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Foreword

The foreword to each annual edition of the Radio
Amateur’s Handbook is generally pretty much cut and
dried. After one has written the foreword year after year, it
becomes each year a little more difficult to be original, to
say something different. Ahd so one lapses into a
sameness which seems never to be challenged by the
readers. Could it be the foreword is never read?

This is the 59th edition of the Handbook, a title which
has been published by ARRL since 1925. Its first edition
was published when this writer was about five years old,
and was nine years away from his first amateur license.
His first personal copy, in 1934, was a prized possession
which helped him immeasurably during his beginning as a
radio amateur. In those early days, never in his wildest
dreams did he imagine that someday he might play an
active role in the production of this respected title. But
that privilege came, and now it is about to go. Before the
next edition is printed, the challenge of managing ARRL
publications will have been transferred to some other
person.

There have through the years been many changes in the
identities of those responsible for the Handbook, but the
quality and the usefulness of the Handbook have re-
mained consistently high. It is a book which has, since its
beginning, sold some six million copies. It is a book
which has gotten thicker and heavier with each passing
year, as the field of knowledge which it had to cover grew
and grew. It is a book that has been constantly revised to
meet the changing technology of amateur radio. It is a
book which is widely used as a reference manual not only
by individual amateurs but by many in professional and
government laboratories.

Again this year the Radio Amateur’s Handbook has
been extensively revised, in an effort to maintain its wide
appeal. We hope, and think, that it will serve you well.

Richard L. Baldwin, W1RU
General Manager

Newington, CT
November 1981
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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
cofounder 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,

contributed to the development of the automobile and the movies.

fory|

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 diffcrent
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 to talk
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 Mediterranean-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! Oniy 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 stations. 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 radlo
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 coramunity.

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 also 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.

1-2 Chapter 1

Hurtling through the airless reaches of space,
OSCAR 8 is a relay 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. (Artwork courtesy W6TUF)

The OSCAR (Orbiting Satcllite Carry-
ing Amatcur Radio) program is a relative-
ly new challenge for the Amatcur Radio
fraternity. Built by hams from many
countries around the world, these in-
genious devices hitch rides as secondary
payloads on spacc shots for commercial
and government communications or
weather satellites. OSCAR satcllites
receive signals from the ground on one
frequency and convert those signals to
another frequency to be sent back down
to ecarth. 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 either in Morse or radioteleprinter
(RTTY) code, constantly giving informa-
tion on the condition of equipment
aboard the satellite.

Self-reliance has always been a
trademark of the radio amateur. This is
often best displayed by the many hams
who design and build their own equip-
ment. Many others prefer to build their
equipment 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 middlec of the Amazon
jungle, either. Hams often come up with
variations on a circuit design in common
use so that they may perform a special
function, or a ham may bring out a totally
original electronic design, all in the in-
terest of advancing the radio art.

Radio Clubs
Amateur Radio clubs often provide

social as well as operational and technical
activities. 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
each other over the radio. The swapping
of tales (and sometimes equipment), and a
general feeling 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 setting up displays in shopping
centers and at such events as county fairs,
Scout jamborees and parades.

Nearly half of all U.S. amateurs belong
to a radio club. And nearly every amateur
radio club is affiliated with the ARRL.
Club affiliation is available to most
organized Amateur Radio groups. The
benefits are many: Use of films and slide
shows for club classes and meetings,
rebate on ARRL membership dues,
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 Hgq., 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 clectronics 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 effort on
your part to pass the basic, entry-grade
cxam and get on the air.

“But what about the code? Don’t 1
have to know code to get a license?”’ Yes,
you do. International agrecments require
Amatcur 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 difficulty. Many
grade-school students have passed their
tests and cach month hundreds of people
from 8 to 80 join the cver-growing
number of Amatecur 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 $8.50 from local radio stores
or by mail from ARRL.

Finding Help

One of the first obstacles for a person
seriously interested in Amateur Radio is
finding a local amateur to provide
assistance. This volunteer amateur is

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,
Uemura, JG1QFW, used Amateur Radio for backup emergency communi
KOLIS, was one of four crew members on the DaVinci Trans Ame
continental U.S. before crash-landing in Ohio because of a severe storm. Amateur Radi

photo courtesy W@HSK)

buying that first radio or just some necded
encouragement. Also, nearly all would-be
amateurs attend an Amateur Radio class
for code, regulations and electronic
theory instruction. Where do you find this
assistance? The ARRL Club and Training
Department helps the prospective am-
ateur in every possible way. It coordi-
nates the work of more than 5000
volunteecr Amateur Radio instructors
thoughout the United States and Canada
and provides a large varicty of audio-
visual aids and refers inquiries 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 Amateur Radio become the
almost unlimited hobby it is today? The
beginnings are slightly obscure, but clec-
trical experimenters around the turn of
the century, inspired by the experiments
of Marconi and others of the time, began
duplicating those ecxperiments and at-
tempted to communicate  among
themsclves. There were no regulatory
agencics 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. Amarecurs suddenly found that
they could achieve communication over

longer distances than commercial stations
on the longer wavelengths. Even so,
signals often had to be rclayed 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
Ainateur Radio. But the dream of cven-
tual transcontinental and cven trans-
occanic Amateur Radio contact burned
hot in the minds of Radio Amateur ex-
perimenters.

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

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 itching 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-establish Amateur Radio.
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 wavelengths
were then begun with encouraging results.
It was found that as the wavelength

where hams go Amateur Radio often goes as well. Japanese explorer Naomi
cations during his solo adventure to the North Pole in 1978. Fred Hyde,
rica Balloon, which set a long-distance flight record for balloonists in the

o kept the crew in touch with hams on the ground. (balloon

dropped  (i.c., frequency increased)
greater distances were achieved. The com-
mercial stations were not about to 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 ncw area. Usually,
it turned out to be the station with the
stronger signal, able to blot out everyone
clse.

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 frequencies 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 Amateur Radio is con-
tained in the ARRL publication Two
Hundred Meters and Down by Clinton B.
DeSoto.)

Public Service

Amateur Radio is a grand and glorious
hobby, but this fact alone would hardly
merit the wholehearted 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

Amateur Radio 1-3



emergencies. Amateur cooperation with
expeditions began in 1923, when a League
member, Don Mix, ITS, accompanied
MacMillan to the Arctic on the schooner
Bowdoin with an amateur station.
Amateurs in Canada and the U.S. pro-
vided the home contacts. The success of
this venture was so outstanding that other
explorers followed suit. During subse-
quent years Amateur Radio assisted
perhaps 200 voyages and expeditions, the

several explorations of the Antarctic being
perhaps the best known. And this kind of
work is not all in the distant past, either:
In 1978 Japanese explorer Naomi
Uemura, JGIQFW, became the first per-
son to trek to thc North Pole alone.
Amateur Radio, through member station-
sof the National Capitol DX Association
and the Polar Amateur Radio Club,
VE8RCS, at Alert, NWT, Canada, pro-
vided important backup communications.

Sometimes Mother Nature goes on a
rampage — with earthquakes such as
those in Alaska in 1964, Peru in 1970,
California in 1971, Guatemala in 1976 and
Italy in 1980; floods like those in Big
Thompson Canyon, 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; tor-
nadoes, hurricanes and typhoons, most

Table 1
Canadian Amateur Bands
Band
(limita- Frequency
tions) (MHz) Emissions
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, techniques or types of emission for packet
40 meters 7.000-7.050 A1, F1 F3, F4, F5, PO, 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, PO, 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 (14, 15) 24000.000-24010.000
2,3, 4,5) 28.100-29.700 A1, A3, F3 24010.000-24250.000 AQ, 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, PO, 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, mitter during day and night hours respectively;
Fa for the purpose of this table "'day” means the
2 meters 144.000-144.100 A1 hours between sunrise and sunset, and “night”
(3,4) 144.100-145.500 AQ, A1, A2, A3, means the hours between sunset and sunrise.
A4, F1, F2, F3, A1, A3 and F3 emissions are permitted.
F4
3,4, 7) 144.500-145.800 PQ. P1, AQ, A1,
A2, A3, A4, F1, A BCDEFGH
F2, F3, F4 . ) ,
(3.4) 145.800-148.000 AQ, A1, A2, A3, Limitations British Columbia 3. 3310000
Ad, F1,F2 F3, 1) Phone privileges are restricted to holders é'bi"a h g, g g g ; ? ? ;
F4 of advanced Amateur Radio Operators Certifi- ~ F8% .atg Ll SESRERR
(3,4) 220.000-220.100 A®, A1, A2, A3,  cates, and of Commercial Certificates. Oa""." a EEEE LY
A4, F1, F2, F3, 2) Phone privileges are restricted as in foot- ";\‘a"?h 1P 3
F4 note 1, and to holders of Amateur Radio Opera- Onta?':o ° : 3210000 1
(9,10, 13, 15)  220.000-220.500 tors Certificates, whose certificates have been South of 50° N
(9,10, 13,15)  220.500-221.000 endorsed for operation on phone in these B °, i D E90 009
(10, 13, 14, 15)  221.000-223.000 bands. rovince of Quebec 0
(9,12, 13,15)  223.000-223.500 3) Amplitude modulation (A2, A3, A4) shall el @ 2 b
@. 4) 223.500-225.000 AQ, A1, A2, A3, not exceed = 3 kHz (6A3). Proyince of ?;,e‘r’fc 4200 nu
A4, F1, F2, F3, 4) Frequency modutation (F2, F3, F4) shall N °g‘ Qe i 51D G
F4 not produce a carrier deviation exceeding New Sruns_wm 32100000
(4. 6) 430.000-433.000 A@, A1, A2, A3, =3 kHz, (6F3) except that in the 52.54 MHz and p‘?"a gg“a TR R e
A4, A5 F1,F2,  144.1-148 MHz bands and higher the carrier N""C,e d"l"a'd ff'" Do e men e
F3, F4, F5 deviation shall not exceed = 15 kHz (30F3). Ne‘”’°“"d|a"d (LS g" J R
(12,13, 14, 15)  433.000-434.000 5) Slow scan television (A5), permitted by e e oo
(@, 4,8 434.000-434.500 P9, P1. P2, P3,  special authorization, shall not exceed a band-  [Ukon Terriony S aa900 5
AQ, A1, A2, A3,  width greater than that occupied by a normal D!S"!C: °’ Kac epzne 3113200 2
A5, F1,F2, F3, single-sideband voice transmission. Dl's"!ct °’ Feev::_ n 0 666100
F4,F5 6) Television (A5), permitted by special istrict of Franklin 0
(4, 6) 434.500-450.000 A, 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, FS 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 A, 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
2300.000-2450.000 A, A1, A2, A3,  transmission shall not produce signals of a Rt o Flogoioa Mz
A4, A5, F1,F2,  bandwidth exceeding 30 kHz. C 1850-1.875 MHz G 1950.1975 MHZ
.850-1. .950-1. z
F3, F4, F5, Pg, 9) Any mode may be used. D 1.8751.900 MHz H  1.975.2.000 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  FoWer Level — Watts
A4, A5, F1, F2, signals exceeding 25 kHz. 0 — Operation not permitted
F3, F4, F5, PO, 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
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anywhere, any year, and the blizzards of
1979 and 1980, When disaster strikes,
amateurs are ready, with equipment not
needing power from the electric company,
to carry on communications for police,
fire departments, and relief organizations.
The ability of radio amateurs to help the
public in emergencies is one big reason
Amateur Radio has survived and pros-
pered.

Technical Developments

Amateurs started the hobby with spark-
gap transmitters, which took up great
hunks of frequency space. Then they

moved on to tuhes 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
eagerness to try anything new are two
reasons. Another is that ever-growing
Amateur Radio continually overcrowds its
frequency assignments, spurring amateurs
to the development and adoption of new
techniques to permit the accommodation
of more stations.

Amateurs have come up with ideas in

their shacks while at home and then taken
them to industry with surprising results.
During World War II, thousands of
skilled amateurs 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

Table 2

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

1800-1900 A1, A3

1900-2000 A1, A3 1,2
3500-4000 Al

3500-3775 F1

3775-3890 A5, F5

3775-4000 A3, F3 4
4383.8 A3J/A3A 13
7000-7300 Al 34
7000-7150 F1 3.4
7075-7100 A3, F3 1
7150-7225 A5, F5 3.4
7150-7300 A3, F3 34
14000-14350 Al

14000-14200 F1

14200-14275 A5, F5

14200-14350 A3, F3

MHz

21.000-21.450 Al

21.250-21.350 A5, F5

21.250-21.450 A3, F3

Limitations

1,2) There are certain power and operating
restrictions at 1900-2000 kHz. Contact ARRL
Hq., or see July 1981 QST, p. 10, for details.

3) Where, in adjacent regions or subregions, a
band of frequencies is allocated to different ser-
vices 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.

ii) The state of Florida, including the Key
West area and the areas enclosed within circles
of 200-mile radius centered at 28°21' N, 80743’

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

F1,F2, F3,F5
51.000-54.000 AQ
144-148 Al
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 57
1215-1300 AQ, A1, A2, A3,

A4, A5, FQ, F1,

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

W. and 30°30’ N., B6°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-mife radius of 34°09' N., 118°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 dué 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-
borne operations will be permitted on this fre-
quency. Additionally, all stations operating on
this frequency must be located in or within 50
nautical miles of the state of Alaska.

Frequency Band Emissions Limitations
A4, A5, FQ, 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, FOQ, F1,
F2, F3,F4,F5, P 59
GHz
10.0-10.5 AQ, A1, A2, A3, 5
A4, A5, FQ, 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 AD, A1, A2, A3,
A4, A5, FO, F1,
F2, F3,F4,F5 P

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 — Pulse emissions.

Amatanr Radia 1.8



operators. At the time, amateurs had been
using single sideband for about a decade,
and were communicating by voice at great
distances with both homemade and com-
mercially built equipment. Generals
LeMay and Griswold, both radio
amateurs, 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 well; the equipment need-
ed only slight modification to meet Air
Force needs, 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 career. Later, as
professionals, they may run into ideas
which they try out in ham radio. A good
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 eight
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 Phase III 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 Phase III program was
temporarily set back in May of 1980 when
the first satellite in the series, Phase I11-A,
ended up in the Atlantic Ocean because of
a malfunctioning launch vehicle. It is a
credit to its builders that up to the mo-

ment of its demise, the satellite functioned
flawlessly. The thousands of hours of ex-
perience that went into the design and
construction of Phase III-A are now being
used as the starting point for its successor,
Phase I11-B. The new Phase III 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 also the largest amateur or-
ganization in the world. It is strictly of, by
and for amateurs, is noncommercial and
has no stockholders. The members of the
League are the owners of the ARRL and
QST, the monthly journal of Amateur
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 purposes
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
Amateur Radio, a dedication to its ideals

and principles — so that the institution of
Amateur Radio may continue to operate
““in the public interest, convenience and
necessity.”’

In addition to publishing QS7, 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,
Connecticut, is a well-equipped labora-
tory to assist staff members in prepara-
tion of technical material for QST and
The Radio Amateur’s Handbook. Among
its other activities, the League main-
tains a Communications Department
concerned with the operating activities of
League members. A large field organiza-
tion is headed by a section communica-
tions manager in each of the League's 73
sections. There are appointments for
qualified members in varjous fields, as
outlined in chapter 22. Special activities
and contests promote operating skill. A
special place is reserved each month 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 seeking the General class or higher
license, there are the License Manual and
the ARRL Code Kit. The ARRL also
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A code practice oscillator that can be con-
structed from commonly available parts.

publishes a series of question and answer
manuals for each class of license. All are
available from either your local radio
store or the 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 amateur band,
160 meters. Or you may prefer to operate
in the gigahertz bands (billions of cycles
per second), where the entire future of
communications may lie. Whatever your
interest, you are sure to find it in Amateur
Radio.

The International Morse Code

Knowledge of and some proficiency
with the Morse code is a requirement for
all amateur license classes in the United
States. The alphanumcric characters and
common punctuation marks and prosigns
are reproduced symbolically on the pre-
vious page. The three fundamental ele-
ments of the code are the dot, dash and
space. Dots and dashes are short and long
signals, respectively, referenced to a con-
stant time interval called the unit pulse. A

%

Assembly photo of the code practice oscillator.
The loudspeaker is cemented to the front
panel, as is the transformer. A single screw
and a dab of cement support the circuit board,
and the battery is secured to the panel by an
elastic band anchored to convenient points.

dot and space each occupy one unit pulse,
while a dash occupies three unit pulses.
Each dot or dash is separated from others
within a character by one unit pulse. The
pause between characters is three unit
pulses, and the pause between words is
seven unit pulses. The chart shows the
proper timing for the message ‘‘amateur
radio’’ diagrammed with the Morse code.

Morse code communication can be ac-
complished by means of flashing lights,
punched paper tape and even a signal flag,
but in radio the code takes the form of
sound. Short elements make the
characteristic sound dit, while long
elements sound like dah. When properly
drawn, the dot and dash symbols convey
complete information about a code char-
acter, but when interpreted orally, the let-
ter “L’'* becomes ‘‘didahdidit’’ rather
than ‘‘dot dash dot dot.”’ In the chart, the
Morse code is rendered phonetically as
well as symbolically.

A Code Practice Oscillator

The simple oscillator described here is a
good introduction to electronic construc-

VOLUME

.41

WHITE

Fig. 1 — Schematic diagram of the code prac-

tice oscillator, a useful accessory for

newcomers to Amateur Radio.

BT1 — 9-V battery, RS 23-553, 23-583 or equiv.

C1, C2 — Capacitor, 0.01 uF, RS 272-131,
272-1051, 272-1065.

C3 — Capacitor, 0.47 uF, RS 272-1054,
272-1071.

LS1 — 2-in. loudspeaker, 8 {1, RS 40-245.

R1 — Resistor, 10 k@, +5%, 1/4 W, RS
271-1335.

R2 — Resistor, 100 k@, +5%, 1/4 W, RS
271-1347.

R3 — Potentiometer, 5 kf2, RS 271-1714,
271-1720.

T1 — Audio output transformer, 1 k@2 CT to
8 0, RS 273-1380.

T81 — Terminal strip, RS 274-663.

U1 — IC timer, type 555, RS 276-1723.

Battery connector clip — RS 270-325.

tion as well as a useful tool for learning to
send the Morse code. Radio Shack stock
numbers are given for all components to
simplify the parts-acquisition problem for
the neophyte. However, the $15 outlay
can be cut dramatically through intelligent
substitution and liberal scrounging from a
ham'’s ‘‘junk box."’

The schematic diagram and photo-
graphs show the unit in detail, but exact
duplication is not necessary. Construction
techniques are presented in Chapter 17,
and the schematic symbols are printed
ncar the front of this volume. The project
can easily be assembled in an evening.
This code practice oscillator is intended
for beginners using hand keys. Because
the circuit is keyed in the positive battery
line, the oscillator may not be compatible
with some electronic keyers.

Amateur Radio 17




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 needle,
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 solved, 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
— L6 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
4rer?

where Qy 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



Fig. 1 — Field (solid lines)and potential (dotted
lines) lines surrounding a charged sphere.
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Fig. 3 — Vanation of field strength with distance
around a sphere chargea 1o 8 vults for spheres of
difterent radii.

free space. The product of relative permit-
tivity and €o (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 10 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, thc dimension of joules/
coulombs is given a special designation
and one joule/coulomb is defined as 1
volt. Notice that if the voltage is divided
by length (meters), the dimensions of field
intensity will be obtained and a [licld
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 pcrpendicu-
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 1
coulomb per second is defined as 1
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 itis
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=2.

C

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 unaffected 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

\4
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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 by .

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 = oE

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

E(V/M) ~

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

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

A cylinder of a material 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 =c(%)since] = oE and E =—\1£
I = JA) = "’:‘V

=1 =1 (2L
P = UandV_l<A>
R=%andV= IR

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 and 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. S.

The term electromotive force (emf) is
applied to describe a source of clectrical
energy, and potential drop (or voltage
drop) is used for a device that consumes
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. It is desired to
determine the current I. 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
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 = V, + V4= =10+ 5

= =5 volts

Sum of pot. drops = V, + V3 + V5
+Ve=12+4+ 7+ 10 =23
=5

] = — =

73 —0.217 ampere

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.

Charge Polarity and Electron Flow

The *“ + and * -’ symbols assigned
to electromotive forces and potential
drops are important in that they define the
polarity of voltage and direction of cur-
rent flow. These plus and minus
(representing positive and negative) sym-
bols were first used in the 18th century by
Benjamin Franklin to describe two types
of electric charge. Charged atoms (called
ions) having more than the usual number
of electrons have a negative charge, and
those having less than the usual number
are said to be positively charged. If a
polarizing force is applied to some matter
and then removed, the atoms will tend to
revert to their natural states. This means
that atoms deficient in electrons will at-
tract the needed particles from those

Resistance and Conductance

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 1 ohm when an
applied emf of 1 volt causes a current of 1
ampere to flow. The resistivity of a
material is the resistance, in ohmns, of a
cube of the material measuring one cen-

timeter on each edge. One of the best con-
ductors is copper, and it is frequently con-
venient, in making resistance calculations,
to compare the resistance of the material
under consideration with that of a copper
conductor of the same size and shape.
Table 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

atoms having excess electrons. Thus, the
transfer of electrons is from negative ions
to positive ions. When the path for elec-
trons is an electrical circuit, the current
flows from negative to positive around the
potential generator.

The direction of electron flow is impor-
tant in applications of thermionic and
semiconductor devices. The cathode of a
vacuum tube is heated so that it will boil
off electrons. Current will flow in the tube
if and only if the anode is biased positive
with respect to the cathode. This is known
as the Edison effect. A more familiar ex-
ample of the polarity of current flow can
be seen in automotive engines: When the
center electrode of a spark plug is made
negative with respect to the shell, the
voltage required to fire the gap and in-
itiate current flow is significantly reduced
as a result of the elevated temperature of
the center.

Most modern circuits employ a chassis
or ground plane or bus as a common con-
ductor. This practice reduces the wiring or
printed circuitry required and simplifies
the schematic diagram. When the negative
terminal of the power source is connected
to this ‘‘ground’’ system, electrons flow
from the negative terminal through the
ground system and through the circuit
elements to the positive terminal. While
this is certainly a correct description of the
action, it is more convenient to think of
the common conductor as the return leg
for all circuits. To accommodate this
reasoning, electrical engineers have
adopted a positive-to-negative conven-
tion. This convention is adhered to in
most of the technical literature. The ar-
rows in semiconductor schematic symbols
point in the direction of conventional cur-
rent and away from actual electron flow.

In discussing network elements having
one terminal connected to the ‘‘com-
mon,” “‘ground” or “‘return’’ leg of the
circuit, engineers use the terms ‘‘source’
and *‘sink’’ to describe the current flow.
A device is a current source if current
flows away from the ungrounded terminal
and a current sink if current flows into the
ungrounded terminal.

Table 1
Relative Resistivity of Metals
Resistivity
Materials Compared to
Copper
Aluminum (pure) 1.6
Brass 3.7-49
Cadmium 44
Chromium 1.8
Copper (hard-drawn) 1.03
Copper (annealed) 1.00
Gold 1.4
Iron (pure) 5.68
Lead 12.8
Nickel 5.1
Phosphor Bronze 28-54"
Silver 0.94
Steel 7.6-12.7
Tin 6.7
Zinc 34
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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
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 resistance of 3.5
ohms is needed and some no. 28 wire is on
hand. The wire table in chapter 17 shows
that no. 28 has a resistance of 66.17 ohms
per thousand feet. Since the desired
resistance is 3.5 ohms, the length of wire
required will be

3.5
6617 X 1000 = 52.89 feet.
Or, suppose that the resistance of the wire
in the circuit must not exceed 0.05 ohm
and that the length of wire required for
making the connections totals 14 feet.
Then

14
—_ = _0
I X R 0.05 ohm
where R is the maximum allowable

resistance in ohms per thousand feet.
Rearranging the formula gives

_ 0.05 x 1000

1 3.57 ohms/1000 ft.

R

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

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

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

3.5

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

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
practically all the current flow is confined
within a few thousandths of an inch of the
conductor surface. The rf resistance is
consequently many times the dc resistance,
and increases with increasing frequency.
In the rf range a conductor of thin tubing
will have just as low resistance as a solid
conductor of the same diameter, because

material not close to the surface carries
practically no current.

Conductance

The reciprocal of resistance (1/R) is
conductance. It is usually represented by
the symbol G. A circuit having high con-
ductance has low resistance, and vice
versa. In radio work the term is used
chiefly in connection with electron-tube
and field-effect-transistor characteristics.
The unit of conductance is the mho, a
symbol for which is 8. Recently, this unit
has been renamed the siemens (ab-
breviated S), although mho is more useful
as a functionally descriptive term. A
resistance of 1 ohm has a conductance of
1 mho or 1 siemens, a resistance of 1000
ohms has a conductance of 0.001 mho or
0.001 siemens, and so on. A unit frequent-
ly used in connection with electron devices
is the micromho, or one-millionth of a
mho. It is the conductance of a one-
million-ohm resistance.

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. It 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(am peres) = m

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:

E=IR

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

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

pico — one-trillionth (abbreviated p)
nano — one-billionth (abbreviated n)
micro — one-millionth (abbreviated )
milli — one-thousandth (abbreviated m)
kilo — one thousand (abbreviated k)
mega — one million (abbreviated M)
giga — one billion (abbreviated G)

For example, 1 microvolt is one-millionth
of a volt, and 1 megohm is 1,000,000

Table 2
Conversion Factors for Fractional and
Multiple Units

Change To Divide Multiply
From 8y By
Units picounits 1012
nanounits 10°
microunits 108
milliunits 108
kilounits 103
megaunits 108
gigaunits 109
Picounits nanounits 103
microunits 108
milliunits 109
units 1012
Nanounits picounits 103
microunits 103
milliunits 108
units 109
Microunits picounits 106
nanounits 108
milliunits 103
units 108
Milliunits  picounits 109
nanounits 108
microunits 103
units 103
Kilounits  units 103
megaunits 103
gigaunits 108
Megaunits units 108
kilounits 10
gigaunits 103
Gigaunits  units 10°
kilounits 106
megaunits 103

ohms. There are therefure 1,000,000
microvolts in one volt, and 0.000001
megohm in 1 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 = 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

i 33 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 I
is unknown

E 250

I = R = 3000 = 0.05 ampere
Milliampere units would be more con-
venient for the current, and 0.05 ampere X
1000 = 50 milliamperes.

Serles 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
individua) resistances. If these are num-
bered R1, R2, R3, and so on, then R
(total) = R1 + R2+ R3+ R4 +.. .where

SOURCE
OF EMF

L

SERIES
_
(¢]
SOURCE l R1 l R2
OF EMF
Q
——
-—
PARALLEL

Fig. 9 — Resistors connected in series and in
parallel. o

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. R1is 5000
ohms, R2 is 20,000 ochms, and R3 is 8000
ohms. The total resistance is then

R R1 + R2 + R3
5000 + 20,000 + 8000

33,000 ohms

The current flowing in the circuit is then

_E _ 250 _
I = R = 33.000 — 0.00757 ampere
= 7.57 mA.

(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: Kirchhoff’s First Law

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

R4

5000

it

= E=230V

R2
20k

R3

8000

Fig. 10 — An example of resistors in series. The
solution of the circuit is worked out in the text.
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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= 1IR3 = 0.00757 X 8000 = 60.6 volts

The applied voltage must equal the sum of
the individual voltage drops (Kirchhoff’s
voltage law):

E = El + E2 + E3
= 379 + 151.4 + 60.6
= 249.9 volts

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: Kirchhoff's Second
Law

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 resist-
ance of resistances in parallel is

R = I

1 1 1 1

RETR "R YRe T
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

R1 X R2
R1 + R2

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

R = R1R2 _ 500 x 1200
~ Rl + R2 ~ 500 + 1200

R =

600,000
1700

= 353 ohms

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, I1 being the current
through R1, 12 the current through R2
and I3 the current through R3.
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For convenience, the resistance will be
expressed in kilohms so the current will be
in milliamperes.

_ E _ 250 _
Il = RL = 5 = S0 mA

_ E 250 _
12_R2_ 0 = 12.5 mA

E 250 _

l3—R—3—-8—_3125mA
The total current is
I =11 + 12 + 13

= 50 + 12.5 + 31.25

= 93.75 mA

The above example illustrates Kirchhoff’s
current law: The current flowing into a
node or branching point is equal to the
sum of the individual branch currents.
The total resistance of the circuit is
therefore

_E _ 250 _ .
R = T = 9375 = 2.66 kilohms
= 2660 ohms

Resistors in Series-Parallel: Thevinin'’s

Theorum

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 RI
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. = RZXR3_20x8_ 160
9 T R2+R3 20+ 8 28

5.71 kQ

The total resistance in the circuit is then

R =Rl + R = 5k + 5.71 k@

10.71 kQ

The current is

E 250

=T F g e

= E=250V R3
= 8000

Rt
%000

AAAY

R2
20k

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

R4
5000
= e-250v ggoo
R1
A
5000
REQ
= E-250V (EQUIVALENT
R OF R2
AND R3 IN
PARALLEL)

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

The voltage drops across R1 and Req are

El =1 X Rl =233 X § = 117 volts
E2=1XReq =23.3 X 5.71 = 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
l3_ﬁ_ 8 = 16.6 mA
where

I2 = 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.

A useful tool for simplifying electrical
networks is Thevinin’s Theorum, which
states that any two-terminal network of
resistors and voltage sources can be
replaced by a single voltage source and a
series resistor. This transformation ex-
pedites the calculation of the current in a
parallel branch. To apply Thevinin’s
Theorum to the series-parallel circuit of
Fig. 12, first remove R3 and calculate the
potential developed across R2. Now
replace the battery with its internal



resistance (a short circuit). This places R1
and R2 in parallel. To find the current in
R3 in the original circuit, add the value of
R3 to the parallel combination of R1 and
R2, and divide the result into the R2
potential derived earlier. The arithmetic
proceeds this way: Neglecting R3, the cir-
cuit resistance is 25 k2, which draws 10
mA from the 250-V battery. This current
develops 200 V across R2. The Thevinin
equivalent circuit feeding R3 is now the
parallel combination of R1 and R2, or 4
kQ, in series with a 200-V potential source.
Installing R3, the total circuit resistance
becomes 12 k@, which draws 16.6 mA.
This value agrees with I3 as calculated by
the previous method.

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 1 volt multiplied by 1
ampere. The equation for power therefore
is

P = EI

where

P = power in watts

E = emf in volts

I = current in amperes

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

E2
- R
P = PR

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
potential applied to it is 200 volts? From
the equation

P = E? _ (2000 40,000
T R T 4000 4000
= 10 watts

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

P = 'R = (0.02)* x 300

0.0004 x 300
0.12 watt

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 1/10 watt. The largest
resistors commonly used in amateur
equipment will dissipate about 100 watts.

When electrical energy is converted into
mechanical energy, and vice versa, the
following relationship holds: 1 horse-
power = 746 watts. This formula assumes
lossless transformation; the matter of
practical efficiency is taken up shortly.

Generalized Definition of Resistance

. Electrical power is not always turned
into heat. The power used in running a
motor, for example, is converted to
mechanical motion. The power 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
some other form than heat. Therefore
power used in heating is considered to be
a loss, because it is not the useful power.
The efficiency of a device is the 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. = —

fr 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

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

Suppose a mobile transmitter has an rf
power output of 100 W at an efficiency of
52 percent at 13.8 V. The vehicular alter-
nator system charges the battery at a 5-A
rate at this voltage. Assuming an alter-
nator efficiency of 68 percent, how much
horsepower must the engine produce to
operate the transmitter and charge the
battery? Solution: To charge the battery,
the alternator must produce 13.8V X 5 A
= 69 W. The transmitter dc input power
is 100 W + 0.52 = 192.3 W. Therefore,
the total electrical power required from
the alternator is 192.3 + 69 = 261.3 W.
The engine load then is

261.3

746 x 0.68 = 015 he-

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 rate at
which that work is done. Electrical work
is equal to power multiplied by time; the
common unit is the watr-hour, which
means that a power of 1 watt has been
used for one hour. That is,

W = energy in watt-hours
P = power in watts
T = time in hours

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

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

Flactrical Laws and Circuits
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Capacitance

Suppose two flat metal plates are placed
close to each other (but not touching) and
are connected to a battery through a
switch, as shown in Fig. 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-
perty 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,
the current flows only during the time of
charge and discharge, and this time is
usually very short. There can be no
continuous flow of direct current “through”
a capacitor, but an alternating current can
pass through easily if the frequency is high
enough,

The charge or quantity of electricity
that can be placed on a capacitor is
proportional to the applied voltage and to
the capacitance of the capacitor. The
larger the plate area and the smaller the
spacing between the plate the greater the
capacitance. The capacitance also 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 ratio of
the capacitance with some material other
than air between the plates, to the
capacitance of the same capacitor with air
insulation, is called the dielectric constant
of that particular insulating material. The
material itself is called a dielectric. The
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

2-9 Chapter 2

oo

i [
LU

b

éég;z;
METAL

PLATES

Fig. 13— A simple capacitor.

Table 3
Dielectric Constants and Breakdown
Voltages

Dielectric Puncture
Material Constant* Voltage**
Air 1.0 240
Alsimag 196 57 240
Bakelite 44.54 300
Bakelite, mica-filled 4.7 325-375
Cellulose acetate 3.3-3.9 250-600
Fiber 5-7.5 150-180
Formica 46-4.9 450
Glass, window 7.6-8 200-250
Glass, Pyrex 48 335
Mica. ruby 5.4 3800-5600
Mycalex 7.4 250
Paper, Royalgrey 3.0 200
Plexiglas 2.8 990
Polyethylene 23 1200
Polystyrene 2.6 500-700
Porcelain 5.1-59 40-100
Quartz, fused 3.8 1000
Steatite, low-loss 58 150-315
Teflon 21 1000-2000

* A1 MHz ** In volts per mil (0.001 inch)

2.6 times.

Units

The fundamental unit of capacitance is
the farad, but this unit is much too large
for practical work. Capacitance is usually
measured in 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

C= 0.224';—A(n -1)

Fig. 14 — A multiple-plate capacitor. Alternate
plates are connected together.

where C = capacitance in pF

dielectric constant of material

between plates

A = area of one side of one plate in
square inches

-~
1

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
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

|y
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Fig. 15 — Fixed-value capacitors are seen at A. A large computer-grade unit is at the upper left. The
40-wF 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-boara-mount
electrolytic. Variable capacitors are shown at B. A vacuum variable is at the upper left.

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 smaller the
capacitance for a given plate area, a
high-voltage capacitor must have more
plate area than a low-voltage one of the
same capacitance. High-voltage, high-
capacitance capacitors are physically large.

Capacitors in Series and Parallel

The terms ‘*parallel” and *scries” when
used with reference to capacitors have the

L { ! J‘. l
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Fig. 16 — Capacitors in parallel and in series.

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

Ciotal =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,

Ciotal =
1

1 1 1 1
agtataota

and, for only two capacitors in series,

_ ClxQ
Coul = €14 C2

The same units must be used through-
out; that is, all capacitances must be
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, and the situation is much the
same as when resistors are in series and
there is a voltage drop across each.
However, the voltage that appears across
each capacitor of a group connected in
series is in inverse proportion to its
capacitance, as compared with the capaci-
tance of the whole group.

Example: Three capacitors having capacis

Electrical Laws and Circuits 2-10



tances of 1, 2 and 4 uF, respectively, are
connected in series as shown in Fig 17.
The total capacitance is

1
1 1 1
T+ 743

(@]
I

L

1
+ L4
R

ol

1 4
T =73 = 0571 uF
4

The voltage across each capacitor 1s
proportional to the total capacitance
divided by the capacitance of the capacitor
in question, so the voltage across C1 is

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.
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 canstant
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
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
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0.571

El'= 7

X 2000 = 1142 volts

Similarly, the voltages across C2 and C3
are

0.571

E2 = 2571 x 2000 = 571 volts
E3 = —o'il X 2000 = 286 volts

totaling approximately 2000 volts, the
applied voltage.

Capacitors are frequently connected in
series to enable the group to withstand a
larger voltage (at the expense of decreased
total capacitance) than any individual
capacitor is rated to stand. However, as

T
L
¥ g
Fig. 18 — Assorted inductors. A rotary
(continuously variable) coil is at the upper left.
Slug-tuned inductors are visible in the tower

foreground. An rf choke (three pi windings) is
seen at the lower right.

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

E = 2000V E2

IZMF
€3 c3

l TMJF

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

shown by the previous example, the
applied voltage does not divide equally
among the capacitors (except when all the
capacitances are the same) so care must be
taken to see that the voltage rating of no
capacitor in the group is exceeded.

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
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

2,2
a’n
L uH) = ——m—
W) = 5 Top
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,




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.

