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Foreword

This 58th edition of The Radio Amateur’'s Handbook has
been extensively revised and expanded. The 64 additional
pages of this edition include many modern construction
projects, as well as updated tutorial sections. Much of the
theoretical discussion is inspired by the latest FCC
license examinations.

The editors have drawn heavily from extensive profes-
sional and amateur experience in creating and selecting
the contents of this volume. Therefore, we expect it to
have wide appeal in the electronics industry as well as in
its traditional role as *‘the amateur’s bible.”

Richard L. Baldwin, W1RU

General Manager

Newington, CT
November, 1980
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The Amateur’s Code

ONE

The Amateur is Considerate . . . He never knowingly uses the air in such a
way as to lessen the pleasure of others.

TWO

The Amateur is Loyal . . . He offers his loyalty, encouragement and sup-
port 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 operating practice is above reproach.

FOUR

The Amateur is Friendly . . . Slow and patient sending when requested,
friendly advice and counsel to the beginner, 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 in-
terfere 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.

— PAUL M. SEGAL



Chapter 1

Amateur Radio

For many years, the name Hiram Percy Maxim was Synonymous with Amateur Radio. The
cafounder and first President of ARRL was the first person to be inducted into the ARRL Hall of
Fame. Aside from his pioneering work with radio, Mr. Maxim, who held the call sign W1AW,
cantributed to the development of the automobile and the movies.

Amateur Radio. You’ve heard of it.
You probably know that Amateur Radio
operators are also called ‘‘hams.”
(Nobody knows quite why!) But who are
these people and what do they do?

Every minute of every hour of every
day, 365 days a year, radio amateurs all
over the world communicate with each
other. It’s a way of discovering new
friends while experimenting with different
and exciting new ways to advance the art
of their hobby. Ham radio is a global
fraternity of people with common and yet
widely varying interests, able to exchange
ideas and learn more about each other
with each new on-the-air contact. Because
of this Amateur Radio has the ability to
enhance international relations as does no
other hobby. How else is it possible totalk
to an engineer involved in a space pro-
gram, a Tokyo businessman, a U.S.
legislator, a Manhattan store owner, a
camper in a Canadian national park, the
head of state of a Mediterrancan-area
country, a student at a high school radio
club in Wyoming, or a sailor on board a
ship in the middle of the Pacific? And all
without leaving your home! Only with
Amateur Radio — that’s how!

The way communication is accom-
plished is just as interesting as the people
you get to ‘‘meet.’” Signals can be sent
around the world using reflective layers of
the earth’s ionosphere or beamed from
point to point from mountaintops by
relay stati®ns. Orbiting satellites that
hams built are used to achieve com-
munication. Still other hams bounce their
signals off the moon! Possibilities are
almost unlimited. Not only do radio
amateurs use international Morse code
and voice for communication, but they
also use radioteletype, facsimile and
various forms of television. Some hams
even have computers hooked up to their
equipment. As new techniques and modes
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of communication are developed, hams
continue their long tradition of being
among the first to use them.

What's in the future? Digital voice-
encoding techniques? Three-dimensional
TV? One can only guess. But if there is
ever such a thing as a Star Trek
transporter unit, hams will probably have
them!

Once radio amateurs make sure that
their gear does work, they look for things
to do with the equipment and special skills
they possess. Public service is a very large
and integral part of the whole Amateur
Radio Service. Hams continue this tradi-
tion by becoming involved and sponsor-
ing various activities in their community.

Field Day, just one of many public
service-type activities, is an annual event
occurring every June when amateurs take
their equipment into the great outdoors
(using electricity generated at the opera-
tion site) and test it for use in case of
disaster. Not only do they test their
equipment, but they make a contest out of
the exercise and try to contact as many
other hams operating emergency-type
stations as possible (along with “or-
dinary” types). Often they make Field
Day a club social event while they are
operating.

Traffic nets (networks) meet on the
airwaves on a schedule for the purpose of
handling routine messages for people all
over the country and in other countries
where such third-party traffic is permit-
ted. By doing so, amateurs stay in practice
for handling messages should any real
emergency or disaster occur which would
require operating skill to move messages
efficiently. Nets also meet because the
members often have common interests:
similar jobs, interests in different lan-
guages, different hobbies (yes, some
people have hobbies other than ham
radio!), and a whole barrelful of other
reasons. It is often a way to improve one’s
knowledge and to share experiences with
other amateurs for the good of all
involved.

DX (distance) contests are popular and
awards are actively sought by many
amateurs. This armchair travel is one of
the more alluring activities of amateur
radio. There are-awards for Worked All
States (WAS), Worked All Provinces
(WAVE), Worked All Continents (WAC),
Worked 100 Countries (DXCC), and
many others.

Mobile operation (especially on the
very high frequencies) holds a special
attraction to many hams. It’s always fun
to keep in touch with ham friends over the
local repeater (devices which receive your
signal and retransmit it for better coverage
of the area) or finding new friends on
other frequencies while driving across the
country. Mobile units are often the vital
link in emergency communications, too,
since they are usually first on the scene of
an accident or disaster.
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Hurtling through the airless reaches of space,
OSCAR 8 is arelay station for amateurs around
the world. It provides reliable vhf and uhf
communications, and is the focus of a wide
range of experiments that advance the radio art.

The OSCAR (Orbiting Satellite Carry-
ing Amatcur Radio) program is a relative-
ly new challenge for the Amateur Radio
fraternity. Built by hams from many
countries around the world, these in-
genjous devices hitch rides as sccondary
payloads on space shots for commercial
and government communications  or
weather  satellites.  OSCAR  satellites
receive signals from the ground on one
frequency and convert those signals to
another frequency to be sent back down
to carth. Vhf (very high frequency) and
uhf (ultra-high frequency) signals normal-
ly do not have a range much greater than
the horizon, but when beamed to these
satellites, a vhf/uhf signal’s effective
range is greatly increased to make global
communication a  possibility.  These
OSCAR satellites also send back telemetry
signals cither in Morse or radioteleprinter
(RTTY) code, constantly giving informa-

tion on the condition of equipment
aboard the satcllite.
Self-reliance  has  always been a

trademark of the radio amatcur. This is
often best displayed by the many hams
who design and build their own equip-
ment. Many others prefer to build their
cquipment from kits. The main point is
that hams want to know how their equip-
ment functions, what to do with it and
how to fix it if a malfunction should oc-
cur. Repair shops aren’t always open dur-
ing hurricanes or floods and they aren’t
always out in the middle of the Amazon
jungle, cither. Hams often come up with
variations on a circuit design in common
use so that they may achieve a special
function, or a totally original clectronic
design may be brought out by a ham, all
in the interest of advancing the radio art.

Radio Clubs
Amateur Radio clubs often provide

social as well as operational and technical
activitics. The fun provided by Amateur
Radio is greatly enhanced when hams get
together so they can “‘eyeball”’ (see) each
other. It’s a good supplement to talking to
cach other over the radio. The swapping
of tales (and sometimes equipment), and a
general fecling of high spirits add a bit of
spice to club meetings along with technical
matters on the agenda. Clubs offer many
people their first contact with Amateur
Radio by sctting up displays in shopping
centers and at such events as county fairs,
Scout jamborees and parades.

Nearly half of all U.S. amatcurs belong
to a radio club. And ncarly every amateur
radio club is affiliated with the ARRL.
Club affiliation is available to most
organized Amatcur Radio groups. The
benefits are many: Use of films and slide
shows for club classes and meetings,
rcbate on ARRL membership  ducs,
special publication offers, and other ser-
vices. Complete information on the re-
quirements and privileges of affiliation is
available from the Club and Training
Department, ARRL hq., Newington, CT
06111.

Getting Started in Amateur Radio?

*“All of this sounds very interesting and
seems to be a lot of fun, but just how do |
go about getting into this hobby? Don’t
you almost need a degree in electronics to
pass the test and get a license?”?

Nothing could be further from the
truth. Although you are required to have
a license to operate a station, it only takes
a minimal amount of study and cffort on
your part to pass the basic, entry-grade
exam and get on the air.

““‘But what about the code? Don’t |
have to know code to get a license?”” Yos,
you do. International agreements require
Amateur Radio operators to have the
ability to communicate in international
Morse code. But the speed at which you
are required to receive it is relatively low
so you should have no difficuity. Many
grade-school students have passed their
tests and cach month hundreds of people
from 8 to 80 join the cver-growing
number of Amateur Radio operators
around the world.

Concerning the written exam: To get a
license you need to know some basic elec-
trical and radio principles and regulations
governing the class of license applied for.
The ARRL’s basic beginner package,
Tune in the World with Ham Radio, is
available for $7 from local radio stores or
by mail from ARRL.

Finding Help

One of the first obstacles for a person
seriously interested in Amatcur Radio is
finding a local amatcur to provide
assistance.  This volunteer amateur s
called an “*Elmer.”” A nearby ham can
help a newcomer with technical advice,
putting up and testing antennas, advice on



Whether it's trekking to the North Pole or flying high in the sky, where hams go Amateur Racio often goes as well. Japanese explorer Naomi Uemura,
JG1QFW, used Amateur Radio for backup emergency communications during his solo adverture to the North Pole in 1978. Fred Hyde, K@LIS, was cne of
four crew members on the DaVinci Trans America Balloon, which set a long-cistance flight record for balloonists in the continental U.S. before crash-
landing in Ohio because of a severe storm. Amateur Radio kept the crew in touch with hams an the ground.

buying that first radio or just some needed
encouragement. Also, nearly all would-be
amateurs attend an Amatcur Radio class
for code, regulations and clectronic
theory instruction. Where do you find this
assistance? The ARRL Club and Training
Department helps the prospective am-
ateur in cvery possible way. It coordi-
nates the work of more than 5000
volunteer Amateur Radio instructors
thoughout the United States and Canada
and provides a large variety of audio-
visual aids and refers inquirics on
Amateur Radio to one of the 5000 instruc-
tors. If you are looking for an Amateur
Radio class or advice on how to get
started, write the ARRL Club and Train-
ing Department for the name and address
of the nearest Elmer.

