very small applied
voltages, but the curve is for the most part quite
straight, indicating fairly constant dynamic resist-
ance. For small applied voltages, the .forward

. resistance is of the order of 200 ohms or less in

most such diodes. The back resistance shows
considerable variation, depending on the particular
voltage chosen for the measurement. It may run
from a few thousand ohms to well over a megohm.
In applications such as meter rectifiers for rf
indicating instruments (tf voltmeters, wavemeter
indicators, and so on) where the load resistance
may be small and the applied voltage of the order
of several volts, the resistances vary with the value
of the applied voltage and are considerably lower.

Junction Diodes

Junction-type diodes made ‘of silicon are
employed widely as rectifiers. Depending upon the
design of the diode, they are capable of rectifying
currents up to 40 or 50 amperes, and up to reverse
peak voltages of 2500. They can be connected in
series or in parallel, with suitable circuitry, to
provide higher capabilities than those given above.
A big advantage over thermionic rectifiers is their
large surge-to-average-current ratio, which makes
them suitable for use with capacitor-only filter
circuits. This in turmn leads to improved no-load-to-
full-load voltage characteristics. Some considera-
tion must be given to the operating temperature of
silicon diodes, although many carry ratings to 150
degrees C or so. A silicon junction diode requires a -
forward voltage of from 04 to 0.7 volts to,
overcome the junction potential barrier.

Ratings

Semiconductor diodes are rated primarily in
terms of maximum safe inverse voltage (PIV or
PRV) and maximum average rectified current.
Inverse voltage is a voltage applied in the direction
opposite to that which would be read by a dc
meter connected in the current path,

It is also customary with some types to spec1fy
standards of performance with respect to forward
and back current. A minimum value of forward
current is usually specified for one volt applied.
The voltage at which the maximum tolerable back
current is specified varies with the type of diode.

Zener Diodes

The Zener -diode is a special type of silicon
junction diode that has a characteristic similar to
that shown in Fig. 44. The sharp break from
non-conductance to conductance is called the
Zener knee; at applied voltages greater than this
breakdown point, the voltage drop across the diode
is essentially constant over a wide range of

- currents, The substantially constant voltage drop -

over- a  wide range of currents allows this
semiconductor device to be used as a constant
voltage reference or control element, in a manner
somewhat similar to the gaseous voltage-regulator
tube. Voltages for Zener-diode action range from a
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Fig. 4-4 — Typical characteristic of a Zener diode.
In this example, the voltage "drop is substantially
constant at 30 volts in the (normally) reverse
direction. Compare with Fig. 4-3. A diode with this
characteristic would be. called a ‘‘30-voit Zener
diode."”
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Fig. 4-5 — Zener diodes have many practical uses.
operates in the same manner as a gaseous regulator tube. Several Zener diodes can be connected in series -

" few, volts to several hundred ahd

INPUT 3

power ratings ru
from a fraction of a watt to 50 watts. R
Zener diodes can be connected in series to;
advantage; the temperature coefficient is improved -
over that of a single diode of equivalent rating and -
the power-handling capability is increased. ‘
Examples of Zener diode applications age given .~

* in Fig. 4-5. The illustrations represent some of the -

more common uses to which Zeners are put. Many -
other applications are possible, though not shown .
here. :

Voltage-Variable Capacitor Diodes

Voltage-variable capacitors, Varicaps or varac-
tors, are p-n junction diodes that behave as
capacitors of reasonable @ when biased in the
reverse direction. They are useful in many
applications because the actual capacitance value is -
dependent upon the dc bias voltage that is applied.
In a typical capacitor the capacitance can be varied "
over a 10-to-] range with a bias change from 0 to
—100 volts. The current demand on the bias supply
is on the order of a few microamperes. o

v Typical applications include remote corntrol of
‘tuned circuits, automatic frequency control of
receiver local oscillators, and simple frequency.
modulators for communications and for sweep- -
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Shown at A, is a simple dc voltage regulator which B

(B} to provide various regulated voltages. At C, the filament line of a tube is supplied with regulated de ™
to enhance oscillator stability and reduce hum. In the circuit at D a Zener diode sets the bias level of an
rf power amplifier. Bias regulation is afforded the bipolar transistor at E by connecting the Zener diode

between base and ground. At F, the 18-volt Zener will clip peaks at and above 18 volts to protect 12-volt ;.

mobile. equipment, (High peaks are frequently caused-by transients in the automotive ignition systgm,)\
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tuning applications. Diodes used in these applica-
- tions are frequently referred to as “‘Varicap™ or
- “Epicap” diodes.

An important transmitter application of the
varactor is as a high-efficiency frequency multipli-
- er. The basic circuits for varactor doublers and
triplers are shown in Fig. 4-6, at A and B. In these
circuits the fundamental frequency flows around
the input loop. Harmonics generated by the
; wvaractor are passed to the load through a filter

. tuned to the desired harmonic. In the case of the
tripler circuit at B, an idler circuit, tuned to the.
second harmonic, is required, Tripling efficiencies
of 75 percent are not too difficult to come by, at
power levels of 10 to 25 watts. .
©  Fig. 4-6C illustrates how .a voltage-variable
capacitor diode can be used to tune a VFO, These
- diodes can be used to tune other rf circuits also,
and are particularly useful for remote tuning such
as might be encountered in vehicular installations.
These diodes, because of their small size, permit
"~ tuned-circuit assemblies to be quite compact. Since

> 'the @ of the diode is a vital consideration in
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“:Fjg. 47 — Cross-sectional view .of a hot-carrier
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Fig. 46 — Varactor frequency multipliers are
shown at A and B. In practice the tuned circuits
and impedance-matching techniques are somewhat
more complex than those shown in these
representative circuits. At C, a varactor diode is
used to vary the frequency of a typical JFET VFO.
As the dc voltage is changed by control R, the
junction capacitance of CR1 changes to shift the
resonant frequency of the tuned circuit.

such applications, this factor must be taken into
account when designing a circuit. Present-day
manufacturing processes have produced units
whose Qs are in excess of 200 at 50 MHz.

HOT-CARRIER DIODES

The hot-carrier diode is a high-frequency and
microwave semiconductor whose characteristics
fall somewhere between those of the point-contact
diode and the junction diode. The former is
comparable to the point-contact diode in high-
frequency characteristics, and exceeds it in
uniformity and reliability. The hot-carrier diode is
useful in high-speed switching circuits and as a
mixer, detector, and rectifier well into the
microwave spectrum. In essence, the hot-carrier
diode is a rectifying metal-semiconductor junction.
Typical metals used in combination with silicon of
either the n- or p-type are platinum, silver, gold or
palladium.

The hot-carrier diode utilizes a true Schottky
barrier, whereas the point-contact diode used a
metal whisker to make contact with the semicon-
ductor element. In a hot-carrier diode a planar area
provides a uniform contact potential and uniform
current distribution throughout the junction. This
geometry results in lower series resistance, greater
power capability, lower noise characteristics, and
considerably greater immunity to burnout from
transient pulses or spikes. A cross-sectional view of
a hot-carrier diode is shown in Fig. 4-7 (courtesy of
Hewlett Packard Associates). A comparison in
characteristics between a point-contact diode and a
hot-carrier diode is given in Fig. 4-8. Detailed
information on the characteristics of -hot-carrier
diodes and their many applications is given in
Hewlett Packard Application Note 907. ‘




“Transistors

PIN Dlodes

Another type of .diode is- the PIN dlode. It
might more aptly be described as a variable resistor
than as a diode. In its intended application (at vhf
and higher) it does not rectify the applied signal,
nor does it generate harmonics. Its resistance is
controlled by dc or a low-frequency signal, and the
high-frequency signal which is being controlled by
the diode sees a constant polarity-independent
resistance. The dynamic resistance of the PIN
diode is often larger than 10,000 ohms, and its
junction capacitance is very low.

PIN diodes are used as variable shunt or series
resistive elements in microwave transmission lines,
and as agc diodes in the signal input lead to vhf and
uhf fm receivers. The PIN diode offers many
interesting possibilities.
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Fig. 48 — Curves showing the comparison in

‘characteristics between a 1N21G point-contact

diode and a Hewlett-Packard HPA2350 hot-carrier -
diode. :
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Fig. 4-9 — Ilustration of a junctionpnp transistor.

Capacitances Cbe and Cbc are discussed in the text,
and vary with changes in operating and signal
voltage.

Fig. 49 shows a “sandwich” made from two
layers of p-type semiconductor material with a thin
layer of n-type between, There are in effect two pn
junction diodes back to back. If a positive bias is
applied to the p-type material at the left, current
will flow though the left-hand junction, the holes
moving to the right and the electrons from the
n-type material moving to the left. Some of the
holes moving into the n-type material will combine
with the electrons there and be neutralized, but
some of them also will travel to the region of the
right-hand junction. .

If the pn combination at the right is biased
negatively, as shown, there would normally be no
current flow in this circuit. However, there are now
additional holes available at the junction to travel
to point B and electrons can travel toward point 4,
so a current can flow even though this section of
the sandwich is biased to prevent conduction. Most
of the current is between 4 and B and does not
flow out through the common connection to the
n-type material in the sandwich.

A semiconductor combination of this type is
called a transistor, and the three sections are
known as the emitter, base and collector,
respectively. The amplitude of the collector
~ -current depends pnnmpally upon the amplitude of

the emitter current; that is, the collector current is
controlled by the emitter current.

Between each p-n junction exists an area known
as-the depletion, or transition region. Itis similar in
characteristics to a dielectric layer, and its width
varies in accordance with the operating voltage.

‘The semiconductor materials either side of the

depletion region consitute the plates of a capacitor.
The capacitance from base to emitter is shown as
Cpe (Fig. 4-9), and the collector-base capacitance is
represented as Cp,. Changes in signal and operating
voltages cause a nonlinear change in these junction
capacitances, which must be taken into account
when designing some circuits. A base-emitter
resistance, rb’, also exists. The junction capaci-
tance, in combination with rb’ determines the
useful upper frequency limit (fT or fa) of a
transistor by establishing an RC time constant.

Power Amplification

Because the collector is biased in the back
direction the collector-to-base resistance is high.

This photo shows various modern-day bipolar and
field-effect transistors. Various case styles and
power classes are represented here,
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Fig. 4-10 — Schematic and pictorial representations

~ of junction-type transistors. In analogous terms the
base can be thought of as a tube’s grid, the

collector as a plate, and the emitter as a cathode.
{See Flg. 4-12.)

On- the other hand, the emitter and collector
currents are substantially equal, so the power- in
the collector circuit is larger than the power in the
emitter circuit (P = I2R, so the powers are
proportional to the respective resistances, if the
currents are the same). In practical transistors

- ohms while the collector resistance is hundreds or
thousands of times higher, so power gains of 20 to
40 dB or even more are possible.

Types

The transistor may be one of the types shown
“in Fig. 4-10. The assembly of p- and n-types

. transistors are both possible.

The first two letters of the npn and pnp
designations indicate the respective polarities of
the voltages applied to the emitter and collector in
normal operation, In a pnp transistor, for example,
the emitter is made positive with respect to both
the collector and the base, and the collector is
+ ~ made negative with respect to both the emitter and

" the base. .
) Manufacturers are constantly working to
.- improve the performance of their transistors —
i greater -reliability, higher power and frequency
- ratings, and improved uniformity of characteristics
- ‘for any given type nuamber. Recent developments
“‘provided the overlay transistor, whose emitter

"“joined together at a common case terminal. This
« process lowers the base-emitter resistance, rb’, and
: unproves the transistor’s input time constant
. which ‘is determined by rb" and the junction
~capacitance of the device. The overlay transistor is
_' extremely useful i in vhf and uhf apphcatlons and is

emitter resistance is of the order of a few hundred

- materials may be reversed, so that pnp and npn

structure is made pp of several emitters which are

 capable of high-power operation well above 1000

MHz. These transistors are  quite wuseful as
frequency doublers and triplers and are able to

- provide an actual power gain in the process.

Another multi-emitter transistor has been
developed for use from hf through uhf, and should
be of particular interest to the radio amateur; It is
called a. balanced-emitter transistor (BET), or
“ballasted” transistor. The transistor chip contains
several triode semiconductors whose bases and
collectors are connected in parallel. The various -
emitters, however, have built-in emitfer resistors
(typically about 1 ohm) which provide a
current-limiting safety factor during -overload
periods, - or under conditions of significant
mismatch. Since the emitters are brought out to a
single case terminal the resistances are effectively
in parallel, thus reducing the combined emitter
resistances to a fraction of an ohm. (If a significant
amount of resistance were allowed to exist it
would cause degeneration in the stage and would
lower the gain of the circuit.)

Most modern transistors are of the junction
variety. Various names have been given to the
several types, some of which are junction alloy,
mesa, and planar. Though their characteristics may
differ slightly, they are basically of the same family
and simply represent different physical properties
and manufacturing techniques.