L =
375 x .375 x 48 x 48
9 x .375 + (10 x 1.5)

= 17.6 uH

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

_ VL@®a + 10b)

- a

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. Thena = 0.5, b =
1.25, and L = 10. Substituting,

n=\/'1_‘2—0(4.5+1.5)_ VTT0
0.5 - 05
= 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
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 lLurn spacing).
The inductance values given include leads
1/2 inch long.
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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 = mm.

Machine-wound coils with the
diameters and turns per inch given in
Tables 4 and § 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 5.

While forming a wire into a solenoid in-
creases its inductance, this procedure also
introduces distributed capacitance. Since
each turn is at a slightly different (ac)
potential, each pair of turns forms a
parasitic capacitor. At some frequency the
effective capacitance will have a reactance
equal to that of the inductance, and the
inductor will show self-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-
magnetic wire in free space has an induc-
tance approximated by the formula

_ 2b
L = 0.0002b [(n =) - 0.75]

Table 4

Machine-Wound Coil Specitications

No. of Turns
Per Inch

Coll Dia,
Inches

1-1/4 4
6
8
10
16

1-1/2 4
6
8
10
18

1-3/4 4
6

8

10

16

2 4
6
8
10
16

2-1/2 4
6
8
10
4
6
8
10

Inches X 25.4 = mm.

Inductance

in uH

2.7

6.3
11.2
17.5
42,5

39
8.8
15.6
24.5
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Table 5
Machine-Wound Coll Specitications

No. of Turns

Colil Dia, Inductance
Inches Per Inch in uH
1/2 4 0.18
(A) 6 0.40
8 0.72
10 1.12
16 2.9
32 12
5/8 4 0.28
(A) 6 0.62
8 1.1
10 1.7
16 44
32 18
3/4 4 0.6
(B) 6 1.35
8 24
10 38
16 9.9
32 40
1 4 1.0
(B) 6 23
8 42
10 6.6
16 16.9
32 68

Inches X 25.4 =mm.

MULTIPLY INDUCTANCE
VALUE IN TABLE BY

LENGTH OF COILS IN INCHES

Fig. 21 — Factor to be applied to the induc-
tance 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 induc-
tance 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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or

L = 0.0002b [(2.303 logyo %Tb) - 07§

L = inductance in uH
a = wire radius in mm
b = wire length in mm

If the dimensions are expressed in inches
the length coefficient (outside the
brackets) becomes 0.00508. These for-
mulas are valid for low frequencies; the
skin effect 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 example, leta = 2mmand b =
100 mm. Most pocket calculators can
compute either natural or common
logarithms. Using the natural logarithm
function, the problem is formulated as
follows:

L

2(100
0.0002(100) [(tn 2C2) — 0.75]

0.02(tn 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 wire parallel to a
ground plane, with one end grounded. A
formula for the inductance of such an ar-
rangement is

L = 0.0004605b { log,o

2_h( b+\/b2+a2)
a \b + Vb2 + 4m

+ 0.0002 (\/bZ +4n2 — VI + @

+-4b-—’2h+a)

where
L —-—
a
b

inductance in uH

wire radius in mm

wire length parallel to ground
plane in mm

h = wire height above ground plane
in mm

If the dimensions are in inches, the
numerical coefficients become 0.0117 for
the first term and 0.00508 for the second
term,

Suppose it is desired to find the induc-
tance of a wire 100 mm long and 2 mm in
radius, suspended 40 mm above a ground
plane. (The inductance is measured be-
tween the free end and the ground plane,

i
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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.

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+ Vb2 + 4h? = 100 + 128.06 =
228.06

2h
a

b _
T—ZS

Substituting these figures into the
formula yields:

L = 0.0004605(100) {log,o

o (2]}

+ 0.0002 (128.06 — 100.02 + 25
— 80 + 2) = 0.066 uH.
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Fig. 24 — Inductance of various conductor sizes when arranged as straight members.

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 close 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 cqual, the inductance will be
proportional to the magnetic flux through
the coil.

The permeability of a magnetic material
varies with the flux density. At low flux
densities (or with an air core) 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 usually 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 a small fraction of
an inch — compared with that of the iron
that the gap, rather than the iron, controls
the flux density. This reduces the induc-
tance, but makes it practically constant
regardless of the value of the current.

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.

For radio-frequency work, the losses in
iron cores can be reduced to a satisfactory
figure by grinding the iron into a powder
and then mixing it with a “binder” of
insulating material in such a way that the
individual iron particles are insulated
from each other. By this means cores can
be made that will function satisfactorily
even through the vhf range — that is, at
frequencies up to perhaps 100 MHz.
Because a large part of the magnetic path
is through a nonmagnetic material, the
permeability of the iron is low compared
with the values obtained at power-supply
frequencies. The core is usually in the
form of a *‘slug’ or cylinder that fits
inside the insulating form on which the
coil is wound. Despite the fact that with
this construction the major portion of the
magnetic path for the flux is in air, the
slug is quite effective in increasing the coil
inductance. By pushing the slug in and out
of the coil, the inductance can be varied
over a considerable range.

Eddy Currents and Hysteresis

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

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

Electrical Laws and Circuits 2-14
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Fig. 26 — Inductances in series and parallel.

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

Inductances in Series and Parallel
When two or more inductors are
connected in series (Fig. 26) the total
inductance is equal to the sum of the
individual inductances, provided the coils
are sufficiently separated so that no coil is
in the magnetic field of another.
That is,

Lo = L1 + L2 + L3 + L4 + ...

If inductors are connected in parallel
(Fig. 26) — and the coils are sepa-
rated sufficiently, the total inductance is
given by

1

1 1 1
Tt "o Yt

and for two inductances in parallel,

L1 x L2
L1 + L2

Liotal =

L =

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

Mutual Inductance

If two coils are arranged with their axes
on the same line, as shown in Fig. 27, a
current sent through coil 1 will cause a
magnetic field which ‘“cuts” coil 2.
Consequently, an emf will be induced in
coil 2 whenever the field strength is
changing. This induced emf is similar to
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Fig. 27 — Mutual inductance. When the switch,
S, is closed current flows through coil no. 1,
setting up a magnetic field that induces an
emf in the turns of coil no. 2.

the emf of self-induction, but since it
appears in the second coil because of
current flowing in the first, it is a
“mutual” effect and results from the
mutual inductance between the two coils.

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

The ratio of actual mutual inductance
to the maximum possible value that could
theoretically be obtained with two given
coils is called the coefficient of coupling
between the coils. It is frequently ex-
pressed as a percentage. Coils that have
nearly the maximum possible (coefficient
= ] or 100 percent) mutual inductance are
said to be closely, or tighily, coupled, but
if the mutual inductance is relatively small
the coils are said to be loosely coupled.
The degree of coupling depends upon the
physical spacing between the coils and
how they are placed with respect to each
other. Maximum coupling exists when
they have a common axis and are as close
together as possible (one wound over the
other). The coupling is least when the coils
are far apart or are placed so their axes are
at right angles.

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

Although unity coupling is suggested by
Fig. 27, such coupling is possible only
when the coils are wound on a closed
magnetic core.

Time Constant:
Capacitance and Resistance

Connecting a source of emf to a
capacitor causes the capacitor to become
charged to the full emf practically

e

(A)

Fig. 28 — illustrating the time constant of an
RC circuit.
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Fig. 29 — How the voltage across a capacitor
rises, with time, when charged through a
resistor. The lower curve shows the way in
which the voltage decreases across the
capacitor terminals on discharging through the
same resistor.

instantaneously, if there is no resistance in
the circuit. However, if the circuit
contains resistance, as in Fig. 28A, the
resistance limits the current flow and an
appreciable length of time is required for
the emf between the capacitor plates to
build up to the same value as the emf of
the source. During this “building-up”
period, the current gradually decreases
from its initial value, because the in-
creasing emf stored on the capacitor offers
increasing opposition to the steady emf of
the source.

Theoretically, the charging process is
never really finished, but eventually the
charging current drops to a value that is
smaller than anything that can be
measured. The time constant of such a
circuit is the length of time, in seconds,
required for the wvoltage across the
capacitor to reach 63 percent of the
applied emf (this figure is chosen for
mathematical reasons). The voltage across
the capacitor rises with time as shown by
Fig. 29.

The formula for time constant is

T = RC



Fig. 30 — Time constant of an LR circuit.

where
T = time constant in seconds
C = capacitance in farads
R = resistance in ohms

Example: The time constant of a 2-uF
capacitor and a 250,000-ohm (0.25 M)
resistor is

T = RC = 0.25 x 2 = 0.5 second

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

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

If a charged capacitor is discharged
through a resistor, as indicated in Fig.
28B, the same time constant applies. If
there were no resistance, the capacitor
would discharge instantly when S was
closed. However, since R limits the
current flow the capacitor voltage cannot
instantly go to zero, but it will decrease
just as rapidly as the capacitor can rid
itself of its charge through R. When the
capacitor is discharging through a resis-
tance, the time constant (calculated in
the same way as above) is the time, in
seconds, that it takes for the capacitor to
lose 63 percent of its voltage; that is, for
the voltage to drop to 37 percent of its
initial value.

Example: If the capacitor of the
example above is charged to 1000 volts, it
will discharge to 370 volts in 1/2 second
through the 250 kQ resistor.

Inductance and Resistance

A comparable situation exists when
resistance and inductance are in series. In
Fig. 30, first consider L to have no
resistance and also assume that R is zero.
Then closing S would tend to send a
current through the circuit. However, the
instantaneous transition from no current
to a finite value, however small, represents

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

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

When resistance is in series, Ohm’s Law
sets a limit to the value that the current
can reach. The back emf generated in L
has only to equal the difference between E
and the drop across R, because that
difference is the voltage actually applied
to L. This difference becomes smaller as
the current approaches the final Ohm’s
Law value. Theoretically, the back emf
never quite disappears and so the current
never quite reaches the Ohm’s Law value,
but practically the differences become
unmeasurable after a time. The time
constant of an inductive circuit is the time
in seconds required for the current to
reach 63 percent of its final value. The
formula is

= time constant in seconds
L = inductance in henrys
= resistance in ohms.

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

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

L 20
T = R= 700 = 0.2 second
if there is no other resistance in the circuit.
If a dc emf of 10 volts is applied to such a
coil, the final current, by Ohm’s Law, is

I=§—=—-lo—=0.ler100mA

R 100

The current would rise from 0 to 63
millamperes in 0.2 second after closing the
switch.

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

PERCENT OF MAXIMUM

Fig. 31 — Voltage across capacitor terminals
in a discharging RC circuit, in terms of the
initial charged voltage. To obtain time in
seconds, multiply the factor t/RC by the time
constant of the circuit.

speed with which the field changes. The
common result of opening the switch in a
circuit such as the one shown is that a
spark or arc forms at the switch contacts
at the instant of opening. If the inductance
is large and the current in the circuit is
high, a great deal of energy is released in a
very short period of time. It is not at all
unusual for the switch contacts to burn or
melt under such circumstances. The spark
or arc at the opened switch can be reduced
or suppressed by connecting a suitable
capacitor and resistor in series across the
contacts.

Time constants play an important part
in numerous devices, such as electronic
keys, timing and control circuits, and
shaping of keying characteristics of
vacuum tubes. The time constants of
circuits are also important in such
applications as automatic gain control
and noise limiters. In nearly all such
applications a resistance-capacitance (RC)
time constant is involved, and it is usually
necessary to know the voltage across the
capacitor at some time interval larger o1
smaller than the actual time constant of
the circuit as given by the formula above.
Fig. 31 can be used for the solution of
such problems, since the curve gives the
voltage across the capacitor, in terms of
percentage of the initial charge, for
percentages between 5 and 100, at any
time after discharge begins.

Example: A 0.01-4F capacitor is charged
to 150 volts and then allowed to discharge
through a 0.1-megohm resistor. How long
will it take the voltage to fall to 10 volts?
In percentage, 10/150 = 6.7 percent.
From the chart, the factor corresponding
to 6.7 percent is 2.7. The time constant
of the circuit is equal to RC = 0.1 X 0.01
0.001, The time is thereforc 2.7 x 0.001
0.0027 second, or 2.7 milliseconds.
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Alternating Currents

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

It is also possible to have an emf that
periodically reverses. With this kind of
emf the current flows first in one direction
through the circuit and then in the other.
Such an emf is called an alternating emf,
and the current is called an alternating
current (abbreviated ac). The reversals
(alternations) may occur at any rate from
a few per second up to several billion per
second. Two reversals make a cycle; in
one cycle the force acts first in one direc-
tion, then in the other, and then returns to
the first direction to begin the next cycle.
The number of cycles in one second is
called the frequency of the alternating
current. The inverse of frequency, or the
time duration of one cycle is the period of
the current.

The difference between direct current
and alternating current is shown in Fig.
32. In these graphs the horizontal axis
measures time, increasing toward the right
away from the vertical axis. The vertical
axis represents the amplitude or strength
of the current, increasing in either the up
or down direction away from the horizon-
tal axis. If the graph is above the horizon-
tal axis the current is flowing in one direc-
tion through the circuit (indicated by the
+ sign) and if it is below the horizontal
axis the current is flowing in the reverse
direction through the circuit (indicated by
the — sign). Fig. 32A shows that, if we
close the circuit — that is, make the path
for the current complete — at the time in-
dicated by X, the current instantly takes
the amplitude indicated by the height A.
After that, the current continues at the
same amplitude as time goes on. This is an
ordinary direct current.

If Fig. 32B, the current starts flowing
with the amplitude A at time X, continues
at that amplitude until time Y and then in-
stantly ceases. After an interval YZ the
current again begins to flow and the same
sort of start-and-stop performance is
repeated. This is an intermittent direct
current. We could get it by alternately
closing and opening a switch in the circuit.
It is a direct current because the direction
of current flow does not change; the
graph is always on the + side of the
horizontal axis. The intermittent direct
current illustrated has an ac component,
however, which can be isolated by an elec-
trical circuit called a filter. Filtering is
discussed in greater detail in later sections.
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Fig. 32 — Three types of current flow.
A—direct current; B—intermittent direct cur-
rent; C—alternating current.
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In Fig. 32 the current starts at zero, in-
creases in amplitude as time goes on until
it reaches the amplitude A/ while flowing
in the + direction, then decreases until it
drops to zero amplitude once more. At
that time (X) the direction of the current
flow reverses; this is indicated by the fact
that the next part of the graph is below the
axis. As time goes on the amplitude in-
creases, with the current now flowing in
the — direction, until it reaches amplitude
A2. Then the amplitude decreases until
finally it drops to zero (Y) and the direc-
tion reverses once more. This is an alter-
nating current.

Waveforms

The type of alternating current shown
in Fig. 32C is known as a sine wave. An
electrodynamic machine called an alter-
nator generates this waveshape because
the current induced in the stator winding
is proportional to the sine of the angle the
winding makes with the magnetic flux
lines produced by the rotating field. It is
also possible to generate a sine wave elec-
tronically. The variations in many ac
waves are not so smooth, nor is one half-
cycle necessarily just like the preceding
one in shape. However, these complex
waves can be shown to be the sum of two
or more sine waves of frequencies that are
exact integral (whole-number) multiples
of some lower frequency. The lowest fre-
quency is called the fundamental, and the
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Fig. 33 — A complex waveform. A fundamental
(top) and second harmonic (center) added
together, point by point at each instant, resuit
in the waveform shown at the bottom. When
the two components have the same polarity at
a selected instant, the resultant is the simple
sum of the two. When they have opposite
polarities, the resultant is the difference;

if the negative-polarity component is larger, the
resultant is negative at that instant.

higher frequencies are called harmonics.

Fig. 33 shows how a fundamental and a
second harmonic (twice the fundamental)
might add to form a complex wave. Sim-
ply by changing the relative amplitudes of
the two waves, as well as the times at
which they pass through zero amplitude,
as infinite number of waveshapes can be
constructed from just a fundamental and
second harmonic. More complex wave-
forms can be constructed if more har-
monics are used.

When two or more sinusoidal or com-
plex signals that are not necessarily har-
monically related are applied to a com-
mon load resistor, the resultant waveform
is the sum of the instantaneous voltages.
If the two signals have significantly dif-
ferent frequencies and amplitudes, they
are easily distinguishable as components
of a composite wave. The illustration in
Fig. 34 is an example of this phenomenon.
Two signals having equal amplitudes and
nearly equal frequencies combine to pro-
duce a composite wave that is not so sim-
ply analyzed. Shown in Fig. 35 are two
signals having a frequency relationship of
1.5:1. When the positive peaks coincide,
the resultant amplitude is twice that of
either tone. Similarly, when the maximum
negative excursion of one signal cor-
responds with the maximum positive ex-
cursion of the other, the resultant
amplitude is the algebraic sum, or zero.
The negative peaks never coincide;
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Fig. 34 — Two tones of dissimilar frequency
and amplitude (A) are easily recognizable in
the composite waveform (B).

therefore this composite waveform is not
symmetrical about the zero axis. Notice
the periodic variation in the amplitude or
envelope of the composite waveform.
This variation has a frequency equal to
the difference or beat between the two
tones.

FREQUENCY AND WAVELENGTH

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

Frequencies above about 15,000 cps are
called radio frequencies (rf) because they
are useful in radio transmission. Frequen-
cies all the way up to and beyond
100,000,000,000 cps have been used for
radio purposes. At radio frequencies it
becomes convenient to use a unit larger
than the cycle. Three such units are the
kilohertz, which is equal to 1000 cycles (or
Hz) and is abbreviated kHz, the
megahertz, which is equal to 1,000,000
hertz or 1000 kilohertz, and is abbreviated
MHz, and the gigahertz, which is equal to
1,000,000,000 hertz or 1000 MHz and is
abbreviated GHz.

Various radio frequencies are divided
into classifications. These classifications,
listed below, constitute the frequency
spectrum as far as it extends for radio pur-
poses at the present time.

Fig. 35 — The graphic addition of equal
amplitude signais fairly close in frequency Ii-
lustrates the phenomenon of beats. The beat
note

3 1
—F~F=—F
(2 2)

Is visible in the resuitant waveform.

Frequency Classification Abbrev.
10 to 30 kHz Very-low frequencies  vIf

30 to 300 kHz Low frequencies If

300 10 3000 kHz  Medium frequencies  mf

3 to 30 MHz High frequencies hf

30 to 300 MHz Very-high frequencies vhf

300 10 3000 MHz  Ultrahigh frequencics uhf
310 30 GHz Superhigh frequencics shf

30 to 300 GHz Extremely-high freq. chf
Wavelength

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

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

The longer the time of one cycle — that
it, the lower the frequency — the greater
the distance occupied by each wave and
hence the longer the wavelength. The rela-
tionship between wavelength and frequen-
cy is shown by the formula

1= 300,000
f
where
A = wavelength in meters
f = frequency in kilohertz
or
300
b= f
where
A = wavelength in meters
f = frequency in megahertz

Example: The wavelcngth correspon-
ding to a frequency of 3650 kilohertz is

_ 300,000 _
A= W = 82.2 meters
Phase

The term phase essentially means

‘‘time,”’ or the time interval between the
instant when one thing occurs and the in-
stant when a second related thing takes
place. The later event is said to lag the
earlier, while the one that occurs first is
said to lead. In ac circuits the current
amplitude changes continuously, so the
concept of phase or time becomes
important. Phase can be measured in the
ordinary time units, such as the second,
but there is a more convenient method:
Since each ac cycle occupies exactly the
same amount of time as every other cycle
of the same frequency, we can use the
cycle itself as the time unit. Using the
cycle as the time unit makes the specifica-
tion or measurement of phase indepen-
dent of the frequency of the current, so
long as only one frequency is under con-
sideration at a time. When two or more
frequencies are to be considered, as in the
case where harmonics are present, the
phase measurements are made with re-
spect to the lowest, or fundamental, fre-
quency.

The time interval or “phase difference”
under consideration usually will be less
than one cycle. Phase difference could be
measured in decimal parts of a cycle, but
it is more convenient to divide the cycle
into 360 parts or degrees. A phase degree
is therefore 1/360 of a cycle. The reason
for this choice is that with sine-wave
alternating current the value of the
current at any instant is proportional to
the sine of the angle that corresponds to
the number of degrees — that is, length of
time — from the instant the cycle began.
There is no actual ‘‘angle’’ associated
with an alternating current. Fig. 36 should
help make this method of measurement
clear.

Measuring Phase

The phase difference between two cur-
rents of the same frequency is the time or

1 CYCLE- —-

_\18o*_ 270°

360°

AMPLITUDE

= *—1/2 CYCLE-—»

Fig. 36 — An ac cycle is divided off into 360
degrees that are used as a measure of lirme or
phase.
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AMPLITUDE

Fig. 37 — When two waves of the same fre-
quency start their cycles at slightly different
times, the time difference or phase difference
Is measured in degrees. In this drawing wave 8
starts 45 degrees (one-eighth cycle) later than
wave A, and so lags 45 degrees behind A.

angle difference between corresponding
parts of cycles of the two currents. This is
shown in Fig. 37. The current labeled A
leads the one marked B by 45 degrees,
since A’s cycles begin 45 degrees earlier in
time. It is equally correct to say that B lags
A by 45 degrees.

Two important special cases are shown
in Fig. 38. In the upper drawing B lags 90
degrees behind A; that is, its cycle begins
just one-quarter cycle later than that of A.
When one wave is passing through zero,
the other is just at its maximum point.

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

The waves shown in Figs. 38 and 39
could represent current, voltage, or both.
A and B might be two currents in separate
circuits, or A might represent voltage and
B current in the same circuit. If A and B
represent two currents in the same circuit
(or two voltages in the same circuit) the

total or resultant current (or voltage) also
is a sine wave, because adding any number
of sine waves of the same frequency
always gives a sine wave also of the same
frequency.

Phase in Resistive Circuits

When an alternating voltage is applied
to a resistance, the current flows exactly in
step with the voltage. In other words, the
voltage and current are in phase. This is
true at any frequency if the resistance is
“‘pure’” — that is, is free from the reactive
effects discussed in the next section.
Practically, it is often difficult to obtain a
purely resistive circuit at radio frequencies,
because the reactive effects become more
pronounced as the frequency is increased.

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

Reactance: Alternating Current in
Capacitance

In Fig. 39 a sine-wave ac voltage having
a maximum value of 100 is applied to a
capacitor. In the period OA, the applied
voltage increases from 0 to 38; at the end
of this period the capacitor is charged to
that voltage. In interval AB the voltage
increases to 71; that is, 33 volts additional.
In this interval a smaller quantity of
charge has been added than in OA,
because the voltage rise during interval
AB is smaller. Consequently the average
current during AB is smaller than during
OA. In the third interval, BC, the voltage
rises from 71 to 92, an increase of 21 volts.
This is less than the voltage increase
during AB, so the quantity of electricity
added is less; in other words, the average
current during interval BC is still smaller.

AMPLITUDE

(174 CYCLE)

IVAVAVAVA

AMPLlTUDE

| -

LVVAVAY

e 180°
(1/2 CYCLE)

Fig. 38 — Two important special cases of
phase difference. In the upper drawing, the
phase difference between A and B is 90
degrees; in the lower drawing the phase dif-
ference is 180 degrees.

In the fourth interval, CB, the voltage
increases only 8 volts; the charge added is
smaller than in any preceding interval and
therefore the current also is smaller.

By dividing the first quarter cycle into a
very large number of intervals, it could be
shown that the current charging the
capacitor has the shape of a sine wave,
just as the applied voltage does. The
current is largest at the beginning of the
cycle and becomes zero at the maximum
value of the voltage, so there is a phase
difference of 90 degrees between the
voltage and current. During the first
quarter cycle the current is flowing in the
normal direction through the circuit, since
the capacitor is being charged. Hence the
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Fig. 39 — Voltage and current phase reiationships when an aiternating
voltage is applied to a capacitor.
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Fig. 40 — Phase relationships between voltage and current when an
alternating voltage is applied to an inductance.




current is positive, as indicated by the
dashed line in Fig. 39,

In the second quarter cycle — that is, in
the time from D to H, the voltage applicd
to the capacitor decreases. During this
time the capacitor Joses its charge.
Applying the same reasoning, it is plain
that the current is small in interval DE
and continues to increase during each
succeeding interval. However, the current
is flowing against the applied voltage
because the capacitor is discharging into
the circuit. The current flows in the
negative direction during this quarter
cycle. 5

The third and fourth quarter cycles
repeat the events of the first and second,
respectively, with this difference — the
polarity of the applied voltage has
reversed, and the current changes . to
correspond. In other words, an alter-
nating current flows in the circuit because
of the alternate charging and discharging
of the capacitance. As shown in Fig. 39,
the current starts its cycle 90 degrees
before the voltage, so the current in a
capacitor leads the applied voltage by 90
degrees.

Capacitive Reactance

The quantity of electric charge that can
be placed on a capacitor is proportional to
the applied emf and the capacitance. This
amount of charge moves back and forth in
the circuit once each cycle, and so the rate
of movement of charge — that is, the cur-
rent — is proportional to voltage, capa-
citance and frequency. If the effects of
capacitance and frequency are lumped
together, they form a quantity that plays a
part similar to that of resistance in Ohm’s
Law. This quantity is called reactance,
and the unit for it is the ohm, just as in the
case of resistance. The formula for it is

1
Xc = ==
€~ 2afC
where
Xc = capacitive reactance in ohms
frequency in hertz
capacitance in farads

f =
C =
n=13.14

Although the unit of reactance is the

ohm, there is no power dissipation in_

reactance. The energy stored in the
capacitor in one quarter of the cycle is
simply returned to the circuit in the next.

The fundamental units (cycles per
second, farads) are too cumbersome for
practical use in radio circuits. However, if
the capacitance is in microfarads (uF)
and the frequency is in megahertz (MHz),
the reactance will come out in ohms in the
formula.

Example: The reactance of a capacitor
of 470 pF (0.00047 uF) at a frequency of
7150 kHz (7.15 MHz) is

1 1
2nfC ~ 6.28 X 7.15 x 0.00047

47.4 ohms

Inductive Reactance

When an alternating voltage is applied
to a pure inductance (one with no
resistance — all practical inductors have
resistance) the current is again 90 degrees
out of phase with the applied voltage.
However, in this case the current /ags 90
degrees behind the voltage — the opposite
of the capacitor current-voltage relation-
ship.

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

The combined effect of inductance and
frequency is called inductive reactance,
also expressed in ohms, and the formula
for it is

XL = 2nfL

where
XL = inductive reactance in ohms
f = frequency in hertz
L = inductance in henrys

n 3.14

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

XL = 2nfL = 6.28 x 120 x 8
= 6029 ohms

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

Example: The reactance of a 15-
microhenry coil at a frequency of 14 MHz
is

XL = 2nfL = 6.28 x 14 x 1§
= 1319 ohms

The resistance of the wire of which the
coil is wound has no effect on the
reactance, but simply acts as though it
were a separate resistor connected in

series with the coil.

Ohm’s Law for Reactance

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

EE _ _E
l_X E =1IX X_T
where

E = emf in volts
I = current in amperes
X = reactance in ohms

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

Example: If a current of 2 amperes is
flowing through the capacitor of the
earlier example (reactance = 47.4 ohms) at
7150 kHz, the voltage drop across the
capacitor is

E=1IX =2 x 47.4 = 94.8 volts

I1f 420 volts at 120 hertz is applied to the
8-henry inductor of the earlier example,
the current through the coil will be

= 69.7 mA

Reactance Chart

The accompanying chart, Fig. 41,
shows the reactance of capacitances from
1 pF to 100 uF, and the reactance of
inductances from 0.1 uH to 10 henrys, for
frequencies between 100 hertz and 100
megahertz. The approximate value of
reactance can be read from the chart or,
where more exact values are needed, the
chart will serve as a check on the order of
magnitude of reactances calculated from
the formulas given above, and thus avoid
**decimal-point errors.”

Reactances in Series and Parallel

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

X=X+ X2+ X3 + X4

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

X = 1

1 1 1 ]
XTtxtrxatxa
or for two in parallel,

X1 x X2
X1 + X2

The situation is diffcrent when reac-
tances of opposite kinds are combined.

X =
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Fig. 41—Inductive and capacitive reactance vs. frequency. Heavy lines represent multiples of 10, intermediate light lines multiples of five: e.g., the
light line between 10 uH and 100 uH represents 50 uH; the light line between 0.1 uF and 1 uF represents 0.5 uF, etc. Intermediate values can be
estimated with the help of the interpolation scale. Reactances outside the range of the chart may be found by applying appropriate factors to values
within the chart range. For example, the reactance of 10 henrys at 60 Hz can be found by taking the reactance to 10 henrys at 600 Hz and dividing by

10 for the 10-times decrease in frequency.

Since the current in a capacitance leads
the applied voltage by 90 degrees and the
current in an inductance lags the applied
voltage by 90 degrees, the voltages at the
terminals of opposite types of reactance
are 180 degrees out of phase in a series
circuit (in which the current has to be the
same through all elements), and the
currents in reactances of opposite types
are 180 degrees out of phase in a parallel
circuit (in which the same voltage is
applied to all elements). The 180-degree
phase relationship means that the currents
or voltages are of opposite polarity, so in
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the series circuit of Fig. 42A the voltage
E| across the inductive reactance X is of
opposite polarity to the voltage Ec across
the capacitive reactance X¢. Thus if we
call X| “‘positive’” and X¢ “‘negative’ (a
common convention) the applied voltage
Eacis EL — Ec. In the parallel circuit at
B the total current, I, is equal to I} = I¢,
since the currents are 180 degrees out of
phase.

In the series case, therefore, the resul-
tant reactance of X; and Xc¢ is

X = X, - Xc

and in the parallel case (Fig. 42B),

x = —XiXc
Xp —Xc

Note that in the series circuit the total
reactance is negative if Xc is larger than
XL; this indicates that the total reactance
is capacitive in such a case. The resultant
reactance in a series circuit is always
smaller than the larger of the two in-
dividual reactances.

In the parallel circuit, the resultant
reactance is negative (i.e., capacitive) if
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Fig. 42 — Series and parallel circuits contain-
ing opposite kinds of reactance.

X is larger than X¢, and positive (induc-
tive) if X is smaller than X, but in every
case is always larger than the smaller of
the two individual reactances.

In the special case where X; = Xc, the
total reactance is zero in the series circuit
and infinitely large in the parallel circuit.

Reactive Power

In Fig. 42A the voltage drop across the
inductor is larger than the voltage applied
to the circuit. This might seem to be an
impossible condition, but it is not; the
explanation is that while energy is being
stored in the inductor’s magnetic field,
energy is being returned to the circuit
from the capacitor’s electric field, and vice
versa. This stored energy is responsible for
the fact that the voltages across reactances
in series can be larger than the voltage
applied to them,

In a resistance the flow of current
causes heating and a power loss equal to
I’R. The power in a reactance is equal to
I2X, but is not a “loss”; it is simply
power that is transferred back and forth
between the field and the circuit but not
used up in heating anything. To dis-
tinguish this “nondissipated” power from
the power which is actually consumed, the
unit of reactive power is called the
volt-ampere-reactive, or var, instead of the
watt. Reactive power is sometimes called
“wattless’” power.

Impedance

When a circuit contains both resistance
and reactance the combined effect of the
two is called impedance, symbolized by the
letter Z. (Impedance is thus a more gene-
ral term than either resistance or reac-
tance, and is frequently used even for
circuits that have only resistance or
reactance although usually with a qualifi-
cation — such as *‘resistive impedance’ to
indicate that the circuit has only resis-
tance, for example.)

The reactance and resistance compris-
ing an impedance may be connected either
in series or parallel, as shown in Fig. 43.
In these circuits the reactance is shown as
a box to indicate that it may be either in-
ductive or capacitive. In the series circuit
the current is the same in both elements,

’

with (generally) different voltages appear-
ing across the resistance and reactance. In
the parallel circuit the same voltage is ap-
plied to both elements, but different cur-
rents flow in the two branches.

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

Series Circuits

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

Z=+ RI¥XZ
where

Z = impedance in ohms

R = resistance in ohms

X = reactance in ohms
The reactance may be either capacitive or
inductive. If there are two or more
reactances in the circuit they may be
combined into a resultant by the rules
previously given, before substitution into
the formula above; similarly for resis-
tances.

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

Parallel Circuits

With resistance and reactance in
parallel, as in Fig. 43B, the impedance is
_ —_RX
2= TRex

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

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

Equivalent Series and Parallel Circuits

The two circuits shown in Fig. 43 are
equivalent if the same current flows when
a given voltage of the same frequency is
applied, and if the phase angle between
voltage and current is the same in both
cases. It is in fact possible to ‘‘transform’’
any given series circuit into an equivalent
parallel circuit, and vice versa.

Transformations of this type often lead
to simplification in the solution of
complicated circuits. However, from the
standpoint of practical work the useful-
ness of such transformations lies in the
fact that the impedance of a circuit may be
modified by the addition of either series or
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Fig. 43 — Series and parallel circuits contain-
ing resistance and reactance.

parallel elements, depending on which
happens to be most convenient in the
particular case. Typical applications are
considered later in connection with tuned
circuits and transmission lines.

A series RX circuit can be converted in-
to its parallel equivalent by means of the
formula

Ry + X¢

R, =
p R, and
sz + sz
Xp = T X, :

where the subscripts p and s represent the
parallel- and series-equivalent values,
respectively. If the parallel values are
known, the equivalent series circuit can be
found from

R
s = -——&R-——; and
1 +(—£)
Xp
X, = _RsRp
Xp
Circuits containing reactance and

resistance in any series or parallel com-
bination are called complex circuits. The
term ‘‘complex’” means that the
numerical resistance and reactance values
can’t be combined arithmetically because
the voltages (in series circuits) and cur-
rents (in parallel circuits) are not in phase.
Complex notation for a series RX circuit
has the form R ¢ jX, wherej = vV — 1.
The reactive portion of the impedance is
called the imaginary component, because
the square root of a negative number can
be represented only by a mathematical
operator. This is so because squaring a
positive or negative number always pro-
duces a positive result.

If the reactance is inductive, the sign of
the j operator is positive; a negative sign
indicates a capacitive reactance. The
resistive part of the impedance is called
the real component.

The magnitude of the impedance (in
series-equivalent form) is represented by
Z =VRZ + XZ. Magnitude is simply a
numerical quantity expressing the ratio of
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voltage to current at the terminals of the
complex circuit — it provides no informa-
tion about the type or amount of reac-
tance present.

If parallel circuits are to be expressed in
R = jX form, the R and X components
must first be transformed into their series-
equivalent values. A useful complex nota-
tion for parallel circuits expresses the
components in terms of conductance and
susceptance, the resultant being admit-
tance. These concepts are treated in detail
in the section on radio frequency circuits.
For a thorough explanation of  complex
circuits with practical examples, see Hall,
“A Simple Approach to Complex Cir-
cuits,’” July 1977 OST.

Another way to represent a complex im-
pedance is to indicate the magnitude and
the phase angle in the polar form Z 8.
Given any two of the three quantities R, X
and Z, the phase angle can be determined
by

6 = arctan % or
X

6 = arcsin = or
R

6 = arccos va

Inductive reactances are assigned positive
X values which lead to positive values of
6. Conversely, capacitive reactance causes
6 to be negative. Since the current in an in-
ductor lags the applied voltage (voltage
leads the current), defining 6 as the angle
by which the voltage at the terminals of
the complex impedance leads the current
makes for consistency — a negative value
of 8 indicates the angle by which the
voltage /ags the current. Note that the arc
cosine formula will not produce a sign for
the phase angle unless the sign of the reac-
tance is known.

Ohm’s Law Sfor Impedance

Ohm’s Law can be applied to circuits
containing impedance just as readily as to
circuits having resistance or reactance
only. The formulas are

where E = emf in volts
I = current in amperes
Z = impedance in ohms

Fig. 44 shows a simple circuit consisting
of a resistance of 75 ohms and a reactance
of 100 ohms in series. From the formula
previously given, the impedance is

Vv ORI
= (79 H100? = 125

Z =
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R 375 OHMS

XL = 1{OOOHMS

Fig. 44 — Circuit used as an example for im-
pedance calculations.

If the applied voltage is 250, then

= 2 amperes

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

Eg = IR = 2 x 75 = 150 volts
EXL = le = 2 X 100 = 200 volts

The simple arithmetical sum of these two
drops, 350 volts, Is greater than the
applied voltage because the two voltages
are 90 degrees out of phase. Their actual

resultant, when phase is taken into
account, is
Vo (150)24(200)2 = 250 volts

Power Factor

In the circuit of Fig. 44 an applied emf
of 250 volts results in a current of 2
amperes, giving an apparent power of 250
X 2 = 500 watts. However, only the
resistance actually consumes power. The
power in the resistance is
P = PR = (2 x75 = 300 watts
The ratio of the power consumed to the
apparent power is called the power factor
of the circuit, and in this example the
power factor would be 300/500 = 0.6.
Power factor is frequently expressed as a
percentage; in this case, it would be 60
percent.