Looking Back

How did Amatcur Radio become the
almost unlimited hobby it is today? The
beginnings are slightly obscure, but clec-

trical cxperimenters around the turn of

the century, inspired by the experiments
of Marconi and others of the time, began
dupbicating those cxperiments and at-
tempted  to communicatc  among
thenmiselves. There were no  regulatory
agencies  at that time and much in-
terference was caused by these “‘amateur™
experimenters  to  other  stations  until
governments the world over stepped in
and cstablished licensing, laws and regula-
tions to control the problems involved in
this new  technology.  ‘‘Amateur®  ex-
perimenter stations were then restricted to
the “‘useless’ wavelengths of 200 meters
and below. Amateurs suddenly found that
they could achieve communication over

longer distances than commercial stations
on the longer wavelengths. Even so,
signals often had to be relayed by in-
termediate amateur stations to get a
message  to  the  proper  destination.
Because of this, the American Radio
Relay League was organized to establish
routes of Amateur Radio communication
and serve the public interest through
Amatcur Radio. But the dream of even-
tual transcontinental and even  trans-
occanic Amateur Radio ¢ontact burned
hot in the minds of Radio Amatcur ex-
perimenters.

World War | broke out and Amatcur
Radio, still in its infancy, was ordered out
of existence until further notice. Many
former Amateur Radio eperators joined
the armed sevices and served with distine-
tion as radio operators, firding their skills
to be much needed.

After the close of the ““War to End All
Wars,”" Amateur Radio was still banned
by law; yet there were many hundreds of
formerly licensed amateurs just itchmg to
“‘get back on the air.” The government
had tasted supreme authority over the
radio services and was half inclined to
keep it. Hiram Percy Maxim, one of the
founders of the American Radio Relay
League, called the pre-war League's of-
ficers together and then contacted all the
old members who could be found in an at-
tempt to re-cstablish Amateur Raidio.
Maxim traveled to Washington, DC and
after considerable effort (and untold red
tape) Amateur Radio was opened up
again on October 1, 1919.

Experiments on shorter wavclengths
were then begun with encouraging results.
It was found that as the wavelength

dropped  (i.c., frequency increased)
greater distances were achieved. The com-
mercial stations were not about te miss
out on this opportunity. They moved their
stations to the new shorter wavelengths
while the battle raged over who had the
right to transmit in this new arca. Usually,
it turned out to be the station with the
stronger signal, able to blot out cveryone
else.

National and international conferences
were called in the twenties to straighten
out the tangle of wavelength allocations.
Through the efforts of ARRL offficials,
amateurs obtained frequencics on various
bands similar to what we have today: 160
through 6 meters. When the amateur
operators moved to 20 meters, the dream
of coast-to-coast and transoceanic com-
munication without a relay station was
finally realized. (A more detailed history
of the early days of Amatcur Radio is con-
tained in the ARRL publication Two
Hundred Meters and Down by Climan B.
DeSoto.)

Public Service

Amateur Radio is a grand and glorious
hobby, but this fact alone would hardly
merit the wholchearted support given it by
nearly all the world’s governments at in-
ternational conferences, There are other
reasons. One of these is a thorough ap-
preciation of the value of amateurs as
sources of skilled radio personnel in time
of war. Another asset is best described as
“public service.”’

The *‘public service’ record of the
amateur is a brilliant tribute to his work.
These activities can be roughly divided in-
to two classes, expeditions and
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emergencics. Amatcur cooperation with
expeditions began in 1923, when a League
member, Don Mix, ITS, accompanied
MacMilian to the Arctic on the schooner
Bowdoin with an amatcur station.
Amateurs in Canada and the U.S. pro-
vided the home contacts. The success of
this venture was so outstanding that other
cxplorers followed suit. During subse-
quent  years Amatcur Radio  assisted
perhaps 200 voyages and expeditions, the

scveral explorations of the Antaretic being
perhaps the best known. And this kind of
work is not all in the distant past, cither:
In 1978 Japanese explorer  Naomi
Ucemura, JGIQFW, became the first per-
son to trck to the North Pole alone.
Amatcur Radio, through member stations
of the National Capitol DX Association
and the Polar Amateur Radio Club,
VEBRCS, at Alert, NWT, Canada, pro-
vided important backup communications.

Somctimes Mother Nature ‘goes on a
rampage — with carthquakes such as
those in Alaska in 1964, Pecru in 1970,
California in 1971, Guatemala and ltaly in
1976; floods like those in Big Thompson
Canyop, Colorado, in 1976, Kentucky,
Virginia, West Virginia, and Johnstown,
Pennsylvania in 1977, Jackson, Miss. in
1979; the big forest fires of California,
particularly in 1977; tornadocs, hur-
ricancs and typhoons, most anywhere,

Table 1
Canadian Amateur Bands
Band
(limita- Frequency .
tions) (MHz) Emissions R
80 meters 3.500-3.725 A1, F1 5650.000-5925.000 A®, A1, A2, A3, perimental Service may use such modulation
(1,3, 4, 5) 3.725 A1, A3, F3 A4, A5, F1, F2, technigues or types of emission for packet
40 meters 7.000-7.050 A1, F1 F3, F4, F5, PQ, transmission as they may select by experimen-
(1,3,4,5) 7.050-7.100 A1, A3, F1 P1, P2, P3, P4, tation on conditions that they do not exceed
7.100-7.150 A1, F1 P5, P9 the bandwidths established in 10, 11 and 12.
7.150-7.300 A1, A3, F3 10000.000-10500.000 AQ, A1, A2, A3, 14) Only packet transmissions shall be used.
20 meters 14.000-14.100 A1, F1 A4, A5, F1, F2, 15) Final rf output power used for packet
(1, 3, 4, 5) 14.100-14.350 A1, A3, F3 F3, F4, F5, PQ, transmissions shall not exceed 100 watts peak
15 meters 21.000-21.100 A1, F1 P1, P2, P3, P4, power and 10 watts average power.
(1, 3, 4, 5) 21.000-21.450 A1, A3, F3 . PS5, P9
10 meters 28.000-28.100 A1, F1 (9, 13, 15) 24000.000-24010.000
2,3, 4,5 28.100-29.700 A1, A3, F3 24010.000-24050.000 A, A1, A2, A3, Operation in frequency band 1.800-2.000 MHz
6 meters 50.000-50.050 A1 A4, A5 F1 F2, shall be limited to the area as indicated in the
3, 4) 50.050-51.000 A1, A2, A3, F1, F3, F4, F5, P9, following table and shall be limited to the in-
F2,F3 P1, P2, P3, P4, dicated maximum dc power input to the anode
51.000-54.000 AQ, A1, A2, A3, P5, P9 of the final radio frequency stage of the trans-
A4, F1, F2, F3, 24050.000-24.050.000 AQ, A1, A2, A3, mitter during day and night hours respectively;
F4 A4, A5 F1, F2, for the purpose of this table “‘day” means the
2 meters 144.000-144.100 A1 F3, F4, F5, P9, hours between sunrise and sunset, and “night"
(3,4) 144.100-145.500 AQ, A1, A2, A3, P1, P2, P3, P4, means the hours between sunset and sunrise.
A4, F1, F2, F3, P5, P9 A1, A3 and F3 emissions are permitted.
F4
(3,4, 7) 144.500-145.800 PQ, P1, AQ, A1,
A2, A3, A4, F1, . ) ABCDEFGH
a0 Y EEERAEED ] ;:1"_ ey a3, Limhations British Columbia 33310000
A4, F1, F2, F3, 1) Phone privileges are restricted to holders ~ Sloerta 3553100 N
Fa4 of advanced Amateur Radio Operators Certifi- Mas 'at(t:) ewan SRR PR
(3,4) 220.000-220.100 A®, A1, A2, A3,  cates, and of Commercial Certificates. Clilller) g ; -
A4, F1, F2, F3, 2) Phone privileges are restricted as in foot- O"rza”oh e 1111002
F4 note 1, and to holders of Amateur Radio Opera- Onta(:i" 9 SOV 3210000 1
(9, 10, 13, 15)  220.000-220.500 tors Certificates, whose certificates have been S (t)h §50° N
(9, 10, 13, 15)  220.500-221.000 endorsed for operation on phone-in these P e °f b' 10 1100 2
{10, 13, 14, 15) 221.000-223.000 bands. "Nince o °”,eNe° 0
(9,12,13,15)  223.000-223.500 3) Amplitude modulation (A2, A3, Ad) shall proworth of 52 h: 321000
3, 4 223.500-225.000 A, A1, A2, A3, not exceed = 3 kHz (6AJ). royince of °”,eNe° YUY
Ad, F1, F2, F3, 4) Frequency modulation (F2, F3, F4) shall New o of 52" N. e
F4 : not produce a carrier deviation exceeding New Srunts_wuc 32100000
(4, 6) 430.000-433.000 AQ, A1, A2, A3, 3 kHz, (6F3) except that in the 52.54 MHz and qua gg a A 2 290 W e o
A4, A5, F1,F2,  144.1-148 MHz bands and higher the carrier N”"C‘e d‘?’a'd |s Ia" SN ololalole
F3, F4, F5 deviation shall not exceed = 15 kHz (30F3). New‘oundland (Ls gn (i 2 0060600
(12,13, 14, 15)  433.000-434.000 5) Slow scan television (A5), permitted by ] i JRobelgieder) RS R
3, 4,8) 434.000-434.500 P9, P1, P2, P3,  special authorization, shall not exceed a band- i e;”M°'VK . 305 3 5l oo
AQ, A1, A2, A3,  width greater than that occupied by a normal D!strfct °‘ Kac etr!me 31132002
A5, F1,F2,F3, single-sideband voice transmission. D::t;:zt gf Ff:r“’;’:ir"" 60001003
F4, F5 6) Television (A5), permitted by special
(4, 6) 434.500-450.000 AQ, A1, A2, A3, authorization, shall employ a system of stan- ‘The power levels 500 day/100 night may be in-
A4, A5, F1,F2,  dard interlace and scanning with a bandwidth creased to 1000 day/200 night when authorized
F3, F4, F5 of not more than 4 MHz. by a Radio Inspector of the Department of Com-
902.000-928.000 A3, F3 7) Pulse modulation with any mode of trans- munications.
1215.000-1300.000 AQ, A1, A2, A3, mission shall not produce signals of a band-
A4, A5, F1, F2, width exceeding 15 kHz. Frequency Band
F3, F4, F5 8) Pulse modulation with any mode of R X
2300.0002450.000 A®, A1, A2, A3, transmission shall not produce signals of a | 001825 MHz i e
A4, A5, F1, F2, bandwidth exceeding 30 kHz. c 1.850-1.875 MHz G 1'950_1’975 MHz
F3,F4,F5 P8, 9)Any mode may be used. D 1.8751.900 MHz H 1.9752.000 MHz
P1, P2, P3, P4, 10) Packet transmissions shall not produce ’ ’ ! '
P5, P9 signals exceeding 10 kHz, _
3300.000-3500.000 A@, A1, A2, A3, 11) Packet transmissions shall not produce ' OWe' Level — Watts
A4, A5, F1, F2, signals exceeding 25 kHz. 0 — Operation not permitted
F3, F4, F5, PQ, 12) Packet transmissions shall not produce 1 — 25 night 125 day
P1, P2, P3, P4, signals exceeding 100 kHz. 2 — 50 night 250 day
P5, P9 13) Licensees performing an Amateur Ex- 3 — 100 night 500 day
1-4 Chapter 1



any vyear, and the blizzards of 1979 and
1980. When disaster strikes, amateurs are
ready, with equipment not needing power
from the clectric company, to carry on
communications for police, fire depart-
ments, and relief organizations. The abili-
ty of radio amateurs to help the public in
emergencies is one big reason Amateur
Radio has survived and prospered.