Transistor Characteristics

An important characteristic of a transistor is its
beta (B), or current-amplification factor, which is
sometimes expressed as hpg (static: forward-current
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Fig. 4-11 — Transit-time effects (in comblnatlon
with base-collector capacitance Chc) can cause the
positive-feedback condition shown at A, Normally,
the phase of the collector signal of an amplifier is
the inverse of the base signal. Positive feedback can
be corrected by using unilateralization, feeding an
equal amount of opposite-phase s:gna| back to the
base through Uc. Neutralization is ‘shown at B, and .
deals with negative feedback, as can be seen by the
phase relationships shown. :
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transfer ratio).’ Both symbols relate te the
grounded-emitter configuration. Beta is the ratio of
the base current to the collector current. Thus, if a
base current of 1 mA causes the collector current
to rise to 100 mA the beta is 100. Typical betas for
junction transistors range from as low as 10 to as
high as several hundred.

A transistor’s alpha (@) is the ratio of the
emitter and collector currents. Symbols hppg (static
forward-current transfer ratio) and hfb (small-
signal forward-current transfer ratio), common-
base hookup, are frequently used in connpection
with gain. The smaller the base current, the closer
the collector current comes to being equal to that
of the emitter, and the closer alpha comes to being
1. Alpha for a junction transistor is usually
between 0.92 and 0.98.

Transistors have  frequency characteristics
which are of importance to circuit designers.
Symbol fp is the bandwidth product
(common-emitter) of the transistor. This is the

frequency at which the gain becomes unity, or 1., .

The expression “‘alpha cutoff” is frequently used
to express the useful upper-frequency limit of a

transistor, and this relates to the common-base -

hookup. Alpha cutoff is the point at which the
gain is 0.707, its value at 1000 Hz. !

Another factor which limits the upper frequen-
cy capability of a transistor is its transit time. This
is the period of time required for the current to
flow from emitter to collector, through the
semiconductor base material. The thicker the base
material, the greater the transit time. Hence, the
thicker the base material the more likelthood there
will be of phase shift of the signal passing through
it. At frequencies near and above fp or alpha
cutoff partial or complete phase shift can occur,

- This will give rise to positive feedback because the
internal capacitance, Cy,, (Fig.4-11) feeds part of
the in-phase collector signal back to the base. The
positive feedback can cause instability and
oscillation, and in most cases will interlock the
input and output tuned circuits of an 1f amplifier
so that it is almost impossible to tune them
properly. Positive feedback can be corrected by

A
=3

(-3

e

Te= 6 MAL

1
L.

4

1]
B

2

I
~

9

COLLECTOR CURRENT-MA

=30

[-]

=10 -20
COLLECTOR VOLTS

Fig. 412 — A typical collector-current vs,
collectorvoltage characterfstic of a junction-type
transistor, for various emitter-current values. The
circuit shows the setup for taking such measure-
ments. Since the emitter resistance is low, a
current-limiting resistor, R, is connected in series
with the source of current, The emitter current can
be set at a desired value by adjustment of this
reﬂstanoe.
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Fig. 4-13 — Collector current vs, collector voltage
for wvarious values of base current, for a
junction-type transistor. The values are determmed
by means of the circuit shown,
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using a form of neutralization called unilateraliza- -
tion. In this case the feedback conditions are
balanced out. These conditions include a resistive
as well as a capacitive component, thus changinga .
network from bilaterial to one which is unilateral. . -
Negative feedback caused by Cpe, on the pther -
hand, can be corrected by neutralization. Examples
of both techniques are given in Fig. 4-11. %

Characteristic Curves

. The operating characteristics of transistors can

be shown by a series of characteristic curves. One = -

such set of curves is shown in Fig. 4-12. It shows
the collector current vs. collector voltage for a’
number of fixed values of emitter current.

Practically the collector current depends almost -

entirely on the emitter current and is independent
of the collector voltage. The separation between
curvés representing equal steps of emitter current is
quite uniform, indicating that almost distortionless
output can be obtained over the useful operating -
range of the transistor. -
Another type of curve is shown in Fig: 4-13,
together with the. circuit used for obtaining it. This

also shows collector current vs collector voltage,
but for a number of different values of base "=

current. In this case the emitter element is used as..
the common point in the circuit. The collector
current is not independent of collector voltage
with this type of connection, indicating that the -
output resistance of the device is fairly low. The
base current also is quite low, which means that
the resistance of the base-emitter circuit is
moderately high with this method of connection.
This may be contrasted with the high values of
emitter current shown in Fig, 4-12. :
Ratings

The principal maximum ratings for transistors -
are collector dissipation, collector voltage, collect- -
or current, and emitter current. Variations in these
basic ratings,. such as maximum collector-to-base
voltage, are covered in the symbols chart later in
this chapter. The designer should study the
maximum ratings of a given transistor before .
selecting it for use in a circuit. L

The dissipation rating can be a ttoublesome

- matter for an inexperienced designer. Techmquesi ‘
~must be employed . to reduce the opetathg;
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* . -Fig, 4-14 — Basic transistor amplifier circuits. The
- differences between modes is readlly apparent.
_Typical component values are given for usé at
-audio frequencies. The input and output phase
relationships are as shown,

“-temperature of power transistors, and this usually
. ‘requires that thermal-conducting materials (heat
--sinks) be installed on the body of the transistor,
The specification sheets list the maximum
-’ transistor dissipation in terms of case temperatures
" up to 25 degrees €. Symbol T¢ is used: for the case
temperature and Py represents the total -dissipa-
tion. Silicone grease is often used to assure proper

sink. Additional information on the use of heat
sinks is given in Chapter 18.

. - Excessive heat can lead to a condition known as
thermal runaway. As the transistor gets hotter its
“internal resistance becomes lower, resulting in an
increase of emitter-to-collector and emitter-to-base
chirrent. The increased current raises the dissipation
“and further lowers the internal resistance. The
7 ‘effécts are cumulative, and eventually the tran-
: s13tor wﬁl be destroyed It can be seen from tl'us

-thermal transfer between the transistor and its heat -

dxscussmn that the use of heat sinks is unporta:nt
where applicable.

TRANSISTOR AMPLIFIERS
Amplifier circuits used with transistors fall into

- one of three types, known as the common-base,

common-emitter, and eommeon-collector circuits.
These are shown in Fig. 4-14 in elementary form.
The three circuits correspond approximately to the
grounded-grid, grounded-cathode and cathode-
follower circuits, respectively, used with vacuum
tubes.

The important transistor parameters in these
circuits are the short-circuit current transfer ratio,
the cut-off frequency, and the input and output
impedances. The short-circuit current transfer ratio
is the ratio of a small change in output current to
the change in input current that causes it, the
output circuit being short-circuited. The cutoff
frequency was discussed earlier in this chapter. The
input and output impedances are, respectively, the
impedance which a signal source working into the
transistor would see, and the internal output
impedance of the transistor (corresponding to the
plate resistance of a vacuum tube, for example).

.Common-Base Circuit

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

In this circuit. the phase of the output
(collector) current is the same as that of the input
(emitter) current. The parts of these currents that
flow through thé base resistance are likewise in
phase, so the circuit tends to be regenerative and
will oscillate if the current amplification factor is
greater than 1.

Common-Emitter Circuit

The common-emitter circuit shown in Fig, 4-14
corresponds to the ordinary grounded-cathode
vacuum-tube amplifier. As indicated by the curves
of Fig. 4-13, the base current is small and the input
impedance is therefore fairly high — several
thousand ohms in the average case. The collector
resistance is some tens of thousands of ohms,

“depending on the signal source impedance. The

common-emitter . circuit has a lower - cutoff
frequency than does the common-base circuit, but
it gives the highest power gain of the three
configurations,

In this circuit the phase of the output
(collector) current is opposite to that of the input
(base) current so such feedback as occurs through
the small emitter resistance is negative and the
amplifier is stable

Common-Collector Circuit

Like the vacuum-tube cathode follower, the
common-collector transistor amplifier has high
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" input impedance and low output impedance. The
latter is  approximately equal to the impedance of
the signal input source multiplied by (1 — a). The
input resistance depends. on the load resistance,
being approximately equal to the load resistance
divided by (1 — @). The fact that input resistance is
directly related to the load - resistance is a
disadvantage of this type of amplifier if the load is
one whose resistance or impedance varies with
frequency.
The current transfer ratio with this circuit is :

1
I-a

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

PRACTICAL CIRCUIT DETAILS

The bipolar transistor is no longer restricted to
use in low-voltage circuits. Many modem-day
transistors have voltage ratings as high as 1400.
Such transistors are useful in circuits that operate
directly from the 117-volt ac line, following
rectification. For this reason, battery power is no
longer the primary means by which to operate
transistorized equipment. Many low-voltage tran-
sistor types are capable of developing a consider-
able amount of af or f power, hence draw amperes
of current from the power supply. Dry batteries
are seldom practical in circuits of this type. The
usual approach in powering high-current, high-
wattage transistorized equipment is to employ a
wet-cell storage battery, or operate the equipment
from a 117-volt ac line, stepping the primary
voltage down to the desired level by means of a
transformer, then rectifying the ac with silicon
diodes.

Coupling and Impedance Matching
In contrast to vacuum tubes, bipolar transistors

present low input and output impedances when
“used as amplifiers. Field-effect transistors are the

Rin
Fig. 4-15 — A practical “;l:“/ 2
example illustrating the < Xc=50
problems encountered L NETWORK
when designing networks (Q;=4)

for use with solid-state
power amplifiers. Trans-
formers T1 and T2 can be
used to bring the base and

L NETWORK
L1

exception, exhibiting terminal impedances similat |
to those of triode vacuum tubes. Therefore, the =~
designer of bipolar transistor circuits must deal
with' specific matching techniques that assure
efficient power transfer and acceptable stability of
operation. Most of the LC networks used in tuned
transistor ampliﬁers are of established standard
configuration, but in practice call for much hlgher .
C-to-L ratios than are common to circuits using

tubes. The low terminal impedances of bipolar

transistors result from the fact that current is being

" amplified rather than voltage. High base or col-

lector current (plus relatively low operating vol-
tages) establishes what may at times seem to be
unworkable terminal impedances — ten ohms or
less. The greater the power input and output of an -
amplifier stage the more pronounced the matching
problem becomes, requiring the employment. of
special matching techniques. Low-evel amplifying

, stages are not so seriously affected, and the usual

procedure is to use simple RC-coupling techniques
for audio (and some 1f) amplifiers. This being the
case, the discussion will relate primarily to
common-emitter stages that are called upon to

‘deliver significant amounts of output power.

When designing ‘matching network for

efficient transfer of power from the collector to a
given ' load impedance, the designer must first . -

establish what the level of power output will be in
watts. He must know also what the.operating:
voltage for the collector (collector to emitter) will
be. Once these quantities are determined the
collector load 1mpedance can be calculated by
using the formula:

V..2
RL = —_€C
© 2Pg(watts)

where Ry, = Collector load impedance at re-
sonance

Vee = Dc operating voltage.
emitter

Py = Required power output in watts

colléctor to
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“Example: An "'a‘mbl‘ifie'r stage must deliver 10
watts ‘to' a known resistive load. The dc voltage
from collector to emitter is 13.6. Ry, is

P 9 - i
= Yee” - 18496 -
Ry, », 20 9.248 ohms
% Tt is not difficult to determine from this that an
amplifier delivering, say, 25 watts output at a
collector supply of 12 volts would have an ex-
tremely low collector impedance (2.88 ohms). Few
standard LC networks are suitable for transforming
that value to ‘the typical 50-chm nonreactive
antenna impedance. The situation becomes even
more complex when matching a power driver to
. the base element of a power-amplifier stage. In
-~ sach a case it would not be uncommon to match
~ an 18-ohm colléctor impedance to a 3-ohm base
. impedance, or similar.
Two common networks are illustrated in Fig:
- '4-15. Additionat information is contained in
- Chapter 6 of this book. An excellent design aid is
‘Motorola’s Marching Network Designs with Com-
~puter Solutions, Application Note AN-267. The
" bibliography at the end of this chapter lists other
recommended texts for amateur and professional
‘designers. ,
, Broadband toroidal-wound transformers and
baluns are frequently used to match difficult
impedances. They can be used in combination with
tuned circuits or networks to arrive at practical
network values. Resonant networks -are employed
to provide needed selectivity for assurance of clean
output waveforms from amplifiers. A practical
upper limit for network Qy, (loaded Q) is 5, though
~some professional engineers design for values
higher than 5. It should be understood that the
higher the Oy, the greater the chance for electrical
- ingtability. It is recommended that the amateur
" adhere to the practice of designing his networks for
@1, values between 3 and 5. Values as low as 1 are
suitable for some circuits, especially low-pass
harmonic- filters of the variety used in the 50-ohm
" ‘output line from many amplifiers.