*Real” or dissipated power is measured
in watts; apparent power, to distinguish it
from real power, is measured in volt-
amperes. It is simply the product of volts
and amperes and has no direct relation-
ship to the power actually used up or dis-
sipated unless the power factor of the cir-
cuit is known. The power factor of a pure-
ly resistive circuit is 100 percent or I,
while the power factor of a pure reactance
is zero. In this illustration, the reactive
power is
VAR = I!’X = (2)! x 100
400 volt-amperes

An equivalent definition of power fac-
tor is

R

7

or cos 8. Since power factor is always
rendered as a positive number, the value
must be followed by the words *‘leading’’
or ‘‘lagging’’ to identify the phase of the
voltage with respect to the current. Speci-
fying the numerical power factor is not
always sufficient. For example, many dc-
to-ac power inverters can safely operate
loads having a large net reactance of one
sign but only a small reactance of the op-
posite sign.

Reactance and Complex Waves

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

Just what happens to the current wave
shape depends upon the values of
resistance and reactance involved and
how the circuit is arranged. In a simple
circuit with resistance and inductive
reactance in series, the amplitudes of the
harmonic currents will be reduced because
the inductive reactance increases in pro-
portion to frequency. When capacitance
and resistance are in series, the harmonic
current is likely to be accentuated because
the capacitive reactance becomes lower as
the frequency is raised. When both
inductive and capacitive reactance are
present the shape of the current wave can
be altered in a variety of ways, depending
upon the circuit and the *‘constants,” or
the relative values of L, C and R, selected.

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

AC Waveform Measurements

The time dependence of alternating cur-
rent raises questions about defining and
measuring values of voltage, current and
power. Because these parameters change
from one instant to the next, one might




wonder, for example, which point on the
cycle characterizes the voltage or current
for the entire cycle. Viewing a single-tone
(that is, a pure sine wave) signal on an
oscilloscope, the easiest dimension to
measure is the total vertical displacement,
or peak-to-peak voltage. This value, ab-
breviated pk-pk, is important in
evaluating the signal-handling capability
of a linear processing device such as an
electronic amplifier or ferromagnetic
transformer. If the steepest part of the
waveform has a potential of zero, the
signal has equal positive and negative ex-
cursions and no dc bias. The oscilloscope
measurement of the maximum positive or
negative excursion, or maximum instan-
taneous potential, is called the peak (pk)
voltage, and in a symmetrical waveform it
has half the value of the peak-to-peak
amplitude. Insulators, air gaps and
capacitor dielectrics must withstand the
peak value of an ac voltage. In a well-
designed ac-to-dc power supply the rec-
tified dc output voltage will be nearly
equal to the peak ac voltage.

When an ac voltage is applied to a
resistor, the resistor will dissipate energy
in the form of heat, just as if the voltage
were dc. The dc voltage that would cause
identical heating in the ac-excited resistor
is the root-mean-square (rms) value of the
ac voltage. The rms voltage of any
waveform can be determined with the use
of integral calculus, but for a pure sine
wave the following relationships hold:

Vok = Vims X V2= Vi X 1.414

Vv
and Viqs = \T.ZPil_z Vo, X 0.707.
Unless otherwise specified or obvious
from context, ac voltage is rendered as an
rms value. For example, the household
117-Vac outlet provides 117 Vg, 165.5
vpk and 331 vpk-pk‘

An electrodynamic instrument such as a
meter movement responds to the average
value of an ac waveform. Again, integral
calculus is required for computation of
the average value of the general (complex)
wave, but for a sinusoidal signal the peak,
rms and average signals are related by the

Transformers

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

The usefulness of the transformer lies in
the fact that electrical energy can be
transferred from one circuit to another

8

Fig. 45 — Ac voltage and current measure-
ments. The sine-wave parameters are il-
lustrated at A, while B shows the peak
envelope voltage for a composite waveform.

formulas:
Vavg = Vpk X 0.636 = Vi X 0.899

and

v
A\ BT:Tgs = Vag X 1.572.
Thus, our 117 Vac outlet provides an
average voltage of 105.2.

Part A of Fig. 45 illustrates the four
voltage parameters of a sine wave. The
most accurate way to determine the rms
voltage of a complex wave is to measure
the heat produced by applying the com-
plex voltage to a known resistance and
measure the dc voltage required to pro-
duce the same heat. However, some
modern electronic voltmeters provide ac-
curate rms readings by performing
mathematical operations on the wave-
form. The ratio of peak voltage to rms
voltage of an ac signal is called the crest
factor. From the relationships presented
earlier, the crest factor of a sine wave is

T:he significant dimension of a multi-
tone signal is the peak envelope voltage,
shown in part B of Fig. 45. PEV is impor-

1

without direct connection, and in the
process can be readily changed from one
voltage level to another. Thus, if a device
to be operated requires, for example, 7
volts ac and only a 440-volt source is
avallable, a transformer can be used to
change the source voltage to that required.
A transformer can be used only with ac,

taut in calculating the power in a
modulated signal, such as that from an
amateur ssb voice transmitter.

All that has been said about voltage
measurements applies also to current
(provided the load is resistive) because the
waveshapes are identical. However, the
terms rms, average and peak have dif-
ferent meanings when they refer to ac
power. The reason is that while voltage
and current are sinusoidal functions of
time, power is the product of voltage and
current, and this product is a sine squared
function. The mathematical operations
that define rms, average and so on will
naturally yield different results when ap-
plied to this new function. The relation-
ships between ac voltage, current and
power follow:

Rms voltage X rms current =
power # rms power

average

The average power used to heat a resistor
is equal to the dc power required to pro-
duce the same heat. Rms power is a
mathematical curiosity only and has no
physical  significance. Many audio
amplifiers have power ratings in rms
watts, but this is a misnomer; the figures
specified are really average watts.

Peak voltage x peak current = peak
power = 2 X average power. Unfor-
tunately, the definition given above for
peak power conflicts with the meaning of
the term when it is used in radio work.
Peak power output of a radio transmitter
is the power averaged over the rf cycle
having the greatest amplitude. Modulated
signals are not purely sinusoidal because
they are composites of two or more tones.
However, the cycle-to-cycle variation is
small enough that sine-wave measurement
techniques produce accurate results. In
the context of radio signals then, peak
power means ‘‘maximum average’’
power. Peak envelope power (PEP) is the
parameter most often used to express the
maximum signal-handling capability of a
linear amplifier. To compute the PEP of a
waveform such as that sketched in Fig.
45B, multiply the PEV by 0.707 to obtain
the rms value, square the result and divide
by the load resistance.

since no voltage will be induced in the
sccondary if the magnetic field is not
changing. If dc is applied to the primary
of a transformer, a voltage will be induced
in the secondary only at the instant of
closing or opening the primary circuit,
since it is only at these times that the field
is changing.
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Fig. 46 — The transformer. Power is transfer-
red from the primary coil to the secondary by
means of the magnetic field. The lower symbol
at left indicates an iron-core transformer, the
right one an air-core transformer.
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The Iron-Core Transformer

As shown in Fig. 46, the primary and
secondary coils of a transformer may be
wound on a core of magnetic material.
This increases the inductance of the coils
so that a relatively small number of turns
may be used to induce a given value of
voltage with a small current. A4 closed core
(one having a continuous magnetic path)
such as that shown in Fig. 41 also tends to
ensure that practically all of the field set
up by the current in the primary coil will
cut the turns of the secondary coil.
However, the core introduces a power loss
because of hysteresis and eddy currents,
so this type of construction is normally
practicable only at power and audio fre-
quencies. The discussion in this section is
confined to transformers operating at
such frequencies.

Voltage and Turns Ratio

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

where E; = secondary voltage
E,= primary applied voltage
ns = number of turns on secondary
np = number of turns on primary

The ratio, ng/ny is called the secondary-
to-primary turns ratio of the transformer.

Example: A transformer has a primary
of 400 turns and a secondary of 2800
turns, and an emf of 117 volts is applied to
the primary.
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300 X 117 =7 x 117

= 819 volts

Also, if an emf of 819 volts is applied to
the 2800-turn winding (which then be-
comes the primary) the output voltage
from the 400-turn winding will be 117
volts.

Either winding of a transformer can be
used as the primary, provided the
winding has enough turns (enough induc-
tance) to induce a voltage equal to the
applied voltage without requiring an
excessive current flow.

Effect of Secondary Current

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

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

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

If the magnetic fields set up by the
primary and secondary currents are to be
equal, the primary current multiplied by
the primary turns must equal the secon-
dary current multiplied by the secondary
turns. From this it follows that

nS
= <n—p>ls

where Ip = primary current
Is = secondary current
np = number of turns on primary
ns = number of turns on secondary

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

=(0s Ji, =280 % 02 =7 x 02
n, 400

"

= l.4ampere

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

Power Relationships; Efficiency

A transformer cannot create power; it
can only transfer it and change the emf.
Hence, the power taken from the secon-
dary cannot exceed that taken by the pri-
mary from the source of applied emf.
There is always some power loss in the
resistance of the coils and in the iron core,
so in all practical cases the power taken
from the source will exceed that taken
from the secondary. Thus,

P, =

o rlpi
where Po = power output from secondary
P; = power input to primary
n = efficiency factor
The efficiency, n, always is less than 1. It
is usually expressed as a percentage; if n is
0.65, for instance, the efficiency is 65
percent.

Example: A transformer has an effi-
ciency of 85 percent as its full-load output
of 150 watts. The power input to the pri-
mary at full secondary load will be

150

P 0.85

=P = 176.5 watts
n

A transformer is usually designed to
have the highest efficiency at the power
output for which it is rated. The efficiency
decreases with either lower or higher
outputs. On the other hand, the /osses in
the transformer are relatively small at low
output but increase as more power is
taken. The amount of power that the
transformer can handle is determined by
its own losses, because these heat the wire
and core. There is a limit to the
temperature rise that can be tolerated,
because a too-high temperature either will
melt the wire or cause the insulation to
break down. A transformer can be
operated at reduced output, even though
the efficiency is low, because the actual
loss will be low under such conditions.

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

Leakage Reactance

In a practical transformer not all of the
magnetic flux is common to both windings,
although in well-designed transformers
the amount of flux that “cuts” one coil
and not the other is only a small percen-
tage of the total flux. This leakage flux
causes an emf of self-induction; conse-
quently, there are small amounts of leakage
inductance associated with both windings
of the transformer. Leakage inductance
acts in exactly the same way as an equiva-
lent amount of ordinary inductance in-
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Fig. 47 — The equivalent circuit of a transformer includes the effects of leakage inductance and
resistance of both primary and secondary windings. The resistance R, is an equivalent resistance
representing the core losses. Since these are comparatively small, their effect may be neglected

in many approximate calculations.

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

Current flowing through the leakage
reactance causes a voltage drop. This
voltage drop increases with increasing
current, hence it increases as more power
is taken from the secondary. Thus, the
greater the secondary current, the smaller
the secondary terminal voltage becomes.
The resistances of the transformer wind-
ings also cause voltage drops when cur-
rent is flowing; although these voltage
drops are not in phase with those caused
by leakage reactance, together they result
in a lower secondary voltage under load
than is indicated by the turns ratio of the
transformer.

At power frequencies (60 Hz) the
voltage at the secondary, with a reason-
ably well-designed transformer, should
not drop more than about 10 percent from
open-circuit conditions to full load. The
drop in voltage may be considerably more
than this in a transformer operating at
audio frequencies because the leakage
reactance increases directly with the fre-
quency. The various transformer losses
arc modcled in Fig. 47.

Impedance Ratio

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

2
N
% = Z[N—p]

where
Z, = impedance looking into
primary terminals from
source of power
Z = impedance of load con-
nected to secondary
Np/Ns = turns ratio, primary to

secondary

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

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

2

= z[%&] = 3000 X (0.6):

S

N
I

3000 x 0.36 = 1080ohms

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

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

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

Impedance Matching

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

s Y
where
Np/Ns = required turns ratio, primary
to secondary
Z, = primary impedance required

Zs = impedance of load connected
to secondary

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

% = ,/§_v=,/ W~ 0 =224
S

S

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

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

Transformer Construction

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

Two core shapes are in common use, as
shown in Fig. 48. In the shell type both
windings are placed on the inner leg, while
in the core type the primary and sec-
ondary windings may be placed on
separate legs, if desired. This is sometimes
done when it is necessary to minimize
capacitive effects between the primary
and secondary, or when one of the win-
dings must operate at very high voltage.

Core material for small transformers is
usually silicon steel, called “‘transformer
iron.” The core is built up of laminations,
insulated from each other (by a thin
coating of shellac, for example) to prevent
the flow of eddy currents. The larhinations
are interleaved at the ends to make the
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Fig. 48 — Two common types of transformer
construction. Core pieces are interleaved to
provide a continuous magnetic path.
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Fig. 49 — The autotransformer is based on the
transformer principle, but uses only one
winding. The line and load currents in the com-
mon winding (A) flow in opposite directions, so
that the resultant current is the difference bet-
ween them. The voltage across A is propor-
tional to the turns ratio.

magnetic path as continuous as possible
and thus reduce flux leakage.

The number of turns required in the
primary for a given applied emf is deter-
mined by the size, shape and type of core
material used, and the frequency. The
number of turns required is inversely pro-
portional to the cross-sectional area of the
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core. As a rough indication, windings of
small power transformers frequently have
about six to eight turns per volt on a core
of 1-square-inch (645 sq. mm) cross sec-
tion and have a magnetic path 10 or 12
inches (254 or 305 mm) in length. A longer
path or smaller cross section requires
more turns per volt, and vice versa.

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

Autotransformers

The transformer principle can be
utilized with only one winding instead of
two, as shown in Fig. 49; the principles
just discussed apply equally well. A
one-winding transformer is called an
autotransformer. The current in the com-
mon section (A) of the winding is the
difference between the line (primary) and
the load (secondary) currents, since these
currents are out of phase. Hence, if the
line and load currents are nearly equal,
the common section of the winding may
be wound with comparatively small wire.
This will be the case only when the
primary (line) and secondary (load)
voltages are not very different. The
autotransformer is used chiefly for boost-
ing or reducing the power-line voltage by
relatively small amounts. Continuously
variable autotransformers are commer-
cially available under a variety of trade
names; ‘“Variac” and “Powerstat” are
typical examples.

Ferromagnetic Transformers and Inductors

The design concepts and general theory
of transformers which is presented earlier
in this chapter apply also to transformers
which are wound on ferromagnetic core
materials (ferrite and powdered iron). As
is the case with stacked cores made of
laminations in the classic I and E shapes,
the core material has a specific permeabi-
lity factor which determines the inductance
of the windings versus the number of wire
turns used. Both ferrite and powdered-
iron materials are manufactured with a
wide range of u; (initial permeability)
characteristics. The value chosen by the
designer will depend upon the intended
operating frequency and the desired band-
width of a given broadband transformer.

Core-Types in Common Use

For use in radio-frequency circuits
especially, a suitable core type must be
chosen to provide the Q required by the
designer. The wrong core material destroys
the Q of an rf type of inductor.

Toroid cores are useful from a few
hundred hertz well into the uhf spectrum.
Tape-wound steel cores are employed in
some types of power supplies — notably
dc-to-dc converters. The toroid core is
doughnut shaped, hence the name toroid
(Fig. 50). The principal advantage to this

=
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Fig. 50 — An assortment of toroid cores. A fer-
rite rod is placed at the top of the picture for
comparison. The two light-colored, plastic en-
cased toroids at the upper left are tapewound
types (Hypersil steel) are suitable for audio and
dc-to-dc converter transformers. The wound
toroid at the right center contains two toroid
cores which have been stacked atop one
another to increase the power capability.

Fig. 51 — Breakaway view of a pot-core
assembly (feft) and an assembled pot core
(right).

@

Fig. 52 — A bc-band ferrite rod loop antenna is
at the top of the picture (J.W. Miller Co.). A
blank ferrite rod is seen at the center and a
flat bc-band ferrite loop antenna is in the lower
foreground.

type of core is the self-shielding charac-
teristic. Another feature is the compact-
ness of a transformer or inductor, which
is possible when using a toroidal format.
Therefore, toroids are excellent not only
in dc-to-dc converters, but at audio and
radio frequencies up to at least 1000 MHz,
assuming the proper core material is selected
for the range of frequencies over which the
device must operate. Toroid cores are
available from micro-miniature sizes well
up to several inches in diameter. The latter
can be used, as one example, to build a 20-
kW balun for use in antenna systems.
Another form taken in ferromagnetic
transformers and inductors is the ‘‘pot-
core’’ or ‘‘cup-core” device. Unlike the



toroid, which has the winding over the
outer surface of the core material, the pot-
core winding is inside the ferromagnetic
material (Fig. 51). There are two cup-
shaped halves to the assembly, both made
of ferrite or powdered iron, which are
connected tightly together by mieans of a
screw which is passed through a center
hole. The wire for the assembly is wound
on an insulating bobbin which fits inside
the two halves of the pot-core unit. The
advantage to this type of construction is
that the core permeability can be chosen
to ensure a minimum number of wire
turns for a given value of inductance. This
reduces the wire resistance and increases
the Q as opposed to an equivalent induc-
tance which is wound on a core that has
relatively low permeability. By virtue of
the winding being contained inside the fer-
rite or powdered-iron pot core, shielding
is excellent.

Still another kind of ferromagnetic-core
inductor is found in today’s technology —
the solenoidal type (Fig. 52).
Transformers and inductors fabricated in
this manner consist of a cylindrical, oval
or rectangular rod of material over which
the wire winding is placed. This variety of
device does not have a self-shielding trait.
Therefore it must be treated in the same
manner as any solenoidal-wound inductor
(using external shield devices). An exam-
ple of a ferrite-rod inductor is the built-in
loop antennas found in portable radios
and direction finders.

Core Size

The cross-sectional area of ferromagne-
tic core is chosen to prevent saturation
from the load seen by the transformer,
This means that the proper thickness and
diameter are essential parameters to con-
sider. For a specific core the maximum
operational ac excitation can be dete-
mined by

5 E,ps X 108 o
= ————— (gauss
max (ac) = "4 44 fN A,
where
A. = equivalent area of the mag-

netic path in cm?

E,ms = applied voltage

N, = number of core turns

f = operating frequency in Hz

B,, = flux density in gauss

The foregoing equation is applicable to
inductors which do not have dc flowing in
the winding along with ac. When both ac
and dc flows

| hej

5 E;ms X 10° NplgcAL
max(total) 4.444 prAe ler
where
Igo = the dc current through the
winding
AL = the manufacturer’s index for

the core being used
The latter can he obtained for the core in
use by consulting the manufacturer’s data
sheet.
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Fig. 53 — Schematic and pictorial representa-
tions of one type of “conventional”
transformer. This style is used frequently at
the input and output ports of rf power
amplifiers which use transistors. The magnetic
material consists of two rows of 950-mu toroid
cores for use from 1.8 to 30 MHz. The primary
and secondary windings are passed through
the center holes of the toroid-stack rows as
shown.
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Fig. 54 — Another conventional transtormer.
Primary and secondary windings are wound
over the outer surface of a toroid core.

Types of Transformers

The most common ferromagnetic trans-
formers used in amateur radio work are
the narrow-band, broadband, conven-
tional and transmission-line varieties.
Narrow-band transformers are used when
selectivity is desired in a tuned circuit,
such as an audio peaking or notching
circuit, a resonator in an rf filter, or a
tuned circuit associated with an rf
amplifier. Broadband transformers are
employed in circuits which must have
uniform response over a substantial
spread of frequency, as in a 2- to 30-MHz

L1/L2 and L3/L4 lines must be 3 x R1
(30 ohms in this example).
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L1/L2 pair are twice the length of L3/L4.

Fig. 55 — Schematic and pictorial presenta-
tions of a transmission-line transformer in
which the windings need to be configured for a
specific impedance.

broadband amplifier. In such an example
the reactance of the windings should be at
least four times the impedance the
winding is designed to look into. There-
fore, a transformer which has a 300-ohm
primary and a 50-ohm secondary load
should have winding reactances (XL ) of at
least 1200 ohms and 200 ohms, respec-
tively. The windings, for all practical pur-
poses, can be regarded as rf chokes, and
the same rules apply. The permeability of
the core material plays a vital role in de-
signing a good broadband transformer.
The performance of the transformer at the
low-frequency end of the operating range
depends on the permeability. That is, the
e (effective permeability) must be high
enough in value to provide ample winding
reactance at the low end of the operating
range. As the operating frequency is in-
creased, the effects of the core tend to
disappear progressively until there are
scarcely any core effects at the upper limit
of the operating range. For this reason it is
common to find a very low frequency core
material utilized in a transformer that is
contained in a broadband circuit which
reaches well into the upper hf region, or
even into the vhf spectrum. By way of
simple explanation, at high frequency the
low-frequency core material becomes in-
efficient and tends to vanish electrically.
This desirable trait makes possible the use
of ferromagnetics in broadband applica-
tions.

Conventional transformers are those that
are wound in the same manner as a power
transformer. That is, each winding is
made from a separate length of wire, with
one winding being placed over the
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Table 6

Powdered-iron Toroidal Cores — A, Values (uH/100 turns)

41-Mix 3-Mix 15-Mix 1-Mix 2-Mix 6-Mix 10-Mix 12-Mix O-Mix

Green Grey Rd & Wh Blue Red Yellow Black Gn & Wh Tan
Core u=7 u=35 u=25 u=20 u=10 u=28 u==6 u=3 u=1
Size 0.05-0.5 MHz 0.1-2 MHz  0.5-5 MHz 1-30 MHz 10-90 MHz 60-150 MHz 100-200 MHz 150-300 MHz
T-200 755 360 NA 250° 120 100° NA NA NA
T-184 1640 720 NA 500° 240 195 NA NA NA
T-157 970 420 360° 320° 140 115 NA NA NA
T-130 785 330 250* 200 110 96 NA NA 15.0
T-106 900 405 345° 325° 135 116 NA NA 19.0°
T- 94 590 248 200° 160 84 70 58 32 10.6
T- 80 450 180 170 115 55 45 32° 22 8.5
T- 68 420 195 180 115 57 47 32 21 7.5
T- 50 320 175 135 100 49° 40 31 18 6.4
T- 44 229 180 160 105 52* 42 33 NA 6.5
T- 37 308 120 920 80 40° 30 25 15 49
T- 30 375 140° 93 85 43 36 25 16 6.0
T- 25 225 100 85 70 34 27 19 13 4.5
T- 20 175 920 65 52 27 22 16 10 35
T- 16 130 61 NA 44 22 19 13 8 3.0
T- 12 112 60 50* 48 20° 17°*12 75 3.0
NA — Not available in that size.
Turns = 100V'L,y + A Value (above)
All frequency figures optimum. *Updated values (1979) from Micrometals, Inc.
Number of Turns vs. Wire Size and Core Size
Approximate maximum of turns — single layer wound enameled wire
Wire Size T-200 T-130 T-106 T-94 T-80 T-68 T-50 1-37 T-25 T-12
10 33 20 12 12 10 6 4 1
12 43 25 16 16 14 9 6 3
14 54 32 21 21 18 13 8 5 1
16 69 41 28 28 24 17 13 7 2
18 88 53 37 37 32 23 18 10 4 1
20 111 67 47 47 41 29 23 14 6 1
22 140 86 60 60 53 38 30 19 9 2
24 177 109 77 77 67 49 39 25 13 4
26 223 137 97 97 85 63 50 33 17 7
28 281 173 123 123 108 80 64 42 23 9
30 355 217 154 154 136 101 81 54 29 13
32 439 272 194 194 17 127 103 68 38 17
34 557 346 247 247 218 162 132 88 49 23
36 683 424 304 304 268 199 162 108 62 30
38 875 544 389 389 344 256 209 140 80 39
40 1103 687 492 492 434 324 264 178 102 51
Physical Dimensions

Cross Cross

Outer Inner Sect. Mean Outer Inner Sect. Mean
Core Dia. Dia. Height Area Length Core Dia. Dia. Height Area Length
Size (in.) (in.) (in.) cm? cm Size (in.) (in.) (in.) cm? cm
T-200 2.000 1.250 0.550 1.330 1297 T- 50 0.500 0.303 0.190 0121 3.20
T-184 1.840 0.950 0.710 2.040 11.12 T- 44 0.440 0.229 0.159 0.107 2.67
T-157 1.570 0.950 0.570 1.140 10.05 T- 37 0.375 0.205 0.128 0.070 2.32
T-130 1.300 0.780 0.437 0.733 8.29 T- 30 0.307 0.151 0.128 0.065 1.83
T-106 1.060 0.560 0.437 0.706 6.47 T- 25 0.255 0.120 0.096 0.042 1.50
T- 94 0.942 0.560 0.312 0.385 6.00 T- 20 0.200 0.088 0.067 0.034 1.15
T- 80 0.795 0.495 0.250 0.242 515 T- 16 0.160 0.078 0.060 0.016 0.75
T- 68 0.690 0.370 0.190 0.196 4.24 T- 12 0.125 0.062 0.050 0.010 0.74
Inches x 254 = mm. Courtesy of Amidon Assoc., N. Hollywood, CA 91607 and Micrometalts, Inc.
previous one with suitable insulation in  known as trifilar one, and so forth (Fig. Ruthroff.:

between (Figs. 53 and 54). A transmission-
line transformer is, conversely, one that
uses windings which are configured to
simulate a piece of transmission line of a
specific impedance. This can be achieved
by twisting the wires together a given
number of times per inch, or by laying the
wires on the core (adjacent to one another)
at a distance apart which provides a two-
wire line impedance of a particular value.
In some applications these windings are
called bifilar. A three-wire winding is
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55). It can be argued that a transmission-
line transformer is more efficient than a
conventional one, but in practice it is dif-
ficult to observe a significant difference in
the performance characteristics. An in-
teresting technical paper on the subject of
toroidal broadband transformers was
published by Sevick, W2FMI.' The classic
reference work on the subject is by

'Sevick, “Simple Broadband Matching Networks,"
QST, January 1976.

Ferrite Beads

Another form of toroidal inductor is
the ferrite bead. This component is
available in various «; values and sizes,
but most beads are less than 0.25-inch
(6.3-mm) diameter. Ferrite beads are used
principally as vhf/uhf parasitic sup-

‘Ruthroff, ‘‘Some Broadband Transformers,’’ Proc.
IRE, Vol. 47, August 1959, p. 137.



pressors at the input and output terminals
of amplifiers. Another practical applica-
tion for them is in decoupling networks
which are used to prevent unwanted mi-
gration of rf energy from one section of a
circuit to another. They are used also in
suppressing RFI and TVI in hi-fi and tele-
vision sets. In some circuits it is necessary
only to place one or more beads over a short
length of wire to obtain ample inductive
reactance for creating an rf choke. A
few turns of small-diameter enameled wire
can be looped through the larger beads to
increase the effective inductance. Ferrite
beads are suitable as low-Q base imped-
ances in solid-state vhf and uhf amplifiers.
The low-Q characteristics prevents self-
oscillation that might occur if a high Q
solenoidal rf choke were used in place of
one made from beads. Miniature broad-
band transformers are sometimes fash-
joned from ferrite beads. For the most
part, ferrite beads can be regarded as
small toroid cores.

Number of Turns

The number of wire turns used on a
toroid core can be calculated by knowing
the AL of the core and the desired
inductance. The AL is simply the induc-
tance index for the core size and permeabi-
lity being used. Table 6 provides infor-
mation of interest concerning a popular
assortment of powdered-iron toroid cores.
The complete number for a given core is
composed of the core-size designator in
the upper left column, plus the correspond-
ing mix number. For example, a half-inch
diameter core with a no. 2 mix would be
designated at a T-50-2 unit. The A} would
be 49 and the suggested operating fre-
quency would be from 1 to 30 MHz. The
y; for that core is 10.

The required number of wire turns for a
specified inductance on a given type of
core can be determined by

Table 7

Ferrits Torolds A — Chart (mH per 1000 turns) Enameled Wire

Core 63-Mix 61-Mix 43-Mix 72-Mix 75-Mix

Size u =40 u=125 u =950 u =2000 u =5000

FT- 23 79 248 189.0 396.0 990.0

F1- 37 17.7 55.3 4200 884.0 22100

FT- 50 22.0 68.0 523.0 1100.0 2750.0

F1- 82 23.4 733 557.0 1172.0 2930.0

FT-114 254 79.3 603.0 1268.0 3170.0

Number turns = 1000/ desired L (mH) + A_ value (above)

Ferrite Magnetic Properties

Property Unit 63-Mix 61-Mix 43-Mix 72-Mix 75-Mix
Initial Perm. (ui) 40 125 950 2000 5000
Maximum Perm. 125 450 3000 3500 8000
Saturation Flux

Density @ 13 oer Gauss 1850 2350 2750 3500 3900
Residual Fiux

Density Gauss 750 1200 1200 1500 1250
Curie Temp. °C 500 300 130 150 160

Vol. Resistivity ohm/cm 1 x10® 1x 108 1x10° 1x10 5x 102
Opt. Freq. Range MH2z 15-25 .2-10 .01-1 .001-1 .001-1
Specific Gravity 47 4.7 45 48 48

Loss 1 90x105 22x105 25x105 9.0x10% 50x106
Factor u0 @25MHz. @25MHz @ 2MHz @ .1MHz @.1MHz
Coercive Force Oer. 2.40 1.60 0.30 0.18 0.18
Temp. Co-eff %/°C

of initial Perm. 20-70°C  0.10 0.10 0.20 0.60

Ferrite Toroids — Physical Properties

Core oD D Height Ae le Ve Ag Aw
Size

FT- 23 0.230 0.120 0.060 0.00330 0.529 0.00174 0.1284 0.01121
FT- 37 0.375 0.187 0.125 0.01175 0.846 0.00994 0.3860 0.02750
FT- 50 0.500 0.281 0.188 0.02060 1.190 0.02450 0.7300 0.06200
FT- 82 0.825 0.520 0.250 003810 2.070 0.07890 1.7000 0.21200
FT-114 1.142 0.748 0.295 0.05810 2.920 0.16950 2.9200 0.43900

OD - Outer diameter (inches)
1D - Inner diameter (inches)
Hgt - Height (inches)

A, - Total window area (in)? Ag

Inches X 25.4 =mm.

Ag - Effective magnetic cross-sectional area (in)?
lg - Effective magnetic path iength (inches)

Vg - Effective magnetic volume (in)?

- Surface area exposed for cooling (in)?

Courtesy of Amidon Assoc., N. Hollywood, CA 91607

Turns = 100 V desired L (uH) + AL
where A is obtained from Table 6. The
table also indicates how many turns of a
particular wire gauge can be close wound
to fill a specified core. For example, a
T-68 core will contain 49 turns of no. 24
enameled wire, 101 turns of no. 30
enameled wire, and so on. Generally
speaking, the larger the wire gauge the
higher the unloaded Q of the toroidal
inductor. The inductance values are based
on the winding covering the entire
circumference of the core. When there is
space between the turns of wire, some
control over the net inductance can be
effected by compressing the turns or
spreading them. The inductance will
increase if compression is used and will
decrease when the turns are spread farther
apart.

Table 7 contains data for ferrite cores.
The number of turns for a specified
inductance in mH versus the AL can be
determined by

Turns = 1000 V desired L (mH) + A

where the AL for a specific core can be
taken from Table 7. Thus, if one required
a I-mH inductor and chose a no.
FT-82-43 toroid core, the number of turns
would be

1000V 1 + 5§57
1000 V' 0.001795

1000 x 0.0424 = 42.4 turns

Turns =

For an FT-82 size core no. 22 enameled
wire would be suitable as indicated in
Table 6 (using the T-80 core size as the
nearest one to an FT-82). If the toroid
core has rough edges (untumbled), it is
suggested that insulating tape (3M glass
epoxy tape or Mylar tape) be wrapped
through the core before the wire is added.

This will prevent the rough edges of the
core from abrading the enameled wire.

The inductance of a toroidal coil with
known A is

L = Ap(

N )?
100

L and A must be in the same units.
Tables 8 and 9 cross-reference the ferrite
toroidal cores offered by several sources.

Checking RF Toroidal Devices

The equations given previously will
provide the number of wire turns needed
for a particular inductance, plus or minus
10 percent. However, slight variations in
core permeability may exist from one
production run to another. Therefore, for
circuits which require exact values of
inductance it is necessary to check the
toroid winding by means of an RCL
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Table 8

Ferrite Toroid Cores — Size Cross-Reference

(inches)

oD ID Thickness  Amidon  Fair-Rite
0.100 0.050 0.050 —_— —_—
0.100 0.070 0.030 —_ 701
0.155 0.088 — — —_— 801
0.190 0.090 0.050 —_— ——
0.230 0.120 0.060 FT-23 101
0.230 0.120 0.120 —_— 901
0.300 0.125 0.188 —_— —_—
0.375 0.187 0.125 FT-37 201
0.500 0.281 0.188 FT-50 301
0.500 0.312 0.250 - 1101
0.500 0.312 0.500 —_— 1901
0.825 0.520 0.250 FT-82 601
0.825 0.520 0.468 —— 501
0.870 0.500 0.250 —_— 401
0.870 0.540 0.250 — 1801
1.000 0.500 0.250 —_— 1501
1.000 0.610 0.250 —_— 1301
1.142 0.748 0.295 FT-114 1001
1.225 0.750 0.312 —_ 1601
1.250 0.750 0.375 —_ 1701

1.417 0.905 0.591 —_ ——
1.417 0.905 0.394 —— ——
1.500 0.750 0.500 —_ ——
2.000 1.250 0.750 —_ ——
2.900 1.530 0.500 —_— ——
3.375 1.925 0.500 —_— ——
3.500 2.000 0.500 —_ ——
5.835 2.50 0.625 —_ -

Indiana General Ferroxcube Magnetics, Inc.
== —-—— 402007C
F426-1 — —_
F2062-1 _— 40502
== 2137050 ——
F303-1 10417060 40601
F867-1 —_— 40705
F625-9 2667125 41003
= 7687188 _—
F627-8 == 41306
F624-19 8467250 42206
F2070-1 —— 42507
-— K300502 42908
F626-12 - —_
= K300501 -
—= K300500 ——
= 5287500 43813
== 4007750 ——
—— 1447500 ——
F1707-15 —_— —_
F1707-1 -_ —_
F1824-1 —_— —_—

Table 9

Ferrite Toroid Cores — Permeability Cross-Reference

Ho  Amidon Fair-Rite  Indiana General  Ferroxcube  Magnetics, Inc.
16 — — Q3 —_ —_
20 — 68 —_ — —_
40 FT —63 63,67 Q2 —_ —_—
100 — 65 —_ — —_
125 FT —61 61 Q1 4C4 —_
176 — 62 —_— —_ .
250 FT —64 64 —_ —_ —_—
300 — 83 —_ —_ _
375 — 31 — —_— —_—
400 — —_ G e —
750 — — — 303 A
800 — 33 — —_
850 — 43 H — —
950 FT —43 — TC-3 —_— —
1400 — —_ —_— —_— C
1200 — 34 — — —
1500 — —_ TC-7 —_ —_
1800 FT —77 77 — 389 —
2000 FT —72 72 TC-9 —_ s, Vv,D
2200 — — 05 _ =
2300 — —_ — 387 G
2500 FT —73 73 TC-12 — —
2700 — — —_ 3E (3C8) —_
3000 — —_ 05P 3C5 F
4700 — = 06 —_ —
5000 FT—75 75 —_ 3E2A J
10,000 — —_ —_ — w
12,500 — — —_— 3E3 —_

bridge or an RX meter. If these in-
struments are not available, close approxi-
mations can be had by using a dip
meter, standard capacitor (known value,
stable type, such as a silver mica) and a
calibrated receiver against which to check
the dipper frequency. Fig. 56 shows how
to couple a dip meter to a completed
toroid for testing. The coupling link in the
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illustration is necessary because the toroid
has a self-shielding characteristic. The
latter makes it difficult, and often
impossible, to secure a dip in the meter
reading when coupling the instrument
directly to the toroidal inductor or
transformer. The inductance can be
determined by XL since XL = Xc¢ at
resonance. Therefore,

L UNDER TEST

C OF KNOWN
VALUE

@

DIP METER

\rwo TURN

LINK

Zzzmu

Fig. 56 — Method for checking the inductance
of a toroid winding by means of a dip meter,
known capacitance value and a calibrated
receiver. The self-shielding properties of a
toroidal inductor prevent dip meter readings
when the instrument is coupled directly to the
toroid. Sampling is done by means of a cou-
pling link as illustrated.