Technical Developments

Amatcurs started the hobby with spark-
gap transmitters, which took up great
hunks of frequency space. Then they
moved on to tubes when these devices

came along. Much later, transistors were
utilized; now integrated circuits are a part
of the everyday hardware in the Amateur
Radio shack. This is because the amateur
is constantly in the forefront of technical
progress. His incessant curiosity and
cagerness to try anything new are two
rcasons. Another is that ever-growing
Amatcur Radio continually overcrowds its
frequency assignments, spurring amatceurs
to the development and adoption of new
techniques to permit the accommodation
of more stations.

Amatecurs have come up with ideas in
their shacks while at home and then taken

them to industry with surprising results.
During World War Il, thousands of
skilled amatcurs  contributed  their
knowledge to the development of secret
radio devices, both in government and
private laboratories. Equally as impor-
tant, the prewar technical progress by
amateurs provided the keystone for the
development of modern military com-
munications equipment.

In the fifties, the Air Force was faced
with converting its long range com-
munications from Morse to voice; jet
bombers had no room for skilled radio
operators. At the time, amateurs had been

Frequency Band Emissions Limitations
28.000-29.700 A1
28.000-28.500 F1
28.500-29.700 A3, F3, A5, F5
50.000-54.000 A1
50.100-54.000 A2, A3, A4, A5

F1, F2, F3, F5
51.000-54.000 AQ
144-148 A1
144.100-148.000 AQ, A2, A3, A4

A5, F®, F1, F2,

F3, F5
220-225 AQ, A1, A2, A3,

A4, A5, FQ, F1,

F2,F3,F4,F5 5
420-450 AQ, A1, A2, A3,

A4, A5, FQ, F1,

F2, F3, F4, F5 5.7
1215-1300 AQ, A1, A2, A3,

A4, A5, FQ, F1,

F2, F3, F4, F5 5
2300-2450 AQ, A1, A2, A3,

Table 2

U.S. Amateur Radio Frequency Allocations
Frequency Band Emissions Limitations
kHz

1800-2000 A1, A3 1,2
3500-4000 Al

3500-3775 F1

377%-3890 A5, F5

3775-4000 A3, F3 4
43831.8 A3J/A3A 13
7000-7300 Al 3 4
7000-7150 F1 3 4
7075-7100 A3, F3 1
7150-7225 A5, F5 34
7159-7300 A3, F3 34
14000-14350 Al

14000-14200 F1

14200-14275 A5, F5

142D0-14350 A3, F3

MHz

21.600-21.450 Al

21.800-21.250 F1

21.250-21.350 A5, F5

21.250-21.450 A3, F3

Limitations

1) The use of frequencies in this bandison a
shared basis with the Loran-A radionavigation
system and is subject to cancellation or revi-
sian, in whole or in part, by order of the Com-
mission, without hearing, whenever the Commis-
sian shall determine such action is necessary in
view of the priority of Loran-A radionavigation
system. The use of these frequencies by ama-
teur stations shall not cause harmful interfer-
ence to Loran-A system. If an amateur station
causes such interference, operation on the fre-
quencies involved must cease if so directed by
the Commission.

2) Operation shall be limited to [the subbands
and input powers in watts shown on page 6.]

3) Where, in adjacent regions or subregions, a
band of frequencies is allocated to different ser-
vizes of the same category, the basic principle
is the equality of right to operate. Accordingly,
the stations of each service in one region or
subregion must operate so as not to cause
harmful interference to services in the other
regions or subregions (No. 117, the Radio
Regulations, Geneva, 1959).

4) 3900-4000 kHz and 7100-7300 kHz are not
available in the following U.S. possessions:
Baker, Canton, Enderbury, Guam, Howland, Jar-
vis, the Northern Mariana Islands, Palmyra,
American Samoa and Wake Islands.

5) Amateur stations shall not cause interfer-
ence to the Government radio-location service.

6) (Reserved)

7) In the following areas dc plate input power
to the final transmitter stage shall not exceed
50 watts, except when authorized by the appro-

priate Commission engineer in charge and the
appropriate military area frequency coordinator.

i) Those portions of Texas and New Mexico
bounded by latitude 33°24’ N., 33°53' N., and
longitude 105°40° W. and 106°40' W.

i} The state of Florida, including the Key
West area and the areas enclosed within circles
of 200-mile radius centered at 28°21' N, 80°43’
W. and 30°30’ N., 86°30' W.

iii) The state of Arizona.

iv) Those portions of California and Nevada
south of latitude 37°10' N. and the area within a
200-mile radius of 34°09' N, 119°11" W.

8) No protection in the band 2400-2450 MHz is
afforded from interference due to the operation
of industrial, scientific and medical devices on
2450 MHz.

9) No protection in the band 5725-5875 is af-
forded from interference due to the operation of
industrial scientific and medical devices on 5800
MHz.

10) No protection in the band 24.00-24.25 GHz
is afforded from interference due to the opera-
tion of industrial, scientific and medical devices
on 24.125 GHz.

11) The use of A3 and F3 in this band is
limited to amateur radio stations located out-
side Region 2.

12) Amateur stations shall not cause inter-
ference to the Fixed-Satellite Service operating
in the band 3400-3500 MHz.

13) The frequency 4383.8 kHz, maximum
power 150 watts, may be used by any station
authorized under this part of communications
with any other station authorized in the state of
Alaska for emergency communications. No air-

Frequency Band Emissions Limitations
A4, A5, F@, F1,
F2, F3, F4, F5 P 5 8
3300-3500 AQ, A1, A2, A3,
A4, A5, FQ, F1,
F2, F3, F4, F5 P 5 12
5650-5925 AQ, A1, A2, A3,
A4, A5, FQ, F1,
F2, F3, F4, F5, P 59
GHz
10.0-10.5 AQ, A1, A2, A3, 5)
A4, A5, F@, F1,
24.0-24.25 F2,F3,F4,F5 510
48-50, 71-76 AQ, A1, A2, A3,
165-170, 240-250 A4, A5, FQ, F1,

F2, F3, F4, F5 P
Above 300 AQ, A1, A2, A3,
A4, A5, FQ, F1,
F2, F3, F4, F5,P

borne operations will be permitted on this fre-

quency. Additionally, all stations operating on

this frequency must be focated in or within 50

nautical miles of the state of Alaska.

14) All amateur frequency bands above 29.5
MHz are available for repeater operation except
50.0-52.0 MHz, 144.0-144.5 MHz, 145.5-146.0 MHz,
220.0-220.5 MHz, 431.0-433.0 MHz, and
435.0-438.0 MHz. Both the input (receiving) and
output {transmitting) frequencies of a station in
repeater operation shall be frequencies available
for repeater operation.

15) All amateur frequency bands above 220.5
MHz, except 431-433 MHz, and 435-438 MHz, are
available for auxiliary operation.

NOTE
The types of emission referred to in the

amateur rules are as follows:

Type A@ — Steady, unmodulated pure carrier.

Type A1 — Telegraphy on pure continuous
waves.

Type A2 — Amplitude tone-modulated
telegraphy.

Type A3 — A-m telephony including single and
double sideband, with full, reduced or sup-
pressed carrier.

Type A4 — Facsimile.

Type A5 — Television.

Type F® — Steady, unmodulated pure carrier.

Type F1 — Carrier-shift telegraphy.

Type F2 — Audio frequency-shift telegraphy.

Type F3 — Frequency- or phase-modulated
telephony.

Type F4 — Fm facsimile.

Type F5 — Fm television.

Type P — Puise emissions.
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Input Power (Watts) A 1800-1825
0 No operation, day or night B 1825-1850t
1 100 day, 25 night C 1850-1875
2 200 day, 50 night D 1875-1900
3 500 day, 100 nglght E 1800-1925 1The range 1825-1830 kHz is used by DX sta-
4 1000 day, 200 night F  1925-1950 tions attempting to contact North American
5 125 day, 25 night G 1950-1975 stations. Use of this “DX Window" should be
68 250 day, 50 night H  1975-2000 avoided by stations on this continent.

using single sideband for about a decade,
and were communicating by voice at great
distances with both homemade and
commercially built equipment. Generals
LeMay and Griswold, both radio ama-
teurs, hatched an experiment in which
ham equipment was used to keep in touch
with Strategic Air Command head-
quarters in Omaha, Nebraska, from an
airplane travelling around the world. The
system worked so well, the equipment
needed only slight modification to meet
Air Force nceds, and the expense and time
of normal research and development pro-
cedures was saved.

Many youngsters build an early interest
in Amateur Radio into a carcer. Later, as
professionals, they may run into ideas
which they try out in ham radio. A good
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example is the OSCAR series of satellites,
initially put together by amateurs who
worked in the aerospace industry, and
launched as secondary payloads with
other space shots. At this writing cight
Amateur Radio satellites have been
launched. OSCARs 7 and 8, portions of
which were built by amateurs of several
different countries, are currently in space
relaying the signals of amateurs. OSCARs
7 and 8 can be heard on almost any
29-MHz receiver. Development of third-
generation Phasc 111 satellites proceeds
under the guidance of The Radio Amateur
Satellite Corporation (AMSAT) with the
assistance of Project OSCAR, Inc., the
original nonprofit group, both affiliated
with ARRL. The new Phase 111 satellites
being built by AMSAT will continue the

OSCAR program as older spacecraft are
taken out of service. Write ARRL for
more information.