Bias and Bias Stabilization
- Transistors must be forward biased in order to
conduct significant current. In the npn design case
the collector and base must be positive with

respect to the emitter. The same is true when
working with a pnp device, but the base and

collectdr must. be negative with respect to the
emitter. The “required bias is provided by the
collector-to-emitter voltage, and by the emitter-to-
base voltage. These bias voltages cause two currents
to flow - enﬁttér—to-collector current and
emitter-to-base current. Either type of trax_}sistor,
pnp or npn, can be used with a negative- or
positive-ground power source by changing the
circuit hookup as shown in Fig. 4-16. Forward bias
is still properly applied in each instance. The lower
the forward bias, the lower the collector current. -
As the forward bias is increased the collector
current rises and the junction temperature
increases. If the bias is continuously increased 4
point will be reached where the transistor becomes
overloaded -and burns out, This condition, called
thermal ‘runaway was discussed earlier in the
chapter. To prevent damage to the transistor, some
form- of bias stabilization should be included in the
design. Some practical bias-stabilization techniques
are given in Fig. 4-17. At A and B, R1 in series
with the emitter, is for the purpose of “swamping
out™ the resistance of the emitter-base diode; this
swamping helps to stabilize the emitter current.
The resistance of R1 should be large compared
with that of the emitter-base diode, which is
‘approximately equal to 25 divided by the emitter
current in mA .

Since the current in R1 flows in such a
direction as to bias the emitter negatively with
respect to the base (a pnp transistor is assumed), a
base-emitter bias slightly greater than the drop in
R1 must be supplied. The proper operating point is.
achieved through adjustment of voltage divider
R2R3, which is proportioned to give the desired
value of no-signal collector current.

In the transformer-coupled circuit, input signal
currents flow through R1 and R2, and there would
be a loss of signal power at the base-emitter diode
if these resistors were not bypassed by C1 and C2.
The capacitors should have low reactance com-

.
.

Fig. 4-16 — An example of how the circuit polarity
can be changed to accommodate either a positive
or negative power-supply ground. Npn transistors
are shown here, but the same rules apply to pnp
types.

POSITIVE GROUND
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Fig. 4-17 — Examples of bias-stabilization tech-
niques, A text discussion is given, :

pared with the resistances across which they are
connected.. In the resistance-coupled circuit R2
serves as. part of the bias voltage divider and also as
part of the load for the signal-input source. As seen
by the signal source, R3 is in parallel with R2 and
thus becomes part of the input load resistance. C3
must have low reactance compared with the
parallel combination of R2R3 and the base-to-

- emitter resistance of the transistor. The load
impedance will determine the reactance of C4.

‘ The output load resistance in the transformer-
coupled case will be the actual load as reflected at
the primary of the transformer, and its proper
value will be determined by the transistor

characteristics and the type of operation (Class A,"

B). The value of Ry, in the resistance-coupled
case is usually such as to permit the maximum ac
voltage swing in the collector circuit without
undue distortion, since Class-A. operation is usual
with this type of amplifier.

Transistor currents are sensitive to temperature
variations, and so the operating point tends to shift

~as the transistor heats. The shift in operating point
is in such a direction as to increase the heating,
leading to thermal runaway. The heat developed
depends on the-amount of power dissipated in the
transistor, so it is obviously advantageous in this
respect to operate with as little internal dissipation
as possible; i.e., the dc input should be kept to the
lowest value that will permit the type of operation
desired and should never exceed the rated value for
the particular transistor used.

A contributing factor to the shift in operating
point is the collector-to-base leakage current
(usually designated I.,) — that is, the current that
flows from the. collector to base with the emitter

OUTPUT-
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connection open. “This current, which is highly

temperature sensitive, has the effect of increasing .

the emitter current by an amount much larger than
I, itself, thus shifting the operating point in such
a way as to increase the collecfor current. This
effect is reduced to the extent that I, can be
made to flow out of the base terminal rather than
through the base-emitter diode. In the circuits of
Fig. 4-17, bias stabilization is improved by making
the resistance of R1 as large as possible and both
R2 and R3 as small as possible, consistent with
gain and power-supply economy. : ‘

It is common practice to employ certain devices
in the bias networks of transistor stages to enhance
bias stability. Thermistors or diodes can be used to
advantage in such circuits. Examples of both
techniques are given in Fig, 4-17 at C and D.
Thermistors (temperature-sensitive resistors) can be
used to compensate the rapid increase in collector
current which is brought about by an increase in
temperature. As the temperature in that part of the
circuit increases, the thermistor’s resistance de-
creases, reducing the emitter-to-base voltage (bias).
As the bias is reduced in this manner, the collector
current tends to remain the same, thus providing
bias stabilization, o

Resistors RS and R7 of Fig. 4-17D are selected
to give the most effective compensation over a
particular témperature range. B

A somewhat better bias-stabilization method is
shown in.Fig, 4-17C. In this‘instance, a diode is-
used between the base of the transistor and
ground, replacing the resistor that is used in the
circuits at A and B. The diode establishes a fixed
valde of forward bias and. sets the no-signal

collector current of the transistor. Also, the diode..




3.5MHz
Lo-Z

R
J"I
(v}

_ bias current varies in direct proportion with the
supply voltage, tending to hold the no-signal
collector current of the transistor at a steady value.
If the diode is installed thermally close to the
transistor with which it is used (clamped to the

chassis near the transistor heat sink), it will provide -
protection against bias changes brought about by

temperature excursions. As the diode temperature
increases so will the diode bias current, thus
lowering the bias voltage. Ordinarily, diode bias
stabilization is applied to Class B stages. With
germanium transistors, diode bias stabilization
reduces collector-current variations to approxi-
mately one fifth of that obtainable with thermistor
bias protection. With silicon transistors, the current

variations are reduced to approximately one-fif--

teenth the thermistor-bias value.

Frequency Stability

Parasitic oscillations are a common source of
trouble in transistor circuits. If severe enough in
magnitude they can cause thermal runaway and
destroy the transistor. Oscillation can take place at
any frequency from just above dc-to the fy of the
device, and these parasitics
unnoticed if the waveforms are not examined with

" an oscilloscope. In addition to posing a potential

N

danger to the device itself, the oscillations can.

cause distortion and unwanted radiation of
. spurious energy. In an amateur transmitter this
condition can lead to violation notices from the
FCC, interference to other services, and TVI. In
the case of receivers, spurious energy can cause
" “birdies” and poor noise figures.
« A transistor chosen for high-frequency opera-

" tion . (fp at least five times greater than the

proposed operating frequency) can easily oscillate
sbove. the operating frequency if - feedback

© s conditions are comrect. Also, the device gain in the .

can often pass’
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Fig. 4-18 — Various methods for assuring high- and
low-frequency circuit stability. (See text.)

spectrum below the. operating frequency will be
very high, giving rise to low-frequency oscillation.
At vhf and uhf phase shifts come into play, and
this condition can encourage positive feedback,
which leads to instability. At these higher

frequencies it is wise to avoid the use of rf chokes -

and coupling capacitors whenever possible. The
capacitors can cause shifts in phase (as can the base
semiconductor material in the transistor), and the
if chokes, unless of very low (, can cause a
tuned-base tuned-collector condition. Some pre-
cautionary. measures against instability are shown
in Fig. 4-18. At A, RFC1 has its Q lowered by the
addition of the 100-ohm series resistor. Alterna-
tively, RFC1 could be shunted by a low-value
resistor, but at some sacrifice in driving power. One
or more ferrite beads can be slipped over the pigtail
of an 1f choke to lower the Q of the inductor. This
method may be preferred in instances where the

addition of a low-value resistor might establish an -

undesirable bias condition, as in the base return of
a Class C stage. Parasitic choke Z1 consists of three
ferrite beads slipped over a short piece of wire. The
choke is installed as close to the collector terminal
as possible. This low-Q choke will help prevent vhf
or uhf instability. RFC2 is part of the decoupling

network in the collector supply lead, It is bypassed

for the operating frequency by means of the
.01-4F capacitor, but is also bypassed for low
frequencies by the addition of the 1-UF capacitor.
In the vhf amplifier at B, Z1 and Z2 are
ferrite-bead chokes. They present a high impedance
to the base and collector elements, but because
they are low-Q chokes there is little chance for
them to permit a tuned-base tuned-collector
oscillation. At C, the stage operates Class A, a
typical arrangement in the low-level section of a
transmitter, and the emitter is above ground by
virtie of bias résistor R1, It must be bypassed to

I
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“assure- maximium stage gain. Here-the emitter is
bypassed for the operating frequency and for vhf.
By not bypassing the emitter for low frequencies
the stage is degenerative at If. This will lessen the
chance of low-frequency oscillation. The supply
leads, however, are bypassed for the operating
frequency and for If, thus preventing unwanted
feedback -between stages along the supply leads. Z1
is a ferrite-bead vhf/uhf parasitic choke. The
10-ohm resistor, R2, also helps suppress vhf
parasitics. The emitter lead should be kept as short
as possible in all three circuits to enhance stability
and to prevent degeneration at the operating
frequency. It is wise to use rf shields between the
input and output halves of the rf amplifier stage to
prevent unwanted coupling between the base and
collector tuned circuits. At operating frequencies
where toroid cores are suitable, the shields can
often be omitted if the tuned circuits use toroidal
inductors. Toroidal transformers and inductors
have self-shielding properties — an asset to the
designer. .

FIELD-EFFECT TRANSISTORS

Still another semiconductor device, the field-
effect transistor, (FET) is superior to bipolar
transistors in many applications because it has a
high input impedance, its characteristics more
nearly approach those of a vacuum tube.

The Junction FET

Field-effect transistors are divided into two
main groups: junction FETs, and MOSFETs. The
basic JFET is shown in Fig. 4-19.

The reason for the terminal names will become
clear later. A dc operating condition is set up by
starting a current flow between source and drain.

~This current flow is made up of free electrons since
the semiconductor is n-type in the channel, so a
positive voltage is applied at the drain. This
positive voltage attracts the negatively charged free
electrons and the cument flows (Fig. 4-20). The
next step is to apply a gate voltage of the polarity
shown in Fig. 4-20. Note that this reverse-biases
the gates with respect to the source, channel, and
drain. This reverse-bias gate voltage causes a
depletion layer to be formed which takes up part
of the channel, and since the electrons now have
less volume in which to move the resistance is
greater and the current between source and drain is
reduced. If a large gate voltage is applied the

depletion regions meet, causing pinch off, and

consequently the source-drain current is reduced

TOP
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O i O O
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Fig.4-19 — The junction field-effect transistor, -
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Fig. 4-20 — Operation of the JFET under applied

bias. A-depletion region (light shading) is formed, = . g

compressing the channel and increasing its

resistance to current flow,

nearly to zero. Since the large source-drain current
changed with a relatively small gate voltage, the
device acts as an amplifier. In the operation of the'
JFET, the gate terminal is never foward biased,
because if it were the source-drain current would
all be diverted through the forward-biased -gate
junction diode.

The resistance between the gate terminal and
the rest of the device is very high, since the gate

terminal is always reverse biased, so the JFET hasa -

very high input resistance. The source terminal is

" the source of current carriets, and they are drained A
-out of the circuit at the drain. The gate opens and

closes the amount of channel current which flows .
in the pinch-off region. Thus the operation of a -~
FET closely resembles the operation of the vacuum. .
tube with its high grid input impedance.
Comparing the JFET to a vacuum tube, the source
corresponds to the cathode, the gate to the gnd
and the drain to the plate.

MOSFETs

The other large family which makes up
field-effect transistofs is the insulated-gate FET, or
MOSFET, which is pictured schematically .in Fig.
4-21. In order to set up a dc operating condition, a
positive polarity is applied to the drain terminal.
The substrate is connected to the source, and both
are at ground potential, so the channel electrons

are attracted to the positive drain. In order to- -

regulate this source-drain current, voltage is applied
to the gate contact. The gate is insulated from the
rest of the device by a layer of very thin dielectric
material, so this is not a p-n junction between the -
gate and the device — thus the name insulated gate..

When a negative gate polarity is applied,
positive-charged holes from the p-type substrate

GATE
SOURCE |

DRAIN '
INSULATING
GLASS

N CHANNEL

SUBSTRATE

Fig. 4-21 — The insulated-gate field-effect transw»
“tor. .




Vgs* O
Vgg= — 1voLT

Vgge — 2VOLTS

Vgs »— 3 VOLTS

Vos

Fig. 4-21 A—Typical JFET characteristic curves.