Fig. 57 — (A) lllustation of a homemade win-
ding shuttle for toroids. The wire is stored on
the shuttle and the shuttle is passed through
the center hole of the toroid, again and again,
until the required number of turns is in place.
(B) It is best to leave a 30° gap between the
ends of the toroid winding. This will reduce the
distributed capacitance considerably. (C)
Edgewise view of a toroid core, illustrating the
method for counting the turns accurately. (D)
The low-impedance winding of a toroidal
transformer is usually wound over the large
winding, as shown. For narrow-band applica-
tions the link should be wound over the cold
end of the main winding (see text).

NOTCH

SHUTTLE
TOROID N\

©
START

4 TURNS
J|
FINISH

END
VIEW

L X
¢ T 2#fC 2nf

where X, is the reactance of the known
capacitor value, f is in MHz and C is in
uF. Using an example, where f is 3.5 MHz
(as noted on a dip meter) and C is 100 pF,
L is determined by

1
© = 628 X 35 x 0.0001

X and L(“H) =

X = 455 ohms



L = Xc at resonance,

o e 455
@) = "8 % 3.5

It is assumed, for the purpose of accuracy,
that the dip-meter signal is checked for
precise frequency by means of a calibrated
receiver.

= 20.7 uH

Practical Considerations

Amateurs who work with toroidal in-
ductors and transformers are sometimes
confused by the winding instructions
given in construction articles. For the
most part, winding a toroid core with wire
is less complicated than it is when winding
a cylindrical single-layer coil.

When many turns of wire are required,
a homemade winding shuttle can be used
to simplify the task. Fig. S7A illustrates
how this method may be employed. The
shuttle can be fashioned from a piece of
circuit-board material. The wire is wound
on the shuttle after determining how many
inches are required to provide the desired
number of toroid turns. (A sample turn
around the toroid core wil reveal the wire
length per turn.) Once the shuttle is load-
ed, it is passed through the toroid center
again and again until the winding is com-
pleted. The edges of the shuttle should be
kept smooth to prevent abrasion of the
wire insulation.

How to Wind Toroids

The effective inductance of a toroid coil
or a transformer winding is dependent in
part upon the distributed capacitance be-
tween the coil turns and between the ¢nds
of the winding. When a large number of
turns are used (e.g., 500 or 1000), the
distributed capacitance can be as great as
100 pF. Ideally, there would be no
distributed or ‘‘parasitic’’ capacitance,
but this is not possible. Therefore, the un-
wanted capacitance must be kept as low as
possible in order to take proper advantage

The Decibel

It is useful to appraise signal strength in
terms of relative loudness as registered by
the ear. For example, if a person estimates
that a signal is “‘twice as loud’’ when the
transmitter power is increased from 10
watts to 100 watts, he or she will also
estimate that a 1000-watt signal is twice as
loud as a 100-watt signal: The human ear
has a logarithmic response.

This fact is the basis for the use of the
relative-power unit called the decibel (dB).
A decibel is one-tenth of a bel, the unit of
sound named for Alexander Graham Bell.
A change of one decibel in power level is
just detectable as a change in loudness
under ideal conditions. The number of
decibels corresponding to a given power
ratio is given by:

of the Ay factors discussed earlier in this
section. The greater the distributed
capacitance the more restrictive the
transformer or inductor becomes when
applied in a broadband circuit. In the case
of a narrow-band application, the Q can
be affected by the distributed capacitance.
The pictorial illustration at Fig. 57B
shows the inductor turns distributed
uniformly around the toroid core, but a
gap of approximately 30° is maintained
between the ends of the winding., This
method is recommended to reduce the
distributed capacitance of the winding.
The closer the ends of the winding are to
one another, the greater the unwanted
capacitance. Also, in order to closely ap-
proximate the desired toroid inductance
when using the A; formula, the winding
should be spread over the core as shown.
When the turns of the winding are not
close wound, they can be spread apart to
decrease the effective inductance (this
lowers the distributed C). Conversely, as
the turns are pushed closer together, the
effective inductance is increased by virtue
of the greater distributed capacitance.
This phenomenon can be used to advan-
tage during final adjustment of narrow-
band circuits in which toroids are used.

The proper method for counting the
turns on a toroidal inductor is shown in
Fig. 57C. The core is shown as it would
appear when stood on its edge with the
narrow dimension toward the viewer. In
this example a four-turn winding has been
placed on the core.

Some manufacturers of toroids recom-
mend that the windings on toroidal
transformers be spread around all of the
core in the manner shown in Fig. 57B.
That is, the primary and secondary wind-
ings should each be spread around most
of the core. This is a proper method when
winding conventional broadband trans-
formers. However, it is not recommended
when narrow band transformers are being

P,
dB = 10 logyg T
1

Voltage and Current Ratios

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

built. It is better to place the low-
impedance winding (L1 of Fig. 57D al the
“‘¢old’’ or grounded end of L2 on the cor-
e. This is shown in pictorial and schematic
form at Fig. S7D. The windings are placed
on the core in the same rotational sense,
and L1 is wound over L2 at the grounded
end of L2. The purpose of this winding
method is to discourage unwanted
capacitive coupling between the windings
— an aid to the reduction of spurious
energy (harmonics, etc.) which might be
present in the circuit where T1 is
employed.

In circuits which have a substantial
amount of ac and/or dc voltage present in
the transformer windings, it is prudent to
use a layer of insulating material between
the toroid core and the first winding.
Alternatively, the wire can have high-
dielectric insulation, such as Teflon. This
procedure will prevent arcing between the
winding and the core. Similarly, a layer of
insulating tape (3-M glass tape, mylar or
Teflon) can be placed between the
primary and secondary windings of the
toroidal transformer (Fig. 57D). Normal-
ly, these precautions are not necessary at
impedance levels under a few hundred
ohms at rf power levels below 100 watts.

Once the inductor or transformer is
wound and tested for proper perfor-
mance, a coating or two of high-dielectric
cement should be applied to the wind-
ing(s) of the toroid. This will protect the
wire insulation from abrasion, hold the
turns in place and seal the assembly
against moisture and dirt. Polystyrene Q
Dope is excellent for the purpose.

The general guidelines given for
toroidal components can be applied to pot
cores and rods when they are used as
foundations for inductors or trans-
formers. The important thing to remem-
ber is that all of the powdered-iron and
ferrite core materials are brittle. They
break easily under stress.

Vv, )
dB = 20 log v or 20 log T
1 1

voltage

where V =
] = current

If the voltage formula above is applied
to an amplifier, where V2 is output
voltage and V1 is the input voltage, a
positive decibel value indicates amplifier
gain. On the other hand, applying the for-
mula to a resistor network would result in
a negative decibel value, signifying a loss.

When the decibel value is known, the
numerical ratio can be calculated from:

P, dB
0

—= = antilog —
1 1
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Fig. 58 — How to compute the composite gain of a system. Either numerical ratios or decibels
may be used, but all units must be consistent in gain or loss. The method is explained in the text.
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or — =
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Many mathematics textbooks contain
tables of logarithms, but these numbers
can be produced very quickly with a slide
rule or inexpensive calculator. In any case,
it is convenient to memorize the decibel
values for a few of the common power
and voltage ratios. For power changes, a
numerical ratio of 2is 3 dB, 4is 6dB, 10is

10 dB, 100 is 20 dB, 1000is 30 dB, and so _

on. When voltage changes are considered,
doubling the voltage causes a 6-dB in-
crease, a numerical ratio of 10 is worth

20 dB, 100 is 40 dB and so on. One can in-
terpolate between known ratios to
estimate a gain or loss within one decibel.
Inverting a numerical ratio simply reverses
the algebraic sign of the decibel value. For
example, a voltage gain of 10 corresponds
to 20 dB, while a gain of 1/10 (which is a
loss of 10) corresponds to — 20 dB.

In a system of cascaded gain and loss
blocks where numerical ratios are
specified for each block, the overall
system gain or loss can be calculated this
way: Convert the ratios to all gains or all
losses (gains become fractional losses or
losses become fractional gains). The

Radio Frequency Circuits

The designer of amateur equipment
needs to be familiar with radio-frequency
circuits and the various related equations.
This section provides the basic data for
most amateur circuit development,

Resonance in Series Circuits

Fig. 59 shows a resistor, capacitor and
inductor connected in series with a source
of alternating current, the frequency of
which can be varied over a wide range. At
some /ow frequency the capacitive reac-
tance will be much larger than the
resistance of R, and the inductive reac-
tance will be small compared with either
the reactance of C or the resistance of R.
(R is assumed to be the same at all fre-
quencies.) On the other hand, at some
very high frequency the reactance of C
will be very small and the reactance of L
will be very large. In either case the cur-
rent will be small, because the net reac-
tance is large.

At some intermediate frequency, the
reactances of C and L will be equal and
the voltage drops across the coil and
capacitor will be equal and 180 degrees
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Fig. 59 — A series circuit containing L, C and
R is “resonant” at the applied frequency when
the reactance of C is equal to the reactance
of L.

out of phase. Therefore, they cancel each
other completely and the current flow is
determined wholly by the resistance, R.
At that frequency the current has its
largest possible value, assuming the
source voltage to be constant regardless of
frequency. A series circuit in which the in-
ductive and capacitive reactances are
equal is said to be resonant.

overall numerical gain or loss will be the
product of the individual figures, and the
decibel value can be derived as before. If
the individual gains and losses are given in
decibels, the procedure is again to convert
to all losses or gains. Only the algebraic
signs need to be changed; that is, losses
become negative gains or gains become
negative losses. The overall decibel gain or
loss is the algebraic sum of the individual
figures, and this can be converted to a
numerical ratio if desired. Fig. 58 il-
lustrates both methods.

The decibel is a relative unit. When us-
ing decibels to specify an absolute voltage,
current or power level, the decibel value
must be qualified by a reference level. For
example, when discussing sound intensity,
a reference lvel of 0 dB corresponds to an
acoustical field strength of 10-16 W/cm?2,
the normal human hearing threshold at
600 Hz. A lion’s roar at 20 feet might have
a sound intensity of 90 dB, and the
threshold of pain occurs at 130 dB. Thus,
the human ear/brain has a dynamic range
of 130 dB, or a ratio of ten trillion to one.

In radio work, power is often rendered
in dBW (0 dBW = 1 watt) or dBm (0 dBm
= 1 milliwatt). With this system, 2
kilowatts equals + 63 dBm or + 33 dBW,
and 5 microwatts equals —23 dBm or
— 53 dBW. Voltages are sometimes given
as decibel values with respect to one volt
or one microvolt; 2 millivolts equals + 66
dBuV or -54 dBV. Antenna gain is
specified with respect to some standard
reference element such as an isotropic
radiator or a dipole. The measurement
units are the dBi and dBd.

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

Resonant Frequency

The frequency at which a series circuit
is resonant is that of which X; = XC.
Substituting the formulas for inductive
and capacitive reactance gives

1
f 27 JLC
where
f = frequency in hertz
L = inductance in henrys
C = capacitance in farads
r= 314

These units are inconveniently large for
radio-frequency circuits. A formula using



more appropriate units is

f 10¢
= 2 Vi

where
f = frequency in kilohertz (kHz)
L = inductance in microhenrys («H)
C = capacitance in picofarads (pF)
z= 3.14

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

r 106 106
= 27 VIC 68XV 5 x 3
6 6
10 10 12,036 kHz

628 X 1323 8308

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

Resonance Curves

If a plot is drawn on the current flowing
in the circuit of Fig. 59 as the frequency is
varied (the applied voltage being constant)
it would look like one of the curves in Fig.
60. The shape of the resonance curve at
frequencies near resonance is determined
by the ratio of reactance to resistance.

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

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

o

Most diagrams of resonant circuits
show only inductance and capacitance; no
resistance is indicated. Nevertheless, resis-
tance is always present. At frequencies up
to perhaps 30 MHz this resistance is most-
ly in the wire of the coil. Above this fre-
quency energy loss in the capacitor (prin-
cipally in the solid dielectric which must
be used to form an insulating support for
the capacitor plates) also becomes a fac-
tor. This energy loss is equivalent to resis-

tance. When maximum sharpness or sclec-
tivity is needed the object of design is to
reduce the inherent resistance to the low~
est possible value.

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

Q =%
r
where
Q = quality factor
X = reactance of either coil or

capacitor in ohms
series resistance in ohms

r

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

X _ 350

Q=r —5—=70

The effect of Q on the sharpness of
resonance of a circuit is shown by the
curves of Fig. 61. In these curves the fre-
quency change is shown in percentage
above and below the resonant frequency.
Qs of 10, 20, 50 and 100 are shown; these
values cover much of the range commonly
used in radio work. The unloaded Q of a
circuit is determined by the inherent
resistances associated with the com-
ponents.

Voltage Rise at Resonance

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

Resonance in Parallel Circuits

When a variable-frequency source of
constant voltage is applied to a parallel
circuit of the type shown in Fig. 62 there is
a resonance effect similar to that in a
series circuit. However, in this case the
“line” current (measured at the point
indicated) is smallest at the frequency for
which the inductive and capacitive reac-
tances are equal. At that frequency the
current through L is exactly canceled by

RELATIVE CURRENT

JL
-10 o
PERCENT CHANGE FROM
RESONANT FREQUENCY

-20

Fig. 60 — Current in a series-resonant circuit
with various values of series resistance. The
values are arbitrary and would not apply at all
circuits, but represent a typical case. It is
assumed that the reactances (at the resonant
frequency) are 1000 ohms. Note that at fre-
quencies more than plus or minus 10 percent
away from the resonant frequency, the current
is substantially unaffected by the resistance in
the circuit.
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Fig. 61 — Current in series-resonant circuits
having different Qs. In this graph the current at
resonance is assumed to be the same in all
cases. The lower the Q, the more slowly the
current decreases as the applied frequency is
moved away from resonance.
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Fig. 62 — Circuit illustrating parallel
resonance.

the out-of-phase current through C, so
that only the current taken by R flows in
the line. At frequencies below resonance
the current through 1. is larger than that
through C, because the reactance of L is
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(A) (B)

Fig. 63 — Series and parallel equivalents when
the two circuits are resonant. The series
resistance, r, in A is replaced in B by the
equivalent parallel resistance (R = Xéc/r = X2Ltr)
and vice versa.

smaller and that of C higher at low
frequencies; there is only partial cancel-
lation of the two reactive currents and the
line current therefore is larger than the
current taken by R alone. At frequencies
above resonance the situation is reversed
and more current flows through C than
through L, so the line current again
increases. The current at resonance, being
determined wholly by R, will be small if R
is large and large if R is small.

The resistance R shown in Fig. 62 is not
necessarily an actual resistor. In many
cases it will be the series resistance of the
coil “‘transformed” to an equivalent
parallel resistance (see later). It may be
antenna or other load resistance coupled
into the tuned circuit. In all cases it
represents the total effective resistance in
the circuit.

Parallel and series resonant circuits are
quite alike in some respects. For instance,
the circuits given at A and B in Fig. 63 will
behave identically, when an external
voltage is applied, if (1) L and C are the
same in both cases, and (2) R multiplied
by r, equals the square of the reactance (at
resonance) of either L or C. When these
conditions are met the two circuits will
have the same Q. (These statements are
approximate, but are quite accurate if the
Q is 10 or more). The circuit at A is a
series circuit if it is viewed from the
“inside” — that is, going around the loop
formed by L, C and r — so its Q can be
found from the ratio of X to r.

Thus, a circuit like that of Fig. 63A has
an equivalent parallel impedance (at
resonance) of

X?
T

R =

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

ZR=QX

resistive impedance at reso-
nance

Q = quality factor of inductor
X = reactance (in ohms) of either
the inductor or capacitor

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

Zg = QX = 50 x 300 = 15,000 ohms

where Zp =

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

The higher the circuit Q, the higher the
parallel impedance. Curves showing the
variation of impedance (with frequency) of
a parallel circuit have just the same shape
as the curves showing the variation of cur-
rent with frequency in a series circuit. Fig.
64 is a set of such curves. A set of curves
showing the relative response as a func-
tion of the departure from the resonant
frequency would be similar to Fig. 61. The
—3 dB bandwidth (bandwidth at 0.707
relative response) is given by

Bandwidth -3 dB = f,/Q

where f, is the resonaht frequency and Q
the circuit Q. It is also called the ‘‘half-
power’’ bandwidth, for ease of
recollection.

Parallel Resonance in Low-Q Circuits

The preceding discussion is accurate for
Qs of 10 or more. When the Q is below 10,
resonance in a parallel circuit having
resistance in series with the coil, as in Fig.
63A, is not so easily defined. There is a set
of values for L and C that will make the
parallel impedance a pure resistance, but
with these values the impedance does not
have its maximum possible value. Another
set of values for L and C will make the
parallel impedance a maximum, but this
maximum value is not a pure resistance.
Either condition could be called *‘reso-
nance,” so with low-Q circuits it is neces-
sary to distinguish between maximum im-
pedance and resistive impedance parallel
resonance. The difference between these L
and C values and the equal reactances of a
series-resonant circuit is appreciable when
the Q is in the vicinity of §, and becomes
more marked with still lower Q values.

Q of Loaded Circuits

In many applications of resonant
circuits the only power lost is that
dissipated in the resistance of the circuit
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Fig. 64 — Relative impedance of parallel-
resonant circuits with different Qs. These
curves are similar to those in Fig. 61 for cur-
rent in a series-resonant circuit. The effect of
Q on impedance is most marked near the reso-
nant frequency.
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Fig. 65 — The equivalent circuit of a resonant
circuit delivering power to a load. The resistor
R represents the load resistance. At B the ioad
is tapped across part of L, by which
transformer action is equivalent to using a
higher load resistance across the whole
circuit.

itself. At frequencies below 30 MHz most
of this resistance is in the coil. Within
limits, increasing the number of turns in
the coil increases the reactance faster than
it raises the resistance, so coils for circuits
in which the Q must be high are made
with relatively large inductance for the
frequency.

However, when the circuit delivers
energy to a load (as in the case of the
resonant circuits used in transmitters) the
energy consumed in the circuit itself is
usually negligible compared with that con-
sumed by the load. The equivalent of such
a circuit is shown in Fig. 65A, where the
parallel resistor represents the load to
which power is delivered. If the power
dissipated in the load is at least ten times
as great as the power lost in the inductor
and capacitor, the parallel impedance of
the resonant circuit itself will be so high
compared with the resistance of the load
that for all practical purposes the im-
pedance of the combined circuit is equal
to the load resistance. Under these
conditions the Q of a parallel resonant
circuit loaded by a resistive impedance is

R
Q =5

where
R = parallel load resistance (ohms)
X = reactance (ohms)



Example: A resistive load of 3000 ohms
is connected across a resonant circuit in
which the inductive and capacitive reac-
tances are ¢ach 250 ohms. The circuit Q is
then

3000

R
Q =% =%

= 12

The “effective” Q of a circuit loaded by
a parallel resistance becomes higher when
the reactances are decreased. A circuit
loaded with a relatively low resistance (a
few thousand ohms) must have low-
reactance elements (large capacitance and
small inductance) to have reasonably high

Q.
Impedance Transformation

An important application of the paraliel-
resonant circuit is as an impedance-
matching device in the output circuit of a
vacuum-tube rf power amplifier. There
is an optimum value of load resistance for
each type of tube or transistor and set of
operating conditions. However, the resis-
tance of the load to which the active
device is to deliver power usually is
considerably lower than the value required
for proper device operation. To transform
the actual load resistance to the desired
value the load may be tapped across part
of the coil, as shown in Fig. 65B. This is
equivalent to connecting a higher value of
load resistance across the whole circuit,
and is similar in principle to impedance
transformation with an iron-core trans-
former. In high-frequency resonant cir-
cuilts the impedance ratio does not vary
exactly as the square of the turns ratio,
because all the magnetic flux lines do not
cut every turn of the coil. A desired re-
flected impedance usually must be ob-
tained by experimental adjustment.

When the load resistance has a very low
value (say below 100 ohms) it may be con-
nected in series in the resonant circuit (as
in Fig. 63A, for example), in which case it
is transformed to an equivalent parallel
impedance as previously described. If the
Q is at least 10, the equivalent parallel im-
pedance is

where Zp = resistive parallel impedance
at resonance
X = reactance (in ohms) of either
the coil or capacitor
load resistance inserted in
series

r =

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

While the circuit shown in Fig. 65B will
usually provide an impedance step-up as
with an iron-core transformer, the net-
work has some serious disadvantages for

some applications. For instance, the
common connection provides no dc
isolation and the common ground is
sometimes troublesome in regards to
ground-loop currents. Consequently, a
network in which only mutual magnetic
coupling is employed is usually preferable.
However, no impedance step-up will
result unless the two coils are coupled
tightly enough. The equivalent resistance
seen at the input of the network will
always be lower regardless of the turns
ratio employed. However, such networks
are still useful in impedance-transformation
applications if the appropriate capacitive
elements are used. A more detailed
treatment of matching networks and
similar devices will be taken up in the next
section.

Unfortunately, networks involving reac-
tive elements are usually narrowband in
nature and it would be desirable if such
elements could be eliminated in order to
increase the bandwidth. With the advent
of ferrites, this has become possible and it
is now relatively easy to construct actual
impedance transformers that are both
broadband and permit operation well up
into the vhf portion of the spectrum. This
is also accomplished in part by tightly
coupling the two (or more) coils that
make up the transformer either by
twisting the conductors together or wind-
ing them in a parallel fashion. The latter
configuration is sometimes called a bifilar
winding, as discussed in the section on
ferromagnetic transformers.

Coupled Circuits and Filters

Two circuits are said to be coupled
when a voltage or current in one network
produces a voltage or current in the other
one. The network where the energy
originates is often called the primary
circuit and the network that receives the
energy is called the secondary circuit. Such
coupling is often of a desirable nature
since in the process, unwanted frequency
components or noise may be rejected or
isolated and power transferred from a
source to a load with greatest efficiency.
On the other hand, two or more circuits
may be coupled inadvertently and un-
desirable effects produced. While a great
number of coupling-circuit configurations
are possible, one very important class
covers so many practical applications that
analysis of it will be covered in detail.

Ladder Networks

Any two circuits that are coupled can be
drawn schematically as shown in Fig.
66A. A voltage source represented by E,¢
with a source resistance R;, and a source
reactance X is connected to the input of
the coupling network, thus forming the
primary circuit. At the output, a load
reactance X, and a load resistance R; are
connected as shown to form the secondary
circuit. The circuit in the box could
consist of an infinite variety of resistors,

COUPLING
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Fig. 66 — A representative coupling circuit (A)
and ladder network (8).

capacitors, inductors, and even transmis-
sion lines. However, it will be assumed
that the network can be reduced to a
combination of series and shunt elements
consisting only of inductors and capaci-
tors as indicated by the circuit shown in
Fig. 66B. For obvious reasons, the circuit
is often called a ladder network. In addi-
tion, if there are no resistive elements pre-
sent, or if such elements can be neglected,
the network is said to be dissipationless.

If a network is dissipationless, all the
power delivered to the input of the
network will be dissipated in the load
resistance Rs. This effect leads to im-
portant simplifications in computations
involved in coupled networks. The as-
sumption of a dissipationless network is
usually valid with transmitting circuits
since even a small network loss (0.5 dB)
will result in considerable heating at the
higher power levels used in amateur
applications. On the other hand, coupled
circuits used in some receiving stages may
have considerable loss. This is because the
network may have some advantage and its
high loss tan be compensated by ad-
ditional amplification in another stage.
However, such devices form a relatively
small minority of coupled networks
commonly encountered and only the
dissipationless case will be considered in
this section.

Effective Attenuation and Insertion Loss

The most important consideration in
any coupled network is the amount of
power delivered to the load resistance, Rs,
from the source, Eac, with the network
present. Rather than specify the source
voltage each time, a comparison is made
with the maximum available power from
any source with a given primary resis-
tance. Rp. The value of Rp might be con-
sidered as the impedance level associated
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Fig. 67 — Resistances and reactances add in
series circuits while conductances and suscep-
tances add in parallel circuits. (Formulas
shown are for numerical values of X and B.)

with a complex combination of sources,
transmission lines, coupled networks,
and even antennas. Typical values of
Rp are 52, 75, 300 and 600 ohms. The
maximum available power is given by

E3C2
max - 4Rp
If the network is also dissipationless, the
power delivered to the load resistance, Rs,
is just the power *‘dissipated”” in Rin. This
power is related to the input current by

Py = 2R,

and the current in terms of the other

variables is
EilC

VR, + R + (X, + X;)?

Combining the foregoing expressions
gives a very useful formula for the ratio of
power delivered to a load in terms of the

maximum available power. This ratio
expressed in decibels is given by

Attn = —10Iog<-g—°> =

in

4R; R,
—10|0g|:(Rp F R+ (X, + xmz]

and is sometimes called the effective
attenuation.

In the special case where Xp and Xs are
either zero or can be combined into a
coupling network, and where Ry is equal
to Rs, the effective attenuation is also
equal to the insertion loss of the network.
The insertion loss is the ratio of the power
delivered to the load with the coupling
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network in the circuit to the power
delivered to the load with the network
absent. Unlike the effective attenuation
which is always positive when defined by
the previous formula, the insertion loss
can take on negative values if Rp is not
equal to Rs or if Xp and Xs are not zero.
In effect, the insertion loss would rep-
resent a power gain under these con-
ditions. The interpretation of this effect is
that maximum available power does not
occur with the coupling network out of
the circuit because of the unequal source
and load resistances and the non-zero
reactances. With the network in the
circuit, the resistances are now “matched’’
and the reactances are said to be “‘tuned
out.” The action of the coupling network
in this instance is very similar to that of a
transformer (which was discussed in a
previous section) and networks consisting
of *‘pure” inductors and capacitors are
often used for this purpose. Such circuits
are often referred to as matching net-
works. On the other hand, it is often
desired to deliver the greatest amount of
power to a load at some frequencies while
rejecting energy at other frequencies. A
device that accomplishes this action is
called a filter. In the case of unequal
source and load resistance, it is often
possible to combine the processes of
filtering and matching into one network.

Solving Ladder-Network Problems

From the last section it is evident that if
the values of R;, and X;, of Fig. 66A can
be determined, the effective attenuation
and possibly the insertion loss are also
easily found. Being able to solve this
problem has wide applications in rf
circuits. For instance, design formulas for
filters often include a simplifying as-
sumption that the load resistance is
constant with frequency. In the case of
many circuits, this assumption is not true.
However, if the value of Rs and X; at any
particular frequency is known, the at-
tenuation of the filter can be determined
even though it is improperly terminated.

Unfortunately, while the solution to
any ladder problem is possible from a
theoretical standpoint, practical difficul-
ties are encountered as the network com-
plexity increases. Many computations
to a high degree of accuracy may be
required, making the process a tedious
one. Consequently, the availability of a
calculator or similar computing device is
recommended. The approach used here is
adapted readily to any calculating method
including the use of an inexpensive pocket
calculator.

Susceptance and Admittance

The respective reactances of an in-
ductor and a capacitor are given by
-1
2zfC

In a simple series circuit, the total
resistance is just the sum of the individual

XL = 2zfL XC =

O O—
RT
R, X~ §cr 6.8 —
O ¢ O
(a) (B)

Fig. 68 — Application of conversion formulas
can be used to transform a shunt conductance
and susceptance to a series-equivalent circuit
A. The converse is illustrated at B.

resistances in the network and the total
reactance is the sum of the reactances.
However, it is important to note the sign
of the reactance. Since capacitive reac-
tance is negative and inductive reactance
is positive, it is possible that the sum of
the reactances might be zero even though
the individual reactances are not zero. In a
series circuit, it will be recalled that the
network is said to be resonant at the
frequency where the reactances cancel.

A complementary condition exists in a
parallel combination of circuit elements
and it is convenient to introduce the
concepts of admitiance, conductance and
susceptance. In the case of a simple
resistance, the conductance is just the
reciprocal. That is, the conductance of a
50-ohm resistance is 1/50 or 2 X 10-2,
The reciprocal unit of the ohm is the mho.
For simple inductances and capacitances,
the formulas for the respective reciprocal
entities are

B, = ﬁ Be = 2fC
and are defined as susceptances. In a
parallel combination of conductances and
susceptances, the total conductance is the
sum of the individual conductances, and
the total susceptances is the sum of the
individual susceptances, taking the res-
pective signs of the latter into account. A
comparison between the way resistance
and reactance add and the manner in
which conductance and susceptance add is
shown in the example of Fig. 67. An entity
called admittance can be defined in terms
of the total conductance and total suscep-
tance by the formula

VG ¥ By

and is often denoted by the symbol Y. If
the impedance of a circuit is known, the
admittance is just the reciprocal. Like-
wise, if the admittance of a circuit is
known, the impedance is the reciprocal of
the admittance. However, conductance,
reactance, resistance and susceptance are
not so simply related. If the total
resistance and total reactance of a series
circuit are known, the conductance and
susceptance of the circuit are related to
the latter by the formulas

Y =
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Fig. 69 — Problem illustrating network reduc-
tion to find insertion loss.

Ry
= Ry + X¢2

—X;
G 2 2
Ry + Xy

On the other hand, if the total con-
ductance and total susceptance of a
parallel combination are known, the
equivalent resistance and reactance can be
found from the formulas

Gy
Gr® + By

-B;
R —
GT2 + BT2

The relations are illustrated in Fig. 68A
and Fig. 68B respectively. While the
derivation of the mathematical expres-
sions will not be given, the importance of
the sign change cannot be stressed too
highly. Solving network problems with a
calculator is merely a matter of book-
keeping, and failure to take the sign
change associated with the transformed
reactance and susceptance is the most
common source of error.

A Sample Problem

The following examplc illustrates the
manner in which the foregoing theory can
be applied to a practical problem. A filter
with the schematic diagram shown in Fig.
69A is supposed to have an insertion loss
at 6 MHz of 3 dB when connected be-
tween a 52-ohm load and a source with a

§2-ohm primary resistance (both X, and
X, are zero). Since this is a case where the
cffective attenuation is equal to the inser-
tion loss, the previous formula for effec-
tive attenuation applles. Therefore, it is
required to find Ri; and Xjp,.

Starting at the output, the values for the
conductance and susceptance of the
parallel RC circuit must be determined
first. The conductance is just the
reciprocal of 52 ohms and the previous
formula for capacitive susceptance gives
the value shown in parentheses in Fig.
69A. (The upside-down € is the symbol
for mho.) The next step is to apply the
formulas for resistance and reactance in
terms of the conductance and susceptance
and the results give a 26-ohm resistance in
series with a —26-ohm capacitive reac-
tance as indicated in Fig. 69B. The reac-
tance of the inductor can now be added to
give a total reactance of 78.01 ohms. The
conductance and susceptance formulas
can now be applied and the results of both
of these operations is shown in Fig. 69C.
Finally, adding the susceptance of the
510.1-pF capacitor (Fig. 69D) gives the
circuit at Fig. 69A and applying the for-
mulas once more gives the value of Rj;
and X;p (Fig. 69F). If the latter values are
substituted into the effective attenuation
formula, the insertion loss and effective
attenuation are 3.01 dB, which is very
close to the value specified. The reader
might verify that the insertion loss is
0.167, 0.37 and 5.5 dB at 3.5, 4.0 and 7.0
MHz respectively. If a plot of insertion
loss versus frequency was constructed it
would give the frequency response of the
filter.

Frequency Scaling
and Normalized Impedance

Quite often, it is desirable to be able to
change a coupling network at one
frequency and impedance level to another
one. For example, suppose it was desired
to move the 3-dB point of the filter in the
preceding illustration from 6 to 7 MHz.
An examination of the reactance and
susceptance formulas reveals that multi-
plying the frequency by some constant k
and dividing both the inductance and
capacitance by the same value of k leaves
the equations unchanged. Thus, if the
capacitances and inductance in Fig. 63A
are multiplied by 6/7, all the reactances
and susceptances in the new circuit will
now have the same value at 7 MHz that
the old one had at 6 MHz.

It is common practice with many filter
tables especially, to present all the circuit
components for a number of designs at
some convenient frequency. Translating
the design to some desired frequency is
simply accomplished by multiplying all
the components by some constant factor.
The most common frequency used is the
value of f such that 2nf is equal to 1.0.
This is sometimes called a radian fre-
quency of 1.0 and corresponds to 0.1592

Hz. To change a “‘one-radian’’ filter to a
new trequency f, (in Hz), all that is
necessary is to multiply the inductances
and capacitances by 0.1592/f,.

In a similar manner, if one resistance
(or conductance) is multiplied by some
factor n, all the other resistances (or
conductances) and reactances (or sus-
ceptances) must be multiplied by the same
factor in order to preserve the network
characteristics. For instance, if the secon-
dary resistance, Rs is multiplied by n,
all circuit inductances must be multiplied
by n and the circuit capacitances divided
by n (since capacitive reactance varies as
the inverse of C). If, in addition to con-
verting the filter of Fig. 69A to 7 MHz
from 6 MHz, it was also desired to change
the impedance level from 52 to 600 ohms,
the inductance would have to be
multiplied by (6/7)(600/52) and the capac-
itances by (6/7)(52/600).

Using Filter Tables

In a previous example, it was indicated
that the frequency response of a filter
could be derived by solving for the
insertion loss of the ladder network for a
number of frequencies. The question
might be asked if the converse is possible.
That is, given a desired frequency
response, could a network be found that
would have this response? The answer is a
qualified yes and the technical nomen-
clature for this sort of process is network
synthesis. Frequency responses can be
“cataloged™ and, if a suitable one can be
found, the corresponding network ele-
ments can be determined from an asso-
ciated table. Filters derived by network
synthesis and similar methods (such as
optimized computer designs) are often
referred to as ‘“‘modern filters” even
though the theory has been in existence
for years. The term is useful in dis-
tinguishing such designs from those of an
older approximate method called image-
parameter theory.

Butterworth Filters

Filters can be grouped into four general
categories as illustrated in Fig. 70A. Low-
pass filters have zero insertion loss up to
some critical frequency (f) or cutoff fre-
quency and then provide high rejection
above this frequency. (The latter condi-
tion is indicated by the shaded lines in Fig.
70.) Band-pass filters have zero insertion
loss between two cutoff frequencies with
high rejection outside of the prescribed
“‘bandwidth.” (Band-stop filters reject a
band of frequencies while passing all
others.) And high-pass filters reject all fre-
quencies below some cutoff frequency.

The attenuation shapes shown in Fig.
70A are ldeal and can only be approached
or approximated in practicc. For instance,
if the filter in the preceding problem was
used for low-pass purposes in an 80-meter
transmitter to reject harmonics on 40
meters, its performance would leave a lot
to be deslred. While insertion loss at 3.5
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Fig. 70 — Ideal filter response curves are
shown at A and characteristics of practical
filters are shown at B.

MHz was acceptable, it would likely be
too high at 4.0 MHz and rejection would
probably be inadequate at 7.0 MHz.
Fortunately, design formulas exist for
this type of network and form a class called
Butterworth filters. The name is derived
from the shape of the curve for insertion-
loss vs. frequency and is sometimes called
a maximally flat response. A formula for
the frequency response curve is given by

A = 10log,y l:] +<_r>2k:|
fe

where
fc = the frequency for an insertion
loss of 3.01 dB
k = the number of circuit elements

The shape of a Butterworth low-pass filter
is shown in the left-hand portion of Fig.
70B. (Another type that is similar in
nature, only one that allows some *‘‘rip-
ple’’ in the passband, is also shown in Fig.
70B. Here, a high-pass characteristic il-
lustrates a Chebyshev response.)

As can be seen from the formula,
increasing the number of elements will

/:I; (8)

c2

.

Fig. 71 — Schematic diagram of a Butterworth low-pass fiiter. (See Table 10 for element values.)

20-element filter designed for a 3.01-dB
cutoff frequency of 4.3 MHz, would have
an insertion loss at 4 MHz of 0.23 dB and
84.7 dB at 7 MHz. However, practical
difficulties would make such a filter very
hard to construct. Therefore, some com-
promises are always required between a
theoretically perfect frequency response
and ease of construction.

Element Values

Once the number of elements, k, is
determined, the next step is to find the
network configuration corresponding to
k. (Filter tables sometimes have sets of
curves that enable the user to select the
desired frequency response curve rather
than use a formula. Once the curve with
the fewest number of elements for the
specified passband and stop-band inser-
tion loss is found, the filter is then
fabricated around the corresponding
value of k.) Table 10 gives normalized ele-
ment values for values of k from 1 to 10.
This table is for 1-ohm source and load
resistance (reactance zero) and a 3.01-dB
cutoff frequency of 1 radian/second
(0.1592 Hz). There are two possible circuit
configurations and these are shown in Fig.

next to the load (Fig. 71A) or a series ele-
ment next to the load (Fig. 71B) Either
filter will have the same response.

After the values for the l-ohm, 1-
radian/second “prototype” filter are found,
the corresponding values for the actual
frequency/impedance level can be deter-
mined (see the section on frequency and
impedance scaling). The prototype in-
ductance and capacitance values are
multiplied by the ratio (0.1592/f.) where
fc is the actual 3.01-dB cutoff frequency.
Next, this number is muitiplied by the
load resistance in the case of an inductor
and divided by the load resistance if the
element is a capacitance. For instance, the
filter in the preceding example is for a
three-element design (k equal to 3) and the
reader might verify the values for the
components for an fc of 6 MHz and load
resistance of 52 ohms.