The American Radio Relay League

Since its establishment in 1914 by
Hiram Percy Maxim and Clarence Tuska,
the American Radio Relay League has
been and is today not only the spokesman
for Amateur Radio in the U.S. and
Canada, but the largest amateur organiza-
tion in the world. It is strictly of, by and
for amateurs, is noncommercial and has
no stockholders. The members of the
Lcague are the owners of the ARRL and
QST, the monthly journal of Amatecur
Radio published by the League.

The League is pledged to promote in-
terest in two-way amateur communication



and experimentation. It is interested in the
relaying of messages by Amateur Radio.
It is concerned with the advancement of
the radio art. It stands for the
maintenance of fraternalism and a high
standard of conduct. It represents the
amateur in legislative matters.

One of the League’s principal purposces
is to keep amateur activities so well con-
ducted that the amateur will continue to
justify his existence. Amateur Radio of-
fers its followers countless pleasures and
unending satisfaction. It also calls for the
shouldering of responsibilities —  the
maintenance of high standards, a
cooperative loyalty to the traditions of
Amatcur Radio, a dedication to its idcals
and principles — so that the institution of
Amatcur Radio may continuc to operate
“in the public interest, convenience and
necessity.”’

In addition to publishing QST, the
ARRL maintains an active Amateur
Radio station, WIAW, which conducts
code practice and sends bulletins of in-

terest to amateurs the world over. ARRL
sponsors an Intruder Watch Program so
that unauthorized use of the amateur
radio frequencies may be detected and ap-
propriate action taken. At the head-
quarters of the League in Newington,
Connccticut, is a well-equipped
laboratory to assist staff members in
preparation of technical material for QST
and The Radio Amateur’s Handbook.
Amorfg its other activities, the League
maintains a Communications Department
concerned with the operating activitics of
League members, A large ficld organiza-
tion is headed by a scction communica-
tions manager in cach of the Leaguce’s 73
sections. There are appointments for
qualified members in various ficlds, as
outlined in chapter 22. Special activities

“and contests promote operating skill. A

special place is reserved cach mionth in
QST for amateur news from every sec-
tion.

The ARRL publishes a library of infor-
mation on Amatcur Radio. Tune in the

World with Ham Radio is written for the
person without previous contact with
Amateur Radio. It is designed to assist the
prospective amateur to get into the hobby
in the shortest possible time. Tune in the
World comes complete with a code in-
struction and practice tape. For the per-
son secking the General class or higher
license, there are the License Manual and
the ARRL Code Kit. The ARRL also
publishes a series of question and answer
manuals for cach class of license. All are
available from ecither your local radio
store or thec ARRL.

Once you have studied, taken the test
and have received your license, you will
find that there is no other thrill quite the
same as Amateur Radio. You may decide
to operate on the lowest amatcur band,
160 meters (see map). Or you may prefer
to operate in the gigahertz bands (billions
of cycles per second), where the entire
future of communications may lic.
Whatever your interest, you arc sure to
find it in Amateur Radio.
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Chapter 2

Electrical Laws and Circuits

Some of the manifestations of elec-
tricity and magnetism are familiar to
everyone. The effects of static electricity
on a dry, wintry day, an attraction by the
magnetic north pole to a compass needie,
and the propagation and reception of
radio waves are just a few examples. Less
easily recognized as being electrical in
nature perhaps, the radiation of light and
even radiant heat from a stove are
governed by the same physical laws that
describe a signal from a TV station or an
amateur transmitter. The ability to trans-
mit electrical energy through space with-
out any reliance on matter that might be
in that space (such as in a vacuum) or the
creation of a disturbance in space that can
produce a force are topics that are
classified under the study of electromag-
netic fields. Knowledge of the properties
and definitions of fields is important in
understanding such devices as transmis-
sion lines, antennas, and circuit-construction
practices such as shielding.

. Once a field problem is soived, it is
often possible to use the results over and
over again for other purposes. The field
solution can be used to derive numerical
formulas for such entities as resistance,
inductance and capacitance or the latter
quantities can be determined experi-
mentally. These elements, then, form the
building blocks for more complex con-
figurations called networks or circuits.
Since there is no need to describe the
physical appearance of the individual
elements, a pictorial representation is
often used and it is called a schematic
diagram. However, each element must be
assigned a numerical value, otherwise the
schematic diagram is incomplete. If the
numerical values associated with the
sources of energy (such as batteries or
generators) are also known, it is then
possible to determine the power trans-
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ferred from one part of the circuit to
another element by finding the numerical
values of entities called voltage and
current.

Finally, there is the consideration of the
fundamental properties of the matter that
makes up the various circuit elements or
devices. It is believed that all matter is
made up of complex structures called
atoms which in turn are composed of
more or less unchangeable particles called
electrons, protons and neutrons. Con-
struction of an atom will determine the
chemical and electrical properties of
matter composed of like atoms. The
periodic table of chemical elements is a
classification of such atoms. Electrons
play an important role in both the
chemical and electrical properties of
matter and elements where some of the
electrons are relatively free to move
about. These materials are called conduc-
tors. On the other hand, elements where
all of the electrons are tightly bonded in

the atomic structure are called insulators. -

Metals such as copper, aluminum, and
silver are very good conductors while
glass, plastics, and rubber are good
insulators.

Although electrons play the principal
role in the properties of both insulators
and conductors, it is possible to construct
matter with an apparent charge of
opposite sign to that of the electron.
Actually, the electron is still the charge
carrier but it is the physical absence of an
electron location that moves. However, it
is convenient to consider that an actual
charge carrier is present and it has been
labeled a hole. Materials in which the
motion of electrons and holes determine
the electrical characteristics are called
semiconductors. Transistors, integrated
circuits and similar solid-state devices are
made up from semiconductors. While

there are materials that fall in between the
classifications of conductor and insulator,
and might be labeled as semiconductors,
the latter term is applied exclusively to
materials where the motion of electrons
and holes is important.

Electrostatic Field and Potentials

All electrical quantities can be ex-
pressed in the fundamental dimensions of
time, force and length. In addition, the
quantity or dimension of charge is also
required. The metric system of units
(SI — Systeme International d'Unites) is
almost exclusively used now to specify
such quantities, and the reader is urged to
become familiar with this system. In the
metric system, the basic unit of charge is
the coulomb. The smallest known charge
is that of the electron which is
— 1.6 X 10"  coulombs. (The proton
has the same numerical charge except the
sign is positive.)

The concept of electrical charge is
analogous to that of mass. It is the mass
of an object that determines the force
of gravitational attraction between the
object and another one. A similar pheno-
menon occurs with two charged objects.
If the charges can be considered to exist
at points in space, the force of attraction
(or repulsion if the charges have like signs)
is given by the formula

F = QQ
4zer?

where Q, is the numerical value of one
charge, Q; is the other charge value, r is
the distance in meters,¢ is the permittivity
of the medium surrounding the charges,
and F is the force in newtons. In the case
of free space of a vacuum, ¢ has a value of
8.854 X 10-'2 .and is the permittivity of
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€ig. 3 — Variation of field strength with distance
around a sphere charged to 5 volts for spheres of
different radii.

free space. The product of relative permit-
tivity and €0 (the permittivity of free space)
gives the permittivity for a condition
where matter is present. Permittivity is
also called the dielectric constant and rela-
tive dielectric constants for plastics such
as polyethylene and Teflon are 2.26 and
2.1, respectively. (The relative dielectric
constant is also important in transmis-
sion-line theory. The reciprocal of the
square root of the dielectric constant of
the material used to separate the conduc-
tors in a transmission line gives the velo-
city factor of the line. The effect of velo-
city factor will be treated in later chap-
ters.)

If instead of just two charges, a number
of charged objects are present, the force
on any one member is likely to be a com-
plicated function of the positions and
magnitudes of the other charges. Conse-
quently, the concept of electric-field
strength is a useful one to introduce. The
field strength or field intensity is defined as
the force on a given charge (concentrated
at a point) divided by the numerical value
of the charge. Thus, if a force of 1 newton
existed on a test charge of 2 coulombs, the
field intensity would be 0.5 newtons/
coulomb.

Whenever a force exists on an object, it
will require an expenditure of energy to
move the object against that force. In
some instances, the mechanical energy
may be recovered (such as in a compressed
spring) or it may be converted to another
form of energy (such as heat produced by
friction). As is the case for electric-field
intensity, it is convenient to express
energy + charge as the potential or voltage
of a charged object at a point. For in-
stance, if it took the expenditure of 5
newton-meters (5 joules) to move a charge
of 2 coulombs from a point of zero energy
to a given point, the voltage or potential
at that point would be 2.5 joules/coulomb.
Because of the frequency of problems of
this type, the dimension of joules/
coulombs is given a special designation
and one joule/coulomb is defined as |
volt. Notice that if the voltage is divided
by length (meters), the dimensions of field
intensity will be obtained and a field
strength of one newton/coulomb is also
defined as one volt/meter. The relation-
ship between field intensity and potential
is illustrated by the following example
shown in Fig. 1.

A conducting sphere receives a charge
until its surface is at a potential of 5 volts.
As charges are placed on the surface of a
conductor, they tend to spread out into a
uniform distribution. Consequently, it will
require the same amount of energy to bring
a given amount of charge from a point of
zero reference to any point on the sphere.
The outside of the sphere is then said to
constitute an equipotential surface. Also,
the amount of energy expended will be in-
dependent of the path traveled to get to
the surface. For instance, it will require 5

joules of energy to bring a charge of 1 cou-
lomb from a point of 0 voltage to any point
on the sphere (as indicated by the dotted
lines in Fig. 1). The direction of the force
on a charged particle at the surface of the
surface of the sphere must be perpendicu-
lar to the surface. This is because charges
are able to flow about freely on the con-
ductor but not off it. A force with a direc-
tion other than a right angle to the surface
will have a component that is parallel to
the conductor and will cause the charges
to move about. Eventually, an equilibrium
condition will be reached and any initial
field component parallel to the surface
will be zero. This motion of charge under
the influence of an electric field is a very
important concept in electricity. The rate
at which charge flows past a reference
point is defined as the current. A rate of |
coulomb per second is defined as |
ampere.