.-are attracted toward the gate and the conducting
channel is made more narrow; thus the source-
drain current is reduced. When a positive gate
~ % ‘voltage is connected, the holes in the substrate are
repelled away, the.conducting channel is made
‘larger, and the source-drain current is increased.
The MOSFET is more flexible since either a
positive or negative voltage can be applied to the
gate, The resistance between the gate and the rest
of the device is extremely high because they are
separated by a layer of thin dielectric. Thus the
MOSFET has an extremely high input impedance.
In fact, since the leakage through the insulating
material is generally much smaller than through the
‘reverse-biased p-n gate junction in the JFET, the
" MOSFET has a much higher input -impedance,
- Typical values of Ry, for the MOSFET are over a
million megohms, while Ry, for the JFET ranges
from megohms to over a thousand megohms. There
are both single-gate and dual-gate MOSFETSs avail-
- gble, The latter has a signal gate, Gate 1, and a
control gate , Gate 2, The gates are effectively in
series making it an easy . matter to control the
- .dynamic range of the device by varying the bias on
' 'Gate 2. Dual-gate MOSFETs are widely used as
;-.age-controlled 1f and #f amplifiers, as mixers and
product detectors, and as variable attenuators. The
isolation between the gates is relatively high in
“mixer service, This helps lessen oscillator “pulling”
and reduces oscillator radiation. The forward trans-
.- ‘admittance (transconductance, or gy, ) of modern
+ MOSFETs is as high as 18,000, and they are
designed to operate efficiently well into the uhf
spectrum.
) Characteristic Curves

. The characteristic curves for the FETs des-
. cribed above are shown in Figs.4-21A and 4-21B,
where drain-source current is plotted against
.+ drain-source voltage for given gate voltages.

40673

62 DRAIN

Gl SOURCE/SUBS.

/
“Fig.. 422 — Schematic presentation of a gate-
" protected MOSFET. Back-to-back Zener diodes are
:bridged -internally from .gates .1 and 2 to the
_sburce/substrate element.
R B . -
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Fig. 4-21B—Typical MOSFET characteristic curves,

C!assifications

Field-effect transistors are classed into two
main groupings for application in circuits, EN-
HANCEMENT MODE and DEPLETION MODE.
The enhancement-mode devices are those specific-
ally constricted so that they have no channel.
They become useful only when a gate voltage is
applied that causes a channel to be formed.
IGFETs can be used as enhancement-mode devices
since both polarities can be applied to the gate
without the gate becoming forward biased and
conducting, ‘

A depletion-mode unit corresponds to Figs.

4-19 and 4-21 shown earlier, where a channel exists
with no gate voltage applied. For the JFET we can
apply a gate voltage and deplete the channel,
causing the current to decrease. With the MOSFET
we can apply a gate voltage of either polarity so
the device can be depleted (current decreased) or
enhanced (current increased).

To sum up, a depletion-mode FET is one which
has a channel constructed; thus it has a current
flow for zero gate voltage. Enhancement-mode
FETs are those which have no channel, so no
current flows with zero gate voltage.

Gate-Protected FETs

Most JFETs are capable of withstanding up fo
80 volts pk-pk from gate to source before junction
damage occurs. Insulated-gate FETs, however, can
be damaged by allowing the leads to come in
contact with plastic materials, or by the simple act
of handling the leads with one’s fingers. Static
charges account for the foregoing, and the damage
takes the form of punctured dielectric between the
gate or gates and the remainder of the internal
elements. Devices of the MFE3006 and 3N140
series are among those which can be -easily
damaged. ’ )

Gate-protected MOSFETs are currently
available, and their gates are able to withstand
pk-pk voltages (gate to source) of up to 10.
Internal Zener diodes are connected back to back
from each gate to the sonrce/substrate element.
The 40673 and 3N200 FETs are among the types
which have built-in Zener diodes. Dual-gate
MOSFETs which are gate-protected can be used as
single-gate protected FETs by connecting the two
gate leads in parallel. A gate-protected MOSFET is
shown schematically in Fég. 4-22.




A collection of modern ICs. Various case styles of
metal and epoxy materials are illustrated.

INTEGRATED CIRCUITS

Just as the term implies, integrated circuits
(Cs) contain numerous components which are
manufactured in such a way as to be suitably
interconnected for a particular application, and on
one piece of semiconductor base material. The
various elements of the IC are comprised of
bi-polar transistors, MOSFETS, diodes, resistances,
and capacitances. There are-often as many as ten or
more transistors on a single IC chip, and frequently
their respective bias resistors are formed on the
chip. Generally speaking, ICs fall into four basic
categories — differential amplifiers, operational
amplifiers, diode or transistor arrays, and logic ICs.

IC Structures

The basic IC is formed on a uniform chip of
n-type or p-type silicon, Impurities are introduced
into the chip, their depth into it being determined
by the diffusion temperature and time. The
geometry of the plane surface of the chip is
determined by masking off certain areas, applying
photochemical techniques, and applying a coating
of insulating oxide. Certain areas of .the oxide
coating are then opened up to allow the formation
of interconnecting leads between sections of thé
IC. When capacitors are formed on the chip, the
oxide serves as the dielectric material. Fig. 4-23

- shows a representative three-component IC in both

a simple I1C device.

pictorial "and schematic form. Most integrated
circuits are housed in TO-5 type cases,” or. in.
flat-pack. epoxy blocks. ICs may have as many as -
12 or more leads which connect to the various.
elements on the chip. ‘

Types of IC Amplifiers L
Some ICs are called différential amplifiers and
others are known as operational amplifiers. The
basic differential-amplifier IC consists of a pair of
transistors that have similar input circuits. The
inputs can be connected so as to enable the
transistors to respond to the difference between
two voltages or currents. During this function, the
circuit effectively suppresses like voltages or
currents. For the sake of simplicity we may think:
of the differential pair of transistors as a push-pull
amplifier stage. Ordinarily, the differential pair of
transistors arte fed from a controlled, constant- -
current source (Q3 in Fig. 4-24A. Q1 and Q2 are -
the differential pair -in this instance). Q3 is
commonly called a transistor current sink.
Excellent balance exists between the input .
terminals of differential amplifiers because. the
basg-to-emitter voltages and current gains (beta) of
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Fig. 424 — At A, a representative circuit for a typical dlfferentlal 1C. An Operational Amphfier lC is

ilustrated at B, also in representative form.
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Fig. 4-25 — Some typical circuit applications for a
differential amplifier 1C. The internal circuit of the
. CA3028A IC is given in Fig. 4-24 at A.
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the two transistors are closely matched. The match
* results from the fact that the transistors are formed
next to one another on the same silicon chip.
Differential 1Cs are useful as linear amplifiers
from dc to the vhf spectrum, and can be employed
in such circbits as limiters, product detectors,
frequency multipliers, mixers, amplitude modula-
tors, squelch, tf and i-f amplifiers, and even in
signal-generating applications. Although they are
designed to be used as differential amplifiers, they
can be used in other types of circuits as well,
treating the various IC components as discrete
units. -
Operational-amplifier ICs are basically very-
- high-gain direct-coupled amplifiers that rely on
feedback for control of their response characteris-
- tics. They contain cascaded differential amplifiers
of the type shown in Fig. 4-24A. A separate output
stage, Q6—Q7, Fig. 4-24B, is contained on, the
chip. Although operational ICs can be successfully
operated under open-loop conditions, they are
generally controlled by externally applied negative
‘feedback. Operational amplifiers are most often
used for audio amplification, as frequency-shaping
(peaking, notching, or bandpass) amplifiers, or as
integrator, differentiator, or comparator amplifiers.
. Diode-ICs are also being manufactured in the
“same ‘manner as outlined in the foregoing section.
Several diodes can be contained on a single silicon
wafer to provide a near-perfect match between
diode characteristics. The diode arrangement can

" take the form of a bridge ciscuit, series-connested
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groups, or as separate ‘components. Diode ICs of
this kind are useful in balanced-modulator circuits,
or to any application requiring closely matched
diodes.

Fig. 4-25 demonstratés the versatility of just
one type of IC, an RCA CA3028A differential
amplifier. Its internal workings are shown in Fig.
4-24A, permitting a comparison of the schematic
diagram and the block representations of Fig. 4-25.
The circuit at B in Fig. 4-25 is characterized by its
high input and output impedances (several
thousand ohms), its high gain, and its stability.
This circuit can be adapted as an audio amplifier
by using transformer or RC coupling. In the
circuits of B and C terminal 7 is used to manually
control the rf gain, but agc can be applied to that
terminal instead. In the circvit at D the CA3028A
provides low-noise operation and exhibits good
conversion gain as a product detector. The
CA3028A offers good petformance from dc to 100
MHz.

PRACTICAL CONSIDERATIONS

Some modern-day ICs are designed to replace
neatly ail of the discrete components used in
earlier composite equipment. One example can be
seen in the RCA CA3089E flat-pack IC which
contains nearly the entire circuit for an fm
receiver. The IC contains 63 bipolar transistors, 16
diodes, and 32 resistors. The CA3089E is designed
for an i-f of 10.7 MHz and requires but one
outboard tuned circuit. The chip consists of an i-f




 Transistor Arrays.
" Fig. 426 — The circuit at A shows practical

component values for use with the CA3089E fm
subsystem IC. A COS/MOS array IC is illustrated at

B in schematic-diagram form. It consists of three

complementary-symmetry MOSFET pairs. The
illustration at C shows how the CA3600E can be
connected in cascade to provide at least 100 dB of
audio amplification.

amplifier, quadrature detector, audio preamplifier,
age, afc, squelch, and a tuning-meter circuit.
Limiting of -3 -dB takes place at the 12-uV input
level. When using an IC of this kind it is necessary
only to provide a front-end converter for the
desired frequency of reception, an audio amplifier,
and a power supply (plus speaker, level controls,
and meter).

There are twe IC subsystem units designed for

a-m receiver use. Each is similar in complexity to
the CA3089E illustrated in Fig: 4-26. These com-
ponents are identified as CA3088E and CA3123E.
The latter is described in RCA Data File No. 631.
Both ICs are readily adaptable to communications
receiver use and should become popular building
blocks for amateurs who desire compact, portable
receiving equipment.

TRANSISTOR ARRAYS

Amateur designers should not overlook the
usefulness of transistor- and diode-array ICs. These
devices contain numerous bipolar or MOSFET
transistors on a common substrate. In most .in-
stances the transistors can be employed as one
would treat discrete npn devices. An entire receiver
can be made from one transistor-array IC if one
wishes to construct a compact assembly. The
CA3049 is a dual independent differential rf/i-f
amplifier chip with an fp of 1.3 GHz. It is
especially well suited to applications which call for
double-balanced mixers, detectors, and modu-
lators. Another device of similar usefulness is the
CA3018A. The CA3045 should also be of interest
to the amateur. Matched electrical characteristics
of the transistors in these ICs offer many ad-
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Fig. 4-27 — Transistor arrays offer unlimited
application because several circuit. combinations
ore possible. The CA3018A IC at A hes a
Darlingtonconnected pair plus two separate

transistors, At B, two transistors are internally
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vantages not available when using discrete tran-
sistors. Fig. 4-27 shows the internal workings of
the CA3018A and CA3045 ICs. -
COS/MOS  (complementary-symmetry metal-
oxide silicon) ICs are becoming increasingly
popular, and one RCA part, the CA3600E, con-
tains an array of complementary-symmetry -
MOSFET pairs (three) which can be used in-’
dividually or in cascade, as shown in Fig. 4-26 at B.
Detailed information is given in RCA File No. 619.
The CA3600E is a high-input impedance, micro-
' power component which is' suitable for use as a
preamplifier, differential amplifier, op amp, com-
parator, timer, mixer, chopper, or oscillator.
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connected in a differential amplifier fashion. Three " -
separate transistors are available for use in other '
functions, The arrays shown .here are useful into. -
the vhf spectrum. : .