High-Pass Butterworth Filters

The formulas for change of impedance
and frequency from the 1-ohm, 1-radian/
second prototype to some desired level
can also be conveniently written as

result in a filter that approaches the 71. Here, a five-element filter is givenas | — _R L = ;Cpmwwe
“ideal” low-pass shape. For instance, a an example with either a shunt element 2z f, "prowotype 2z R

Table 10

Prototype Butterworth Low-Pass Fliters

Fig. 71A Ct L2 c3 L4 (of] L6 (074 L8 c9 L10
Fig. 718 Lt c2 L3 c4 L5 cé L7 cs L9 c10

k

1 2.0000

2 1.4142 1.4142

3 1.0000 2.0000 1.0000

4 0.7654 1.8478 1.8478 0.7654

5 0.6180 1.6180 2.0000 1.6180 0.6180

6 0.5176 1.4142 1.9319 1.9319 1.4142 0.5176

7 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450

8 0.3902 11111 1.6629 1.9616 1.9616 1.6629 1111 0.3902

9 0.3473 1.0000 1.5321 1.8794 2.0000 1.8794 1.5321 1.0000 0.3473

10 0.3129 0.9080 1.4142 1.7820 1.9754 1.9754 1.7820 1.4142 0.9080 0.3129
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where

R
fe

the load resistance in ohms
the desired 3.01-dB
frequency in Hz

Then L and C give the actual circuit-
element values in henrys and farads in
terms of the prototype element values
from Table 10.

However, the usefulness of the low-pass
prototype does not end here. If the
following set of equations is applied to the
prototype values, circuit elements for a
high-pass filter can be obtained. The filters
are shown in Fig. 72A and Fig. 72B which
correspond to Fig. 71A and Fig. 71B in
Table 10. The equations for the actual
high-pass circuit values in terms of the
low-pass prototype are given by

1 R

C = s5—F+ L = s———
R27rccpr01. 27fc|'pr01.

and the frequency response curve can be
obtained from

f %
A = 10log |1 + (r_°>

For instance, a high-pass filter with three
elements, a 3.01-dB f; of 6 MHz and 52
ohms, has a Cl and C3 of 510 pF and an
L2 of 0.6897 uH. The insertion loss at 3.5
and 7 MHz would be 14.21 and 1.45 dB
respectively.

Butterworth Band-Pass Filters

Band-pass filters can also be designed
thirough the use of Table 10. Unfortunate-
ly the process is not as straightforward as
it is for low- and high-pass filters if a prac-
tical design is to be obtained. In essence, a
low-pass filter is resonated to some
“‘center frequency’’ with the 3.01-dB
cutoff frequency being replaced by the
filter bandwidth. The ratio of the band-
width to center frequency must be rela-
tively large, otherwise component values
tend to become unmanageable.

While there are many variations of
specifying such filters, a most useful
approach is to determinc an upper and
lower frequency for a given attenuation.
The center frequency and bandwidth are
then given by

BW =1, - f)

If the bandwidth specified is nor the
3.01-dB bandwidth (BWc), the latter can
be determined from

BW

=
[lo.lA_ lj K

in the case of a Butterworth response or
from tables of curves. A is the required
attenuaiion al the cutoff frequencies. The
upper and lower cutoff frequencies (fcu

BW,

€3 €3 c
§L4 % L2 '
(A)
1 ca G2

LS L3 L 1

(8)

Fig. 72 — Network configuration of a Butter-
worth high-pass filter. The low-pass prototype
can be transformed as described in the text.

and fa) are then given by

- BW. + V (BW)? + 4}
2

fa =

rCu = rCI + ch

A somewhat more convenient method
is to pick a 3.01-dB bandwidth (the wider
the better) around some center frequency
and compute the attenuation at other
frequencies of interest by using the
transformation:

f _fo)_fo

fo ~ T ) BW,
which can be substituted into the insertion-
loss formula or table of curves.

As an example, suppose it is desired to
build a band-pass filter for the 15-meter
Novice band in order to eliminate the
possibility of radiation on the 14- and
28-MHz bands. For a starting choice, 16
and 25 MHz will be picked as the 3.01-dB
points giving a 3-dB bandwidth of 9 MHz.
For these two points, fo will be 20 MHz. It
is common practice to equate the number
of branch elements or filter resonators to
certain mathematical entities called “poles”
and the number of poles is just the value
of k for purposes of discussion here. For a
three-pole filter (k of 3), the insertion loss
will be 12.79 and 11.3 dB at 14 and 28
MHz, respectively.

Cl, C3 and L2 are then calculated for a
9-MHz low-pass filter and the elements
for this'filter are resonated to 20 MHz as
shown in Fig. 73A. The response shape is
plotted in Fig. 73B and it appears to be
unsymmetrical about f,. In spite of this
fact, such filters are called symmetrical
band-pass filters and f,, is the ‘‘center fre-
quency.”’

If the response is plotted against a
logarithmic frequency scale, the symmetry

1.839uH

(A)

1279
||.3| -—=-d

A(aB)

o —
14 16 20 2% 28
10 (MHz2)

(B)

Fig. 73 — A Butterworth band-pass filter.
(Capacitance values are in picofarads.)

will become apparent. Consequently,
using a logarithmic plot is helpful in
designing filters of this type.
Examination of the component values
reveals that while the filter is practical, it
is a bit untidy from a construction
standpoint. Rather than using a single
340.1-pF capacitor, paralleling a number
of smaller valued units would be ad-
visable. Encountering difficulty of this
sort is typical of most filter designs,
consequently, some tradeoffs between
performance, complexity and ease of
construction are usually required.

Coupled Resonators

A problem frequently encountered in rf
circuits is that of a coupled resonator.
Applications include simple filters,
oscillator tuned circuits, and even anten-
nas. The circuit shown in Fig. 74A is il-
lustrative of the basic principles involved.
A series RLC circuit and the external ter-
minals ab are ‘‘coupled”’ through a com-
mon capacitance, Cm. Applying the for-
mulas for conductance and susceptance in
terms of series reactance and resistance
gives

R,
Gab = Rr2+ X?
X

B = Bem —Riyixr

ch

The significance of these equations can
be seen with the aid of Fig. 74B. At some
point, the series inductive reactance will
cancel the series capacitive reactance (at a
point slightly below f, where the con-
ductance curve reaches a peak). Depend-
ing upon the value of the coupling
susceptance, B, it is possible that a point
can be found where the total input suscep-
tance is zero. The input conductance at
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(B) )

Fig. 74 — A capacitively coupled resonator is
shown at A. See text for explanation of figure
shown at B.

this frequency, f,, is then G,.

Since Go is less than the conductance at
the peak of the curve, 1/Go or Ry is going
to be greater than R,. This effect can be
applied when it is desired to match a
low-value load resistance (such as found
in a mobile whip antenna) to a more prac-
tical value. Suppose R, and C, in Fig. 74A
are 10 ohms and 21 pF, respectively, and
represent the equivalent circuit of a
mobile antenna. Find the value of Lr and
Cm which will match this antenna to a 52-
ohm feed line at a frequency of 3900 kHz.
Substituting the foregoing values into the
formulas for input conductance gives

410
52 T 10 + x2

Solving for X (which is the rotal series
reactance) gives a value of 20.49 ohms.
The reactance of a 21-pF capacitor at
3900 kHz is 1943.3 ohms so the inductive
reactance must be 1963.7 ohms. While

" 52
10 100

1000
RiN

Fig. 75 — Variation of k with input resistance
for circuit for Fig. 74.
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Fig. 76 — Two types of magnetically coupled circuits. At A, only mutual magnetic coupling exists
while the circuit at B contains a common inductance also. Equivalents of both circuits are shown
at the right which permit the application of the ladder-network analysis discussed in this section.
(If the sign of voltage is unimportant, T1 can be eliminated.)

either a positive or negative reactance will
satisfy the equation for Gab, a positive
value is required to tune out Bem. If the
coupling element was a shunt inductor,
the total reactance would have to be
capacitive or negative in value.) Thus, the
required inductance value for Lr will be
80.1 uH. In order to obtain a perfect
match, the input susceptance must be zero
and the value of Bem can be found from

2049

0=Bm - 5 ¥ 0497

giving a susceptance value of 0.04 mhos,
which corresponds to a capacitance of
1608 pF.

Coefficient of Coupling

If the solution to the mobile whip-
antenna problem is examined, it can be
seen that for a given frequency R,, L, and
C;, only one value of C, results in an in-
put load that appears as a pure resistance.
While such a condition might be defined
as resonance, the resistance value ob-
tained is not necessarily the one required
for maximum transfer of power.

A definition that is helpful in deter-
mining how to vary the circuit elements
in order to obtain the desired input
resistance is called the coefficient of
coupling. The coefficient of coupling is
defined as the ratio of the common or
mutual reactance and the square root of
the product of two specially defined
reactances. If the mutual reactance is
capacitive, one of the special reactances is
the sum of the series capacitive reactances
of the primary mesh (with the resonator
disconnected) and the other one is the sum
of the series capacitive reactances of the
resonator (with the primary discon-
nected). Applying this definition to the
circuit of Fig. 74A, the coefficient of
coupling, k, is given by

How meaningful the coefficient of
coupling will be depends upon the
particular circuit configuration under
consideration and which elements are
being varied. For example, suppose the
value of Lr in the mobile-whip antenna
problem was fixed at 100 4H and Cm and
Cr were allowed to vary. (It will be
recalled that Cr is 21 pF and represents
the antenna capacitance. However, the
total resonator capacitance could be
changed by adding a series capacitor
between Cm and the antenna. Thus, Cr
could be varied from 21 pF to some lower
value but not a higher one.)

A calculated plot of k versus input
resistance, R;,, is shown in Fig. 75. Note
the unusually high change in k when going
from resistance values near 10 ohms to
slightly higher ones.

Similar networks can be designed to
work with any ratio of input resistance
and load resistance but it is evident small
ratios are going to pose difficulties. For
larger ratios, component tolerances are
more relaxed. For instance, Cm might
consist of switchable fixed capacitors with
Cr being variable. With a given load
resistance, Cm essentially sets the value of
the reactance and thus the input resistance
while Cr and L: provide the required
reactance for the conductance formula.
However, if L; is varied, k varies also.
Generally speaking, higher values of L:
(and consequently circuit Q) require lower
values of k.

At this point, the question arises as to
the significance and even the merit of such
definitions as coefficient of coupling and
Q. If the circuit element values are
known, and if the configuration can be
resolved into a ladder network, important



properties such as input impedance and
attenuation can he computed directly for
any frequency. On the other hand, circuit
information might be obscured or cven
lost by attempting to attach too much im-
portance to an arbitrary definition. For
example, the plot in Fig. 75 merely in-
dicates C,, and C, are changing with
respect to one another. But it doesn’t il-
lustrate how they are changing. Such in-
formation is important in practical ap-
plications and cven a simple table of C |
and C, vs. R, for a particular R, would be
much more valuable than a plot of k.

Similar precautions have to be taken
with the interpretation of circuit Q.
Selectivity and Q are simply related for
single resonators and circuit components,
but the situation rapidly deteriorates with
complex configurations. For instance,
adding loss or resistance to circuit
elements would seem to contradict the
idea that low-loss or high-Q circuits
provide the best selectivity. However, this
is actually done in some filter designs to
improve frequency response. In fact, the
filter with the added loss has identical
characteristics to one with “‘pure” ele-
ments. The method is called predistortion
and is very useful in designing filters
where practical considerations require the
use of circuit elements with parasitic or
undesired resistance.

As the frequency of operation is
increased, discrete components become
smaller until a point is reached where
other forms of networks have to be used.
Here, entities such as k and Q are
sometimes the only means of describing
such networks. Another definition of Q
that is quite useful in this instance is that it
is equal to the ratio of 2n (energy stored
per rf cycle)/(energy lost per rf cycle.)

Mutually Coupled Inductors

A number of very useful rf networks
involve coupled inductors. In a previous
section, there was some discussion on
iron-core transformers which represent a
special case of the coupled-inductance
problem. The formulas presented apply to
instances where the coefficient of coupling
is very close to 1.0. While it is possible to
approach this condition at frequencies in
the rf range, many practical circuits work
at values of k that are considerably less
than 1.0. A general solution is rather
complex but many practical applications
can often be simplified and solved
through use of the ladder-network method.
In particular, the sign of the mutual in-
ductance must be taken into account if
there are a number of coupled circuits or if
the phase of the voltage between two
coupled circuits is important.

The latter consideration can be il-
lustrated with the aid of Fig. 76A. An ex-
act circuit for the two mutually coupled
coils on the left is shown on the right. T1
is an “‘ideal’’ transformer that provides
the “‘isolation’’ between terminals ab and

cd. If the polarity of the voltages hetween
these terminals can be neglected, the
transformer can be climinated and just the
circuit before terminals cd substituted. A
second circuit is shown in Fig. 76B. Here,
it is assumed that the winding sense
doesn’t change between L1 and L2. If so,
then the circuit on the right of Fig. 76B
can be substituted for the tapped coil
shown at the left.

Coefficients of coupling for the circuits
in Fig. 76A and 76B are given by

k:_—M
VL L,
L+ M
kK =

~ Ly 4 Ly +2M)

If L1 and L2 do not have the same value,
an interesting phenomenon takes place as
the coupling is increased. A point is
reached where the mutual inductance ex-
ceeds the inductance of the smaller coil.
The interpretation of this effect can be il-
lustrated with the aid of Fig. 77. While all
the flux lines (as indicated by the dashed
lines) associated with L1 also encircle
turns of L2, there are additional ones that
encircle extra turns of L2, also. Thus,
there are more flux lines for M than there
are for L1. Consequently, M becomes
larger than L1. Normally, this condition is
difficult to obtain with air-wound coils
but the addition of ferrite material greatly
increases the coupling. As k increases so
that M is larger than L1 (Fig. 77), the net-
work begins to behave more like a trans-
former and for a k of 1, the equivalent cir-
cuit of Fig. 77A yields the transformer
equations of a previous section. On the
other hand, for small values of k, the net-
work becomes merely three coils arranged
in a ““T” fashion. One advantage of the
circuit of Fig. 76A is that there is no direct
connection between the two coils. This
property is important from an isolation
standpoint and can be used to suppress
unwanted currents that are often responsi-
ble for RFI difficulties.

Piezoelectric Crystals

A somewhat different form of resonator
consists of a quartz crystal between two
conducting plates. If a voltage is applied
to the plates, the resultant electric field
causes a mechanical stress in the crystal.
Depending upon the size and *‘cut” of the
crystal, a frequency will exist at which the
crystal begins to vibrate. The effect of this
mechanical vibration is to simulate a series
RLC circuit as in Fig. 74A. There is a
capacitance associated with the crystal
plates which appears across the terminals
(Cyy in Fig. 74A). Consequently, this cir-
cuit can also be analyzed with the aid of
Fig. 74B. At some frequency (f1 in Fig.
78), the series reactance is zero and Gy, in
the preceding formula will just be 1/Rr.
Typical values for Rr range from 10
k-ohm and higher. However, the
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Fig. 77 — Diagram illustrating how M can be
larger than one of the self inductances. This
represents the transition from lightly coupled
circuits to conventional transformers since an
impedance step-up is possible without the
addition of capacitive elements.

Fig. 78 — Frequency response of a quartz-
crystal resonator. The minimum value is only
approximate since holder capacitance is
neglected.

equivalent inductance of the mechanical
circuit is normally extremely high (over
10,000 henrys in the case of some low-
frequency units) which results in a very
high circuit Q (30,000). Above f}, the
reactance is ‘“‘inductive’’ and at f;, the
susceptance of the series resonator is just
equal to the susceptance of the crystal
holder, B.,. Here the total susceptance is
zero. Since B, is usually very small, the
equivalent series susceptance is also small.
This means the value for X in the suscep-
tance formula will be very large and con-
sequently G, will be small, which cor-
responds to a high input resistance. A plot
of the magnitude of the impedance is
shown in Fig. 78. The dip at F) is called
the series-resonant mode and the peak at
f, is referred to as the parallel-resonant or
‘“‘anti-resonant’’ mode. When specifying
crystals for oscillator applications, the
type of mode must be given along with ex-
ternal capacitance across the holder or
type oscillator circuit to be used. Other-
wise, considerable difference in actual
oscillator frequency will be observed. The
effect can be used to advantage and the
frequency of a crystal oscillator can be
“pulled’’ with an external reactive cle-
ment or even frequency modulated with a
device that converts voltage or current
fluctuations into changes in reactance.
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Fig. 79 — Four matching networks that can be used to couple a source and load with different resistance values. (Although networks are drawn with
R1 appearing as the source resistance, all can be applied with R2 at the source end. Also, all formulas with capacitive reactance are for the

numerical or absolute value.)

Matching Networks

In addition to filters, ladder networks
are frequently used to match one im-
pedance value to another one. While there
are many such circuits, a few of them of-
fer particular advantages such as simplicty
of design formulas or minimum number
of elements. Some of the more popular
ones are shown in Fig. 79. Shown at Fig.
79A and 79B, are two variations of an
““L> network. These networks are
relatively simple to design.

The situation is somewhat more com-
plicated for the circuits shown at 79C and
79D. For a given value of input and out-
put resistance, there are many networks
that satisfy the conditions for a perfect
match. The difficulty can be resolved by
introducing the ‘‘dummy variable” la-
beled N.

From a practical standpoint, N should
be selected in order to optimize circuit
component values. Either values of N that
are too low or too high result in networks
that are hard to construct.

The reason for this complication is as
follows. Only two reactive elements are
required to match any two resistances.
Consequently, adding a third element
introduces a redundancy. This means one
element can be assigned a value arbitrarily
and the other two components can then be
found. For instance, suppose C2 in Fig.
79C is set to some particular value. The
parallel combination of C2 and R2 can
then be transformed to a series equivalent
(see Fig. 80). Then, L could be found by
breaking it down into two components, L’
and L". One component (L") would tune
out the remaining capacitive reactance of
the output series equivalent circuit. The
network is then reduced to the one shown
in Fig. 79A and the other component (L)
of L along with the value for C1 could be
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determined from formulas (Fig. 79A).
Adding the two inductive components
would give the actual inductive reactance
required for match in the circuit of Fig.
79C.

As mentioned before, it is evident an in-
finite number of networks of the form
shown in Fig. 79C exist since C2 can be
assigned any value. Either a set of tables
or a family of curves for Cl and L in
terms of C2 could then be determined
from the foregoing method and as il-
lustrated in Fig. 80. However, similar data
along with other information can be ob-
tained by approaching the problem
somewhat differently. Instead of setting
one of the element values arbitrarily and
finding the other two, a third variable is
contrived and in the case of Fig. 79C and
Fig. 79D is labeled N. All three reactances
are then expressed in terms of the variable
N.

The manner in which the reactances
change with variation in N for two
representative circuits of the type shown
in Fig. 79C is shown in Fig. 81. The solid
curve is for an R1 of 3000 ohms and R2
equal to 52 ohms. The dashed curve is for
the same R2 (52 ohms) but with R1 equal
to 75 ohms. For values of N very close to
the minimum specified by the inequality
(Fig. 79C), X3 becomes infinite which
means C, approaches zero. As might be
expected, the values of X; and X¢ at this
point are approximately those of an L net-
work (Fig. 79A) and could be determined
by means of the formulas in Fig. 79A for
the corresponding values of R1 and R2.

The plots shown in Fig. 81 should give a
general idea of the optimum range of
component values. The region close to the
left-hand portion should be avoided since
there is little advantage to be gained over
an L network, while an extra component
is required. For very high values of N, the

capacitance values become large without
producing any particular advantage either.
A good design choice is an N a few per-
cent above the minimum specified by the
inequality.

Quite often, one of the elements is fixed
with either one or the other or both of the
remaining two elements variable. In many
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Fig. 80 — lllustration of the manner in which
the network of Fig. 79C can be reduced to the
one of Fig. 79A assuming C2 is assigned some
arbitrary value. (The formulas shown are for
numerical reactance values.)



Fig. 81 — Network reactance variation as a
function of dummy variable N. Solid curves
and values of N from 8 to 11 are for an input
resistance of 3000 ohms and an output
resistance of 52 ohms. The dashed curves are
for a similar network with an input and output
resistance of 75 and 52 ohms, respectively.
Values of N from 1 to 4 are for the latter
curves.
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Fig. 82 — Input resistance vs. output reac-
tance for an output resistance of 52 ohms. The
curve is for a fixed inductor of 219 ohms (Fig.
79C). X¢4 varies from 196 to 206 ohms.

amateur transmitters, it is the inductor
that remains fixed (at least for a given
band) while Cl and C2 (Fig. 79C) are
made variable. While this system limits
the bandwidth and matching capability
somewhat, it is still a very useful ap-
proach. For instance, the plot shown in
Fig. 82 indicates the range of input
resistance values that can be matched for
an R2 of 52 ohms. The graph is for an in-
ductive reactance of 219 ohms. X¢ varies
from 196 to 206 ohms over the entire
range of RI1 (or approximately 20
percent). However, X3 varies from 15 to
almost 100 ohms as can be seen from the
graph.

Since C2 more or less sets the
transformed resistance, it is often referred
to as the ‘‘loading’’ control on transmit-

ters using the network of Fig. 79C, with
C1 usually labeled ‘“Tune.”” While the
meaning of the latter term should be clear,
the idea of loading in a matching applica-
tion perhaps needs some explanation. For
small values of Xc¢; (very large C2), the
transformed resistance is very high. Con-
sequently, a source that was designed for
a much lower resistance would deliver
relatively little power. However, as the
resistance is lowered, increasing amounts
of current will flow resulting in more
power output. Then, the source is said to
be ““loaded’’ more heavily.

Similar considerations such as those
discussed for the network of Fig. 79C also
exist for the circuit of Fig. 79D. Only the
limiting L network for the latter is the one
shown in Fig. 79B. The circuit of Fig. 79C
is usually called a pi network and as
pointed out, it is used extensively in the
output stage of transmitters. The circuit
of Fig. 79D has never been given any
special name, but it is quite popular in
both antenna and transistor-matching ap-
plications. :

The plot shown in Fig. 81 is for fixed in-
put and output resistances with the reac-
tances variable. Similar figures can be
plotted for other combinations of fixed
and variable elements. An interesting case
is for X and R1 fixed with R2, X¢), and
Xc; variable. A lower limit for N also ex-
ists for this plot only instead of an L net-
work, the limiting circuit is a network of
three equal reactances. A feature of this
circuit is that the output resistance is the
ratio of the square of the reactance and
the input resistance. An analogous situa-
tion exists with a quarter-wavelength
transmission-line transformer. The output
resistance is the ratio of the square of the
characteristic impedance of the line and
the input resistance. Consequently, the
special case where all the reactances are
equal in the circuit of Fig. 79C is the
lumped-constant analog of the quarter-
wavelength transformer. It has identical
phase shift (90 degrees) along with the
same impedance-transforming properties.

Frequency Response

In many instances, a matching network
performs a dual role in transforming a
resistance value while providing frequency
rejection. Usually, matching versatility,
component values, and number of ele-
ments are the most important considera-
tions. But a matching network might also
be able to provide sufficient selectivity for
some application, thus eliminating the
need for a separate circuit such as a filter.

It will be recalled that Q and selectivity
are closely related for simple RLC series
and parallel circuits. Bandwidth and the
parameter N of Fig. 79 are approximately
related in this manner. For values of N
much greater than the minimum specified
by the inequality N and Q can be con-
sidered to mean the same thing for all
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Fig. 83 — Frequency response of the network
of Fig. 79C for two values of N.
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Fig. 84 — Frequency response of the circuit of
Fig. 79D (see text).

practical purposes. However, the fre-
quency response of networks that are
more complex than simple RLC types is
usually more complicated also. Conse-
quently, some care is required in the inter-
pretation of N or Q in regard to frequency
rejection. For instance, a simple circuit
has a frequency response that results in in-
creasing attenuation for increasing excur-
sions from resonance. That is not true for
the pi network as can be seen from Fig.
83. For slight frequency changes below
resonance, the attenuation increases as in
the case of a simple RLC network. At
lower frequencies, the attenuation
decreases and approaches 2.55 dB. This
plot is for a resistance ratio of 5:1, and the
low-frequency loss is just caused by the
mismatch in source and load resistance.
Thus, while increasing N improves the
selectivity near resonance, it has little ef-
fect on response for frequencies much far-
ther away.

A somewhat different situation exists
for the circuit of Fig. 79D. At frequencies
far from resonance, either a series
capacitance provides decoupling at the
lower fequencies or a shunt capacitance
causes additional mismatch at the higher
ones. This circuit, then, has a response
resembling those of simple circuits unlike
the pi network. Curves a and b of Fig. 84
are for a resistance ratio of 5:1 with N
equal to 2.01 for curve a. Curve b is for an
N of 10. Curves ¢ and d are for a
resistance ratio of 50:1 with N equal to
7.04 and 10 respectively.
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Chapter 3

Radio Design Technique
and Language

Many amateurs desire to construct
their own radio equipment and some know-
ledge of design procedures becomes im-
portant. Even when some commercially
manufactured equipment is used, these
techniques may still be required in setting
up peripheral equipment. Also, an appli-
cant for an Amateur Radio license might
be tested on material in this area.

““Pure’’ vs. ‘“Impure’’ Components

In the chapter on electrical laws and
circuits, it is assumed that the components
in an electrical circuit consist solely of
elements that can be reduced to a
resistance, capacitance or inductance.
However, such elements do not exist in
nature. An inductor always has some
resistance associated with its windings and
a carbon-composition resistor becomes a
complicated circuit as the frequency of
operation is increased. Even conductor
resistance must be taken into account if
long runs of cable are required.

In many instances, the effects of these
*“‘parasitic’’ components can be neglected
and the actual device can be approxi-

Rs

Rs .
—~Cp RP

—=CpP RP

!

(A) (B)

Fig. 1 — Equivalent circuit of a capacitor is
shown at A, and for an inductor in B.
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mated by a ‘‘pure” element such as a
resistor, capacitor, inductor or a short
circuit in the case of an interconnecting
conductor. In other cases, the unwanted
component must be taken into account.
However, it may be possible to break the
element down into a simple circuit
consisting of single elements alone. Then,
the actual circuit may be analyzed by
means of the basic laws discussed in the
previous chapter. It may be also possible
to make a selection such that the effects of
the residual element are negligible.

However, there are other parasitic
elements that may not only be difficult to
remove but will affect circuit operation
adversely as well. In fact, such con-
siderations often set a limit on how
stringent a design criterion can be tolerated.
For instance, it is a common practice to
connect small-value capacitors in various
parts of a complex circuit, such as a
transmitter or receiver, for bypassing
purposes. A bypass capacitor permits
energy below some specified frequency to
pass a given point while providing
rejection to energy at higher frequencies.
In essence, the capacitor is used in a crude
form of filter. In more complicated filter
designs, capacitors may be required for
complex functions (such as matching) in
addition to providing a low reactance to
ground.

An equivalent circuit of a capacitor is
shown in Fig. 1A. Normally, the series
resistance, Rs, can be neglected. On the
other hand, the upper frequency limit of
the capacitor is limited by the series
inductance, L. In fact, above the point
where L, and C, form a resonant circuit,
the capacitor actually appears as an
inductor at the external terminals. As a
result, it becomes useless for bypassing
purposes. This is why it is common
practice to use two capacitors in parallel
for bypassing, as shown in Fig. 2. At first
inspection, this might appear as super-
fluous duplication. But the “self-resonant”

frequency of a capacitor is lower for high-
capacitance units than it is for smaller-
value ones. Thus, C! in Fig. 2 provides a
low reactance for low frequencies such as
those in the audio range while C2 acts as a
bypass for frequencies above the self-
resonant frequency of Cl.

RF Leakage

Although the capacitor combination
shown in Fig. 2 provides a low-impedance
path to ground, it may not be very
effective in preventing rf energy that
travels along the conductor from point 1
from reaching point 2. At dc and low-
frequency applications, a circuit must
always form a closed path in order for a
current to flow. Consequently, two con-
ductors are required if power is to be
delivered from a source to a load. In many
instances, one of the conductors may be
common to several other circuits and con-
stitutes a local ground.

However, as the frequency of operation
is increased, a second type of coupling
mechanism is possible. Power may be
transmitted along a single conductor.
(Although the same effect is possible at
low frequencies, unless circuit dimensions
are extremely large, such transmission
effects can be neglected.) The conductor
acts as a waveguide in much the same
manner as a large conducting surface,
such as the earth, will permit propagation
of a radio wave close to its boundary with
the air. This latter type of propagation is
often called a ground wave and is
important up to and slightly above the
standard a-m broadcast band. At higher
frequencies, the conductivity of the earth
is such to attenuate ground-wave propa-
gation.

A mode similar to ground-wave propa-
gation that can travel along the boundary
of a single conductor is illustrated by the
dashed lines in Fig. 2. As with the wave
traveling close to the earth, a poor con-
ducting boundary will cause attenuation.
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Fig. 2 — A bypassing arrangement that affords some measure of isolation (with the equivaient circuit
shown in the inset). Dashed lines indicate a mode of wave travel that permits rf energy to leak past the
bypass circuitry and should be taken into account when more stringent suppression requirements are
necessary. (Lgand Rgin the inset represent the equivalent circuit of the ferrite bead.)

This is why a ferrite bead is often inserted
over the exit point of a conductor from
an area where rf energy is to be contained
or excluded. In addition to loss (particu-
larly in the vhf range), the high permea-
bility of the ferrite introduces a series-
inductive reactance as well. Finally, the
shield wall provides further isolation.

While the techniques shown in Fig. 2
get around some of the deficiencies of
capacitors that are used for bypass
purposes, the resulting suppression is
inadequate for a number of applications.
Examples would be protection of a VFO
to surrounding rf energy, a low-frequency
receiver with a digital display, and
suppression of radiated harmonic energy
from a transmitter. In each of these cases,
a very high degree of isolation is required.
For instance, a VFO is sensitive to
voltages that appear on dc power supply
lines and a transmitter output with a note
that sounds *‘fuzzy” or rough may result.
Digital displays usually generate copious
rf energy in the low-frequency spectrum.
Consequently, a receiver designed for this
range presents a situation where a strong
source of emission is in close proximity to
very sensitive receiving circuits. A similar
case exists with transmitters operating on
a frequency that is a submultiple of a
fringe-area TV station. In the latter two
instances, the problem is not so severe if
the desired signal is strong enough to
“override”” the unwanted energy. Un-
fortunately, this is not the case normally
and stringent measurces are required to
isolate the sensitive circuits trom the
strong source.

A different type of bypass-capacitor
configuration is often used with as-
sociated shielding for such applications,
as shown in Fig. 3. In order to reduce the
series inductance of the capacitor, and to
provide better isolation between points |
and 2, either a disk-lype (Fig. 3A) or a
coaxial configuration (Fig. 3B) is em-
ployed. The circuit diagram for either
configuration is shown in the inset. While
such “‘feedthrough’ capacitors are always
connected to ground through the shield,
this connection is often omitted on
drawings. Only a connection to ground is
shown, as in the inset in Fig. 3.

Dielectric Loss

Even though capacitors are usually
high-Q devices, the effect of internal loss
can be more severe than the case of a coil.
This is because good insulators of
electricity are usually good insulators of
heat also. Therefore, heat generated in a
capacitor must be conducted to the
outside via the conducting plates to the
capacitor leads. In addition, most capaci-
tors are covered with an insulating coating
that further impedes heat conduction.
The problem is less severe with capacitors
using air as a dielectric for two reasons.
The first advantage of air over other
dielectrics is that the loss in the presence
of an alternating electric field is extremely
small. Secondly, any heat generated by
currents on the surface of the conduc-
ting plates is either conducted away by
air currents or through the mass of the
metal.

The dielectric loss in a capacitor can be
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(A)

(B)

Fig. 3 — A superior type of bypassing
arrangement to that shown in Fig. 2. Concentric
conductors provide a low-inductance path to
ground and better rejection of unwanted single-
wire wave modes.

represented by Rp as shown in Fig. 1A.
However, if a dc ohmmeter was placed
across the terminals of the capacitor, the
reading would be infinite. This is because
dielectric loss is an ac effect. Whenever an
alternating electric field is applied to an
insulator, there is a local motion of the
electrons in the individual atoms that
make up the material. Even though the
electrons are not displaced as they would
be in a conductor, this local motion
requires the expenditure of energy and
results in a power loss.

Consequently, some care is required in
the application of capacitors in moderate
to high-power circuits. The applied vol-
tage should be such that rf-current ratings
are not exceeded for the particular
frequency of operation. This is illustrated
in Fig. 4. A parallel-resonant circuit
consisting of Lp, Cp and RL is connected to
a voltage source, Vs, through a coupling
capacitor, Cc. It is also assumed the RL is
much greater than either the inductive or
capacitive reactance taken alone. This
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condition would be typical of that found
in most rf-power amplifier circuits em-
ploying vacuum tubes.

Since the inductive and capacitive
reactance of Lp and cancel at
resonance, the load presented to the
source would be just R;. This would
mean the current through C, would be
much less than the current through either
C, or L. The effect of such *‘current rise”
is similar to the voltage rise at resonance
discussed in the previous chapter. Even
though the current at the input of the
parallel-resonant circuit is small, the
currents that flow in the elements that
make up the circuit can be quite large.

The requirements for Cc then, would be
rather easy to satisfy in regards to current

.rating and power dissipation. On the
other hand, Cp would ordinarily be
restricted to air-variable types although
some experiments have been successful
using Teflon as a dielectric.! Generally
speaking, the coupling capacitor shouid
have a low reactance (at the lowest
frequency of operation) in comparison to
the load presented by the tuned circuit.
The effect of the coupling-capacitor
reactance could then be compensated by
slightly retuning the parallel-resonant
circuit.

Inductors

Similar considerations to those dis-
cussed in the previous sections exist with
inductors also, as shown in Fig. 1B. Since
an inductor usually consists of a coil of
wire, there will be a resistance associated
with the wire material and this component
is represented by Rs (Fig. 1 B). In addition,
there is always a capacitance associated
with conductors in proximity as il-
lustrated in Fig. 5. While such capacitance
is distributed throughout the coil, it is a
convenient approximation to consider an
equivalent capacitance, Cp, exists between
the terminals (Fig. 1B). Finally, inductors
are often wound on materials that have
high permeability in order to increase the
inductance. Thus, it is possible to build an
inductor with fewer turns and smaller in
size than an equivalent coil with an *‘air
core.”

Unfortunately, high-permeability mate-
rials presently available have considerable
loss in the presence of an rf field. It will be
recalled a similar condition existed with
the dielectric in a capacitor. Consequently,
in addition to the wire resistance, a loss
resistance is associated with the core and
represented by Rp. (See Fig. 1B.) Since
this loss is more or less independent of the
current through the coil but dependent upon
the applied voltage, it is represented by a
parallel resistance.

RF Transformers

Although the term transformer might
be applied to any network that “‘trans-

'DeMaw and Dorbuck, *'Transmitting Variables,”
QST February 1975.
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formed” a voltage or an impedance from
one level to another one, the term is
usually reserved for circuits incorporating
mutual magnetic coupling. Examples
would be i-f transformers, baluns, broad-
band transformers, and certain antenna
matching networks (see chapter 2). Of
course, many devices used at audio and
power frequencies are also transformers in
the sense used here and have been covered
in a previous chapter.

Networks that use mutual magnetic
coupling exclusively have attractive ad-
vantages over other types in many
common applications. A principal ad-
vantage is that there is no direct
connection between the input and output
terminals. Consequently, dc and ac com-
ponents of current are separated easily
thus eliminating the need for coupling
capacitors. Perhaps even more impor-
tantly, it is also possible to isolate rf
currents because of the lack of a common
conductor. Quite often, an hf receiver in
an area where strong local broadcast
stations are present will suffer from
“broadcast harmonics™ and possibly even
rectified audio signals getting into sen-
sitive af circuits, In such cases, com-
plicated filters sometimes prove inef-
fective while a simple tuned rf transformer
clears up the problem completely. This is
because the unwanted bc components are
prevented from flowing on the receiver
chassis along with being rejected by the
tuned-transformer filter characteristic.

A second advantage of coupled circuits
using mutual magnetic coupling exclu-
sively is that analysis is relatively simple
compared to other forms of coupling
although exact synthesis is somewhat
complicated. That is, finding a network
with some desired frequency response
would be quite difficult in the general
case.