Because of the symmetry involved, the
direction of the electric force and electric
field can be represented by the solid
straight lines in Fig. 1. The arrows
indicate the direction of the force on a
positive charge. At points away from the
sphere, less energy will be required to
bring up a test charge from zero reference.
Consequently, a series of concentric
spherical shells indicated by the dashed
lines will define the equipotential surfaces
around the sphere. From mathematical
considerations (which will not be dis-
cussed here), it can be shown that the
potential will vary as the inverse of the
distance from the center of the sphere.
This relationship is indicated by the
numbers in Fig. 1 and by the graph in Fig.
2.

While the electric field gives the
direction and magnitude of a force on a
charged object, it is also equal to the
negative slope numerical value of the
curve in Fig. 2. The slope of a curve is the
rate of change of some variable with
distance and in this case, the variable is
the potential. This is why the electric field
is sometimes called the potential gradient
(gradient being equivalent to slope). In the
case of a curve that varies as the inverse of
the distance, the slope at any point is
proportional to the inverse of the distance
squared.

An examination of Fig. 1 would
indicate that the potential variation is
only dependent upon the shape of the
conductor and not its actual physical size.
That is, once the value of the radius a of
the sphere in Fig. 1 is specified, the
potential at any other point a given
distance from the sphere is also known.
Thus, Fig. 1 can be used for any number
of spheres with different radii. When it is
changed by a certain percentage, all the
other values would change by the same
percentage too. However, the amount of
charge required to produce a given
voltage, or voltage change, does depend
upon the size of the conductor, its shape,
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and its position in relation to other
conductors and insulators. For a given
conductor configuration, the voltage is
related to the required charge by the
formula

v _Q

=<
where the entity C is defined as the
capacitance. Capacitance will be discussed
in more detail in a later section.

Since the electric-field intensity is
related to the change in potential with
distance, like potential, the manner in
which it changes will be uneffected by the
absolute physical size of the conductor
configuration. However, the exact numerical
value at any point does depend on the
dimensions of the configuration. This is
illustrated in Fig. 3 for spheres with dif-
ferent radii. Note that for larger radii, the
numerical value of the field strength at the
surface of the sphere (distance equal to a)
is less than it is for smaller radii. This
effect is important in the design of
transmission lines and capacitors. (A
capacitor is a device for storing charge. In
older terminology, it was sometimes
called a condenser.) Even though the same
voltage is applied across the terminals of a
transmission line or capacitor, the field
strength between the conductors is going
to be higher for configurations of small
physical size than it is for larger ones. If
the field strength becomes too high, the
insulating material (including air) can
“break down.” On the other hand, the
effect can be used to advantage in spark
gaps used to protect equipment connected
to an antenna which is subject to
atmospheric electricity. The spark-gap
conductors or electrodes are filed to sharp
points. Because the needlepoints appear
as conductors of very small radii, the field
strength is going to be higher for the same
applied potential than it would be for
blunt electrodes (Fig. 4). This means the
separation can be greater and the effect of
the spark gap on normal circuit operation
will not be as pronounced. However, a
blunt electrode such as a sphere is often

\

|
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Fig. 4 — Spark gaps with sharp points break
down at lower voltages than ones with blunt
surfaces even though the separation is the

same.
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used on the tip of a whip antenna in order
to lower the field strength under transmit-
ting conditions. -

An examination of Fig. 3 reveals that
the field strength is zero for distances less
than a which includes points inside the
sphere. The implication here is that the
effect of fields and charges cannot
penetrate the conducting surface and
disturb conditions inside the enclosure.
The conducting sphere is said to form an
electrostatic shield around the contents of
the enclosure. However, the converse is
not true. That is, charges inside the sphere
will cause or induce a field on the outside
surface. This is why it is very important
that enclosures designed to confine the
effects of charges be connected to a point
of zero potential. Such a point is often
called a ground.

Fields and Currents

In the last section, the motion of
charged particles in the presence of an
electric field was mentioned in connection
with charges placed on a conducting
sphere and the concept of current was
introduced. It was assumed that charges
could move around unimpeded on the
surface of the sphere. In the case of actual
conductors, this is not true. The charges
appear to bump into atoms as they move
through the conductor under the influence
of the electric field. This effect depends
upon the kind of material used. Silver is a
conductor with the least amount of
opposition to the movement of charge
while carbon and certain alloys of iron are
rather poor conductors of charge flow. A
measure of how easily charge can flow
through a conductor is defined as the
conductivity and is denoted byo.

The current density J, in a conductor is
the rate of charge flow or current through
a given cross-sectional area. It is related to
the electric field and conductivity by the
formula

J =0E

In general, the conductivity and electric
field will not be constant over a large

E{v/M) ~

Fig. 5 — Potential and field strength alonga
current-carrying conductor.

cross-sectional area, but for an important
theoretical case this is assumed to be true
(Fig. 5).

A cylinder of a materials with con-
ductivity o is inserted between two end
caps of infinite conductivity. The end caps
are connected to a voltage source such as
a battery or generator. (A battery consists
of a number of cells that convert chemical
energy to electrical energy and a generator
converts mechanical energy of motion to
electrical energy.) The electric field is also
considered to be constant along the
length, 1, of the cylinder and, as a
consequence, the slope of the potential
variation along the cylinder will also be a
constant. This is indicated by the dashed
lines in Fig. 5. Since the electric field is
constant, the current density will also be
constant. Therefore, the total current
entering the end caps will just be the
product of the current density and the
cross-sectional area. The value of the
electric field will be the quotient of the
total voltage and the length of the
cylinder. Combining the foregoing results
and introducing two new entities gives the
following set of equations:

\%
J =a-<lx>sincej = cEandE =T
I = J(A) _EIA—V
=1 = (2
P = a_andV _I<A)
_Prl -
R —TandV = [R

where P = the resistivity of a conducting
material, R = the resistance. The final
equation is a very basic one in circuit
theory and is called Ohm’s Law. Con-
figurations similar to the one shown in
Fig. 5 are very common ones in electrical
circuits and are called resistors.

It will be shown in a later section that
the power dissipated in a resistor is equal
to the product of the resistance and the
square of the current. Quite often
resistance is an undesirable effect (such as
in a wire carrying current from one
location to another one) and must be
reduced as much as possible. This can be
accomplished by using a conductor with a
low resistivity such as silver (or copper
which is close to silver in resistivity, but is
not as expensive) with a large cross-
sectional area and as short a length as
possible. The current-carrying capability
decreases as the diameter of a conductor
size gets smaller.

Potential Drop and Electromotive Force

The application of the relations be-
tween fields, potential, and similar con-
cepts to the physical configuration shown
in Fig. 5 permitted the derivation of the
formula that eliminated further con-
sideration of the field problem. The idea
of an electrical energy source was also
introduced. A similar analysis involving



Fig. 6 — A series circuit illustrating the effects of
emf ard potential drop.

mechanics and field theory would be
required to determine the characteristics
of an electrical generator and an applica-
tion of chemistry would be involved in de-
signing a chemical cell. However, it will be
assumed that this problem has been
solved and that the energy source can be
replaced with a symbol such as that used
in Fig. 5.

The term electromotive force (emf) is
applied to describe a source of electrical
energy, and potential drop (or voltage
drop) is used for a device that consumes

Resistance

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

Resistance is measured in ohms. A
circuit has a resistance of | ohm when an
applied emf of 1 volt causes a current of |
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 copper, and it is frequently
convenient, in making resistance cal-
culations, to compare the resistance of the
material under consideration with that of
a copper conductor of the same size and
shape. Table 1 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. 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
current 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

electrical energy. A combination of
sources and resistances (or other ele-
ments) that are connected in some way is
called a network or circuit. It is evident
that the energy consumed in a network
must be equal to the energy produced.
Applying this principle to the circuit
shown in Fig. 6 gives an important
extension of Ohm’s Law.

In Fig. 6, a number of sources and
resistances are connected in tandem or in
series to form a circuit loop. 1t is desired to
determine the current 1. The current can
be assumed to be flowing in either a
clockwise or counterclockwise direction.
If the assumption is not correct, the sign
of the current will be negative when the
network equations are solved and the
direction can be corrected accordingly. In
order to solve the problem, it is necessary
to find the sum of the emfs (which is
proportional to the energy produced) and
to equate this sum to the sum of the
potential drops (which is proportional to
the energy consumed). Assuming the
current is flowing in a clockwise direction,
the first element encountered at point a is
an emf, V1, but it appears to be connected
“backward.” Therefore, it receives a

larger area will have the lower resistance.

Resistance of Wires

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

Example: Suppose a resistancg of 3.5
ohms is needed and some no. 28 wire is on
hand. The wire table in chapter 17 shows

Table 1
Relative Resistivity of Metals
Resistivity
Materials Compared to
Copper
Aluminum (pure) 1.6
Brass 3.7-49
Cadmium 44
Chromium 18
Copper (hard-drawn) 1.03
Copper (annealed) 1.00
Gold 1.4
iron {pure) 5.68
Lead 12.8
Nickel 5.1
Phosphor Bronze 2.8-5.4
Silver 0.94
Steel 7.6-12.7
Tin 6.7
Zinc 34

minus sign. The next source is V4, and it
appears as a voltage rise so it is considered
positive. Since the current flow in all the
resistors is in the same direction, all the
potential drops have the same sign. The
potential drop is the product of the
current in amperes and the resistance in
ohms. The sums for the emfs and potential
drops and the resulting current are given
by

Sumofemf = Vi+ Vy, = -10 + 5
= —5 volts

Sumofpot.drops =V, + V3 + Vs + Vg
= 12 +4 +7 + 10)=2I

3

wn

|

~0.217 ampere

N

Because the sign of the current is negative,
it is actually flowing in a counterclock-
wise direction. The physical significance
of this phenomenon is that one source is
being **charged.” For instance, the circuit
in Fig. 6 might represent a direct current
(dc) generator and a battery.

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

35

5617 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

4
i!ﬁ X R = 0.050hm
where R is the maximum allowable

resistance in ohms per thousand feet.
Rearranging the formula gives

_ 005 x 1000

R = 13 = 3.57 ohms/1000 fi.