CASCADE 100-dB AF AMPLIFIER



.One of the more mtexe:m;ng and useful’ array of

.. - ential pairs and two current-source transistors, The

. “device is ideally suited for use in doubly balanced
mixers, modulators, and ptoduct detectors. The
-/ CA3102E is excellent for ‘use in the following

additional applications: vhf amplifiers, vhf mixers,

if amp./mixerfoscillator combinations, i-f ampli-
o fiers (differential and/or cascode mode), synchro-
< nous detectors, and sense amplifiers. This IC is
 similar in configuration to the CA3049T array, but
has an mdependen‘t substrate connection which is
common to. an internal shleld that separates the

N

DIGITAL-LOGIC

‘ Digital logic is the- term used to describe an
" - overall design procedure for electronic systems in
‘which “on” -and “off” are the important words,
not “amplification,” “‘detection,” and other terms
commonly applied to most amateur equipment. It
is “digital” because it deals with discrete events
that can be characterized by digits or integers, in
. contrast with linear systems in which an infinite
. number of levels may be encountered. It is “logic™
because it follows mathematical laws, in which
“effect” predictably follows “cause.”
Just like linear integrated circuits, digital ICs
are manufactured in such a way that the internal
‘components are intertonnected for particular
‘applications. Packaging of the digital ICs is the
same for their linear -counterparts, with the full
package range pictured earlier being used. From
outward appearances, it would be impossible to tell
the difference between the two types of ICs except
from the identification numbers. .
Linear ICs are constructed to respond to
- continuously variable or analog signals, such as in
an amplifier, Digital devices, on the other hand,
* generally have active components operating only in

Digital ICs find much application in on-off
switching circuits, as well as in counting,
{ computation, memory-storage, and display circuits.
* " Qperation of these circuits is based on ‘binary
mathematics, so words such as “one” and ‘“‘zero”
have come into frequent use in digital-logic
terminology. These terms refer to specific voltage

ICs is the RCA CA3102E. It contains two differ-

either of two conditions — cutoff or saturation. -

) two. differenual ampllﬁers The shleld helps assure 4
good isolation in apphcatlons where that feature is’

required,

Fr for CA3102E is in excess of 1000 MHz.
Noise figure at 100 MHz single transistor is 1.5
dB, Ry = 500 ohms, Noise figure at 200 MHz
cascode mode is 4.6 dB. Additional specifications

can be found in RCA Data File No, 611. The .

CA3102E offers almost limitless possibilities for
applications in amateur radio design work. The
chip is manufactured in a 14-lead DIP package. The
CA3049T comes encased in a standard TO-5
package.

INTEGRATED CIRCUITS

levels, and - vary between manufacturers and
devices. Nearly always, a “0” means a voltage near
ground, while “1”” means whatever the manufactur-
er specifies. One must distinguish between
“positive logic” and “negative logic.” In positive
logic, a 1 is more positive than a 0, though both

may be negative voltages. In negative logic, the -

reverse is true. Often the terms ‘“‘high” and “low™
are used in reference to these voltage levels. The
definitions of these terms are the same for both
‘positive and negative logic. A “high” is the most
positive or least negative potential, while a ‘“low”
the least positive or most negative.

For practical use in some applications it is
desirable to convert binary data into decimal
equivalents, such as in ele¢tronic counting and
display systems. In other applications, such as for

the graphic recording or metering of summations -

or products of integers, it is convenient to convert
the digital data into analog equivalents, Specialized
integrated circuits = designed to perform these
functions are also considered to be mcluded in the
digital-IC category.

LOGIC SYMBOLS

With modern microcircuit technology, hun-
dreds of components can be packaged in a single
case. Rather than showing a forest of transistors,
resistors, and diodes, logic diagrams show symbols
based on the four distinctive shapes given in Fig.

4-28 at A through D, These shapes may be
“modified” or altered slightly, according to

From outward appearances, these three |Cs appear
to be identical. Although each is a J-K flip-flop,
there are differences in their characteristics, Pic-

tured at the left is a Texas Instruments SN74I-}72N,

integrated circuit, called a J-K master-slave flip-
flop. Shown in the center is a Motorola MC1927P
IC, which is a 120-MHz ac-coupled J-K flip-flop.
Both of these ICs might be considered “’universal”
flip-flops, for they may be used in a variety of
ways. Shown at the right is a Motorola MC726P, a
simple J-K flip-flop.
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specxﬁc functlons performed. [Examples are shown

at E through H of Fig. 428. ~

The square, Fig. 4-28D and H, may appear on
logic~diagrams as a rectangle.. This symbol is a
‘somewhat universal one, and thus must be
identified with supplemental information to
indicate the exact function. Internal labels are
usually used. Common identification labels are:

FF — Flipflop -
FL - Flip-flop latch
SS — Single shot
ST —- Schmitt trigger.

Other logic functions may also be represented by
the square or rectangle, and the label should
adequately identify the function performed.
Unique identifying shapes are used for gates and
inverters, so these need no labels to identify the
function,. Hardware- or package-identification in-
formation may appear inside any of the symbols
on logic diagrams.

TYPES OF DIGITAL ICs

_Digital integrated circuits perform a variety of
functions, but these. functions can generally be
cataloged into just a few categories: gates,
inverters, flip-flops, drivers and buffers, adders and
subtractors, registers, and memories, plus the
special-purpose ICs as mentioned -earlier -
decoders and converters. Some of these types, such
as adders and subtractoss, registers, and memories,
find use primarily in computer systems. More

universally used types of ICs are the inverters, gates.

and flip-flops.

Inverters

A single chip in one IC package may be
designed to perform several functions, and these
functions can be independent of each other. One
example of an IC of this type is Motorola’s
MC789P, which bears the name, “hex inverter.”
This IC contains six identical inverter sections. The
schematic diagram of one section is shown in Fig.
4-29A. In operation, 3.0 to 3.6 volts are applied

“between +Vcc and ground. For this device .in
positive-logic applications, a 0 is defined as any
potential less than approximately 0.6 volt, and a 1

is any voltage greater than about 0.8. With alogic 0

applied at the input, the transistor will bé at or
near cutoff. Its output will be a potential near
+Vce, or a logic 1. If the 0 at the input is replaced
by a 1, the transistor goes into saturation and its
output drops nearly to ground potential; a 0
appears at the output. The output of this device is
always the opposite or complement of the input
logic level. This is sometimes called a NOT gate,
because the input and output logic levels are not
the same, under any conditions of operatlon
Shown at the right in Fig. 4-29A is the logic
symbol for the inverter. In all logic symbols, the
connections for +Vcc and the ground return are
omitted, although they are Understood to be made.
The proper connections are given in the manufac-
turer’s data sheets, and, of course, must be made

(A)

5

(8) (F)
- (©) (6)
p— R S S Q
L T L
®) (H)

Fig. 4-28 — Distinctive symbols for digital Iogic"
diagrams. At A is shown an inverter, at B an AND
gate, at C an OR gate, and at. D a flip-flop.

Additions to these basic symbols indicate specific" o

functions performed. A small circle, for example,
placed at the output point of the symbol, denotes
that inversion occurs at the output of the device..
Shown at E is an inverting AND or NAND gate,
and at F is an inverting OR or NOR gate. At G is
the symbol for an exclusive OR gate. The symbol
at H represents a J-K flip-flop.

;

before the device will operate properly. In the case

of all multiple-function ICs, such as the hex™ - -

inverter, a single ground connection and a single
+Vce connection suffice for all sections contained
in the package.

Gates
Another example of ah IC contammg several *

independent functions in one package is Motorola’s . - -

MC724P, a quad 2-input gate. Four gates are
contained in one chip. The schematic diagram and
logit: symbols for a gate section are shown at B in
Fig. 4-29. As with the MC789P, a supply of 3.0 to
3.6 volts is used; for positive logic a 0 is a potential
less than 0.6 volt, and a 1 is a potential greater
than 0.8 volt. It may be seen from the schematic’
diagram that the two transistors have an
independent input to each base, but they share a
common collector resistor. Either transistor will be

‘'saturated with a logic 1 applied at its input, and a 0

output will result. A 0 at the input of either
transistor will cause that transistor to be cut off,
but a 1 at the opposite input will hold the output
at 0. Thus, a 1 at either Input 1 or Input 2 will
cause a 0 (or a NOT 1) to appear at the output.
The NOT functions are usually ‘written with a bar
over them, so T ‘means the same thmg as NOT 1, .

. . P
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- Fig, 4-290 — Digital circuits and their equivalent
£ logic symbols. See text. Indicated resistor values
~ are typical.

_'and is expressed as NOT 1 when reading the term.
Logic-circuit operation can be expressed with
equations. Boolean -algebra, a form of binary
¢+ . mathematics, is used. These equations should net
" ‘be confused with ordinary algebraic equations. The
.- logic equation for the operation of the circuit in
- Fig., 428A is 1 v 1 = 1, The little v means OR.
Sometimes “‘+” is used instead of “».” In plain
words, the equation says that a 1 at Input 1 or
Input 2 will yield a NOT 1 at the output. This is
. -equivalent of saying the circuit is an inverting OR
gate, or a NOT OR gate. This latter name is uspally
contracted to NOR gate, the name by which the
circuit is known. -
If the circuit of Fig. 4-29B is used with negative
“ logic, circuit operation remains the same; only the
definitions of terms are changed. A logic 1, now, is
"-a voltage level less than 0.6, and a 0 is a level
greater than 0.8 volt, If alogic 1 is applied at both
inputs, 1 and 2, both transistors will be cut off.
- The output is near +Vcc, which is a logic 0 or NOT
1. The equation for this operation is 11 = 1,
"where the dot means AND. In this way, with
- negative logic, the circuit becomes an inverting
. AND gate, or a NOT AND gate or, more
commonly, a NAND gate. Manufacturers’ literature
frequently refers to this type of device as a
NAND/NOR gate, because it performs either
function.

Flip-Flops

It is not necessary for the various functions on

‘a single chip to be identical. Motorola’s MC780P
IC, a decade up-counter, contains four flip-flops,
> - an inverter, and a 2-input gate. These functions are
“interconnected to provide divide-by-10 operation,

' with ten input pulses required for every output
.- pulse which appeass. Intérmediate outputs are also
provided -(in binaty-coded form) so . that the

INPUT D OUTPUT

SEMI

numiber of pulses which have entéred the input can’

be deterinined at all times. These binary-coded

“decimal (BCD) outputs, after decoding, may be

used to operate decimal-readout indicators.

-The term, medium-scale integration (MSI) is
frequently applied to ICs such as this decade
up-counter, which contains the equivalent of 15 or
mote gates on a single chip. Large-scale integration
(LSI) describes ICs containing the equivalent of
100 or more gates on a single chip. These terms,
when applied to a particular IC, convey an idea of
the complexity of the circuitry. )

A flip-flop is a device which has two outputs
that can be placed in various 1 and 0 combinations
by various input schemes. Basically, one output is a
1 when the other is a 0, although situations do
occur (sometimes on purpose) where both outputs
are alike. One output is called the Q output, or

“set” output, while the other is the @ (NOT Q) or

“reset” output. If @ = 1 and- @ = 0, the flip-flop is
said to be “set” or in the ““1 state,” while for the
reverse, the flip-flop is ‘“‘reset,” or “cleared,” orin
the “0 state.” A variety of inputs exist; from which
the flip-flops derive their names. ‘

The R-S flip-flop is the simplest type. Its
outputs change directly as a result of changes at its
inputs. The type T flip-flop “‘toggles,” ““flips,” or
changes its state during the occurrence of a T
pulse, called a clock pulse. The T flip-flop can be
considered as a special case of the J-X flip-flop
described later. The type D flip-flop acts as a
storage element. When a clock pulse occurs, the
complementary status of the D input is transferred

to the @ output. The flip-flop remains in this state -

even though the input may change, as it can ‘change
states only when a clock pulse occurs.

Although there is some disagreement in the
nomenclature, a J-K flip-flop is generally consi-
dered to be a toggled or clocked R-S flip-flop. It
may also be used as a storage element. The J input
is frequently called the “set” or S input; the X is
called the “clear” or C input (not'to be confused
with the clock input). The clock inpugels called T,
as in the type T flip-flop. A cle ct or Cp

“input which overrides all other inputs to clear the

flip-flop to 0 is provided in most J-K flip-flop
packages. The logic symbol for the J.X flip-flop is
shown in Fig. 4-28H. A simple J-K flip-flop circuit
contains 13 or 14 transistors and 16 or 18 resistors.

There are essentially two types of flip-flop
inputs, the dc or level-sensitive type, and the “ac”
or transistion-sensitive type. It should not be
concluded that an ac input is capacitively coupled.
This was true for the discrete-component flip-flops,
but capacitors just do not fit into microcircuit
dimensions. The construction of an ac input uses
the “master-slave™ principle, where the actions of a
master flip-flop driving a slave flip-flop are
combined to produce a shift in the output level
during a transit of the input. ’

DIGITAL-LOGIC IC FAMILIES

There are seven categories or families of which
nearly all semiconductor digital ICs are members.

*,
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. Digital-Logic IC Families
. Each family has its own inherent advantages and

disadvantages. Each is geared to its own particular
market, meeting a specific set of needs.

Resistor-Transistor Logic — RTL

RTL is known primarily for its economy. It is
well named, since it contains resistors and
transistors exclusively. The circuits of Fig, 4-29 are
RTL. Advantages of the RTL family are economy,
ease of use in system designs, ease of interface with
discrete components, and high speed—power
product. There are a wide number of functions
available in this family. Disadvantages are low
immunity to voltage noise (transients, rf pickup,
and the like), and relatively low fanout . (the
number of loads that may be connected to an
output before performance is degraded). The RTL
family requires a supply of 3.0 to 3.6 volts.