However, circuits using mutual-magnetic
coupling usually have very good out-of-
band rejection characteristics when com-
pared to networks incorporating other
forms. (A term sometimes applied to
transformer or mutual-magnetic coupling
is indirect coupling. Circuits with a single
resistive or reactive element for the
common impedance are called direct-
coupled networks. Two or more elements
in the common impedance are said to
comprise complex coupling.) For in-
stance, relatively simple band-pass filters
are possible with mutual-magnetic coup-
ling and are highly recommended for
vhf-transmitter multiplier chains. For
receiving, such filters are often the main
source of selectivity. Standard a-m and fm
broadcast receivers would be examples
where intermediate-frequency (i-f) trans-
formers derive their band-pass charac-
teristics from mutually coupled inductors.

A third advantage of mutually coupled
networks is that practical circuits with
great flexibility particularly in regard to
matching capabilities are possible. For

this reason, variable-coupling matching
networks or those using “link coupling”
have been popular for many years. In
addition to matching flexibility, these
circuits are good band-pass filters and can
also provide isolation between antenna
circuits and those of the transmitter.

Design Formulas

A basic two-mesh circuit with mutual
magnetic coupling is shown in Fig. 6. The
reactance, X, is arbitrary and could be
either inductive or capacitive. However, it
is convenient to combine it with the
secondary reactance (XLs) since this
makes the equations somewhat more
compact. Hence, the total secondary
reactance is defined by

X, = 2zfL+X

The primary reactance and mutual reac-
tance are also defined respectively as

—

Vs cp
Lp RL

3

RL> |XcP| = Xup

Fig. 4 — Consideration of capacitor voitage and
current ratings should be kept in mind in
moderate-power applications.

Fig. 5— Distributed capacitance (indicated by
dashed lines) affects the operation of a coil at
high frequencies.
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Fig. 6 — Basic magnetically coupled circuit.




Xp = 2rpr.Xm = 2zM

A set of equations for the input resistance
and reactance is given by

2
R, = _RXa®
Rsz +st
XX,
Xio = X = Rogxz

This permits reducing the two-mesh
circuit of Fig. 6 to the single-mesh circuit
of Fig. 7.

Double-Tuned Circuits-

A special case occurs if the value of Xs
is zero. This could be accomplished easily
by tuning out the inductive reactance of
the secondary with an appropriate capaci-
tor or by varying the frequency until a
fixed capacitor and the secondary in-
ductance resonated. Under these con-
ditions, the input resistance and reactance
would be

X,.2
Rip = ™ Xip = X,

S

Then, in order to make the input.
impedance purely resistive, a second series
capacitor could be used to cancel the
reactance of Xp. The completed network
is shown in Fig. 8 with C1 and C2 being the
primary and secondary series capacitors.

If Xm could be varied, it is evident that
the secondary resistance could be trans-
formed to almost any value of input resis-
tance. Usually, the desired resistance,
would be made equal to the generator re-
sistance, Rg, for maximum power transfer.
It might also be selected to satisfy some
design goal, not necessarily related to maxi-
mum power transfer. This brings up a
minor point but one that can cause con-
siderable confusion. Normally, in transmit-
ting circuits, the “unloaded Q" of the re-
active components would be very high
and the series parasitic resistances (dis-
cussed in a previous section) could be ne-
glected. However, if it is not desired to do
so, how should these resistances be taken
into account? If maximum power transfer
is the goal, the series resistance of the
primary coil would be added to the
generator resistance, Rg, and the trans-
formed secondary resistance would be
made equal to this sum.

On the other hand, a more common
case requires the roral input resistance to
be equal to some desired value. For
instance, an amplifier might provide
optimum efficiency or harmonic sup-
pression when terminated in a particular
load resistance. Transmission lines also
require a given load resistance in order to
be *“matched.”” In such cases, the serics
resistance of the primary coil would be

subtracted [rom the actual resistance
desired and the transformed resistance
made equal Lo this difference. As an
example, suppose an amplifier required a
load resistance of 3000 ohms, and the
primary-coil resistance was 100 ohms.
Then, the transformed resistance must be
equal to 2900 ohms. (In either case, the
secondary coil resistance is merely added
to the secondary load resistance and the
sum substituted for Rs.)

Coefficient of Coupiing

Although the equations for the input
impedance can be solved in terms of the
mutual reactance, the transforming mecha-
nism involved becomes somewhat clearer
if the coefficient of coupling is used
instead. The coefficient of coupling, k, in
terms of the corresponding reactances of
inductances is

Xm Lm
VX, x, YL,

Then, the input resistance becomes

k2X X,
Rin = ~R.
S
The primary and secondary Qs are
defined as

X X
=_P . = _5
Q R Q R,

where a “loaded” Q is assumed. This
would mean Rs included any secondary-
coil loss. For maximum-power transfer,
Rg would be the total primary resistance
which consists of the generator and coil
resistance.

The coefficient of coupling under these
conditions reduces to a rather simple
formula

1
ke = 77—
T VQQ

However, if it is desired to make the input
resistance some particular value (as in the
case of the previous example), the
coefficient of coupling is then

Rn — R,

k. =
¢ Xst

If the primary *loss’ resistance is zero,
both formulas are identical.

At values of k less than ke, the input
resistance is lower than either the pre-
scribed value or for conditions of maxi-
mum power transfer. Higher values of k
result in a higher input resistance. For this
reason, ke is called the critical coefficient
of coupling. If k is less than ke, the circuit
is said to be undercoupled and for k
greater than ke, an overcoupled condition
results. A plot of attenuation vs fre-
quency for the three cases is shown in Fig.

9. Critical coupling gives the flattest
response although greater bandwidth can
be obtained by increasing k to ap-
proximately 1.5 kc. At higher values, a
pronounced dip occurs at the center or
resonant frequency.

In the undercoupled case, a peak occurs
at the resonant frequency of the primary
and secondary circuit but the transformed
resistance is too low and results in a
mismatch. As the coupling is decreased
still further, very little power is transferred
to the secondary circuit and most of it is
dissipated in the primary-loss and generator-
source resistances. On the other hand, an
interesting phenomenon occurs with the
overcoupled case. It will be recalled that
the transformed resistance is too high at
resonance because the coefficient of
coupling is greater than the critical value.
However, a special case occurs if the
primary and secondary circuits are iden-
tical which also means the transformed
resistance, Rj; must equal R;.

The behavior of the circuit under these
conditions can be analyzed with the aid of
Fig. 7. Assuming the Q of both circuits is
high enough, the reactance, Xs, increases
very rapidly on either side of resonance. If
this variation is much greater than the
variation of Xm with frequency, a
frequency exists on each side of resonance
where the ratio of Xm? and Rs? + Xs? is
1.0. Consequently, Ria is equal to Rs and
the transformed reactance is —Xs. Since
the primary and secondary resonators are
identical, the reactances cancel because of
the minus sign. The frequency plot for a k
of 0.2 (k¢ is 0.1) is shown in Fig. 9. If the
primary and secondary circuits are not
identical, a double-hump response still

xP

o— Y Y YL

-xm? xs

ZIN Rs?+ xs2
——
O

Fig. 7— Equivalent single-mesh network of the
two-mesh circuit of Fig. 6.
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Fig. 8 — Duouble-tuned series circuits with
magnetic coupling.
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Fig. 9 — Response curves for various degrees of coupling coefficient k. The critical coefficient of
coupling for the network shown in the inset is 0.1. Lower values give a single response peak (but less
than maximum power transfer) while “tighter” coupling results in a double-peak response.

occurs but the points where the trans-
formed resistance is equal to the desired
value, the reactances are not the same
numerically. Consequently, there is at-
tenuation at peaks unlike the curve of Fig.
9.

Other Circuit Forms

While the coupled network shown in
Fig. 8 is the easiest to analyze, it is not
commonly encountered in actual circuits.
As the resistance levels are increased, the
corresponding reactances become very
large also. In transmitting circuits, ex-
tremely high voltages are then developed
across the coils and capacitors. For
high-impedance circuits, the circuit shown
in Fig. 10 is often used. Although the
frequency response is somewhat different
than the circuit of Fig. 8 (in fact, the
out-of-band rejection is greater), a match-
ing network can be designed based upon
the previous analysis for the series circuit.

This is accomplished by changing the
parallel primary and secondary circuits to
series equivalents. (It should be em-
phasized that this transformation is good
at one frequency only.) The equivalent
circuit of the one shown in Fig. 10 is
illustrated in Fig. 11 where the new
resistance and reactance of the secondary
are given by

R

RS =

—R.¥
K@) = T
Y = Ry/X

A similar set of transformations exists for
the primary circuit also. In most in-
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stances, where one high-impedance load is
matched to another one, Rs in Fig. 10 is
much greater than the reactance of Cs and
Cp. This simplifies the transformations
and approximate relations are given by

=
R, (S) = %ls

Xeq(Cs) = X,

As an example, suppose it was desired
to match a 3000-ohm load to a 5000-ohm
source using a coupled inductor with a
250-ohm (reactance) primary and secon-
dary coil. Assume the coupling can be
varied. Determine the circuit configura-
tion and the critical coefficient of coupling.

Since the load and source resistance
have a much higher numerical value than
the reactance of the inductors, a parallel-
tuned configuration must be used. In
order to tune out the inductive reactance,
the equivalent series capacitive reactance
must be —250 ohms. Since both Rs and Rp
are known, the exact formulas could be
solved for ¥ and Req. However, because
the respective resistances are much greater
than the reactance, the simplified ap-
proximate formulas can be used. This
means the primary and secondary equiva-
lent capacitive reactances are —250 ohms.
The equivalent secondary resistance is
(250)?/3000 or 20.83 ohms, resulting in a
secondary Q of 250/20.83 or 12. (A
formula could be derived directly for the
Q from the approximate equations.) The
equivalent primary resistance and Q are
12.5 ohms and 20, respectively. Sub-
stituting the values for Q into the formula
for the critical coefficient of coupling
gives 1/+/(20)(12) or 0.065.

Double-tuned coupled circuits of the

/\
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Fig. 10 — Coupled network with parallel-tuned
circuits or "i-f* transformer.
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Fig. 11 — Equivalent series circuit of the parallel
network shown in Fig. 10. This transformation is
only valid at single frequencies and must be
revalued if the frequency is changed.

type shown in Fig. 10 are widely used in
radio circuits. Perhaps the most common
example is the i-f transformer found in
a-m and fm bc sets. Many communica-
tions receivers have similar transformers
although the trend has been toward
somewhat different circuits. Instead of
achieving selectivity by means of i-f
transformers (which may require a num-
ber of stages), a single filter with
quartz-crystal resonators is used instead.
(The subject of receivers is treated in a
later chapter.)

Single-Tuned Circuits

In the case of double-tuned circuits,
separate capacitors are used to tune out
the inductive components of the primary
and secondary windings. However, exami-
nation of the equivalent circuit of the
coupled coil shown in Fig. 7 suggests an
alternative. Instead of a separate capaci-
tor, why not ‘‘detune” a resonant circuit
slightly and ‘‘reflect” a reactance of the
proper sign into the primary in order to
tune out the primary inductance. Since
the transformation function (shown in the
box in Fig. 7) reverses the sign of the
secondary reactance, it is evident Xs must
be inductive in order to tune out the pri-
mary inductance.

This might seem to be a strange result
but it can be explained with the following
reasoning. From a mathematical point of
view, the choice of the algebraic sign of
the transformed reactance is perfectly
arbitrary. That is, a set of solutions to the
equations governing the coupled circuit is
possible assuming either a positive or
negative sign for the transformed reac-
tance. However, if the positive sign is
chosen, the transformed resistance would
be negative. But from a physical point of



Fig. 12 — A coil coupled magnetically to a
“shorted" turn provides insight to coils near solid
shield walls.
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Fig. 13 — “Link'’ coupling can be used to analyze
a number of important circuits.

Fig. 14 — A vhf/uhf circuit which can be
approximated by a link-coupled network using
"conventional” components.
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Fig. 15 — Equivalent low-frequency analog of the
circuit shown in Fig. 14.
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Fig. 16 — The network of Fig. 15 can be reduced
with the transformation shown in Fig. 7.

Fig. 17 — "Reflected" reactance into the primary of a single-tuned circuit places restraints on
resistances that can be matched. This gives rise to a general rule that high-Q secondary circuits
require a lower coefficient of coupling than low-Q ones.

view, this is a violation of the con-
servation of energy since it would imply
the secondary resistance acts as a source
of energy rather than an energy “sink.”
Consequently, the solution with the nega-
tive resistance does not result in a physi-
cally realizable network.

The foregoing phenomenon has im-
plications for circuits one might not
normally expect to be related to coupled
networks. For instance, consider coil 1
(Fig. 12) in proximity to the one-turn
“shorted” coil 2. A time-varying current
in coil 1 will induce a current in coil 2. In
turn, the induced current will set up a
magnetic field of its own. The question is
will the induced field aid or oppose the
primary field. Since the energy in a
magnetic field is proportional to the
square of the flux, the induced field must
oppose the primary field, otherwise the
principle of the conservation of energy
would be violated as it was with the
“negative” resistance. Consequently, the
induced current must always be in a
direction such that the induced field
opposes changes in the generating field.
This result is often referred to as Lenz’s
Law.

If, instead of a one-turn loop, a solid
shield wall was substituted, a similar
phenomenon would occur. Since the total
flux (for a given current) would be less
with the shield present than it would be in
the absence of the shield, the equivalent
coil inductance is decreased. That is why it
is important to use a shield around a coil
that is big enough to reduce the effect of
such coupling. Also, a shield made from a
metal with a high conductivity such as
copper or aluminum is advisable, other-
wise a loss resistance will be coupled into
the coil as well.

Link Coupling

An example of a very important class of
single-tuned circuits is shown in Fig. 13.
The primary inductor consists of a small
coil either in close proximity or wound
over one end of a larger coil. Two
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resonators can be coupled in this manner
although there may be considerable
separation (and no mutual coupling
between the larger coils) hence the term
“link” coupling. While this particular
method is seldom used nowadays, the
term is still applied to the basic con-
figuration shown in Fig. 13. Applications
would be antenna-matching networks,
output stages for amplifiers and, es-
pecially important, many circuits used at
vhf that have no direct hf equivalent.

The cavity resonators used in repeater
duplexers are one form of vhf circuit that
uses link coupling. A cross-sectional view
of a representative type is shown in Fig.
14. Instead of ordinary coils and capaci-
tors, a section of coaxial transmission
line comprises the resonant circuit. The
frequency of the resonator may be varied
by adjusting the tuning screw which
changes the value of the capacitor. Energy
is coupled into and out of the resonator by
means of two small, one-turn loops.
Current in the input loop causes a
magnetic field (shown by dashed lines). If
the frequency of the generating field is
near one of the resonant “‘modes” of the
configuration, an electric field will also be
generated (shown by solid lines). Finally,
energy may then be coupled out of the
resonator by means of a second loop.

A low-frequency equivalent circuit of
the resonator is shown in Fig. 15.
However, the circuit can only be used to
give an approximate idea of the actual
frequency response of the cavity. At
frequencies not close to the resonant
frequency, the mathematical laws gover-
ning resonant circuits are different from
those of “‘discrete’” components used at
hf. Over a limited frequency range, the
resonator can be approximated by the
series LC circuit shown in Fig. 15.

Applying the formulas for coupled
networks shown in Fig. 7 to the two-link
circuit of Fig. 15, the output link and load
can be transformed to an equivalent series
resistance and reactance as shown in Fig,
16. In most instances, the reactance, Xy, in
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Fig. 19 — Text example of a single-tuned circuit.

the formula is just the reactance of the
output link. Since the two-link network
has been reduced to a single coupled
circuit, the formulas can be applied again
to find the input resistance and reactance,

Analysis of Single-Tuned Circuits

Single-tuned circuits are very easy to
construct and adjust experimentally. If
desired, the tuned circuit consisting of Ls,
Cs, and perhaps the load, Rs, can be con-
structed first and tuned to the ‘‘natural”
resonant frequency

fm—l
°T 2z VLG,

Then, the primary inductor, which may be
a link or a larger coil, is brought into
proximity of the resonant circuit. The
resonant frequency will usually shift
upward. For instance, a coil and capacitor
combination was tuned to resonance by
means of a grid-dip oscillator (see the
chapter on measurements) at a frequency
of 1.8 MHz. When a two-turn link was
wound over the coil, and coupled to the
grid-dip oscillator the resonant frequency
had increased to 1.9 MHz. A three-turn
link caused a change to 2 MHz.

Quite often an actual load may be an
unknown quantity, such as an antenna,
and some insight into the effects of the
various elements is helpful in predicting
single-tuned circuit operation. Usually, as
in the case of most matching networks, Rs
(Fig. 7) and the input resistance are speci-
fied with the reactive components being
the variables. Unfortunately, the variables
in the case of mutually coupled networks
are not independent of each other which
complicates matters somewhat.

Examination of the equivalent circuit
shown in Fig. 7 would indicate the first
condition is that the reactance reflected
from the secondary into the primary be
sufficient to tune out the primary reac-
tance. Otherwise, even though the proper
resistance transformation is obtainable, a
reactive component would always be
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present. A plot of the reflected reactance
as a function of Xs is shown in Fig. 17.
From mathematical considerations (which
will not be discussed) it can be shown that
the maximum and minimum of the curve
have a value equal to Xm?/2Rs. Con-
sequently, this value must be greater than
or equal to Xp in order that a value of X;s
exists such that the reflected reactance will
cancel Xp. In the usual case where Xm?/
2Rs is greater than Xp, it is interesting to
note that two values of Xs exist where Xp
and the reflected reactance cancel. This
means there are two cases where the input
impedance is purely resistive and Rs could
be matched to either one of two source
resistances if so desired. The value of X;s at
these points is designated as Xs1 and Xs2.

On the other hand, a high value of Rs
requires Xm to be large also. This could
be accomplished by increasing the coeffi-
cient of coupling or by increasing the
turns on the secondary coil. Increasing the
turns on the primary also will cause Xm to
be higher but X, will increase also. This
is somewhat self-defeating since Xp? is
proportional to X;.

An alternate approach is to use the paral-
lel configuration of Fig. 18. The approxi-
mate equivalent series resistance of the
parallel combination is then X(C;)?/Rs
and the reactance is approximately
X(Gs). (See diagram and text for Fig. 11.)
This approach is often used in multiband
antenna systems. On some frequencies,
the impedance at the input of the feed line
is high so the circuit of Fig. I8 is
employed. This is referred to as parallel
tuning. If the impedance is very low, the
circuit of Fig. 13 is used and is called
series tuning.

As an example, suppose a single-tuned
circuit is to be used to match a 1-ohm load
to a 50-ohm source as shown in Fig. 19. It
might be pointed out at this juncture that
coupling networks using mutual magnetic
coupling can be scaled in the same manner
that filter networks are scaled (as dis-
cussed in chapter 2). For instance, the cir-
cuit of Fig. 19 could be scaled in order to
match a 50-ohm load to a 2500-ohm
source merely by multiplying all the
reactances by a factor of 50.

The input resistance and reactance of
the circuit of Fig. 19 are plotted in Figs. 20
and 21, respectively. As pointed out
earlier, there are two possible points
where the reactance is zero and this circuit
could be used to match the I-ohm load to
either a 50-ohm or 155-ohm source.
Assuming a S50-ohm source was being
used, the attenuation plot as a function of
frequency would be given by the solid
curve in Fig. 22.

With slight modification to include the
effect of the source, the transformation of
Fig. 7 can be applied to the primary side
of the coupled circuit shown in Fig. 19.
This is illustrated in Fig. 23. The complete
circuit is shown at Fig. 23A and the
network with the transformed primary
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Fig. 20 — Input resistance of the Fig. 19 circuit as
a function of frequency.
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Fig. 21 — Input reactance of the Fig. 19 network.
Note two “resonant” frequencies (where
reactance is zero).
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Fig. 22 — Response of the circuit shown in Fig.
19,



resistance and reactance is shown in Fig.
23B.

In a lossless transformer, the maximum
available power at the secondary must be
the same as that of the original source on
the primary side, neglecting the effects of
reactance. That is, the power delivered to
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Fig. 23 — The transformation of Fig. 7 applied to
the primary side of the circuit of Fig. 19.
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a l-ohm resistance (shown as a dashed
line in Fig. 23B) must be the same as that
delivered to a 50-ohm load in Fig. 23A.
This assumes that the rest of the circuit
has been disconnected in either case. In
order to fulfill this requirement, the
original source voltage must be multiplied
by the square root of the ratio of the new
and old source resistance.

The single-mesh transformed network
is shown in Fig. 23C and it is interesting to
compare the response of an RLC series
circuit that actually possessed these
element values at resonance with the
circuit of Fig. 19. For comparison, the
response of such a circuit is shown in Fig.
22 as a dashed curve and it can be seen
that it differs only slightly from the
coupled-circuit curve. The reason for the
similarity is that even though the trans-
formation of the primary resistance and
reactance also changes with frequency, the
effect is not that great in the present case.

Broadband RF Transformers

The ‘‘sensitivity” of the frequency
characteristic of the transformation shown
in Fig. 7 depends mostly on the ratio of Xs
to Rs. However, if Xs is much greater than
Rs, the transformed reactance can be ap-
proximated by

XXy =X
Xs

RZ + X2~

and the resistance becomes

Rsme ~ R Xml
RZ + X! S X2
Applying this approximation to the

general coupled circuit shown in Fig. 24A
results in the transformed network of Fig.
24B. The coefficient of coupling for the

circuit of Fig. 24A is

Xm
VXX,

and the network shown in Fig. 24B in
terms of the coefficient of coupling is
illustrated in Fig. 24C. For k equal to 1.0,
the input reactance is zero and the input
resistance is given by

Xy _<Ll> Ny
R, =[——-|Ry={—]}R, X2 [—
in <X2>2 L) =y, R,

where N1 and N2 are the number of turns
on coil 1 and 2, respectively. From
maximum-power transfer considerations,
such as those discussed for the circuit of
Fig. 23, the voltage transfer ratio becomes

N
»=(%)

It will be recalled that the foregoing
equations occurred in the discussion of
the *‘ideal transformer” approximation in
Chapter 2. It was assumed then that the
leakage reactance and magnetizing cur-
rent were negligible. The effects on circuit
operation of these variables are shown in
Fig. 25. The curves were computed for
various load resistances (Rs) using the
exact equations shown in Fig. 7.

X1 and X2 are assumed to be 100 and 10
ohms, respectively, with the solid curves
for a k of 1.0 and the dashed reactance
curve for k equal to 0.99 (the resistance
curve for the latter value is the same as the
one for k equal to 1.0). The ideal-
transformer representation can be modi-
fied slightly to approximate the curve of
Fig. 25 as shown in Fig. 26. The shunt
reactance, Xmag is called the magnetizing
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Fig. 24 — Equivalent-circuit approximation of two
coupled coils.

Fig. 25 — Input resistance and reactance as a function of output load resistance for X.; and Xa equaito

100 ohms and 10 ohms respectively (Fig. 24).
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reactance and XL is referred to as the
leakage reactance.

Unfortunately, the two reactances are
not independent of each other. That is,
attempts to change one reactance so that
its effect is suppressed causes difficulties
in eliminating the effects of the other
reactance. For instance, increasing Xi,
Xm, and X2 will increase Xmag which is
desirable. However, examination of Fig.
24C reveals that the coefficient of coup-
ling, k, will have to be made closer to 1.0.
Otherwise, the leakage reactance increases
since it is proportional to X1.

High-Permeability Cores

As a consequence of the interaction
between the leakage reactance and the
magnetizing reactance, transformers that
approach ideal conditions are extremely
difficult (if not impossible) to build using
techniques common in air-wound or
low-permeability construction. In order to
build a network that will match one
resistance level to another one over a wide
range of frequencies, ideal-transformer
conditions have to be approached quite
closely. Otherwise, considerable inductive
reactance will exist along with the resistive
component as shown in Fig. 25.

One approach is to use a core with a
higher permeability than air. Familiar
examples would be power transformers
and similar types common to the af range.
However, when an inductor configuration
contains materials of more than one
permeability, the analysis relating to Fig.
24C has to be modified somewhat. The
manner in which the core affects the
circuit is a bit complicated although even
a qualitative idea of how such trans-
formers work is very useful.

First, consider the coupled coils shown
in Fig. 27. For a given current, I, a num-
ber of “flux lines” are generated that link
both coil | and coil 2. Note that in coil |,
not ail of the flux lines are enclosed by all
the turns. The inductance of a coil is equal
to the ratio of the sum of flux lines linking
each turn and the generating current or
Ly = AT?TAL

i

where for the example shown in Fig. 27,
ATOTAL is given by

Arorac= A + A, + A5 + A, + A

Counting up the number of flux linkages
in coil | gives

ATOTAL=5+5+7+7+5=29

If all the flux lines linked all the turns,
AtoraL would be 35 so L; is 29/35 or 83
percent of its maximum possible value.
Likewise, if all the flux (7 lines) generated
in coil one linked all the turns of coil 2, the
maximum number of flux linkages would
be the number of turns on coil 2 times 7 or
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28. Since only three lines link coil 2, the
mutual inductance is 3 X 4/28 or 43 per-
cent of maximum.

Assuming both coils are “‘perfect,” if a
current I) produced 7 flux lines in a
tive-turn coil, then the same current in a
four-turn coil would produce (4/5)(7) flux
lines, since the flux is proportional to the
magnetizing current times the number of
turns. Consequently, the maximum flux
linkages in coil 1 from a current of the
same value as I1 but in coil 2 instead
would be (4/5)7)(5) or 28. Therefore, it
can be seen that the mutual inductance is
independent of the choice of coil used for
the primary or secondary. That is, a
voltage produced in one coil by a current
in the other one would be the same if the
coils were merely interchanged. (This
result has been used implicitly on a num-
ber of previous occasions without proof.)
In addition, the maximum flux linkages in
coil 2 produced by a current, I, would be
(4/5X7)(4). As an exercise, substitute the
maximum inductance values into the for-
mula for the coefficient of coupling and
show that k is 1.0.

The next step is to consider the effect of
winding coils on a form with a magnetic
permeability much higher than that of air.
An example is illustrated in Fig. 28 and
the configuration shown is called a
toroidal transformer. Since the flux is
proportional to the product of the
permeability and the magnetizing current,
the flux in the core shown in Fig. 28 will
be much greater than the coil con-
figuration of Fig. 27. However, not all of
the flux is confined to the core. As can be
seen in Fig. 28, some of the flux lines
never penetrate the core (see lines marked
a in Fig. 28) while others enclose all the
windings of coil 1 but not coil 2 (see line
marked b). The significance of these
effects is as follows. The total flux linkage
produced by the current, I, is

ATOTAL =A,+ Acore

and dividing both sides of the equation by
I gives

Lt = Lyr+Leore

Consequently, the circuit of Fig. 24 can be
represented as shown in Fig. 29A. For X2
much greater than the load resistance, the
approximate network of Fig. 29B can
replace the one of Fig. 29A.

At first sight, it might seem as though
little advantage has been gained by
introducing the core since the formulas
are much the same as those of Fig. 24C.
However, the reactances associated with
the core can be made very high by using a
material with a high permeability. Also,
even though there may be some ‘‘leakage”
from the core as indicated by line b in Fig.
28, it is ordinarily low and the coefficient
of coupling in the core can be considered
1.0 for all practical purposes. This is

especially true at af and power frequencies
with transformers using iron cores where
the permeability is extremely high. This
means the magnetizing reactance can be
made very high without increasing the
leakage reactance accordingly as is the
case with the circuit in Fig. 24C.
Therefore, ideal transformer conditions
are considered to exist in the core and the
final circuit can be approximated by the
one shown in Fig. 29C.

Bifilar and Twisted-Pair Windings

Although the core helps alleviate some
of the problems with leakage and mag-
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Fig. 26 — Approximate network for the curves of
Fig. 25.

Fig. 27 — Coupled coils showing magnetic flux
lines.

Fig. 28 — Toroidal transformer.



netizing reactance, the residual parasitic
elements must still be made as low as
possible. This is especially important in
matching applications as the following
example illustrates. A transformer has a
primary and secondary leakage reactance
of | ohm and 0.1 ohm, respectively, with a
coefficient of coupling of 1.0 in the core.
X1 and X2 are 1000 ohms and 100 chms.
A plot similar to the one of Fig. 25 is
shown in Fig. 30 along with a curve for

X1 (AIR) X2 (AIR) —‘

P
XMe
Xi¢ x2¢ Rs
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Fig. 29 — Effect of a high-permeability core on
transformer equivalent circuit.

voltage-standing-wave ratio (VSWR).
These results are based on the exact
equations and it can be seen that the
approximate relations shown in Fig. 29C
are valid up to | ohm or so. Curve A (Fig.
30) only includes the effect of the
secondary reactance and illustrates the
manner in which the reactance is trans-
formed. Curve B is the total input
reactance which merely requires the
addition of 1 ohm. The VSWR curve
includes the effect of the latter. Useful
range of the transformer is between 1 and
10 ohms with rapid deterioration in
VSWR outside of these values. (The
VSWR curve is for a characteristic
impedance equal to 10 times the secon-
dary resistance. For instance, the transfor-
mer would be useful in matching a 5-ohm
load to a 50-ohm line.)

As mentioned previously, these dif-
ficulties are less pronounced at audio
frequencies since the permeabilities nor-
mally encountered in iron-core trans-
formers are so high, the actual inductance
of the winding itself is small in com-
parison to the component represented by
the core. That is, a small number of turns
of wire wound on a core may actually be
the equivalent of a very large coil.
However, materials suitable for rf ap-
plications have much lower permeabilities
and a narrower range of matching values
is likely to be the result (such as in the
example of Fig. 30). Therefore, other
means are required in keeping the
parasitic elements as low as possible.
Either that, or less conventional trans-
former designs are used.

One approach is shown in Fig. 31.
Instead of separating the windings on the
core as shown in Fig. 28, they are wound
in parallel fashion. This is called a bifilar
winding although a more common ap-
proach to achieve the same purpose is to

100
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Fig. 30 — Curve for transformer problem discussed in the text,

twist the wires together. Either way, there
are a number of advantages (and some
disadvantages) to be gained. Referring to
Fig. 27, the fact that not all the flux lines
linked all of the turns of a particular coil
meant the self inductance was lower than
if all the turns were linked. Since the
separation between turns of a particular
coil is quite large in the configuration of
Fig. 31, the flux linkage between turns is
quite low. This means the corresponding
leakage inductance is reduced according-
ly. However, the coupling between both
coils is increased because of the bifilar
winding (flux line A) in Fig. 31 which also
tends to reduce the leakage inductance of
either coil.

On the other hand, the capacitance
between windings is increased considerably
as indicated by B in Fig. 31. As a result,
the coupling between windings is both
electrical and magnetic in nature. Generally
speaking, analysis of the problem is quite
complicated. However, a phenomenon
usually associated with such coupling is
that it tends to be directional. That is,
energy transferred from one winding to
another one propagates in a preferred
direction rather than splitting equally.

Directional Coupling

Two conductors are oriented side by
side over a conducting plane as shown in
Fig. 32. A current I in conductor 1 will
induce a current Im in conductor 2
because of magnetic coupling. The actual
value of the current will depend upon the
external circuitry attached to the con-
ductors but it will be assumed that the two
of them extend to infinity in both
directions.

Since capacitive coupling exists also, a
second set of current components denoted
by Ic will also flow. The result is that a
wave traveling toward the right in
conductor 1 will produce a wave traveling
toward the left in conductor 2. Such
coupling is called contradirectional coup+
ling since the induced wave travels in the
opposite direction to the generating wave.

This is the principle behind many
practical devices and ones that are quite
common in amateur applications. In
adjusting a load such as an antenna, it is
desirable to insure that energy is not
reflected back to the transmitter. Other-
wise, the impedance presented to the
transmitter output may not be within
range of permissible values. A directional
coupler is useful in determining how much
power is reflected as indicated in Fig. 33.
Energy originating from the transmitter
and flowing to the right causes a voltage
to be produced across the resistor at the
left. On the other hand, a wave traveling
from the right to the left produces a
voltage across the right-hand resistor. If
both of these voltages are sampled, some
idea of the amount of power reflected can
be determined. (The subject of refiected-
power is taken up in more detail in the
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Fig. 31 — Bifilar-wound transformer on toroidal
core.
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Fig. 32 — Effect of distributed capacitance on
transformer action.

vave

Fig. 33 — Basic configuration for a directional-
couplertype VSWR detector.

Fig. 34 — Directional-coupler hybrid combiner.
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chapter on transmission lines.)

In some situations, the coupling de-
scribed can be very undesirable. For
instance, the lines shown in Fig. 33 might
be conductors on a circuit board in a piece
of equipment. As a result, the coupling
between lines can cause ‘“‘feedback” and
because of its directional nature, it can be
very difficult to suppress with con-
ventional methods. Therefore, it is good
design practice to use ‘“‘double-sided”
board (board with conductive foil on both
sides) so that a ground plane of metal is in
close proximity to the conductors. This
tends to confine the fields to the region in
the immediate vicinity of wires.

Transmission-Line Transformers

In effect, sections of transmission line in
close proximity act as transformers with
the unique feature that the coupling is
directional. For instance, if only magnetic
coupling was present in the configuration
of Fig. 33, power would be divided
equally between the resistors at either end
of the ‘‘secondary” section of transmis-
sion line. As another example of direc-
tional effects, the network shown in Fig.
34 can be used to couple two sources
to a common load without *‘cross-
coupling” of power from one source to
the other one. (This assumes the sources
have the same frequency and phase.
Otherwise, a resistance of value 2R must
be connected from points a to d.) Such a
configuration is called a hybrid combiner
and is often used to combine the outputs
of two solidstate amplifiers in order to
increase the powerhandling capability.
This permits the use of less expensive
low-power devices rather than very ex-
pensive high-power ones. Even though
more devices are required, it is still
simpler since the difficulties in producing
a high-power transistor increase in a greater
proportion as the power level is raised.

The manner in which the circuit shown
in Fig. 34 operates is as follows. A wave
from the generator on the left end of line 1
travels toward the right and induces a
wave in line 2 that travels toward the left
and on into the load. No wave is induced
in line 2 that travels toward the right
except for a small fraction of power.

A similar situation exists with the
second generator connected at the right
end of line 2. A wave is induced in line 1
that travels toward the right. Since the
load is also connected to the right end of
line 1, power in the induced wave will be
dissipated here with little energy reaching
the generator at the left end of line 1. In
order to *“simulate™ a single load (since
there are two generators involved), the
value of the load resistance must be half of
the generator resistance. Assuming that
two separate resistors of value R were
connected to the ends of the line, it would
be possible to connect them together
without affecting circuit operation, This is
because the voltage across both resistors is

of the same phase and amplitude.
Consequently, no additional current would
flow if the two resistors were paralleled or
combined into a single resistor of R/2.

Extending the Low-Frequency Range

As might be expected, the coupling
mechanism illustrated in Figs. 32 through
34 is highly dependent on dimensions such
as conductor spacing and line length. For
instance, maximum coupling of power
from the primary wave to the induced
wave occurs when the “secondary” line is
a quarter-wavelength long? or some odd
multiple of a quarter-wavelength. This
would normally make such couplers
impractical for frequencies in the hf range.
However, by running the leads through a
ferrite core as shown in Fig. 35, lower-
frequency operation is possible. Although
the transformer of Fig. 35A is seldom
used, it illustrates the manner in which the
conductors are employed electrically in
the more complicated configurations of
Fig. 31 and Fig. 35B. Also, the relationship
between the parallel-line coupler in Fig.
34 and the “loaded” version of Fig. 35A is
easier to visualize.

Recalling an earlier problem discussion
(Fig. 28), a set of coupled coils wound on
a high-permeability core can be broken
down into combinations of two series
inductances. One inductance represents
the path in air while the other one includes
the effects of the flux in the core. As

*QOliver, “‘Directional Electromagnetic Couplers,”
Proceedings of the I.R.E., Vol. 42, p. 1686-1692;
November, 1954,
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N
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(B)

Fig. 35 — Transmission-line transformers with
ferrite cores.
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Fig. 36 — Equivalent circuit of transmission-line transformer in the presence of the core. Dots indicate
winding sense of coils. A positive current into a dotted end of one coil will produce a voltage in the
other coil because of mutual coupling. The polarity of this voltage wili be such that dotted end of the
"secondary” coil will be positive. (See text for crossed-arrow symbol in the middie of the paralle!

lines.)

before, it is assumed that the coefficient of
coupling in the core is 1.0.

If the hybrid combiner of Fig. 34 is
wound on a core (such as those of Fig. 31
or Fig. 35), the low-frequency range of the
entire system is increased considerably.
The equivalent circuit showing the effect
of the core on the air-wound coupler is
illustrated in Fig. 36. (The symbol in the
middle of the parallel lines is the standard
one for a directional coupler.) At the
higher frequencies, most core materials
decrease in permeability so the operation
approaches that of the original air-wound
coupler and the inductance produced by
the core can be neglected. At the low end
of the frequency range, the line lengths are

usually too short to provide much
coupling or isolation. Therefore, the
circuit can be represented by the set of
coupled coils shown in Figs. 37 and 38.