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

When the wire is not copper, the
resistance values given in the wire table
should be multiplied by the ratios given in
Table | to obtain the resistance.

Example: If the wire in the first example
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were nickel instead of copper, the length
required for 3.5 ohms would be

35

6.17 x 51 X 1000 =

10.37 feet

Temperature Effects

The resistance of a conductor changes
with its temperature. Although it is
seldom necessary to consider temperature
in making resistance calculations for
amateur work, it is well to know that the
resistance of practically all metallic con-
ductors increases with increasing tem-
perature. Carbon, however, acts in the
opposite way; its resistance decreases
when its temperature rises. The tem-
perature effect is important when it is
necessary to maintain a constant resis-
tance 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 con-
struction (Fig. 7). The flow of current
through resistance causes the conductor
to become heated; the higher the resis-
tance and the larger the current, the
greater the amount of heat developed.
Resistors intended for carrying large
currents must be physically large so the
heat can be radiated quickly to the
surrounding air. If the resistor does not
get rid of the heat quickly it may reach a
temperature that will cause it to melt or
burn.

Skin Effect

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

For low audio frequencies the increase
in resistance is unimportant, but at radio
frequencies this skin effect is so great that
practicaily 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 resistance (that is,
1/R) is called conductance. 1t is usually
represented by the symbol G. A circuit

2-5 Chapter 2

having large conductance has low resis-
tance, and vice versa. In radio work the
term is used chiefly in connection with
vacuum-tube characteristics. The unit of
conductance is the mho. A resistance of |
ohm has a conductance of | mho, a
resistance of 1000 ohms has a con-
ductance of 0.001 mho, and so on. A unit
frequently used in connection with va-
cuum tubes is the micromho, or one-
millionth of a mho. It is the conductance
of a resistance of 1 M),

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.
8. A complete circuit must have an
unbroken path so current can flow out of
the battery, through the apparatus con-
nected to it, and back into the battery.
The circuit is broken, or open, if a
connection is removed at any point. A
switch is a device for making and breaking
connecticns and thereby closing or open-
ing the circuit, either allowing current to
flow or preventing it from flowing.

The values of current, voltage and
resistance in a circuit are by no means
independent of each other. The relation-
ship between them is known as Ohm’s
Law. 1t can be stated as follows: The cur-
rent flowing in a circuit is directly propor-
tional to the applied emf and inversely
proportional to the resistance. Expressed
as an equation, it is

E (volts)
l e = —
T IEY R (ohms)

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

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

E
R_I

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

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

Table 2 shows how to convert between

o

Fig. 7 — Examples of various resistors. In the
foreground are 1/4-, 1/2- and 1-watt composition
resistors. The three larger cylindrical
components atthe center are wirewound power
resistors. The remaining two parts are variable
resistors, pc-bodrd mount at the lower left and
panel mount at the upper center.

— BATTERY R

[

Fig. 8 — A simple circuit consisting of a battery
and resistor.

Table 2

Conversion Factors for Fractional and
Multiple Units

Change
From To Divide by  Muitiply by
Units Microunits 1,000,000
Milliunits 1000
Kilounits 1000
Megaunits 1,000,000
Micro- Milliunits 1000
units Units 1,000,000
Milli- Microunits 1000
units Units 1000
Kilo- Units 1000
units Megaunits 1000
Mega- Units 1,000,000
units Kilounits 1000

the various units in common use. The
prefixes attached to the basic-unit name
indicate the nature of the unit. These
prefixes are

micro — one-millionth (abbreviated «)
milli — one-thousandth (abbreviated m)
kilo — one thousand (abbreviated k)
mega — one million (abbreviated M)

For example, 1 microvolt is one-millionth
of a volt, and | megohm is 1,000,000
ohms. There are therefore 1,000,000
microvolts in one volt, and 0.000001
megohm in | ohm.

¢



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

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

150

E = 1000 X 20,000 = 3000 volts
When a voltage of 150 is applied to a
circuit, the current is measured at 2.5
amperes. What is the resistance of the

circuit? In this case R is the unknown, so

E 150
R = =725 = 60 ohms

No conversion was necessary because the
voltage and current were given in volts
and amperes.

How much current will flow if 250 volts

is applied to a 5000-ohm resistor? Since |
is unknown

250"

L _E _
~ R T 5000

= (.05 ampere

A
Milliampere units would be more con-

—_—
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Fig. 9 — Resistors connected in series and in
parailel.

R4

5000

— 30 R2
— E=250V §20k

R3

8000

Fig. 10 — An example of resistors in series. The
solution of the circuit is worked out in the text.

venient for the current, and 0.05 ampere X
1000 = 50 milliamperes.

Series and Parallel Resistances

Very few actual electric circuits are as
simple as the illustration in the preceding
section. Commonly, resistances are found
connected in a variety of ways. The two
fundamental methods of connecting re-
sistances are shown in Fig. 9. 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, R1, then through the
second, R2, and then back to the source.
These resistors are connected in series.
The current everywhere in the circuit has
the same value.

In the lower drawing, the current flows
to the common connection- point at the
top of the two resistors and then divides,
one part of it flowing through R1 and the
other through R2. At the lower con-
nection point these two currents again
combine; the total is the same as the
current that flowed into the upper
common connection. In this case the two
resistors are connected in parallel.

Resistors in Series

When a circuit has a number of
resistances connected in series, the total
resistance of the circuit is the sum of the
individual resistances. If these are num-
bered R1, R2, R3, and so on, then R
(total) = R1 + R2+ R3 + R4 +.. . where
the dots indicate that as many resistors as
necessary may be added. )

Example: Suppose that three resistors
are connected to a source of emf as shown
in Fig. 10. The emf is 250 volts. R1 is 5000
ohms, R2 is 20,000 ohms, and R3 is 8000
ohms. The total resistance is then

R = RI1+R2+R3
5000 + 20,000 + 8000
33,000 ohms

The current flowing in the circuit is then

E _ _250 _
I =} = 33 0= 000757 amp.
= 7.57mA.

(We need not carry calculations beyond
three significant figures, and often two
will 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 appearing across each resistor (the
voltage drop) can be found from Ohm’s
Law.

Example: If the voltage across R1 (Fig.
10) is called El, that across R2 is called

Eilectrical Laws and Circuits

E2, and that across R3 is called E3, then

El=IR1 = 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 = El + E2 + E3
379 + 1514 + 60.6
249.9 voits

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

In problems such as this considerable
time and trouble can be saved, when the
current is small enough to be expressed in
milliamperes, if the resistance is expressed
in kilohms rather than ohms. When
resistance in kilohms is substituted direct-
ly in Ohm’s Law the current will be mil-
liamperes if the emf is in volts. '

Resistors in Parallel

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

R=— l1 i
—l+—-7+§~5+ﬁ+...

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

Rl x R2

R =Ri +R2

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

RIR2 500 X 1200
RI +R2 50041200
600,000

= 71700

= 353ohms

It is probably easier to solve practical
problems by a different method than the
“reciprocal of reciprocals” formula. Sup-
pose the three resistors of the previous
example are connected in parallel as
shown in Fig. 11. The same emf, 250 volts,
is applied to all three of the resistors. The
current in each can be found from Ohm’s
Law as shown below, 11, being the current
through R1, 12 the current through R2
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and 13 the current through R3,

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

E 250
l =0 —3 —
1 RI 5 50mA
E 250 _
2 = R2 = 20 = 12.5mA
E 250
l3 = 2 - =
R3 3 31.25mA
The total current is
I =0 4+12 +13
= 50 + 125 + 31.25
= 93.75mA
The total resistance of the circuit is
therefore
E _ 250 _ :
R = T = %315 = 2.66 kilohms
= 2660 ohms

Resistors in Series-Parallel

An actual circuit may have resistances
both in parallel and in series. To illustrate,
we use the same three resistances again,
but now connected as in Fig. 12. The
method of solving a circuit such as Fig. 12
is as follows: Consider R2 and R3 in
parallel as though they formed a single
resistor. Find their equivalent resistance.
Then this resistance in series with R
forms a simple series circuit, as shown at
the right in Fig. 12. An example of the
arithmetic is given under the illustration.

Using the same principles, and staying
within the practical limits, a value for R2
can be computed that will provide a given
voltage drop across R3 or a given current
through R1. Simple algebra is required.

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

R _ R2Z xR _20x8 _ 160
“ TR2Z +R3T 20 +8 = 28
= 571k

The total resistance in the circuit is then

R

Rl + R, = SkQ + 571kQ
1071k

The current is

E 25
o1 = 23.3 mA

2-7 Chapter 2

The voltage drops across R1 and Regq are

El =1 X Rl =233 X 5 =117 volts
E2 =1 X Req =23.3X5.71 = 133 volts

with sufficient accuracy. These total 250
volts, thus checking the calculations so
far, because the sum of the voltage drops
must equal the applied voltage. Since E2
appears across both R2 and R3.

E2 _ 133 _

2 = R2 = 2 = 6.65 mA
E2 _ 13 _

B3 = R3 = § = 16.6 mA

where [2 = current through R2

I3 = current through R3

The total is 23.25 mA, which checks
closely enough with 23.3 mA, the current
through the whole circuit.

Power and Energy

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

P = &l

where

P = power in watts
E = emfin volis

| current in amperes

Common fractional and multiple units
for power are the milliwatr one one-
thousandth of a watt, and the kilowaut, or
1000 watts.

Example: The plate voltage on a
transmitting vacuum tube is 2000 volts
and the plate current is 350 milliamperes.
The current must be changed to amperes
before substitution in the formula, and so
is 0.35 amp.) Then

P = EI = 2000 X 0.35 = 700 watts

By substituting the Ohm's Law equiva-
lent for E and I, the following formulas
are obtained for power:

E
P =X
P = IR

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

Example: How much power will be
used up in a 4000-ohm resistor if the

voltage applied to it is 200 volts? From the
equation

p oo EL _ (002 _ 40000
T R T 4000 T 4000
= 10 watts

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

P PR = (0.02)? x 300
0.0004 x 300

0.12 wau

Note that the current was changed from
milliamperes to amperes before sub-
stitution in the formula.

Electrical power in a resistance is
turned into heat. The greater the power
the more rapidly the heat is generated.
Resistors for radio work are made in
many sizes, the smallest being rated to
“dissipate”’ (or carry safely) about 1/8
watt. The largest resistors commonly used
in amateur equipment will dissipate about
100 watts.