Diode-Transistor Logic — DTL

DTL ICs contain diodes, as well as resistors and
transistors, Eatly DTL ICs used design criteria
carried over from the use of discrete components,
where diodes were inexpensive compared to
transistors. These ICs required negative and
positive voltage sources. Later DTL ICs are of a
modified design which lends itself more easily to
IC processing, Performance characteristics are also
enhanced, with less input current being required,
and only a single voltage source needed. Membezrs
- of the DTL faniily are limited generally to gates.
Advantages of this family are low power
dissipation, compatibility with TTL (see later
section), low cost, ease of use in system design,
ease of interface with discrete circuits, and
relatively high fanout. DTL disadvantages aré low
noise immunity, especially in the high state where
the input impedance is relatively high, rapid change
in voltage thresholds with temperature, speed
slowdown with capacitive loading, and lower speed
capabilities than some other families. The DTL
family requires a supply voltage of 5.

High-Threshold Logic — HTL

HTL devices are designed for high noise
immunity. The circuit form is the same as DTL
except that breakdown (Zener) diodes are used at
the inputs. Higher supply voltages and higher
power dissipations accompany the HTL family.
These ICs find applications in industrial environ-
ments and locations likely to have high electrical
noise levels, Advantages are high noise immunity,
stable operation over very large temperature
ranges, interfaces easily with discrete components,
electromechanical components, and linear func-
tions (operational amplifiers and multipliers), and a
constant threshold-versus-temperatiire characteris-
tic. Disadvantages are higher cost than other
families, and relativély high power dissipation. The
-HTL family requires a supply voltage of 15,

Transistor-Transistor Logic —TTL

TTL has characteristics that are similar to DTL,
and is noted for many complex functions and the

highest available speed of any saturated logic. TTL

may be thought of as a DTL modification that -

results in higher speed and driving capability. It is

noted for better noise immunity than that offered -
is more effective for driving -

by DTL, and
high-capacitance loads because of its low output
impedance in both logic states. TTL ICs fall into
two major categories. — medium speed and high
speed. Various manufacturing techniques are used
to increase the speed, including gold doping and
incorporation of high-speed Schottky diodes on
the chip. Another advantage of TTL is that it is
compatible with various other families. Multiple
sources and extensive competition have resulted in
low prices for TTL devices. Disadvantages are that
more care is required in the layout and mechanical
design of systems because of its high speed, and
additional capacitors are required for bypassing
because of switching transients. The TTL family
requires a supply of 5 volts.

Emitter-Coupled Logic — ECL

ECL has the highest speed of any of the logic
forms. It is sometimes called current-mode logic.
This family is different from standard saturating
logic in that circuit operation is analogous to that '
of some linear devices. In this case, the transistors
do not saturate and the logic swings are reduced in
amplitude. Very high speeds can be attained
because of the small voltage swings and the use of

nonsaturating transistors. The input circuitry of -

ECL devices is of the nature of a differential
amplifier, resulting in much higher input impe-
dances than -saturated-logic devices. Emitter-fol-
lower outputs are of low impedance with high
fanout capabilities, and are suited for driving
50-chm transmission lines directly. Disadvantages
are higher power dissipation, less noise immunity

. than some saturated logic, translators are required

for interfacing with saturated logic, and slowed-
down operation with heavy capacitive loading. The
ECL family requires a supply of -5.2 volts.

Metal-Oxide Semiconductor (MOS)

Digital MOS devices are gaining significance in
industrial applications, with p-channel or P-MOS
ICs being the most popular. Large, complex
repetitive functions, such as long shift registers and
high-capacity memories, have proved very practi-
cal. Gates and basic logic circuits have not become
as popular, because they exhibit lower drive
capability than other IC families. Input impedances
to these devices are essentially capacitive (an open
circuit for dc). This feature allows very high fanout
where speed is not a consideration. Bidirectional
devices give more flexibility to the circuit designer.
P-MOS technology results in the lowest cost per bit
for memories and leng shift registers, because
many more functions can be contained on a given
chip size than in bipolar devices. Disadvantages are
that devices must be handled more carefully than
bipolar ICs because excessive static electricity can
destroy the narrow gate oxide, even with internal
breakdown-diode input protection. Drive capabili-

ty is limited because. of the high output . . -

N




- impedances characteristic of these devices. Two
" power supplies are usually required. The P-MOS
family requires supplies of -13 and -27 volts.

Complementary Metal-Oxide
Semiconductor — CMOS

CMOS technology employs both p-channel and
n-channel devices on the same silicon substrate.
Both types are enhancement-mode devices; that is,
gate voltage must be increased-in the direction that
inverts the surface in order for the device to
conduct. Only one of the two complementary
devices of a circuit section is turned on at a time,
resulting in extremely low power dissipation.
Dissipation is ‘primarily from the switching of
devices through the active region and the charging
and discharging of capacitances. Advantages are
low power dissipation, good noise immunity, very
wide power supply voltage variations allowed, high
fanout to other CMOS devices, and full tempera-

- tfure-range capabilities. Disadvantages are restricted
interfacing capabilities because of high output
impedance, and medium to high cost. The CMOS
family requires a supply of 1.5 to 16 volts, 10 volts
being nominal. .

IC Family Groups

The popular digital-logic families have several
_groups where basic designs have been modified
for medium speed, high speed, or low power
consumption. The TTL family ICs have single-
letter designators added to the part number to
‘identify the group: S — Schottky high speed, H
— medium speed, L — low power. ECL logic, as
yet, has no such simple identification system.
Manufacturers group their ECL products by pro-
pagation delay, an expression of the maximum
speed at which the logic device will operate.
Motorola, for example, calls the ECL - group

- SEMICONDUCTOR DEVICES

with 8-ns delay MECL. MECL II'has a speed of
.4 ns; MECL 10,000, 2 ns; and MECL IT1, 1.1
ns. With a propagation delay of 1 ns, operation
at 300 MHz is possible.

Special Digital ICs

In addition to the logic families, many
special-purpose digital ICs are available to ac-
complish specific tasks. A divide-by-10 circuit,
such as the Fairchild U6B95H9059X, operates
up to 320 MHz and is used as a prescaler to
extend the range of a frequency counter. This
IC has been designed to operate with low-level
input signals, typically 100 mV at 150 MHz.

Large MOS arrays are being used for a num-.
ber of applications which require the storage of
logic instructions. These ICs are called memo-
ries. Instructions are stored in the memory by a
process named programming. Some memories
can be programmed only once; they are called
ROMs (Read-Only Memory). ROMs must be
read in sequence, but another group of devices
called RAMs (Random-Access Memory) can be
used a section at a time. Both ROMs and RAMs
are also made in reprogrammable versions, where
the information stored in the memory can be
changed as desired. These models are named
PROMs and PRAMs, respectively.

Large memory arrays are often used for the
generation and conversion of information codes.
One IC can be programmed to convert the 5-
level RTTY code to the 8-level ASCII code
popular in computer devices. National Semicon-
ductor manufactures a single IC which generates
the entire S6-character 8-level code. Several ICs °
are now available for character generation where
letters and numerals are produced for display on
an osciltograph screen.

OTHER DEVICES

THE UNIJUNCTION TRANSISTOR

Unijunction transistors (UJT) are being used by
amateurs for such applications as side-tone
oscillators, sawtooth generators, pulse generators,
and timers. )

Structurally, the UJT is built on an n-type
silicon bar which has ohmic contacts — base one
(B1) and base two (B2) — at opposite ends of the
bar. A rectifying contact, the emitter, is attached
between Bl and B2 on the bar. During normal
operation Bl is grounded and a positive bias is
supplied to B2. When the emitter is forward biased,
emitter current will flow and the device will
conduct. The symbol for a-UJT is given in Fig.
4.30 at C. A circuit showing a typical application
in which a UJT is employed is shown in Fig. 4-30.

SILICON CONTROLLED RECTIFIERS

The silicon controlled rectifier, also known as a
Thyristor, is a fourlayer (pn-p-n or n-p-n-p)
‘three-electrode semiconductor rectifier. The three

terminals are called anode, cathode and gate, Fig.
4-28B.

The SCR differs from the silicon rectifier in
that it will not conduct until the veltage exceeds
the forward breakover voltage. The value of this
voltage can be controlled by the gate current. As
the gate current is increased, the value of the
forward breakover voltage is decreased. Once the
rectifier conducts in the forward direction, the gate
current no longer has any control, and the rectifier
behaves as a low-forward-resistance diode. The gate
regains controls when the current through the
rectifier is cut off, as during the other half cycle.

The SCR finds wide use in power-control
applications -and in time-delay circuits, SCRs are
available in various voltage and wattage ratings.

TRIACS

The triac, similar to the SCR, has three
electrodes — the main terminal (No. 1), another
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main terminal (No. 2), and a gate. The triac
performs in the same manner as the SCR, but for
either polarity of voltage applied to its main
terminals. The SCR, as mentioned in the foregoing,
conducts only during one half the sine-wave cycle.
When an SCR is used in a motor-speed control,
therefore, the motor cannot be brought up to full
speed. The triac, however, does trigger on both
halves of the cycle. Therefore, triacs are preferred
to SCRs in many control circuits. The triac can be
regarded as a device in which two SCRs are
employed in parallel and oriented in opposite
directions as shown in the drawing of Fig. 4-30. An
example of a motor-speed control which uses a
triac is given in the construction chapter of this
book.

OPERATIONAL AMPLIFIERS

Early analog computers used amplifier blocks
which became known as operational amplifiers, or
simply op amps, Operational amplifiers can be
constructed using tubes or transistors, and as
hybrid or monolithic integrated circuits. The
monolithic IC has become the most popular type
of op amp. Today op-amp ICs cost approximately
one dollar for the preferred types. They are used as
building blocks in many circuit applications.

The op amp is a dc-coupled multistage linear
amplifier which, in an ideal device, would have
infinite input impedance and infinite gain. While
the ideal op amp. remains an unobtainable goal,
voltage gains of 100,000 or more can be achieved.

FET-input op amps have sufficiently high input.

impedance that the current required from the
driving source is measured in pA (MUA).

Gain and Feedback
The internal circuit of a popular op-amp IC, the

Fairchild . tA741 (also produced by most cher'
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1
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Fig. 4-31 — The symbol for a triac is given at A..
The |I|ustrat|on at B shows how a triac compares to
two SCRs connected for the same performance
offered by a triac, thus permitting conduction
during both halves of the cycle. ,+ :

semiconductor manufacturers) is shown in Flg
4-32.- Two inputs are provided, one the comple-
ment or inverse of the other. An amplifier with
two such inputs is known as a differential ampli- - .
fier, If a small positive voltage is applied to the
noninverting (+) terminal, it will produce a positive, -
output. The same positive voltage applied to the
inverting (—) terminal will result in a negative
output. If the same voltage was applied to both
terminals, the output would be zero. Both inputs
can be used, called the differential connection, or
one can be returned to ground for single-ended

operation. In practical ICs, the output may notbe_ "

exactly zero when both inputs are at zero poten-
tial. Any output under these conditions is called
offset — some op amps have provision for con-
nections to an external control which compensates
for any offset voltage by applying bias current to:
the input transistors. The offset connections for
the HA741 are shown in Fig. 4-32. Op amps -are
available in all of the popular IC pa'ckages; consult: -
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the manufacturer’s literature for pin connections.
‘Ysually the-pin connections are not the same for a
- -particular device when it is made up in different
package styles,

~ For most applications the full gain of the op
< ~amp-is not used. Feedback is employed, as shown
in ‘Figs, 4-34A and B.. The addition of a resistive
divider network, Ro-Ri, causes negative feedback
by allowing part of the output voltage to be
applied to the inverting input. The gain of the
-deviece will be equal to the sum of Ro and Ri,
divided by the value of Ri. Feedback can be
applied in-a similar manner for a noninverting
amplifier, Fig. 4-33B.. The voltage summer, Fig.
" 4-33C, provides an output voltage which is the sum
_ of all input voltages multiplied by the gain of the

INVERTING AMPLIFIER
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operational amplifier. This circuit is often em-
ployed - as an audio mixer. Fig. 4-33D shows the
voltage-follower connections. The load at the
output of this circuit can draw a large current
while the input draws almost no current. The
output voltage follows the level of the input
potential almost exactly. The output of the differ-
entiator (Fig. 4-33E) is proportional to the rate of
“change of the input voltage, while the integrator
(Fig. 4-33F) averages the level of a voltage that
varies over a short period of time. A differential
connection of a single op amp is shown at G.