For a current 12 flowing from a source
1 over to the mesh that includes source 2,
the mutual-reactance components add to
the self inductance of each coil. Con-
sequently, a large reactance appears in
series between the two sources which
effectively isolates them. On the other
hand, currents from both sources that

flow through the load resistor R/2
produce fluxes that cancel and the
voltages produced by the self- and

mutual-reactance terms subtract. If both
sources have the same amplitude and

h2{XL+ XM}

112(XL+XM) W2
——

Fig. 37 — Low-frequency equivalent circuit of
hybrid combiner showing isolation of sources.

HXL-t2XM 12 XL— 11 X™

— ],

(C)

Fig. 38 — Desired coupling mode of hybrid
combiner.

Fig. 39 — Other applications of transmission-line
transformers.

phasc, currents 1) and I2 must be identical
because of the symmetry involved. How-
cver, if the coefficient of coupling is 1.0,
the self and mutual-reactance must be
equal. Therefore, the voltage across either
coil is zero since the terms subtract and a
low-impedance path exists between both
sources and the load.

Other Transformer Types

The hybrid combiner is only one
application of a combination transmission-
line or directional-coupler transformer
and conventional coupled-coil arrange-
ment. With other variations, the low-
frequency isolation is accomplished in the
same manner. Mutual-reactance terms
add to the self reactance to provide
isolations for some purpose with cancel-
lation of reactive components in the path
for the desired coupling. Very good
bandwidth is possible with a range from
be frequencies to uhf in the more esoteric
designs. Models that cover all the amateur
hf bands can be constructed easily.?

Unfortunately, there is also a tendency
to expect too much from such devices on
occasion. Misapplication or poor design
often results in inferior performance. For
instance, as indicated in an earlier
example (Fig. 30), actual impedance levels
were important along with the desired
transforming ratio. Using a transformer
for an impedance level that it was not
intended for resulted in undesirable
reactive components and improper trans-
forming ratio. However, when applied
properly, the transformers discussed in
the previous sections can provide band-
width characteristics that are obtainable
in no other way.

Another transformer type is shown in
Fig. 39A. The windings of the coils are
such that the voltages across the inductors
caused by the desired current are zero.
This is because the induced voltages
produced by the current in the mutual-
reactance terms just cancel the voltage
drop caused by the current flowing in the
self reactances of either coil. (Assuming
that the coefficient of coupling is 1.0.)
However, an impedance connected to
ground at point ¢ would be in series with
the self reactance (Xir) of the coil
connected between points a and c. But
there would be no induced voltage to
counter the voltage drop across this coil.
Therefore, if XL is large, very little current
would flow in the impedance Z and it
would effectively be isolated from the
source.

In fact, terminal ¢ could be grounded as
shown in Fig. 39B. The voltage drop
across the coil from a to ¢ would then be
equal to V1. However, the induced voltage
in the coil connected between points b and
d would also be Vi assuming unity
coupling (k equal to 1.0). Although the

SRuthroff, *Some Broad-Band Transformers,” Pro-
ceedings of the L.R.E.. Vol. 97, pp. 1337-1342;
August, 1959.
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voltage drop produced by the inductors
around the mesh through which I flows is
still zero, point d is now at potential =V
and a phase reversal has taken place. For
this reason, the configuration shown in
Fig. 39D is called a phase-reversal trans-
former.

Baluns

The circuit shown in Fig. 39A is useful
in isolating a load from a grounded
source. This is often required in many
applications and the device that ac-
complishes this goal is called a balun
(balanced to unbalanced) transformer.
Baluns may also be used in impedance
transforming applications along with the
function of isolation and a “‘1:1 balun”
such as the one shown in Fig. 39A means
the impedance at the input terminals ab
will be the same as the load connected
across terminals cd. Other transforming
ratios are possible such as 4:1 with the
appropriate circuit connections.

One disadvantage of the network of
Fig. 39A is that although the load is
isolated from the source, the voltages at
the output are not balanced. This is
important in some applications such as
diode-ring mixers where a ‘‘push-pull”
input is required and so the circuit of Fig.
39C is used. A third coil connected
between points e and f is wound on the
same core as the orignal transformer (Fig.
39A). This coil is connected so that a
voltage across it produces a flux that adds
to that produced by the coil between a and
c. Assuming that both coils are identical,
the voltage drop across either one must be
the same or half the applied voltage.
However, since the coil between b and d is
also coupled to this combination (and is
an identical coil), the induced voltage
must also be V1/2. Consequently, the end
of the load connected to points ¢ and e is
at a potential of +Vi/2 with respect to
ground while point d is —V1/2 with respect
to ground when the input voltage has the

Table 1
Impedance (Ohms)

Twists per Inch

Wire

Size 2-1/2 5 7-1/2 10 12-1/2
no. 20 43 39 35

no. 22 46 41 39 37 32
no. 24 60 45 44 43 a1
no. 26 65 57 54 48 47
no. 28 74 SIS 49 47
no. 30 49 46 47

Measured at 14.0 MHz

This chart illustrates the impedance of various
two-conductor lines as a function of the wire
size and number of twists per inch.

Table 2
Attenuation (dB) per Foot

Twists per Inch

Wire

Size 2-1/2 5 7-1/2 10 12-1/2
no. 20 0.1 011 0.12

no. 22 0.1 012 012 012 012
no. 24 0.1 0.12 0.12 0.13 013
no. 26 0.1 013 013 013 0.13
no. 28 0.1 013 013 0.16 0.16
no. 30 025 027 027

Measured at 14.0 MHz

Attenuation in dB per foot for the same lines
as shown in Table 1.

polarity shown. Therefore, this circuit not
only isolates the load from the source but
provides a balanced voltage also.

Either the circuit of Fig. 39A or Fig.

39C can be used if only isolation is desired.

However, the network shown in Fig. 39C
is more difficult to design and construct
since the reactance of the coils between
points a and f must be very high through-
out the frequency range of the transform-
er. With both transformers, the coefficient
of coupling must also be very close to 1.0
in order to prevent undesirable reactance in

Nonlinear and Active Networks

Almost all the theory in previous
sections has dealt with so-called passive
components. Passive networks and com-
ponents can be represented solely by
combinations of resistors, capacitors and
inductors. As a consequence, the power
output at one set of terminals in a passive
network cannot exceed the total power
input from sources connected to other
terminals in the circuit. This assumes all
the sources are at one frequency. Similar
considerations hold true for any network,
however, it is possible for energy to be
converted from one frequency (including
dc) to other ones. While the total power
input must still equal the total power
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output, it is convenient to consider certain
elements as controllable sources of power.
Such devices are called amplitiers and are
part of a more general class of circuits
called active networks. An active network
generally possesses characteristics that are
different than those of simple RLC
circuits although the goal in many
instances is to attempt to represent them
in terms of passive elements and genera-
tors.

Nonlinearity

Two other important attributes of
passive RLC elements are that they are
linear and bilateral, A two-terminal

series with the load. This problem can be
offset somewhat by reducing XL slightly
(by using fewer turns) but this is counter
to the requirement of large XL in the
circuit of Fig. 39C. Isolation is reduced in
both cases although no detrimental effect
on input impedance results in the trans-
former of Fig. 39A by reducing X .

Twisted Pairs — Impedance and
Attenuation

Twisted pairs of wire are often used in
the construction of broadband rf trans-
formers. The question often arises as to
what size conductors and what number of
twists per inch should be used. To help
answer these questions the information
contained in Tables 1 and 2 was devel-
oped. Table 1 illustrates the approximate
impedance for various sized conductors
with different numbers of twists per inch.
These values are based on laboratory
measurements and should be accurate to
within an ohm or two. Enameled copper
wire was used for each pair. The informa-
tion shown in Table 2 is the attenuation
per foot for the same twisted pairs of wire.
Information is not included for twists per
inch greater than 7-1/2 for the no. 20 wire
since this results in an unusable tight pair.
Likewise, the information for twists per
inch less than 7-1/2 for no. 30 wire is
omitted since these pairs are extremely
loose.

As a general rule the wire size can be
selected based on the size core to be used
and the number of turns that are required.
The number of twists per inch can be
selected according to the impedance level
of transmission line that is needed. For
applications where moderate levels of
power are to be handled (such as in the
low- and medium-level stages of a solid-
state transmitter), smaller wire sizes
should be avoided. For receiver applica-
tions, very small wire can be used. It is not
uncommon to find transformers wound
with pairs of no. 32 wire and smaller.

element such as a resistor is said to be
bilateral since it doesn’t matter which way
it is connected in a circuit. Semiconductor
and vacuum-tube devices such as triodes,
diodes, transistors and integrated circuits
(ICs) are all examples where the concept
of a bilateral element breaks down. (For
readers with limited backgrounds in the
basic operation of vacuum tubes, recom-
mended study would be The Radio
Amateur's License Manual and Under-
standing Amateur Radio. Both publica-
tions contain fundamental treatments of
vacuum-tube principles and are available
from The American Radio Relay League.)
The manner in which the device is



connected in a circuit and the polarity of
the voltages involved are very important,

An implication of the failure to satisfy
the bilateral requirements is that such
devices are nonlinear in the strictest sense.
Linearity means that the amplitude of a
voltage or current is related to other
voltages and currents in a circuit by a
single proportionality constant. For in-
stance, if all the voltages and currents in a
circuit were doubled, a single remaining
voltage or current would be doubled also.
That is, it couldn’t change by a factor of
one half or three no matter how complex
the network might be. Likewise, if all the
polarities of the currents and voltages in a
circuit are reversed, the polarity of a
remaining voltage or current must be
reversed also. Finally, if all the generators
or sources in a linear network are sine
waves at a single frequency, any voltage or
current produced by these sources must
also be a sine wave at the same frequency
too.

Consequently, if a device is sensitive to
the polarity of the voltage applied to its
terminals, it doesn’t meet the require-
ments of a bilateral element or a linear
one either. However, because of the
extreme simplicity of the mathematics of
linear circuits as compared to the general
nonlinear case, there is tremendous
motivation in being able to represent a
nonlinear circuit by a linear approxima-
tion. Many devices exhibit linear pro-
perties over part of their operating range
or may satisfy some but not all of the
requirements of linear circuits. Such de-
vices in these categories are sometimes
termed piece-wise linear. Either that, or
they are just referred to simply as linear.
For instance, a linear mixer doesn’t satisfy
the rule that a voltage or current must be
at the same frequency as the generating
source(s). However, since the desired
output voltage (or current) varies in direct
proportion to the input voltage (or
current), the term linear is applied to
distinguish the mixer from types without
this *“‘quasi-linear”’ property.

Harmonic-Frequency Generation

In a circuit with only linear com-
ponents, the only frequencies present are
those generated by the sources them-
selves. However, this is not true with
nonlinear elements. One of the properties
of nonlinear networks mentioned earlier is
that energy at one frequency (including
dc) may become converted to other
frequencies. In effect, this is how devices
such as transistors and vacuum tubes are
able to amplify radio signals, Energy from
the dc power supply is converted to energy
at the desired signal frequency. Therefore,
a greater amount of signal power is
available at the output of the network of
an active device than at the input.

On the other hand, such frequency
generation may be undesirable. For
instance, the output of a transmitter may

—0
Viy ,/ Vout
o— O

/4 T1/2
t

Fig. 40 — Nonlinear transfer characteristic (see
text discussion).

have energy at frequencies that could
cause interference to nearby receiving
equipment. Filters and similar devices
must be used to suppress this energy as
much as possible.

The manner in which this energy is
produced is shown in Fig. 40. A sine-wave
at the input of a nonlinear network (Vin) is
“transformed”’ into the output voltage
waveform (Vour) illustrated. If the actual
device characteristic is known, the wave-
form could be constructed graphically. It
could also be tabulated if the output
voltage as a function of input voltage was
available in either tabular or equation
form. (Only one-half of the period of a
sine-wave is shown in Fig. 40 for clarity.)

Although the new waveform retains
many of the characteristics of the original
sine-wave, some transformations have
taken place. It has zero value when t is
either 0 or T/2 and attains a maximum at
T/4. However, the fact that the curve is
flattened somewhat means energy at the
original sine-wave frequency has been
converted to other frequencies. It will be
recalled that the sum of a number of sine
waves at one frequency result in another
sine-wave at the same frequency. There-
fore, it must be concluded that the
waveform of Fig. 40 has more than one
frequency component present since it is
no longer a sine-wave.

One possible “model” for the new
waveform is shown in Fig. 41A. Instead of
one sine-wave at a single frequency, there
are two generators in series with one
generator at three times the “fundamen-
tal” trequencyw where wis 2 7 f(Hz). If the
two sine waves are plotted point by point,
the dashed curve of Fig. 41B results. While
this curve doesn’t resemble the one of Fig.
40 very closely, the general symmetry is
the same. It would take an infinite number
of generators to represent the desired
curve exactly, but it is evident all the
frequencies must be odd multiples of the
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Fig. 41 — Harmonic analysis and spectrum.
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Fig. 42 — Basic triode amplifier and equivalent
circuit.
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fundamental. Even multiples would pro-
duce a lopsided curve which might be
useful for representing other types of
waveforms.

In either case, the multiples have a
specific name and are called harmonics.
There is no “first” harmonic (by defini-
tic’,) with the second, third and fourth
muliiples designated as the second, third
and fourth harmonics. Thus the dashed
curve of Fig. 41 is the sum of the
fundamental and third harmonic.

Analyzing waveforms such as those of
Fig. 40 is a very important subject. A plot
of harmonic amplitude such as that shown
in Fig. 41C is called the spectrum of the
waveform and can be displayed on an
irstrument called a spectrum analyzer. If
the mathematical equation or other data
for the curve is known, the harmonics can
also be determined by means of a process
~alled Fourier Analysis.

Linear Approximations
of Nonlinear Devices

Nonlinear circuits may have to be
analyzed graphically as in the previous
example. There are many other instances
where only a graphical method may be
practical such as in power-amplifier
problems. However, a wide variety of
applications permit a different approach.
A model is derived from the nonlinear
characteristics using linear elements to
approximate the more difficult nonlinear
problem. This model is then used in more
complicated networks instead of the
nonlinear characteristics which simplifies
analysis considerably.

The following example illustrates how
this is accomplished and although a
vacuum-tube application is considered, a
similar process is employed in solving
semiconductor problems as well. However,
here are some additional factors involved
in semiconductor design that do not apply
to vacuum tubes. Device characteristics of
early transistors were less uniform than
those of tubes although this is much less
of a}«oblem than it was formerly. In fact,
much of the analysis required with vacuum
tubes is unnecessary with modern solid-
state components since many of the prob-
lems have already been “‘solved’ before
the device leaves the counter at the radio
store. That is, amplifiers such as those in
integrated circuits have the peripheral ele-
ments_built in and there is no need to de-
termine the gain or other parameters such
as the values of bias resistors.

The Triode Amplifier

A simple network using a triode
vacuum type is shown in Fig. 42A and a
typical set of characteristic curves is
illustrated in Fig. 43A. The first chore in
inding a suitable linear approximation
for the triode is to determine an optimum
operating point. Generally speaking, a
point in the center of the set of curves is
desirable and is indicated by point Q in
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Fig. 43 — Triode characteristics and derivation of
small-signal parameters.

Fig. 43A. (Other areas are often picked
for power-amplifier operation but the
goal here is to find a point where the
maximum voltage swing is possible with-
out entering regions where the non-
linearities affect the linear approxima-
tion.)

In the particular operating point cho-
sen, the cathode-to-grid voltage is —3, the
cathode-to-plate voltage is 280, and the
plate current is 10 mA. It is assumed that
the input-signal source in Fig. 42A is a
*“*short circuit” at dc and a 3-V battery
connected as shown results in a dc voltage

of —3 being applied to the grid at all times.

Such a battery is called a bias battery or
bias supply.

The next step is to determine how the
plate voltage varies with grid voltage (eg)
for a constant plate current. Assuming
that the characteristic curves were com-
pletely linear, this would permit evalua-
tion of an equivalent ac voltage generator
as shown in Fig. 42B. For a constant plate
current of 10 mA, the plate voltage chan-
ges from 325 (point b) to 230 (point a)
when the grid voltage is changed from —4
to —2 (Fig. 43A).

These numbers can be used to compute
the amplification factor (u) of the triode
which is

325 - 230

" =(_ - (=2) = —475

Quite often, a set of characteristics will
not be published for a triode and only the
amplification factor will be given along
with a typical operating point. However,

note that the amplification factor is
negative. This means that for an increase
in the signal voltage (ein), the controlled
generator decreases in voltage, Con-
sequently, there is a 180 degree phase shift
between the input voltage and the
controlled source. (Note the polarity of
the generator shown in Fig. 42B.)

In order to complete the equivalent
generator circuit, the source “impedance”
must be computed. This is accomplished
by determining how the plate voltage var-
ies with plate current at constant grid vol-
tage as shown in Fig. 43B. The plate resist-
ance is then

325 -240
i S m: 8500 ohms

which must be considered to be in series
with the controlled source of Fig. 42B.

It should be pointed out at this juncture
that the reasoning why the foregoing
procedure is valid has not been presented.
That is, why was the amplification factor
defined as the ratio of a change in plate
voltage to change in grid voltage at con-
stant current? Unfortunately, the mathe-
matics involved although not difficult is
somewhat sophisticated. Some knowledge
of the subject of partial differential
equations is required for the theoretical
derivation of these parameters. However,
an intuitive idea can be obtained from the
following.

If the characteristics were completely
linear, instead of being nonlinear as
shown, the equivalent generator would be
unaffected by changes in plate current but
only by changes in grid voltage. For
instance, if the plate current was increased
from 10 to 17 mA (Fig. 43A), the
amplification factor would be the equiva-
lent of the change in voltage represented
by the line cd divided by —2. However,
since the length of cd is almost the same as
that of ab (the difference in plate voltage
for a —2-V change at 10 mA), it can be
concluded u doesn’t change very much.
Not at least in the center region of the
characteristics.

Similar considerations hold for the
plate resistance, rp. It wouldn’t matter if
the curve for —4 or —2 V was picked (Fig.
43B), since the change in plate voltage vs.
plate current would be approximately the
same. Entities such as u and rp are often
called incremental or small-signal para-
meters. This means they are valid for
small ac voltages or currents around some
operating point but less so for large
variations in signal or for regions removed
from the specified operating point. Also,
such parameters are not closely related to
dc voltage characteristics. For instance, a
“static” plate resistance could be defined
as the ratio of plate voltage to plate
current. For the —3-V operating point
chosen, the static plate resistance would
be 280 divided by 107 or 2.8 MQ. This
is considerably different from the



small-signal plate resistance determined
previously which was 8500 ohms.

Amplifier Gain

The ratio of the variation in voltage
across the load resistance to change in
input voltage is defined as the gain of the
amplifier. For the equivalent circuit
shown in Fig. 42B, this ratio would be

€
€in

A =

In order to solve for the gain, the first step
is to determine the incremental plate
current. This is just the source voltage
divided by the total resistance of the
circuit mesh or

 4T.5e
b= o385

The output voltage is then
ey = ip 10

and combining the two foregoing equa-
tions gives

¢ _ (47.5)(10)

A= 0 =)
en 10 + 8.5

= 25.67

It is somewhat inconvenient to have the
input and output voltages defined with
opposite polarities as shown in Fig. 42B.
Therefore, the gain becomes negative as
illustrated in the triangle in Fig. 42C. A
triangle is the standard way of rep-
resenting an amplifier stage in *‘block-
diagram” form. The amplifier gain de-
pends of course on the load resistance,
RL, and a general formula for the gain of
the circuit of Fig. 42B is

A —uRL
T o+ R
Feedback

Being able to eliminate the equivalent
circuit and use only one parameter such as
the gain permits analysis of more com-
plicated networks. A very important
application occurs when part of the

Ein+ BEO

Fig. 44 — Network illustrating voltage feedback.

output energy of an amplifier is returned
to the input circuit and gets amplified
again. Since energy is being “fed back”
inta the input, the general phenomenon is
called feedback. The manner in which
feedback problems are analyzed is il-
lustrated in Fig. 44. The output voltage is
“sampled” by a network in the box
marked beta and multiplied by this term.
This transformed voltage then appears in
series with the input voltage,e i, which is
applied to the input terminals of the
amplifier (triangle with Ao). Ao is defined
as the open-loop gain. It is the ratio of the
voltage that appears between terminals 3
and 4 when a voltage is applied to
terminals 1 and 2. The circuit of Fig. 44 is
an example of voltage feedback and a
similar analysis holds for networks in-
corporating current feedback.

The closed-loop gain, Ac, can then be
found by inspection of Fig. 44. From the
diagram, the output voltage must be

€= Ay(en + Bey)
rearranging terms gives

e, (I — PBAy) = Agin

and the closed-loop gain is defined by

A = A, _ e_°
¢ i - BAO - €in
Cathode Bias

As an application of the feedback
concept, consider the amplifier circuit
shown in Fig. 45. It will be recalled that a
bias battery was required in the previous
example and a method of eliminating.this
extra source is to insert a small-valued
resistor in series with the cathode lead to
ground (Fig. 45A). In terms of the
amplifier block diagram, the circuit of
Fig. 45B results. The next task is to
evaluate the open-ioop gain and the value
of B.

With the exception of the cathode
resistor, the circuit of Fig. 45 is the same
as that of Fig. 42. Consequently, the ac
plate current must be

- —HKE€))
P, + RL+ R

The open-loop gain can then be de-
termined and is

:uRL
+ R, + R,

0 =
€12 L

Next, B is determined from the expression
for output voltage

e = iR
and the feedback voltage which is
€ = i

DRC

(a)

) l\
Ao
+ q Rt
EIN -
Eo
\ EF Re - a
+

(8)

Fig. 45 — Feedback example of anamp! erwith
cathode bias.

B is then
ﬁ = ﬂ = IPR“ = _RL
€ iRy L

Note that gis positive since if the path 1
to 2 is considered, the feedback voltage is
added to the input signal. Substituting the
values of g and Ao into the feedback
equation gives

AO
A= —p—
- —EA,
Ry

which after some manipulation becomes

- .

—uR

A= TETROFA T wR

Comparistn of this equation with the one
for the previous circuit with no cathode
resistor reveals that the gain has decreased
because of the term (1 + u )Rc in the
denominator. Such an effect is called
negative ot degenerative feedback.

On the other hand, if the feedback was
such that the gain increased, regenerative
or positive feedback would result. Positive
feedback can be either beneficial or
detrimental in nature and the stud. of
feedback is an important one in elec-
tronics. For instance, frequency genera-
tion is possible in a circuit called an
oscillator. But on the other hand, un-
wanted oscillation or instability in an
amplifier is very undesirable.

Oscillators

A special case of feedback occurs if the
term

1 - BA,
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Fig. 46 — Tuned-plate tuned-grid oscillator.

becomes zero. This would mean the
closed-loop gain would become infinite.
An implication of this effect is that a very
small input signal would be amplified and
fed back and amplified again until the
output voltage became infinite. Either
that, or amplifier output would exist with
no signal input. Random noise could
“trigger” the input into producing output.

Of course, an infinite output voltage is a
physical impossibility and circuit limi-
tations such as the nonlinearities of the
active device would alter the feedback
equation. For instance, at high output
voltage swings, the amplifier would either
“saturate” (be unable to supply more
current) or “limit” (be cutoff because the
grid was too negative) and Ao would
decrease.

Tuned-Plate Tuned-Grid Osclllator

It should be stressed that it is the
product of B Ao that must be 1.0 for
oscillations to occur. In the general case,
both B and Ao may be complex numbers
unlike those of the cathode-bias problem
just discussed. That is, there is a phase
shift associated with A, and B with the
phase shift of the product being equal to
the sum of the individual phase shifts as-
sociated with each entity.

Therefore, if the total phase shift is 180
degrees and if the amplitude of the
product is 1.0, oscillations will occur. At
low frequencies, these conditions normal-
ly are the result of the effects of reactive
components. A typical example is shown
in Fig. 46 and the configuration is called a
tuned-plate tuned-grid oscillator. If the
input circuit consisting of L1 and Cl1 is
tuned to a frequency fo, with the output
circuit (L2, C2) tuned to the same fre-
quency, a high impedance to ground will
exist at the input and output of the ampli-
fier. Consequently, a small capacitance
value represented by Cr is capable of sup-
plying sufficient voltage feedback from
the plate to the grid.

At other frequencies, or if either circuit
is detuned, oscillations may not occur.
For instance, off-resonant conditions in
the output tank will reduce the output
voltage and in effect, reduce the open-
loop gain to the point where oscillations
will cease. On the other hand, if the input
circuit is detuned far from f,, it will
present a low impedance in series with the
relatively high reactance of C;. The
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Fig. 47 — Hartley and Colpitts oscillators.

voltage divider thus formed will result in a
small-valued g and the conditions for
oscillations will not be fulfilled. However,
for conditions near f,, both the amplitude
and phase of the B8 A, product will be cor-
rect for oscillations to occur.

Under some conditions, the voltage
across the tank circuit may be sufficient to
cause the grid to be driven positive with
respect to the cathode and grid current
will flow through Cg. During the rest of
the rf cycle, Cg will discharge through Rg
causing a negative bias voltage to be ap-
plied to the grid. This bias voltage sets the
operating point of the oscillator and
prevents excessive current flow.

Miscellaneous Osclllator Circuits

Two other common type of oscillators
are shown in Fig 47. In Fig. 47A, feedback
voltage is applied across a tapped
inductor while in Fig 47B, the voltage is
applied across a capacitor instead. Quite
often, a tuned plate circuit is not
employed and an rf choke coil provides a
high impedance load instead.

So-called “conventional” components
such as tubes, transistors, ICs, resistors,
inductors and capacitors are suitable up
to and including the uhf range. However,
at higher frequencies and for higher power
levels in the uhf range, physical res-
trictions on the size of such components
make them impractical. Consequently, a
different approach is required. All the
components necessary for a particular
application may be included in the active
device itself. This is true in the klystron
oscillator shown in Fig. 48. Here the
feedback action takes place inside of the
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Fig. 48 — Cross-sectional view of a typical reflex
klystron oscillator. Such types as the 732 may
still be available on occasion in surplus sales.

tube and in the electron stream. Electrons
emitted from the cathode are accelerated
and “modulated” on the first pass through
the cavity resonator (which replaces the
conventional tuned circuit used at lower
frequencies). The electrons are then
turned around by the repeller electrode
and pass through the cavity again. On
entering the cavity, the phase of the ac
field there is such that the stream is
retarded. However, this means that energy
must be given up to the cavity and on out
to the external circuit. As a result, the
oscillations in the cavity are sustained.

Similar effects are employed in other
microwave oscillators and amplifiers.
Motional energy in the electron stream is
transferred to a desired ac field. In doing
so, dc energy in the power supply is
converted to useful ac energy at the
microwave frequency.

Glossary of Radio Terms

It is not unusual for an inexperienced
radio amateur to be confused by some of
the terms which are taken for granted by
those who have been involved with elec-
tronics for many years. Many of the
*‘strange” words which are found in this
Handbook and other amateur publica-
tions are listed here for the convenience of
the layman in the radio field. Although
this glossary is far from being all-
inclusive, it does contain the most-used
words which may cause confusion. A
complete dictionary of modern electronics
words and expressions is available to those
wishing to complement the radio library
— IEEE Standard Dictionary of Electrical
and Electronics Terms by John Wiley &
Sons, Inc., New York, NY 10016.

The Terms
active — As used in active filter or active
device: A device or circuit which requires



an operating voltage. (See passive.)

analog — A term used in computer
work, meaning a system which operates
with numbers represented by directly
measurable quantities (analog readout-
mechanical dial system, See digital).

attenuator — A passive network that re-
duces the power level of a signal with-
out introducing appreciable distortion.

balun — Balanced to unbalanced-line
transformer.

bank wound — Pertaining to a coil (in-
ductor) which has two or more layers
of wire, each being wound over the top
of the preceeding one. (See solenoid.)

bandpass — A circuit or component
characteristic which permits the passage
of a single band of frequencies while at-
tenuating those frequencies which lie
above and below that frequency band.

band-reject — A circuit or device which
rejects a specified frequency band while
passing those frequencies which lie
above and below the rejected band (op-
posite of band-pass). Sometimes called
“band-rejection,” as applied to a filter.

bandwidth — The frequency width of
circuit or component, such as a band-
pass filter or tuned circuit. Usually
measured at the half-power points of
the response curve (—3 dB points).

base loading — Applies to vertical anten-
nas for mobile and fixed-location use;
an inductance placed near the ground
end of a vertical radiator to change the
electrical length. With variations the
inductor aids in impedance matching.

bifilar — Two conducting elements used
in parallel; two parallel wires wound ¢n
a coil form, as one example.

bilateral — Having two symmetrical sides
or terminals; a filter (as one example)
which has a 50-ohm characteristic at
each port, with either port suitable as
the input or output one.

bias — To influence current to flow in a
specified direction by means of dc vol-
tage; forward bias on a transistor stage,
or grid bias on a tube type of amplifier.

binary — Relating to two logical ele-
ments; a system of numbers having two
as its base.

bit — An abbreviation of a binary digit;
a unit of storage capacity. Relates pri-
marily to computers.

blanker — A circuit or device which
momentarily removes a pulse or signal
so that it is not passed to the next part
of a circuit; a noise blanker. Not to be
confused with a clipper, which clips part
of a pulse or waveform.

bridge — An electrical instrument used
for measuring or comparing induc-
tance, impedance, capacitance or resis-
tance by comparing the ratio of two op-
posing voltages to a known ratio; to
place one component in parallel with
another; to join two conductors or
components by electrical means.

broadband — A device or circuit that
is broadband has the capability of being

operated over a broad range of frequen-
cies. A broadband antenna is one example.

byte — A sequence of adjacent binary
digits operated upon as a unit — usual-
ly shorter than a word.

cascade — One device or circuit which
directly follows another; two or more
similar devices or circuits in which the
output of one is fed to the input of the
succeeding one (tandem).

cascode — Two-stage amplifier having a
grid-driven (or common-emitter or
source) input circuit and a grounded-
g_rid (or common base or gate) output
circuit.

chip — Slang term for an integrated
circuit, meaning a chip of semiconduc-
tor material upon which an IC is
formed.

clamp — A circuit which maintains a
predetermined characteristic of a wave
at each occurrence so that the voltage or
current is ““clamped’’ or held at a speci-
fied value.

clipper — A device or circuit which limits
the instantaneous value of a wave form
or pulse to a predetermined value (see
blanker).

closed loop — A signal path which in-
cludes a forward route, a feedback
path, and a summing point which pro-
vides a closed circuit. In broad terms,
an amplifying circuit which is providing
voltage or power gain while being ter-
minated correctly at the input and out-
put ports, inclusive of feedback.

cold end — The circuit end of a com-
ponent which is connected to ground or
is bypassed for ac or rf voltage (the
grounded end of a coil or capacitor).

common-mode signal — The instantane-
ous algebraic average of two signals
applied to a balanced circuit, both sig-
nals referred to a common reference.

composite — Made up of a collection of
distinct components; a complete (*‘com-
posite’’) circuit rather than a discrete
part of an overall circuit.

conversion loss/gain — Relating to a
mixer circuit from which less output
energy is taken than is supplied at the
input-signal port (loss); when a mixer
delivers greater signal output than is
supplied to the input-signal port (gain).

converter — A circuit used to convert one
frequency to another frequency. In are-
ceiver the converter stage converts the
incoming signals to the imtermediate
frequency.

core — An element made of magnetic ma-
terial, serving as part of a path for
magnetic flux.

damping — A progressive reduction in
the amplitude of a wave with respect to
time (usually referenced to microseconds
or milliseconds); a device or network
added to a circuit to “damp”’ unwanted
oscillations.

decay time — The period of time during
which the stored energy or information
“decays” to a specified value less than

its initial value, such as the discharge
time of a timing network.

decibel (dB) — One tenth of a bel. The
number of decibels denotes the ratio of
two amounts of power being 10 times
the logarithm to the base 10 of this
ratio. Also, the number of decibels de-
noting the ratio of two amounts of
voltage being 20 times the logarithm to
the base 10 of this ratio.

decoder — A device used for decoding an
encoded message. One such circuit
would be a decoder used for decoding
the output signal of a Touch-Tone pad.

differential amplifier — An amplifier that
has an output signal which is propor-
tional to the algebraic difference be-
tween two input signals (sometimes
called a ‘‘difference amplifier”).

digital — Relating to data which is
rendered in the form of digits; digital
readout or display (see analog).

diplexing — The simultaneous transmis-
sion or reception of two signals while
using a common antenna, made pos-
sible by using a ‘‘diplexer.”” Used in
TV broadcasting to transmit visual and
aural carriers by means of a single
antenna.

discrete — A single device or circuit (a
transistor as opposed to an IC) (see
composite).

dish — An antenna reflector for use at
vhf and higher which has a concave
shape. For example, a part of a sphere
or paraboloid.

Doppler — The phenomenon evidenced
by the change in the observed frequen-
cy of a wave in a transmission system
caused by a time rate of change in the
effective length of the path of travel be-
tween the source and the point of ob-
servation.

drift — A change in componentor circuit
parameters over a period of time.

drive — Rf energy applied at the input
of an rf amplifier (rf driving power or
voltage).

dummy load — A dissipativc but cssen-
tially nonradiating dcvice having impc-
dancc charactcristics simulating those
of thc substituted device.

duplex — Simultaneous two-way indepen-
dent transmission and reception in both
directions.

duplexer — A device which permits simul-
taneous transmission and reception of
related signal energy while using a com-
mon antenna (see diplexing)

dynamic range — Difference in dB or
dBm between the overload level and
minimum discernible signal level (MDS)
in a system, such as a receiver. Para-
meters include desensitization point
and distortion products as referenced
to the receiver noise floor.

EME — Earth-moon-carth. Communi-
cations carried on by bouncing signals -
off the lunar surface. Commonly refer-
red to as moonbounce.

empirical — Not based on mathematical
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design procedures; experimental en-
deavor during design or modification
of a circuit. Founded on case-history
experience or intuition.

enabling — The preparation of a circuit
for a subsequent function (enabling
pulse or signal).

encoder — A device for enabling a
circuit; to express a character or mes-
sage by means of a code while using an
encoder. Using a tone or tones to acti-
vate a repeater, as one example, in
which case a Touch-Tone pad could be
the encoder.

excitation — Signal energy used to drive
a transmitter stage (see drive). Voltage
applied to a component to actuate it,
such as the field coil of a relay.

Faraday rotation — Rotation of the plane
of polarization of an electromagnetic
wave when traveling through a magne-
tic field. In space communications this
effect occurs when signals traverse
the ionosphere.

feedback — A portion of the output
voltage being fed back to the input of
an amplifier. Description includes ac
and dc voltage which can be used sepa-
rately or together, depending on the
particular circuit.

feedthrough — Energy passing through a
circuit or component, but not usually
desired. A type of capacitor which
can be mounted on a chassis or panel
wall to permit feeding through a
dc voltage while bypassing it to ground
at ac or rf. Sometimes called a “coaxial
capacitor.”

ferromagnetic — Material which has a
relative permeability greater than unity
and requires a magnetizing force. (Fer-
rite and powdered-iron rods and to-
roids).

finite — Having a definable quantity; a
finite value of resistance or other elec-
trical measure.

fip-flop — An active circuit or device
which can assume either of two stable
states at a given time, as dictated by the
nature of the input signal.

floating — A circuit or conductor which
is above ac or dc ground for a particular
reason. Example: A floating ground bus
which is not common to the circuit
chassis.

gate — A circuit or device, depending
upon the nature of the input signal,
which can permit the passage or
blockage .of a signal or dc voltage.