Generalized Definition of Resistance

Electrical power is not always turned
into heat. The power used in running a

R R2
5000 20k

R3

= E«250V
- 8000

AN

Fig. 11— An example of resistors in parallel. The
solution is worked out in the text.

R1
AN\
5000
= £.250v A
=
R1
5000
1 REQ
= ce-250v (EQUIVALENT
R OF R2
AND R3 IN
PARALLEL)

Fig. 12— An example of resistors in series-
paratlel. The equivalent circuit is below. The
solution is worked out in the text.



motor, for example, is converted to
mechanical motion. The power supplied
to a radio transmitter is largely converted
into radio waves. Power applied to a
loudspeaker is changed into sound waves.
But in every case of this kind the power is
completely *“‘used up” — it cannot be
recovered. Also, for proper operation of
the device the power must be supplied at a
definite ratio of voltage to current. Both
these features are characteristics of resis-
tance, 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 defi-
nite voltage/current ratio is very useful,
since it permits substituting a simple resis-
tance for the load or power-consuming
part of the device receiving power, often
with considerable simplification of calcu-
lations. Of course, every electrical device
has some resistance of its own in the more
narrow sense, so a part of the power sup-
plied 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

Capacitance

Suppose two flat metal plates are piaced
close to each other (but not touching) and
are connected to a battery through a
switch, as shown in Fig. 13. 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.

The two plates constitute an electrical
capacitor; a capacitor possesses the pro-
penty of storing electricity. (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,

some other form than heat. Therefore
power used in heating is considered to be
a loss, because it is not the usefu/ 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 fre-
quency. The ratio of the rf power output
to the dc input is the efficiency of the tube.
That is,

Po
Eff. = Pi
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 rf power output is 60
watts, the efficiency is

Po 60

= 100 = %6

Eff. =

Efficiency is usually expressed as a
percentage; that is, it tells what percent of
the input power will be available as useful

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 smalier the
spacing between the plate the greater the
capacitance. The capacitance also depends
upon the kind of insulating material be-
tween the plates; it is smallest with air
insulation, but substitution of other
insulating materials for air may increase
the capacitance many times. The Tatio of
the capacitance with some material other
than air between the plates, to the
capacitance of the same capacitor with air

___os/o_
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Fig. 13 — A simple capacitor.

output. The efficiency in the above

example is 60 percent.

Energy

In residences, the power company’s bill
is for electrical energy, not for power.
What you pay for is the work that
electricity does for you, not the rare at
which that work is done. Electrical work
is equal to power multiplied by time; the
common unit is the watt-hour, which
means that a power of 1 watt has been
used for one hour. That is,

W =PT
where W = energy in watt-hours
P = power in watts
T = timein hours .

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

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

insulation, is called the dielectic constant
of that particular insulating material. The
material itself is called a dielectric. The
dielectric constants of a number of
materials commonly used as dielectrics in
capacitors are given in Table 3. 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

Table 3
Dielectric Constants and Breakdown Voltages
Dielectric Puncture
Material Constant* Voitage**
Air 1.0 240
Alsimag 196 5.7 240
Bakelite 44-54 300
Bakelite, mica-filled 4.7 325-375
Cellulose acetate 3.3-39 250-600
Fiber 5-7.5 150-180
Formica 4.6-4.9 450
Glass, window 7.6-8 200-250
Glass, Pyrex 48 335
Mica, ruby 5.4 3800-5600
Mycalex 74 250
Paper, Royalgrey 3.0 200
Plexiglas 28 990
Polyethylene 23 1200
Polystyrene 2.6 500-700
Porcelain 51-5.9 40-100
Quartz, fused 38 1000
Steatite, low-loss 5.8 150-315
Teflon 21 1000-2000

* At1MHz ** In volts per mil (0.001 inch)

Electrical Laws and Circuits 2-8
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Fig. 14 — A multiple-plate capacitor. Alternate
plates are connected together.

the farad, but this unit is much too large
for practical work. Capacitance is usually
measured in microfarads (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. 14, This
makes it possible to attain a fairly large
capacitance in a small space, since several
plates of smaller individual area can be
stacked to form the equivalent of a single
large plate of the same total area. Also, all
plates, except the two on the ends, are ex-
posed to plates of the other group on both
sides, and so are twice as effective in in-
creasing the capacitance.

The formula for calculating capacitance
is

© = o.m'%m -n

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
inches

n = number of plates

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

Capacitors in Radio

The types of capacitors used in radio
work differ considerably in physical size,
construction, and capacitance. Some rep-
resentative types are shown in the
photograph (Fig. 15). In variable capaci-
tors (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, nonadjustable value of capacitance
— also can be made with metal plates
and with air as the dielectric, but usually
are constructed from plates of metal foil
with a thin solid or liquid dielectric sand-
wiched in between, so that a relatively
large capacitance can be secured in a small
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(A)

8)

Fig. 15 — Fixed-value capacitors are seen at A. A large computer-grade unit is at the upper left. The
40-uF unit is an electrolytic capacitor. The smaller pieces are silver-mica, disk-ceramic, tantalum,
polystyrene and ceramic chip capacitors. The small black unit (cylindrical) is a pc-board-mount
electrolytic. Variable capacitors are shown at B. A vacuum variable is at the upper left.

unit. The solid dielectrics commonly used
are mica, paper and special ceramics. An
example of a liquid dielectric is mineral oil.
The electrolytic capacitor uses aluminum-
foil plates with a semiliquid conducting
chemical compound between them; the
actual dielectric is a very thin film of insu-
lating material that forms on one set of
plates through electrochemical action when
a dc voltage is applied to the capacitor.
The capacitance obtained with a given
plate area in an electrolytic capacitor is
very large, compared with capacitors hav-
ing other dielectrics, because the film is so
thin — much less than any thickness that
is practicable with a solid dielectric.
The use of electrolytic and oil-filled
capacitors is confined to power-supply
filtering and audio-bypass applications.
Mica and ceramic capacitors are used
throughout the frequency range from

audio to several hundred megahertz.

Voltage Breakdown

When a high voltage is applied to the
plates of a capacitor, a considerable force
is exerted on the electrons and nuclei of
the dielectric. Because the dielectric is an
insulator the electrons do not become
detached from atoms the way they do in
conductors. However, if the force is great
enough the dielectric will ““break down;”
usually it will puncture and may char (if it
is solid) and permit current to flow. The
breakdown voltage depends upon the kind
and thickness of the dielectric, as shown in
Table 3. 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 evidenced
by a spark or arc between the plates, but if



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

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

Capacitors in Series and Paraliel

The terms “parallel” and *‘series” when
used with reference to capacitors have the
same circuit meaning as with resistances.
When a number of capacitors are con-
nected in parallel, as in Fig. 16, the total
capacitance of the group is equal to the
sum of the individual capacitances, so

Com =Cl +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 resistance
of a number of parallel-connected resis-
tors. That is,

and, for only two capacitors in series,

C _Cl x C2
total = Cl + C2
The same units must be used through-
out; that is, all capacitances must be

Inductance

It is possible to show that the flow of
current through a conductor is accom-
panied by magnetic effects; a compass
needle brought near the conductor, for
example, will be deflected from its normal
north-south position. The current, in
other words, sets up a magnetic field.
The transfer of energy to the magnetic
field represents work done by the source
of emf. Power is required for doing work,
and since power is equal to current
multiplied by voltage, there must be a
voltage drop in the circuit during the time
in which energy is being stored in the field.

l* \g

|

I l
SOURCE 4 c2 c3

PARALLEL

1

SO;RCE I )
1
T

}-———0

OF EMF

SERIES

Fig. 16 — Capacitors in parallel and in series.

expressed in either uF 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.

When capacitors are connected in
series, the applied voltage is divided up
among them, the situation is much the
same as when resistors are in series and
there is a voltage drop across each:
However, the voltage that appears across
each capacitor of a group connected in
series is in {nverse proportion to its
capacitance, as compared with the capaci-
tance of the whole group.

Example: Three capacitors having capaci-
tances of 1, 2 and 4 uF, respectively, are
connected in series as shown in Fig 17.
The total capacitance is

C=_—'7 =
[ERPRE U E U U
C|+C2+C3 1+2+4
b _ 4 _

=l =7 = 0.571 uF
4

This voltage **drop” (which has nothing
to do with the voltage drop in any
resistance in the circuit) is the result of an
opposing voltage “induced” in the circuit
while the field is building up to its final
value. When the field becomes constant
the induced emf or back emf disappears,
since no further energy is being stored.
Since the induced emf opposes the emf
of the source, it tends to prevent the
current from rising rapidly when the
circuit is closed. The amplitude of the
induced emf is proportional to the rate at
which the current is changing and to a

The voltage across each capacitor 1s
proportional to the total capacitance
divided by the capacitance of the capacitor
in question, so the voltage across Cl is

2000 = 1142 volts

Similarly, the voltages across C2 and C3
are

E2 = ()_;A X 2000 = 571 volts
E3 = 0——&“ X 2000 = 286 volts
totaling approximately 2000 volts, the

applied voltage.

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

7y
r EA _ch
1uF
I
o)
E = 2000V E2 %iF
c3
£3 T‘”F
p

Fig. 17 — An example of capacitors connected in
series. The solution to this arrangement is
worked out in the text.

constant associated with the circuit itself,
called the inductance of the circuit.

Inductance depends on the physical
characteristics of the conductor. If the
conductor is formed into a coil, for
example, its inductance is increased. A
coil of many turns will have more
inductance than one of few turns, if both
coils are otherwise physically similar.
Also, if a coil is placed around 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

Eilectrical Laws and Circuits 2-10
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Fig. 18 — Assorted inductors. A rotary
(continuously variable) coil is at the upper left.
Slug-tuned inductors are visible in the lower
foreground. An rf choke (three pi windings) is
seen at the lower right.