Stability
Because op amps are high-gain devices with
frequency response from dc to several megahertz,
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Fig. 4-33 ~  Basic op-amp circuits.
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oscillation can occur. In any op-amp circuit layout,
the inputs should be well isolated from the output.
Input leads should be kept as short as possible.
Supply-voltage terminals should be bypassed with
0.1- or .01-MF capacitors. As the frequency is
increased, the stages within an op amp will
introduce phase shift. If the phase shift in the
amplifier reaches 180 degrees before the gain has
decreased to unity, the amplifier will be unstable.
Some op amps, such as the UAT709 of Fig. 4-34A.
require an external compensation network, R1-C1,
“to reduce the gain of the device at hf. Others, the
MA741 of Fig. 4-34B for example, contain internal
compensation and, thus, require no additional
components to assure stability.

Applications

~ Most monolithic op-amp ICs require supply
voltages of plus 5 to 15 and minus 5 to 15.
Practical examples of an audio amplifier and audio
mixer are given in Fig. 4-33A and B,, respectively.
In some amateur applications, the: dual-polarity

. COMPARATOR
. +12V
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106]

1200 Hz ACTIVE FILTER

I 700
2700;;} 0

BT
1350

OUTPUT

Y
TOP VIEW

Fig. 4-34 — Some typical applications of opera-
tional amplifiers. The pin numbers shown are all
for the metal can (TO-99) package. -

requirement can be eliminated by using a resistive
divider to bias the noninverting input as indicated
in Fig. 4-34C. If the amplifier is intended to be used
as.a limiting device (the input stage of an RTTY
demodulator is af example) an offset control
should be added to allow adjustment for equal
clipping of the negative and positive peaks (Fig.
4-34D). '

Another popular use for the op amp is as a
comparator — see Fig. 4-34E. A comparator is used
to indicate when a difference exists between a
reference voltage and an input voltage. The output
of the comparator will swing from its maximum
positive voltage to maximum negative when the
input exceeds the reference (zero voltage if the
referénce is zero). A number of op amps optimized
for comparator service are available; they are often
used as interface devices between linear and digital
circuits. The operational amplifier is often em-
ployed inactive filters, which use RC components
to provide low-pass, high-pass, and bandpass char-
acteristics. A simple illustration, an RC filter
network . tuned to 1200 Hz connected in parallel
with the feedback resistor, is given in Fig. 4-34F.
This design is for low Q giving a characteristic
suitable for a cw receiver. The gain at resonance is
approximately 40. Additional information about
active filters and other op-amp circuits is available

in the publications listed in the bibliography at the. -.
end of this chapter.
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' BIPOLAR TRANSISTOR SYMBOLS

Cibo — Input capacitance, open circuit

(common base)

Cieo -  — Input capacitance, open circuit
(common emitter)
‘Cobo — Output capacitance, open circuit
(common base) ‘
Coeo — Output capacitance, open circuit
(common emitter)
fe — Cutoff frequency .
fr — Gain-bandwidth product (frequen-
cy at which small-signal forward
current-transfer ratio, common
emitter, is unity, or 1)
.. Eme — Small-signal transconductance
- ) (common emitter)
h¥B — Static forward-current transfer
. ratio (common base)
hp — Small-signal forward-current trans-
s fer ratio, short circuit (common
base)
h¥E — Static forward-current transfer
ratio (common emitter)
hte — Small-signal forward-current trans-
fer ratio, short circuit (common
: emitter) :
hME . — Static input resistance (common
emitter) }
hie — Small-signal input impedance, short
) circuit (common emitter)
Iy —~ Base current
I — Collector current
Icso - Collector-cutoff current, emitter
: open
Iceo — Collector-cutoff current, base open
Ir — Emitter current
MAG — Maximum available amplifier gain
PcE — Total dc or average power input to
collector (common emitter)
PoE — Large-signal output power (common
: emitter)
Ry, — Load resistance
Rg — Source resistance
VBB . — Base-supply voltage
VBC — Base-to-collector voltage
VBE — Base-to-emitter voltage
VcB = Collector-to-base voltage
VeBo  — Collector-to-base voltage (emitter

open)

' ABBREVIATED SEMICONDUCTOR SYMBOL LIST

— Collector-sipply voltage

Vee y
VcE - Collector-to-emitter voltage
VcEo - Collector-to-emitter voltage (base »

open)
VCE(sat) — Collector-to-emitter saturation volt-
age

VEB — Emitter-to-base voltage

VEBO — Emitter-to-base voltage (collector
open) .

VEE — Emitter-supply voltage

Yse — Forward transconductance

Yie . — Input Admittance

Yoe — Output Admittance

FIELD-EFFECT TRANSFER SYMBOLS

A ~ Voltage amplification

Ce — Intrinsic channel capacitance . _

Cas — Drain-to-source capacitance (in-
cludes approximately 1-pF drain-
to-case and interlead capacitance)

Cea — Gate-to-drain capacitance (includes
0.1-pF interlead capacitance)

Cgs — Gate-to-source interlead and case -
capacitance

Ciss — Small-signal input capacitance,
short circuit

Crss — Small-signal reverse transfer capaci-
tance, short circuit

8fs — Forward transconductance

8is — Input conductance

Zos — Output conductance

Ip — Dc drain current

Ips(oFF)— Drain-to-source OFF current

Igss - Gate leakage current

re — Effective gate series resistance

'DS(ON) — Drain-to-source ON resistance

red — Gate-to-drain leakage resistance
7 — Gate-to-source leakage resistance
I%;B — Drain-to-substrate voltage

Vps — Drain-to-source voltage

Ve — Dc gate-to-substrate voltage
VaB — Peak gate-to-substrate voltage
Vas — Dc gate-to-source voltage

VaGs - I’eaﬁa gate-to-source voltage

VGS(OFF)- Gate-to-source cutoff voltage

fs — Forward transadmittance %ggs
Yos — Output admittance
YL — Load admittance
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AC-Operated

Chapter‘s

Power Supplies

Powerline voltages have been “‘stan-
dardized’ throughout the U.S. at 115
— 230 V in residential areas where a
single voltage pbase is supplied. These
figures represent nominal voltages,
bowever. “Normal” line voltage in a
particular area may be between ap-
proximately 110 and 125 volts, but
generally will be above 115 volts, In
many states, the service is governed by
the state’s public utilities commission.
The voltage average across the country
is approximately 117 volts. Source of
‘information: Edison Electric Company
(an association of power companies),
New York, NY.,

The electrical power required to operate
amateur radio equipment is usually taken from the
ac lines when the equipment is operated where this
power is available; in mobile operation the prime
source of power is usually the storage battery.

The high-voltage dc for the plates of vacuum
. tubes used in receivers and transmitters is derived

from the commercial ac lines by the use of a
transformer-rectifier-filter system. The transformer
changes the voltage of the ac to a suitable value,
and the rectifier converts it to pulsating dc. The
filter reduces the pulsations to a suitably low level,

and may have either a capacitor input or a choke
input, depending on whether a shunt capacitorora -
series inductor is the first filter element. Essentially
pure direct current is required to prevent hum in
the output of receivers, speech amplifiers, modula-
tors and transmitters. In the case of transmitters, a
pure dc plate supply is also dictated by government
regulations. If a constant supply voltage is required:
under conditions of changing load or ac line
voltage, a regulator is used following the filter.
When the prime power source is dc (a battery),
the dc is first changed to ac, and is then followed
by the transformer-rectifier-filter system, Addi- -~
tional information on this type of supply is
contained in Chapter 10, )
The cathode-heating power can be ac or dc in
the case of indirectly heated cathode tubes, and ac
or dc for filament-type tubes if the tubes are
operated at a high power level (high-powered audio
and rf applications). Low-level operation of

filament-type tubes generally requires dc on the’

filaments if undue hum is to be avoided.
Occasionally transformerless power supplies are

used in some applications (notably in the ac-dc .

type of broadcast receiver). Such supplies operate

directly from the power line, and it is necessary fo '

connect the chassis or common-return point of the.
circuit directly to one side of the ac line. This type '
of power supply represents an extreme shock

hazard wheh the equipment is interconnected with ©.
other apparatus in the amateur station, or when -

the chassis is exposed. For safety reasons, an
isolation transformer should be used with such
equipment when it is present in an amateur station.

POWER-LINE CONSIDERATIONS

POWER LINE CONNECTIONS

In most residential systems, three wires are
brought in from the outside to the distribution
board, while in other systems there are only two
wires. In the three-wire system, the third wire is
the neutral which is grounded. The voltage
between the other two wires normally is 230, while
half of this voltage (115) appears between each of
these wires and neutral, as indicated in Fig. 5-1A.
In systems of this type; usually it will be found
that the 115-volt household load is divided as
evenly as possible between the two sides of the
ClIClllt half of the load being connected between
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one wire and the neutral, while the other half of
the load is connected between the other wire and
neutral. Heavy appliances, such as electric stoves -
and heaters, normally are.designed for 230-volt
operation and therefore are connected across the
two ungrounded wires. While both ungrounded
wires should be fused, a fuse should never be used

in the wire to the neutral, nor should a switch be -

used in this side of the line. The reason for this is
that opening the neutral wire does not disconnect .
the equipment. It simply leaves the equ1pment on
one side .of the 230-volt circuit in series with <
. ‘whatever load may be across the other side of th.e :
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) F}ig. 5-1 — Three-wire poyver-line circuits: A — Normal 3-wire-line termination. No fuse should be used in
the grounded (neutral} line. B — Showing that a switch in the neutral does not remove voltage from

" . either side of the line. C — Connections for both 115- and 230-volt transformers. D — Operating a

115-volt plate transformer from the 230-volt line to avoid light btinking. T1 is a 2-to-1 step-down

transformer.

circuit, as shown in Fig, 5-1B. Furthermore, with
the neutral open, the voltage will then be divided
. between the two sides in inverse proportion to the
load resistance, the voltage on one side dropping
below normal, while it soars on the other side,
_unless the loads happen to be equal. )

The usual line running to baseboard outlets is
rated at 15 amperes. Considering the power
consumed by filaments, lamps, transmitter, re-
ceiver and other auxiliary equipment, it is not
unusual to find this 15-A rating exceeded by the
requirements of a station of only moderate power.
It must also be kept in mind that the same branch
may be in use for other household purposes
through another outlet. For this reason, and to
minimize light blinking when keying or modulating

the transmitter, a separate heavier line should be .

run from the distribution board to the station
whenever possible. (A three-volt drop in line
voltage will cause noticeable light blinking.)

If the system is of the three-wire 230-V type,
the three wires should be brought into the station

so that the load can be distributed to keep the line.

. balanced. The voltage across a fixed load on one

. side of the circuit will increase as the load current
on the other side is increased. The rate of increase
will depend upon the resistance introduced by the
neutral wire. If the resistance of the neutral is low,
the increase will be correspondingly small. When
the currents in the two circuits are balanced, no
current flows in the neutral wire and the system is
operating at maximum efficiency. _

Light blinking can be minimized by using
transformers with 230-volt primaries in the power
supplies for the keyed or intermittent part of the
load, connecting them across the two ungrounded
wires with no connection to the neutral, as shown
in Fig. 5-1C. The same can be accomplished by the
insertion of a step-down transformer with its
primary operating at 230 volts and secondary
delivering 115 volts. Conventional 115-volt trans-
formers may be operated from the secondary of

_ the step-down transformer (see Fig. 5-1D).

When a special heavy-duty line is to be
installed, the local power company should be
-consulted as to local requirements. In some

. localities it is necessary to have such a job.done by
a licensed electrician, and there may be special

requirements to be met. Some amateurs terminate
the special line to the station at a switch box, while
others may use electric-stove receptacles as the
termination. The power is then distributed around
the station by means of conventional outlets at
convenient points. All circuits should be properly
fused.

Three-Wire 115-V Power Cords

To meet the requirements of state and national
codes, electrical tools, appliances and many items
of electronic equipment now being manufactured
to operate from the 115-volt line must be equipped
with a 3-conductor power cord. Two of the
conductors carry power to the device in the usual
fashion, while the third conductor is connected to
the case or frame.

When plugged into a properly wired mating
receptacle, the 3-contact polarized plug connects
this third conductor to an earth ground, thereby
grounding the chassis or frame of the appliance and
preventing the possibility of electrical shock to the
user. All commercially manufactured items of
electronic test equipment and most ac-operated
amateur equipments are being supplied with these
3-wire cords. Adapters are available for use where
older electrical installations do not have mating
receptacles. For proper grounding, the lug of the
green wire protruding from the adapter must be
attached underneath the screw securing the cover
plate of the outlet box where connection is made,
and the outlet box itself must be grounded.

Fusing

All transformer primary circuits should be
properly fused. To determine the approximate
current rating of the fuse to be used, multiply each
current being drawn from the supply in amperes by
the voltage at which the current is being drawn.
Include the current taken by bleeder resistances
and voltage dividers. In the case of series resistors,
use the source voltage, not the voltage at the
equipment end of the resistor. Include filament
power if the transformer is supplying filaments.
After multiplying the various voltages and currents,
add the individual products.. Then divide by the
line voltage and add 10 or 20 percent. Use a fuse.
with the nearest larger current rating.
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Fig. 52 — Two methods of transformer primary
control, At A is a tapped toy transformer which
may be connected so as to boost or buck the line
voltage as required. At B is indicated a variable
transformer or autotransformer (Variac) which
feeds the transformer primaries.

LINE-VOLTAGE ADJUSTMENT

In certain communities trouble is sometimes
experienced from fluctuations in line voltage.
Usually these fluctuations are caused by a variation
in the load on the line. Since most of the variation
comes at certain fixed times of the day or night,
such as the times when lights are turned on at
evening, they may be taken care of by the use of a
manually operated compensating device. A simple
arrangement is shown in Fig. 5-2A. A toy
- transformer is used to boost or buck the line
voltage as required. The transformer should have a
tapped secondary varying between 6 and 20 volts
in steps of 2 or 3 volts and its secondary should be
capable of carrying the full load current. )

The secondary is connected in series with the
line voltage and, if the phasing of the windings is
correct, the voltage applied to the primaries of the
transmitter transformers can be brought up to the
rated 115 volts by setting the toy-transformer tap
switch on the right tap. If the phasing of the two
windings of the toy transformer happens to be
reversed, the voltage will be reduced instead of
increased. This connection may be used in cases
where the line voltage may be above 115 volts.
This method is preferable to using a resistor in the
primary of a power transformer since it does not
affect the voltage regulation as seriously. The
circuit of 5-2B illustrates the use of a variable
autotransformer (Variac) for adjusting line voltage.

Constant-Voltage Transformers

Although comparatively  expensive, special
transformers called constant-voltage transformers
are available for use in cases where it is necessary
to- hold line voltage andf/or filament voltage
constant with fluctuating supply-line voltage.
These are static-magnetic voltage regulating trans-
formers operating on principles of ferroresonance.
. They have no tubes or moving parts, and require
no manual ad_;ustments. These transformers are

_output up to several thousand VA at 115 or 230-

- variation of £15 percent

rated over & range of less than one VA at 5:vol

volts. On the average they will hold their-output
voltages within one percent under an input voltage ’

SAFETY PRECAUTIONS

All power supplies in an installation should be
fed through a single main power-line switch so that
all power may be cut off quickly, either before .
working on the equipment, or in cas¢ of an
accident. Spring-operated switches or relays are not
sufficiently reliable for this important servicé, .
Foolproof devices for cutting off all power to the -
transmitter and other equipment are shown in Fig.
5-3. The arrangements shown in Fig. 5-3A and B
are similar circuits for two-wire (115-volt) and
three-wire (230-volt) systems. S is an enclosed .
double-throw switch of the sort usually used as the
entrance switch in house installations. J is a-
standard ac outlet and P a shorted plug to fit the -
outlet. The switch should be located prominently -
in plain sight, and members of the household
should be instructed in its location and use. I'is'a- °,
red lamp located alongside the switch. Its purpose -
is not so'much to serve as a warning that the power
is on as it is to help in identifying and quickly = =
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Fig. 5-3 — Reliable arrangements for cutting off all
power to the transmitter. S is an enclosed .
double-pole power switch, J a standard ac outiet, P
a shorted plug to fit the outlet and | a red lamp.
A is for a two-wire 115-voit line, B for a .
three-wire 230-volt system, and C a slmphflad :
arrangement for low-power stat'ons )



geating' thé switch should it become necessary for

“someone else’ to cut the' power off in an

.. emergency.

. .The outlet J should be placed in some corner

. out of sight where it will not be a temptation for
children or others to play with. The shorting plug
can be removed to open the power circuit if there
are others around who might inadvertently throw
the, switch while the operator is working on the rig.
If the operator takes the plug with him, it will
- prevent someone from turning on the power in his
absence and either hurting themselves or the
-equipment or perhaps starting a fire. Of utmost

*. importance is the fact that the outlet J must be

“ placed in the ungrounded side of the line.

‘Those who are operating low power and feel
that the expense or complication of the switch
isn’t warranted can use the shorted-plug idea as the
main power switch. In this case, the outlet should
be located prominently and identified by a signal
light, as shown in Fig. 5-3C.

The test bench should be fed through the main
power switch, or a similar arrangement at’ the
bench, if the bench is located remotely from the
transmitter.

A bleeder resistor with a power ratmg which
gives a considerable margin of safety should be
used across the output of all transmitter power
supplies, so that the filter capacitors will be
discharged when the high-voltage is turned off.

PLATE AND FILAMENT TRANSFORMERS

Output Voltage -

The output voltage which the plate transformer
must deliver depends upon the required dc load
voltage and the type of filter circuit.

With a choke-input filter (see Fig. 5-4), the
tequired rms secondary - voltage (each side of
center-tap for a center-tap rectifier) can be
calculated by the equation:

Ey=1.1[Eq+I(Ry+Rg+RY)]

where E, is the required dc output voltage, [ is the
. load current (including bleeder current) in
. .amperes, R1 and R2 are the dc resistances of the
.~chokes, and Ry is the séries resistance (transformer
and rectifier). E is the open-circuit rms voltage.

With a capacitive-input filter system, the
approximate transformer output voltage required
to give a desired dc output voltage with a given
load can be calculated with the aid of Fig. 5-5.

Example:

F— € —— E;——
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Fig. 5-4 — Diagram showing various voltage drops
that must be taken into consideration in determin-
ing the required transformer voltage to deliver the
desired output voltage.

Series resistance — 5 ohms

Load resistance = (% = 50 ohms

RC =50 x 1000 = 50,000
RyR=5/50=0.1
Fig. 5-5 shows that the ratio of dc volts to the required
transformer rms voltage is 1.07.
The required transformer terminal voltage under load is

E R
Epc==BOH{=s

where [ is the load current in amperes.

DC VOLTAGE

Requu'ed de output volts — 25 Eac= +1‘07
Load ctrrent to be drawn — 500 mA (0. 5 ampere) 275
Input capacitor — 1000 uF = W =25.7 volts
" 1.4 r
g TT
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Rewmdmg Transformers

-« . The required transformer is “one havmg a
'51.4-V center-tapped secondary. A 50-or §5-V
secondary would be entirely satisfactory. Should
the filter section contain one or more filter chokes
connected between the input capacitor and the

" load, the dc-resistance values of the chokes are

added to the value of Ry in the equation before
multiplying by the load-current value.

Volt-Ampere Rating

The number of volt-amperes delivered by a
transformer depends upon the type of filter
(capacitor or choke input) used, and upon the type
of rectifier used (full-wave center tap, or full-wave
bridge). With a capacitive-input filter the heating
effect in the secondary is higher because of the
high ratio of peak-to-average current. The volt-
amperes handled by the transformer may be several
times the watts delivered to the load. With a
choke-input filter, provided the input choke has at
least the critical inductance, the secondary
volt-amperes can be calculated quite closely by the
equation:

= =107 EI
(Full-wave ct) Sec. VA 1000
. __E
(Full-wave bridge) Sec. VA = 1000

where E is the fotal rms voltage of the secondary
(between . the outside ends in the case of a
center-tapped winding) and I is the dc output
current in milliamperes (load current plus bleeder
current). The primary volt-amperes will be
somewhat higher because of transformer losses.

BROADCAST & TELEVISION
REPLACEMENT TRANSFORMERS

Small power transformers of the type sold for
replacement in broadcast and television receivers
are usually designed for service in terms of use for
several hours continuously with capacitor-input
filters. In the usual type of amateur transmitter
service, where most of the power is drawn
intermittently for periods of several minutes with
equivalent intervals in between, the published
ratings can be exceeded without excessive trans-
former heating.

With a capacitor-input filter, it should be safe
to draw 20 to 30 percent more current than the
rated value. With a-choke-input filter, an increase
in current .of about 50 percent is permissible. If a
bridge rectifier is used, the output voltage will be
approximately doubled. In this case, it should be
possible in amateur transmitter service to.draw the
rated current, thus obtaining about twice the rated
output power from the transformer.

This does not apply, of course, to amateur
transmitter plate transformers, which usually are
already rated for intermittent service.

REWINDING POWER TRANSFORMERS

Although the home winding of power trans-
formers is a task that few amateurs undertake, the

CROSS-SECTIONAL AREA =
WIDTH X HEIGHT (WXH) OF CORE

Fig. 56 — Cross-sectional drawing of a typical
power transformer. Multiplying the height (or
thickness of the laminations) times the width of
the central core area in inches gives the value to be
applied to Fig. 5-7.

rewinding of a transformer secondary to give some
desired voltage for powering filaments or a
solid-state device is not difficult. It involves a
matter of only a small number of turmns and the
wire is large enough to be handled easily. Often a-
receiver power transformer with a bumed-out
high-voltage winding or the power transformer
from a discarded TV set can be converted into an -
entirely satisfactory transformer without great .
effort and with little expense. The average TV
power transformer for a 17-inch. or larger set is
capable of delivering from 350 to 450 watts,
continuous duty. If an amateur transmitter is being
powered, the service is not continuous, so the -
ratings can be increased by a factor of 40 or*50
percent without danger
transformer.

The primary volt-ampere rating of the trans-
former to be rewound, if known, can be used to
determine its power-handling capability. The
secondary volt-ampere rating will be ten to twenty
percent less than the primary rating. The power
rating may also be determined approximately from
the cross-sectional area of the core which is inside
the windings. Fig. 5-6 shows the method of
determining the area, and Fig. 5-7 may be used to
convert this information into a power rating.

Before disconnecting the winding leads from
their terminals, each should be marked for
identification. In removing the core laminations,
care should be taken to note the manner in which
the core is assembled, so that the reassembling will
be done in the same manner. ‘Most transformers |

have secondaries wound over the primary, while in*

some the order is reversed. In case the secondaries
are on the inside, the tums can be pulled out from
the center after sllttmg and removing the fiber
core.

The turns removed from one of the ongmal
filament windings of known voltage should be
carefully counted as the winding is removed. This -
will give the number of tuns per volt and the same

figure should be used in determining the number of . '

turns for the new secondary. For instance, if the

of overloading the -
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Fig.. 5-7 Power-handling capability of a
transformer versus cross-sectional area of core.

old filament winding was rated at 5 volts and had
15 turns, this is 15/5 = 3 turns per volt. If the new
secondary is to deliver 18 volts, the required

-number of tums on the new winding will be

18 X 3 = 54 tums.

In winding a transformer, the size of wire is an
important factor in the heat developed in
operation. A cross-sectional area of 1000 circular

~-mils per ampere is conservative. A value commonly

used in amateur-service transformers is 700 cmil/A.
The larger the cmil/A figure, the cooler the

POWER SUPPL rES ,

transformer will run. The current rating in amperes "

of various wire sizes is shown in the copper-wire
table in another chapter.If the transformer being
rewound is a filament transformet, it may .be
necessary to choose the wire size carefully to fit
the small available space. On the other hand, if the
transformer is a power unit with the high-voltage
winding removed, there should be plenty of room
for a size of wire that will conservatively handle
the required current.

After the first layer of turns is put on during
rewinding, secure the ends with cellulose tape.
Each layer should be insulated from the next;
ordinary household waxed paper can be used for
the purpose, a single layer being adequate. Sheets
cut. to size beforehand may be secured over each
layer with tape. Be sure to bring all leads out the
same side of the core so the covers will go in place
when the unit is completed. When the last layer of
the winding is put on, use two sheets of waxed
paper, and then cover those with vinyl electrical
tape, keeping the tape as taut as possible. This will
add mechanical strength to the assembly. '

The laminations and housing are assembled in
just the opposite sequence to that followed in
disassembly. Use a light coating of shellac between
each lamination. During reassembly, the lamination
stack may be compressed by clamping in a vise. If
the last few lamination strips cannot be replaced, it
is better to omit them. than to force the unit
together.

RECTIFIER CIRCUITS

Half-Wave Rectifier

Fig. 5-8 shows three rectifier circuits covering
most of the common applications in amateur
equipment. Fig. 5-8A is the circuit of a half-wave
rectifier. The rectifier is a device that will conduct

" current in one direction but not in the other.

/

During one half of the ac cycle the rectifier will

"conduct and current will flow through the rectifier

to the load. During the other half of the cycle the
rectifier does not conduct and no current flows to
the load. The shape of the output wave is shown in
(A) .at the right. It shows that the current always
flows in the same direction but that the flow of
current is not continuous and is pulsating in
amplitude.

The average output voltage — the voltage read
by the usual dc voltmeter — with this circuit (no
filter connected) is 0.45 times the rms value of the
ac voltage delivered by the transformer secondary.
Because the frequency of the pulses is relatively
low (one pulsation per cycle), considerable filtering
is required to provide adequately smooth dc
output, and for this reason this circuit is usually
limited to applications where the current involved
is small, such as supplies for cathode-ray tubes and
for protective bias in a t