Fig. 19 — Coil dimensions used in the induc-
tance formula. The wire diameter does not
enter into the formula. The spacing has been
exaggerated in this illustration for clarity. The
formula is for closewound coils.

the current in the circuit. This means that
when the current in the circuit is
increasing, work is being done against the
induced emf by storing energy in the
magnetic 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 required in
power-supply circuits (see chapter on
power supplies), and to obtain such values
of inductance it is necessary to use coils of
many turns wound on iron cores. In
radio-frequency circuits, the inductance
values used will be measured in milli-
henrys (a mH, one one-thousandth of a
henry) at low frequencies, and in micro-
henrys ( wH, one one-millionth of a henry)
at medium frequencies and higher. Al-
though coils for radio frequencies may be
wound on special iron cores (ordinary
iron is not suitable), most rf coils made
and used by amateurs are of the
“air-core” type; that is, wound on an
insulating support consisting of non-
magnetic material (Fig. 18).

Every conductor has inductance, even
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Fig. 20 — Measured inductance of coils wound with no. 12 bare wire, eight turns to the inch.

The values include half-inch leads. Inches x 25.4 =
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mm.

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

n?
L _ aln
=) 9 + 106
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. 19. 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 turns per inch and a diameter of
3/4 inch. This a 0.75/2 = 0.375,b
=48/32 = 1.5, and n = 48. Substituting,

— .375%.375 %X 48 X 48
L = = 17.6 uH
(9 X.375)+(10 % 1.5) “
To calculate the number of turns of a
single-layer coil for a required value of
inductance,

VLa +10b)

a

n=

Example: Suppose an inductance of 10
uH is required. The form on which the coil
is to be wound has a diameter of one inch
and is long enough to accommodate a coil
of 1-1/4 inches. Then a = 0.5,b= 1.2,
and L = 10. Substituting,

n = V10@5+125) Vv 170
- 0.5 0.5

= 26.]1 turns

A 26-turn coil would be close enough in
practical 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 smaller) can be used. The
proper inductance is obtained by winding
the required number of turns on the form
and then adjusting the spacing between
the turns to make a uniformly spaced coil
1.25 inches long.

Inductance Charts

Most inductance formulas lose accuracy
when applied to small coils (such as are



TURNS

WIRE GAUGE PER
AWG OR B&S INCH
24 46.3
25 51.7
26 58
27 64.9
28 727
29 81.6
30 90.5
31 101
32 113
33 127
34 143
35 158
36 175
37 198
38 224
39 248

WIRE GAUGE PER
AWG OR B&S INCH
8 7.6
9 86
10 9.6
11 107
12 12
13 135
14 15
15 16.8
16 18.9
17 21.2
18 236
19 26.4
20 29.4
21 33.1
22 37
23 413
1.0
0.9 /
0.8
§ > 0.7
<> /
ol o 7
2 o
0 g /
ZF o5
5 |/
& o4 t 1
53 I
g ; 0.3 /
0.2 //
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[o] 1 2

LENGTH OF COIL IN INCHES

3

Fig. 21 — Factor to be applied to the inductance of coils listed in

Table 4 for coil lengths up to five inches.
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Fig. 22 — Factor to be applied to the inductance of coils listed in
Table 5, as a function of coil length. Use curve A for coils marked
A, and curve B for coils marked B.
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SCALE A
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Nomograph for determining values of parallel resistances and inductances, and series capacitors.
The dashed line shows that a total resistance of 50 ohms is obtained (B scale) when 85 ohms (A
scale) is placed in paraltel with 125 ohms (C scale). For greater quantities of R, C and L (250 or
greater), add the necessary number of zeros to the numbers of scales A, BandC.

Nomograph of capacitor values versus reso-
nant frequency for 88-mH toroical inductors.
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Fig. 23 — The proximity of the turns on a
solenoid forms parasitic capacitors, as
sketched in A. The net effect of these
capacitors is called the distributed
capacitance, and causes the coil to exhibit a
self-resonance, illustrated in B.

Table 4
Machine-Wound Coil Specifications

Coll Dia, No. of Turns  Inductance
Inchas Per Inch in uH
1-1/4 4 2.75
6 6.3
8 11.2
10 17.5
16 42.5
1-1/2 4 3.9
6 8.8
8 15.6
10 245
16 63
1-3/4 4 5.2
6 11.8
8 21
10 33
16 85
2 4 6.6
6 15
8 26.5
10 42
16 108
2-1/2 4 6.6
6 23
8 41
10 64
3 4 14
6 315
8 56
10 89

Inches X 25.4 = mm.
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Fig. 24 — Inductance of various conductor sizes when arranged as straight members.

used in vhf work and in low-pass filters
built for reducing harmonic interference
to television) because the conductor thick-
ness is no longer negligible in comparison
with the size of the coil. Fig. 20 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 di-
ameter. In both curves the wire size is no.
12, winding pitch eight turns to the inch
(1/8 inch center-to-center turn spacing).
The inductance values given include leads
1/2 inch long.

Machine-wound coils with the
diameters and turns per inch given in
Tables 4 and S are¢ available in many radio
stores, under the trade names of ‘‘B&W
Miniductor,'’ ‘‘Air-dux'’ and
“Polycoil.”” Figs. 21 and 22 are used with
Tables 4 and S.

While forming a wire into a solenoid in-
creascs its inductance, this procedure also
introduces distributed capacitance. Since
cach turn is at a slightly different (ac)
potential, cach pair of turns forms a
parasitic capacitor. At some frequency the
effective capacitance will have a reactance
cqual to that of the inductance, and the
inductor will show sclf-resonance. (Reac-
tance and resonance are treated in the sec-
tion on alternating current.) Above the
self-resonant frequency, a coil takes on
the reactive properties of a capacitor in-
stead of an inductor. The behavior of a

coil with respect to frequency is illustrated
in Fig. 23.

Sometimes it is useful to know the in-
ductance of a straight wire, such as a com-
ponent lead. A straight, round, non-
magnctic wire in free space has an induc
tance approximated by the formula

Table §
Machine-Wound Coil Specifications
Coll Dia, No. of Turns  Inductance
Inches Per Inch inuH
1/2 4 0.18
(A) 6 0.40
8 0.72
10 1.12
16 29
32 12
5/8 4 0.28
(A) 6 0.62
8 1.1
10 1.7
16 4.4
32 18
3/4 4 0.6
(8) 6 1.35
8 2.4
10 38
16 9.9
32 40
1 4 1.0
(8) 6 23
8 4.2
10 6.6
16 16.9
32 68

Inches X 25.4 = mm.
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L = 0.0002b [(m za—b) - 0.75]
or
2b
L = 0.0002b |(2.303 log,q T) - 0.75
where
L inductance in uH

a = wire radius in mm
b = wire length in mm

If the dimensions are cxpressed in inches
the length coefficient (outside the
brackets) becomes 0.00508. These for-
mulas arc valid for low frequencies; the
skin cffect reduces the inductance at vhf
and above. As the frequency approaches
infinity, the constant within the brackets
approaches unity. As a practical matter,
the skin effect won’t reduce the induc-
tance by more than a few percent.

As an examiple, leta = 2mmand b =
100 mm. Most pocket calculators can
compute cither natural or common
logarithms. Using thc natural logarithm
function, the problem is formulated as
follows:

L

0.0002(100) Ezn @’—) - 0.75]

0.02 g(ln 100) — 0.75
0.02 (4.606 — 0.75)
(0.02) (3.855) = 0.077 uH.

Fig. 24 is a graph of the inductance for
wires of various radii as a function of
length.

A vhf or uhf tank circuit can be
fabricated from a wirc parallel to a
ground planc, with.one end grounded. A
formula for the inductance of such an ar-
rangement is

L = 0.0004605b { log;o

2_h( b + Vb2 ¥ aZ >
b + Vb2 + 4h2

a

+ 0.0002(\/52 + 4h2 - Vb2 + a2

+%-2h+a>

where
L = inductance in uH
a = wire radius in mm
b = wire length parallel to ground
plane in mm
h = wirc height above ground planc in
mm

If the dimensions are in inches, the
numecrical cocfficients become 0.0117 for
the first term and 0.00508 for the second
term.

Suppose it is desired to find the induc-
tancc of a wire 100 mm long and 2 mm in
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radius, suspended 40 mm above a ground
plane. (The inductance is measured be-
tween the free end and the ground plane,
and the formula includes the inductance
of the 40-mm grounding link.) A person
skilled in the use of a sophisticated
calculator could produce the answer with
only a few key strokes, but to demonstrate
the use of the formula, begin by
cvaluating these quantities:

b + Vb2 + aZ = 100 + 100.02 =

200.02

b + Vb® + 4h* = 100 + 128.06 =

228.06

_2L=4O
a
b s
4

Substituting these figures into the formula
yields:

L = 0.0004605(100) { logyo
200.02
[40 ( 228.06 >]}

+ 0.0002 (128.06 — 100.02 + 25 — 80
+ 2) =0.066 uH.

These straight-wire equations cannot be
simply solved for length as a function of
desired inductance and given radius, but
the proper length can be determined
quickly with the aid of a pocket
calculator. The technique is to estimate
the required length and plug that estimate
into the formula to see if it produces the
proper inductance. A few iterations will
yield a length that is as closc as the ac-
curacy of the formula will permit.

Iron-Core Coils: Permeability

Suppose that the coil in Fig. 25 is
wound on an iron core having a
cross-sectional area of 2 square inches.
When a certain current is sent through the
coil it is found that there are 80,000 lines
of force in the core. Since the area is two
square inches, the flux density is 40,000
lines per square inch. Now suppose that
the iron core is removed and the same
current is maintained in the coil, and that
the flux density without the iron core is
found to be 50 lines per square inch. The
ratio of the flux density with the given
core material to the flux density (with the
same coil and same current) with an air
core is called the permeability of the
material. In this case the permeability of
the iron is 40,000/50 = 800. The induc-
tance of the coil is increased 800 times
by inserting the iron core since, other
things being equal, the inductance will be
proportional to the magnetic flux through
the coil.

The permeability of a magnetic material
varies with the flux density. At low flux

AIR GAP
7

Fig. 25 — Typical construction of an iron-core
inductor. The small air gap prevents magnetic
saturation of the iron and thus maintains the

inductance at high currents.

densities (or with an air core) increasing
the current through the coil will cause a
proportionate increase in flux, but at very
high flux densities, 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 inductor is highly dependent
upon the current flowing in the coil. In an
air-core coil, the inductance is indepen-
dent of current because air does not satu-
rate.

Iron core coils such as the one sketched
in Fig. 25 are used chiefly in power-supply
equipment. They wusually have direct
current 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 