GDO — Abbreviation for a grid-dip
oscillator (test instrument). Correct for
only a tube-type of dip meter.

ground loop — A circuit-element con-
dition (pc-board conductor, metal chas-
sis or metal cabinet wall) which permits
the unwanted flow of ac from one cir-
cuit point to another.

half-power point — The two points on a
response curve which are 3 dB lower in
level than the peak power. Sometimes
called the 3 dB bandwidth.”
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Hall effect — The change of the electric
conduction caused by the component of
the magnetic field vector normal to the
current density vector, which instead of
being parallel to the electric field,
forms an angle with it,

high end — Refers generally to the *“*hot”
(rf or dc) end of a component or circuit;
the end opposite the grounded or by-
passed end (see cold end).

high level — The part of a circuit which is
relatively high in power output and
consumption as compared to the small-
signal end of a circuit. Example: A
transmitter PA stage is the high-level
amplifier, as might be the driver also.

high-pass — Related mainly to filters or
networks which are designed to pass
energy above a specified frequency, but
attenuate or block the passage of energy
below that frequency.

high-Z — The high-impedance part of a
circuit; a high-impedance microphone;
a high-impedance transformer winding.

hot end — see high end.

hybrid — A combination of two general-
ly unlike things; a circuit which con-
tains transistors and tubes, for example.

ideal — A theoretically perfect circuit or
component; a lossless transformer or
device that functions without any faults.

insertion loss — That portion of a signal,
current or voltage which is lost as it
passes through a circuit or device. The
loss of power through a filter or other
passive network.

interpolate — To estimate a value be-
tween two known values.

leakage — The flow of signal energy
beyond a point at which it should not
be present. Example: Signal leakage
across a filter because of poor layout
(stray coupling) or inadequate shielding.

linear amplification — The process by
which a signal is amplified without
altering the characteristic of the input
waveform. Class A, AB and B ampli-
fiers are generally used for linear ampli-
fication.

load — A circuit or component that
receives power; the power which is
delivered to such a circuit or component.
Example: A properly matched antenna
is a load for a transmitter.

loaded — A circuit is said to be loaded
when the desired power is being deli-
vered to a load.

logic — Decision-making circuitry of the
type found in computers.

long wire — A horizontal wire antenna
which is one wavelength or greater in
size. A long piece of wire (less than
one wavelength) does not qualify as
a long wire.

low end — See cold end.

low level — Low-power stage or stages of
a circuit as referenced to the higher-
power stages (see high level).

low pass — A circuit property which
permits the passage of frequencies be-
low a specified frequency, but atte-

.

nuates or blocks those frequencies
above that frequency (see high pass).
low-Z — Low impedance (see high-Z).
mean — A value between two specified
values; an intermediate valuc.

master oscillator — The primary oscilla-
tor for controlling a transmitter or
receiver frequency. Can be a VFO
(variable-frequency oscillator), VXO
(variable crystal oscillator), PTO (per-
meability-tuned oscillator), PLL (phase
locked loop), LMO (linear master oscil-
lator) or frequency synthesizer.

modulation index — The ratio of the fre-
quency deviation of the modulated
wave to the frequency of the modu-
lating signal.

narrowband — A device or circuit that
can be operated only over a narrow
range of frequencies. Low-percentage
bandwidth.

network — A group of components con-
nected together to form a circuit which
will conduct power, and in most
examples effect an impedance match.
Example: An LC matching network
between stages of a transistorized trans-
mitter.

noise figure — Of a two-port transducer
the ratio of the total noise power to the
input noise power, when the input ter-
mination is at the standard temperature
of 290 K.

nominal — A theoretical or designated
quantity which may not represent the
actual value. Sometimes referred to as
the “ball-park value.”

op amp — Operational amplifier. A high-
gain, feedback-controlled amplifier. Per-
formance is controlled by external cir-
cuit elements. Most op amps are used
as dc amplifiers.

open loop — A signal path which does
not contain feedback (see closed loop).

parameter — The characteristic behavior
of a device or circuit, such as the
operating characteristics of a 2N5109
transistor.

parametric amplifier — Synonym for “‘re-
actance amplifier.”” An inverting para-
metric device for amplifying a signal
without frequency translation from
input to output.

parasitic — Unwanted condition or
quantity, such as parasitic oscillations
or parasitic capacitance; additional to
the desired characteristic.

passive — Operating without an opera-
ting voltage. Example: An LC filter
which contains no amplifiers, or a diode
mixer.

PEP — Peak envelope power; maximum
amplitude that can be achieved with
any combination of signals.

permeability — A term used to express
relationships between magnetic induc-
tion and magnetic force.

pill — Slang expression for a transistor
or an IC.

PL — Private line, such as a repeater
which is accessed by means of a speci-



fied tone.

PLL — Phase-locked loop type of oscil-
lator.

port — The input or output terminal of a
circuit or device.

prototype — A first full-scale working
version of a circuit design.

Q: — Loaded Q of a circuit.

Q. — Unloaded Q of a circuit.

quagi — An antenna consisting of both
full-wavelength loops (quad) and Yagi
clements.

resonator — A general term for a high-Q
resonant circuit, such as an element of
a filter.

return — That portion of a circuit which
permits the completion of current flow,
usually to ground — a *‘ground return.”

ringing — The generation of an audible
or visual signal by means of oscillation
or pulsating current; the annoying
sound developed in some audio filters
when the Q is extremely high.

ripple — Pulsating current. Also, the
gain depressions which exist in the flat
portion of a bandpass response curve
(above the =3 dB points on the curve).
Example: Passband ripple in the nose of
an i-f filter response curve.

rise time — The time required for a pulse
or waveform to reach the peak value
from some smaller specified value.

rms — Root mean square. The square
root of the mean of the square of the
voltage or current during a complete
cycle.

rotor — A moving rotary component
within a rotation-control device. Not to
be confused with a rotator, which is the
total assembly.

saturation — A condition which exists
when a further change in input pro-
duces no additional output (a saturated
amplifier).

selectivity — A measure of circuit capa-
bility to separate the desired signal from
those at other frequencies.

shunt — A device placed in paraliel
with or across part of another device.
Examples: Meter shunts, shunt-fed ver-

tical antennas and a capacitor placed
(shunted) across another capacitor.

solenoidal — A single-layer coil of wire
configured to form a long cylinder.

spectral purity — An emission which
contains essentially the desired signal
component, with all mixing products
and harmonics attenuated greatly.

standing-wave ratio — The ratio of the
amplitude of a standing wave at an
antinode to the amplitude at a node.
The SWR of a uniform feed line is ex-
pressed as

1+p
1 -p

where p is the reflection coefficient.
strip — General term for two or more
stages of a circuit which in combina-
tion perform a particular function.
Examples: A local-oscillator strip, an
audio strip or an i-f strip.
subharmonic — A frequency that is an
integral submultiple of a frequency to
which it is referred. A misleading term
which implies that subharmonic energy
can be created along with harmonic
energy (not true). More aptly, a 3.5
MHz VFO driving a 40-meter transmit-
ter, with 3.5-MHz leakage at the out-
put, qualifying as a subharmonic.
tank — A circuit consisting of inductance
and capacitance, capable of storing
electrical energy over a band of fre-
quencies continuously distributed about
a single frequency at which the circuit
is said to be resonant, or tuned.
toroidal — Doughnut-shaped physical
format, such as a toroid core.
transducer — A device which is used to
transport energy from one system
(electrical, mechanical or acoustical) to
another. Example: A loudspeaker or
phonograph pickup.
transceiver — A combination transmit-
ter and receiver which uses some parts
of the circuit for both functions.
transverter — A converter which permits

transmitting and receiving at a specified
frequency aparl from the capability of
the transceiver to which it is connected
as a basic signal source. Example: A
2-meter transverter used in combina-
tion with an hf-band transceiver.

Transmatch— An LC network used to
effect an impedance match between a
transmitter and a feed line to an anten-
na. Not an “antenna tuner” or “‘an-
tenna coupler.”

trap — A device consisting of L and C
components which permits the blockage
of a specified frequency while allowing
the passage of other frequencies.
Example: A wave trap or an antenna
trap.

trifilar — Same as bifilar, but with three
parallel conductors.

trigger — To initiate action in a circuit
by introducing an energy stimulus from
an external source, such as a scope
trigger.

U — Symbol for unrepairable assembly,
such as an integrated circuit. (U1, U2,
etc.)

unloaded — The opposite condition of
loaded.

varactor — A two-terminal semiconduc-
tor device (diode) which exhibits a
voltage-dependent capacitance. Used
primarily as a tuning device or fre-
quency multiplier at vhf and uhf.

VCO — Voltage-controlled oscillator.
Uses tuning diodes which have variable
dc applied to change their junction
capacitances.

VSWR — Voltage standing-wave ratio.
(See SWR.)

VU — Volume Unit.

VXO — Variable crystal oscillator.

Zener diode — Named after the inventor.
A diode used to regulate voltage or
function as a clamp or clipper.

Z — Symbol for a device or circuit
which contains two or more compo-
nents. Example: A parasitic suppressor
which contains a resistor and an induc-
tor in parallel (Z1, Z2, etc.). Z is also
the symbol for impedance.
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Chapter 4

Solid-State Fundamentals

T;e electrical characteristics of solid-
state devices such as diodes and transis-
tors are dependent upon phenomena that
take place at the atomic level. While semi-
conductors can be employed without a
complete knowledge of these effects, some
understanding is helpful in various appli-
cations. Electrons, which are the principal
charge carriers in both vacuum tubes and
semiconductors, behave much differently
in either of the two circumstances. In
free space, an electron can be considered
as a small charged solid particle. On the
other hand, the presence of matter affects
this picture greatly. For instance, an elec-
tron attached to an atom has many prop-
erties similar to those of rf energy in
tuned circuits. It has a frequency and
wavelength that depend upon atomic
parameters just as the frequency associat-
ed with electrical energy in a tuned circuit
depends upon the values of inductance
and capacitance.

A relation between the energy of an
electron in an atomic “orbit” and its
associated frequency is given by

E (joules)

fH2)= — 635 x 1077

where the constant in the denominator is
called Planck’s constant. This equation is

£2— =

B — e

- B
(A) (B)

Fig. 1 — Energy-level diagram of a single atom is
shown at A. At B, the levels split when two atoms are
in close proximity.
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quite important when an electron is either
raised or falls between two different
energy “states,”” For instance, when an
electron drops from one level to a lower
one, energy is emitted in the form of
electromagnetic radiation. This is the
effect that gives the characteristic glow to
neon tubes, mercury-vapor rectifiers, and
even light-emitting diodes. The frequency
of the emitted radiation is given by the
foregoing formula where E is the dif-
ference in energy. However, if an elec-
tron receives enough energy such that
it is torn from an atom, a process called
ionization is said to occur (although the
term is also loosely applied to transitions
between any two levels). If the energy is
divided by the charge of the electron (—1.6
X 10 coulombs), the equivalent in
voltage is obtained.

A common way of illustrating these
energy transitions is by means of the
energy-level diagram shown in Fig. 1A. It
should be noted that unlike ordinary
graphical data, there is no significance to
the horizontal axis. In the case of a single
atom, the permitted energy can only exist
at discrete levels (this would be charac-
teristic of a gas at low pressure where the
atoms are far apart). However, if a single
atom is brought within close proximity of
another one of similar type, the single
energy levels split into pairs of two that
are very close together (Fig. 1B). The ana-
logy between tuned circuits and electron
energy levels can be carried even further
in this case.

Consider the two identical circuits that
are coupled magnetically as shown in Fig,
2A. Normally, energy initially stored in
C1 would oscillate back and forth between
L1 and CI at a single frequency after the
switch was closed. However, the presence
of the second circuit consisting of L2 and
C2 (assume L1 equals L2 and C1 equals C2)
results in the waveform shown in Fig. 2B.
Energy also oscillates back and forth

between the two circuits and the current
then consists of components at two slight-
ly different frequencies. The effect is simi-
lar to the splitting of electron energy levels
when two atoms are close enough to in-
teract.

Conductors, Insulators and Semiconductors

Solids are examples of large numbers of
atoms in close proximity, As might be
expected, the splitting of energy levels
continues until a band structure is
reached. Depending upon the type of
atom, and the physical arrangement of the
component atoms in the solid, three basic
conditions can exist. In Fig. 3A, the two
discrete energy levels have split into two
bands. All the states in the lower band are
“‘occupied” by electrons while the ones in
the higher energy band are only partially
filled.

In order to impart motion to an
electron, the expenditure of energy is
required. This means an electron must
then be raised from one energy state to a
higher one. Since there are many permit-
ted states in upper level of Fig. 3A that are
both unoccupied and close together,
electrons in this level are relatively free to
move about. Consequently, the material is
a conductor, In Fig. 3B, all the states in
the lower level are occupied, there is a big
gap between this level and the next higher
one, and the upper level is empty. This
means if motion is to be imparted to an
electron, it must be raised from the lower
level to the upper one. Since this requires
considerable energy, the material is an
insulator. (The energy-level represen-
tation gives an insight into the phenomena
of breakdown. If the force on an electron
in an insulator becomes high enough
because of an applied field, it can acquire
enough energy to be raised to the upper
level, When this happens, the material
goes into a conducting state.)

A third condition is shown in Fig. 4. In
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Fig. 2 — Electrical-circuit analog of coupled atoms.

the material associated with this diagram,
the upper level is unoccupied but is very
close to the occupied one. Hence, under
conditions where the random electron
motion is low (low temperature), the
material acts as an insulator (Fig. 4A).
However, as the random or thermal
motion increases, some electrons acquire
enough energy to move up to states in the
upper level. Consequently, both levels are
partially occupied as shown in Fig. 4B.
The line marked Wr represents a statisti-
cal entity related to the “average” energy
of electrons in the material and is called
the Fermi Level. At absolute zero (no
thermal motion), Wr is just at the top of
the lower energy level. As electrons attain
enough energy to move to the upper level,
Wr is approximately halfway between the
two levels.

The PN Junction

The material for the diagram shown in
Fig. 4 is called an intrinsic semiconductor
and examples are the elements germanium
and silicon. As such, the materials do not
have any rectifying properties by them-
selves. However, if certain elements are
mixed into the intrinsic semiconductor in
trace amounts, a mechanism for rec-
tification exists. This is shown in Fig. 5A.
If an element with an occupied energy
level such as arsenic is introduced into
germanium, a transformation in con-
ductivity takes place. Electrons in the new
occupied level are very close to the upper
partially filled band of the intrinsic
germanium. Consequently, there are many
extra charge carriers available when ther-
mal energy i$ sufficient to raise some of
the electrons in the new level to the
partially filled one. Germanium with an

excess of mobile electrons is called an
n-type semiconductor.

By introducing an element with an
empty or unoccupied energy level near the
lower partially filled level (such as boron),
a somewhat different transformation in
conductivity occurs. This is shown in Fig.
SB. Electrons from the lower level can
move into the new unoccupied level if the
thermal encrgy is sufficient. This means
there is an excess of unoccupied states in
the germanium lower energy level. Ger-
manium treated this way is called a p-type
semiconductor.

A physical picture of both effects is
shown in Fig. 6. The trace elements or
impurities are spread throughout the
intrinsic crystal. Since the distance of
separation is much greater for atoms of
the trace elements than it is for ones of the

intrinsic crystal, there is little interaction.

between the former. Because of this lack
of “coupling,” the distribution of energy
states is a single level rather than a band.
In Fig. 6A, atoms of the trace element are
represented by the + signs since they have
lost an electron to the higher energy level.
Consequently, such elements are called
donors. In Fig. 6B, the impurity atoms
that have “trapped” an electron in the
new state are indicated by the — signs.
Atoms of this type are called acceptor
impurities.

While it is easy to picture the extra free
electrons by the circled “minus” charges
in Fig. 6A, a conceptual difficulty exists
with the freed *‘positive” charges shown in
Fig. 6B. In either case, it is the motion of
electrons that is actually taking place and
the factor that is responsible for any
current. However, it is convenient to
consider that a positive charge carrier
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Fig. 3— The energy level of a conductor is illustrated
at A. A similar level for an insulator is depicted at B.
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Fig. 5— The effects on the energy leve! if impurity
atoms are introduced.
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Fig. 6 — N- and p-type semiconductors.
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exists called a hole. It would seem as
though a dislocation in the crystal-lattice
structure was moving about and con-
tributing to the total current. .

If a section of n-type material is joine
to another section made from p-type, a
one-way current flow results. This is
shown in Fig. 7. A positive potential
applied to the p-type electrode attracts
any electrons that diffuse in from the
n-type end. Likewise, holes migrating
from the p-type end into the n-type
electrode are attracted to the negative

N P
) _@-g@.
~0@ -olo-3lo%.

-0-623[e-6. 0~

Fig. 7— Elementary illustration of current flow in a
semiconductor diode.

Fig. 8 — Potential diagram of an electron in atomic
orbit.
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Fig. 8— Energy-level diagram interms of potential.
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terminal. Note that the diagram indicates
not all the carriers reach the terminals.
This is because some carriers combine
with ones of the opposite sign while
enroute. In the case of a diode, this effect
docsn't present much of a problem since
the total current remains the same. Other
carriers take the place of those originally
injected from the opposite regions. How-
ever, such recombination degrades the
performance of transistors considerably
and will be discussed shortly.

If a voltage of the opposite polarity to
that of a Fig. 7A is applied to the
terminals, the condition in Fig. 7B results.
The mobile charge carriers migrate to
each end as shown leaving only the fixed
charges in the center near the junction.
Consequently, little current flows and the
pn junction is “back biased.” It can be
seen that the pn junction constitutes a
diode since current can flow readily only
in one direction. While this simple picture
suffices for introductory purposes, proper
treatment of many important effects in
semiconductors requires a more advanced
analysis than the elementary model
affords. Returning to Figs. 3, 4 and 5, it
would be convenient if the diagrams were
in terms of voltage rather than energy. As
pointed out earlier, the relation between
energy and voltage associated with an
electron is given by

W=eV =(-1.6 x10-9V

Because the electron has been assigned a
minus charge, a somewhat upside-down
world results. However, if it is kept in
mind that it requires the expenditure of
energy to move an electron from a point
of higher potential to one at a Jower value,
this confusion can be avoided. As an
illustration, suppose an electron is moved
from an atomic orbit indicated by I in Fig.
8 to orbit I1. This would mean the electron
would have had to been moved against the
force of attraction caused by the positive
nucleus resulting in an increase in
potential energy. (In other words, orbit 11
is at a higher energy level than orbit 1.)
However, note that the electrostatic
potential around the nucleus decreases
with distance and that orbit II is at a lower
potential than orbit I.

Consequently, the energy-level diagram
in terms of voltage becomes inverted as
shown in Fig. 9. It is now possible to
approach the problem of the pn junction
diode in terms of the energy-level dia-
grams presented previously. If a section
of n-type and p-type material is con-
sidered separately, the respective energy
(or voltage) levels would be the same.
However, if the two sections were joined
together and connected by an external
conductor as shown in Fig. 10, a current
would flow initially. This is because the
voltage corresponding to the statistical
entity referred to previously (Fermi Level)

is not the same for p- and n-type materials
at the same temperature. At the Fermi
Level, the probability that a particular
energy state is occupied is one half. For
n-type material, the Fermi Level is shifted
upward toward the ‘‘conduction band”
(Fig. 5A). In a p-type material, it is shifted
downward toward the ‘“‘valence band.”
Although the theory behind the Fermi
Level and definitions concerning the
conduction and valence bands won't be
dealt with here, it is sufficient to know
that the band structure shifts so that the
Fermi Levels are the same in both parts of
the joined sections (Fig. 10).

The reasoning behind this effect is as
follows. Consider conditions for hole flow
only for the moment. Since there is an
excess of holes in the p region (Fig. 10),
there is a tendency for them to move over
into the adjacent n region because of
diffusion. The process of diffusion is
demonstrated easily. If a small amount of
dye is dropped into some water, it is
concentrated in a small area at first.
However, after a period of time has
passed, it spreads out completely through
the entire volume.

Once the holes diffuse into the n region,
they recombine with the electrons present
and produce a current in the external
terminals denoted by Ip (Fig. 10). But a
paradox results because of this current. If
Si is opened so that Ip flows through R,
where does the energy that is transferred
(irreversibly) to this resistance come from?
In effect, it represents a perpetual-motion
dilemma or else the semiconductor will
cool down since the diffusion process is
the result of a form of thermal motion.
Both conclusions are against the laws of
physics, so a third alternative is necessary.
It is then assumed that the Fermi Levels
align so that the potential across the
terminals becomes zero, and no current
will flow in the external circuit.

However, if the Fermi Levels are the
same, the conduction and valence bands
in either section will no longer align. As a
consequence, a difference in potential
between the two levels exists and is
indicated by Vs in Fig. 10. The formation
of this junction or barrier voltage is of
prime importance in the operation of
pn-junction devices. Note that holes in the
p region must overcome the barrier
voltage which impedes the flow of the
diffusion current. It will also be recalled
that both holes and electrons were
generated in the intrinsic semiconductor
because of thermal effects (Fig. 4B). The
addition of either donor or acceptor
atoms modifies this effect somewhat. If
donor atoms are present (n-type material),
fewer holes are generated. On the other
hand, if acceptor atoms represent the
impurities, fewer electrons are generated
in comparison to conditions in an intrinsic
semiconductor. In the case of p-type
material, holes predominate and are
termed the majority carriers. Since there



are fewer electrons in p-type material,
they arc termed the minority carriers.

Referring to Fig. 10A, there are some
holes in the n region (indicated by the +
signs) because of the foregoing thermal
effects. Those near the junction will
experience a force caused by the electric
field associated with the barrier voltage.
This field will produce a flow of holes into
the p region and the current is denoted by
IT. Such a current is called a drift current
as compared to the diffusion current ID.
Under equilibrium conditions, the two
currents are equal and just cancel each
other. This is consistent with the assump-
tion that no current flows in the external
circuit because of the fact that the Fermi
Levels are the same and no voltage is
produced.

So far, only conditions for the holes in
the upper (or conduction) band have been
considered, but identical effects take place
with the motion of electrons in the lower
energy band (valence band). Since the
flow of charge carriers is in opposition,
but because holes and electrons have
opposite signs, the currents add.

The Forward-Biased Diode

If an external emf is applied to the
diode terminals as shown in Fig. 10B, the
cquilibrium conditions no longer exist and
the Fermi Level voltage in the right-hand
region is shifted upward. This means the
barrier voltage is decreased and con-
siderable numbers of carriers may now
diffuse across the junction. Conscquently,
I becomes very large while Iy decreases
in value because of the decrease in barrier
voltage. The total current under
“forward-bias’’ conditions then becomes

qVy
f=1e ¥ =1

where
g = 1.6 x 10" coulombs (the
fundamental charge of an electron),
k = 1.38 X 107 joules/Kelvin
(Boltzmann’s constant),
= junction temperature in Kelvins,
2.718 (natural logarithmic base)
V, = applied emf, and I, = reverse-
bias saturation current.

—_
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This equation is discussed in greater detail
in the section dealing with common silicon
diodes.

The Reverse-Biased Diode

If the source, V., is reversed as shown
in Fig. 10C, the barrier "voltage is
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Fig. 10 — Energy-level diagrams for unbiased (A), forward-biased (8), and reversed-biased dioae
(C). Illlustration D shows the resultant characteristics of the diode.

increased. Consequently, charge carriers
must overcome a large “‘potential hill”
and the diffusion current becomes very
smali. However, the drift current caused
by the thermally generated carriers returns
to the value it had under equilibrium con-
ditions. For large values of V,, the current
approaches 1., defined as the reverse
saturation current, I is the sum of It and
its counterpart in the lower or ‘“valence”’
band. Finally, the characteristic curves of
the forward- and reversed-bias diode can
be constructed and are shown in Fig. 10D.

It is obvious that I, should be as small

as possible in a practical diode since it
would only degrade rectifier action. Also,
since it is the result of the generation of
thermal carriers, it is quite temperature
sensitive which is important when the
diode is part of a transistor. If the reverse
voltage is increased further, an effect
called avalanche breakdown occurs as in-
dicated by the sudden increase in current
at Vy. In such an instance, the diode
might be damaged by excessive current.
However, the effect is also useful for
regulator purposes and devices used for
this purpose are called Zener diodes.

Semiconductor Devices and Practical Circuits

The radio amateur may be more in-
terested in the practical aspects of
semiconductors thap he or she might be in
the theorelical considerations that are
covered in the previous section. This
portion of the chapter provides a practical

treatment of how diodes, transistors and
ICs perform in actual circuits. Greater
coverage of the chemistry and in-depth
theory of solid-state devices can be
obtained by reading some of the texts
referenced throughout the chapter. Solid

State Design for the Radio Amaieur (an
ARRL publication) is recommended as a
primer on basic semiconductor theory.
The book also contains many pages of
proven construction projects which use
semiconductor devices.
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Semiconductor Diodes

The vacuum-tube diode has been
replaced in modern equipment designs.
Semiconductor diodes are more efficient
hecause they do not consume filament
power. They are much smaller than tube
diodes. In low-level applications they
operate cooler than tubes do. Solid-state
diodes are superior to tube types with
respect to operating frequency. The
former are suitable into the microwave
region: Most vacuum-tube diodes are not
practical at frequencies above S0 MHz.

Semiconductor diodes fall into two
main categories, structurally. Although
they can be made from silicon or ger-
manium  crystals, they are usually
classified as p-n junction diodes or point-
contact diodes. These formats are il-
lustrated in Fig. 12. Junction diodes are
used from dc to the microwave region, but
point-contact diodes are intended primari-
ly for rf applications: the internal
capacitance of a point-contact diode is
considerably less than that of a junction
diode designed for the same circuit ap-
plication. As the operating frequency is
increased the unwanted internal and exter-
nal capacitance of a diode becomes more
troublesome to the designer. Where a
given junction type of diode may exhibit a
capacitance of several picofarads, the
point-contact device will have an internal
capacitance of 1 pF or less.

Selenium Diodes

Power rectifiers made from selenium
were in common use in ac power supplies
before 1965. Today they are manufac-
tured for replacement purposes only.
Selenium diodes are characterized by high
forward voltage drop (which increascs
with age) and high reversc leakage cur-
rent. The voltage drop causes the device to
dissipate power, and a typical rectifier
stack has large cooling fins. An additional
shortcoming of selenium rectifiers is that
they sometimes emit toxic fumes when
they burn out. When replacing selenium
diodes with silicon units, be certain that
the filter capacitors (and the entire
equipment) can withstand the highcer out-
put voltage. Some early solar cells were
made of selenium, but silicon devices have
taken over this area, too.

Germanium Diodes

The germanium diode is characterized
by a relatively large current flow when
small amounts of voltage are applied in
the **forward’’ direction (Fig. 11). Small
currents will flow in the reverse (back)
direction for much larger applied
voltages. A representative curve is shown
in Fig. 13. The dynamic resistance in
either the forward or back direction is
determined by the change in current that
occurs, at any given point on the curve,
when the applied voltage is changed by a
small amount. The forward resistance will
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Fig. 11 — A p-n junction (A) and its behavior
when conducting (B) and nonconducting (C).

METAL
CASE BASE
N
METAL
WIRE LEAD I
GERMANIUM
CATWHISKER cERMA
a)
N-TYPE
WIRE MATERIAL
LEAD :
\CASE
P-TYPE
MATERIAL
(B)
SYMBOL
(C)

Fig. 12 — A point-contact type of diode is seen
at A. A junction diode is depicted at B and the
diode symbol is at C.
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Fig. 13 — Typical point-contact diode (ger-
manium) characteristic curve. Because the
back current is much smaller than the forward
current, a different scale is used for back
voltage and current.

vary somewhat in the region of very small
applied voltages. However, the curve js
mostly straight, indicating a relatively
constant dynamic resistance. For small
applied voitages the resistance is on the
order of 200 ohms or less. The back
resistance exhibits considerable variation
and is dependent upon the specific applied
voltage during the test. It may vary from a
few thousand ohms to well over a
megohm. The back resistance of a ger-
manium diode is considerably lower than
that of a silicon diode. The latter is greater
than a megohm in most instances, but the
germanium diode is normally less than a
megohm.

Common Silicon Diodes

Apart from the fact that silicon p and n
matcrials are used in the formation of a
silicon junction diode, the characteristics
of these devices are similar to thosc of ger-
manium diodes. The voltage/current
curves of Fig. 13 are represcentative.

The junction barrier voltage for silicon
diodvs is somewhat higher (approximatcly
0.7 volt) than that of a germanium diode.
The latter is on the order of 0.3 volt. The
majority of the diodes in use today fall in-
to the silicon class. They are rugged and
rcliable from rf small-signal applications
to dc¢ power use.

Silicon diodcs arc availablc in ratings of
1000 volts (PRV) or greater. Many of
these diodes can accommodate dc in ex-
cess of 100 amperes. The primary rule
in preventing damage to any diode is to
operate the device within the maximum
ratings specificd by the manufacturer.
The device temperature is one of the im-
portant paramcters. Heat sinks are used
with diodes that must handle large
amounts of power, thereby holding the
diode junction temperature at a safe level,

The behavior of junction diodes under
varying temperatures is of interest to
designers of circuits that must perform
over some temperature range. The rela-
tionship between forward bias current,
forward bias voltage and temperature is
defined by the classic diode equation:

qV
Ip = I\e B =1

where g is the fundamental clectronic
charge (1.6 X 107" coulombs), V is the
bias potential, & is Bolt/zmann’s constant
(1.38 X 10~} joules/Kcelvin), (Kelvin =
°Celsius 4+ 273), t is the junction
temperature in Kelvins, [ is the reverse-
bias saturation current, Iy is the forward-
bias current, and ¢ is the natural
logarithmic base (2.718). The ratio q/k is
approximatcly 11,600, so the diode cqua-
tion can be written:
_)

11,600V
lf = |\ (4 !

It is useful to have an expression for the
voltage developed across the junction

(Eq. )



when the forward current is held constant.
To obtain such an expression we must
solve the diode cquation for V. Expanding
the right side of Eq. 1 yields:

11,600V
r=1le ' =1 (Eq. 2)
Adding I, to both sides gives:
11.600V
h+ 1, =1 ' (Eq. 3)
Dividing through by I produces:
l 11,600V
L +1=e ! (Eq. 4)
I
which implies
I
L6000V _ oy (= + 1) (Eq. S)
t I
I t
Multiplying each term by TT.600
leaves:
Ve —t —m(2L+1) €6
11,600 I

The undetermined quantity in Eq. 6 is I,
the reverse saturation current. In ordinary
silicon signal diodes this current approxi-
mately doubles with each 4.5 Kelvin-
temperature increase. A mathematical ex-
pression for this behavior as a function of
temperature is:

ls(n = 2"(1-4.5) (Eq.7)

At room temperature (300 Kelvins), the
reverse saturation current is on the order
of 10-'* amperes. Eq. 7 describes a
phenomenon similar to radioactive decay,
where the 4.5-Kelvin current-doubling in-
terval is analogous to the half-life of a
radioactive substance. This equation with
the given initial condition sets up an
initial-valuc problem, the solution of

which is:
(t = 300) n2

I, = 10" 43

s (Eq.8)

Substituting this expression for 1 into Eq.
6 produces the diode voltage drop as a
function of temperature for a constant
current:

t
Vo = 1600 X
I¢
In + 1 (Eq. 9)
t - 300) 4n2
10-e 43

The temperature coefficient of the junc-
tion potential can be obtained from the
partial derivative of V with respect to t,

but it’s a simple matter (with the aid of a
pocket calculator) to extract the informa-
tion directly from Eq. 9. If the forward
current is fixed at 1 milliampere, the diode
drop at room temperature is 0.5955 volts.
This potential decreases at an initial rate
of 2  millivolts per Kelvin. The
temperature coefficient gradually in-
creases to 3 millivolts per Kelvin at 340
Kelvins. While the temperature curve isn’t
linear, it is gradual enough to be con-
sidered linear over small intervals. When
the bias current is increased to 100
milliamperes, the room temperature junc-
tion potential increases to 0.7146 volts as
might be expected, but the temperature
coefficient stays well-behaved. The initial
potential decrease is 1.6 millivolts per
Kelvin, and this value increases to 2.5
millivolts per Kelvin at 340 Kelvins.

The significance of the very minor
dependence of temperature coefficient on
bias current is that it isn’t necessary to use
an claborate current regulator to bias
diodes used in temperature compensation
applications. The equations defining the
behavior of junction diodes are approxi-
mations. Some of the voltages were ex-
pressed to five significant figures so the
reader can verify his calculations, but this
much precision exceeds the accuracy of
the approximations.

Diodes as Switches
Solid-state switching is accomplished

easily by using diodes or transistors in
place of mechanical switches or relays.
The technique is not a complicated one at
dc and audio frequencies when large
amounts of power are being turned on
and off, or transferred from one circuit
point to another.

Examples of shunt and series diode
switching are given in Fig. 14, The
illustration at A shows a IN914 rf-
switching type of diode as a shunt on-off
element between Cl and ground. When
+12 volts are applied to D! through R1,
the diode saturates and effectively adds
Cl to the oscillator tank circuit. R1
should be no less than 2200 ohms in value
to prevent excessive current flow through
the diode junction.

Series diode switching is seen in Fig.
14B. In this example the diode, D1, is
inserted in the audio signal path, When Sl
is in the ON position the diode current
path is to ground through R2, and the
diode saturates to become a closed switch.
When S1 is in the OFF state Rl is
grounded and +12 volts are applied to the
diode cathode. In this mode D1 is back
biased (cut off) to prevent audio voltage
from reaching the transistor amplifier.
This technique is useful when several
stages in a circuit are controlled by a
single mechanical switch or relay. Rf
circuits can also be controlled by means of
series diode switching.

A significant advantage to the use of

oscC
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Fig. 14 — A silicon-switching diode, D1, is usea at A to place C1 in the circuit. At B is seen a

series switch with D1 in the signal path.
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diode switching is that long signal leads
are eliminated. The diode switch can be Pt 9% ReoLio-sTare Rl SOLID-STATE

. 3 . . +
placed directly at the circuit point of T TRANSMITTER By TRANSMITTER

interest. The dc voltage which operates it = - 01

can be at some convenient remote point. oj_l ,J Oj_, ,_J7
The diode recovery time (switching speed) (A) !
must be chosen for the frequency of
operation. In other words, the higher the
operating frequency the faster the switch-  Fig. 15 — D1 at A protects the equipment if the supply leads are cross-polarized in error. At B the
ing speed required. For dc and audio fuse will blow if the power supply is connected for the wrong polarity.

applications one can use ordinary silicon
power-supply rectifier diodes.

ot
Diodes as Gates ABmne +0.7V AR
Diodes can be placed in series with dc N |
leads to function as gates. Specifically,
they can be used to allow current to flow RFC SIG.
in one direction only. An example of this ” RFC our
technique is given in Fig. 15A.

A protective circuit for the solid-state X
transmitter is effected by the addition of & —]
D1 in the 13.6-volt dc line to the H2VO—AAA—4 ;

(B)

equipment. The diode allows the flow of

positive current, but there will be a drop Yo ,l
of approximately 0.7 volt across the Ve

diode, requiring a supply voltage of 14.3.

Should the operator mistakenly connect LINEAR RTAfMPL'F'ER

the supply leads in reverse, current will =0
not flow through D1 to the transmitter. In
this application the diode acts as a gate.
D1 must be capable of passing the current
taken by the transmitter, without over- 0C IN
heating.

A power type of diode can be used in
shunt with the supply line to the
transmitter for protective purposes. This
method is illustrated in Fig. 15B. If the e
supply polarity is crossed accidentally, D1
will draw high current and cause F1 to
open. This is sometimes referred to as a
“crowbar” protection circuit. The pri-
mary advantage of circuit B over circuit A

is that there is no voltage drop between Fig. 16 — D1 establishes a 0.7-volt bias reference at A. Approximately 1.4 volts of emitter bias are
the supply and the transmitter. established by connecting D1 and D2 in series at illustration B.

12V RELAY

+12V

RELAY DRIVER
(B)

Dlodes as Voltage References
Zener diodes are discussed later in this +9.4V(REG.)
chapter. They are used as voltage refer- ?
ences or regulators. Conventional junc- VFO
tion diodes can be used for the same pur- © 100
poses by taking advantage of their barrier- T Mz ‘ *
voltage characteristics. The greater the 04
voltage needed, the higher the number of TRIM /:L;
diodes used in series. Some examples of I
this technique are given in Fig. 16. At A ,J_, §
the diode (D 1) establishes a fixed value of
forward bias (0.7 V) for the transistor, r]; RFC

-Q OuTPUT

thereby functioning as a regulator. R1 is
chosen to permit a safe amount of current
to flow through the diode junction while
it is conducting at the barrier voltage.

The circuit of Fig. 16B shows two
diodes inserted in the emitter return of a
relay-driver transistor. D1 and D2 set up a
cutoff voltage of approximately 1.4. This
reduces the static current of the transistor
when forward bias is not provided at the
transistor base. If too much static current
flows the rglay may not drop out Wh?n .the Fig. 17 — High-speed switching diodes of the 1N914 variety can be connected back to back and
forward bias decays across the timing geq as tuning diodes. As the reverse voltage is varied by means of R1, the internal capacitance
network. The more sensitive the relay the of the diodes will change.
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Fig. 18 — D1 serves as a bias stabilization device at A (see text). At 8, D1 and D2 are employed as clippers to flatten the positive and negative af
peaks. Clipping will occur at roughly 0.7 volt if silicon diodes are used. Audio filtering is required after the clipper to remove the harmonic currents

caused by the diode action.

greater the chance for such a problem. D1
and D2 prevent relay dropout problems of
this variety. D3 is used as a transient
suppressor. A spike will occur when the
relay coil field collapses. If the amplitude
of the spike is great enough, the transient,
while following the dc bus in a piece of
equipment, can destroy transistors and
diodes elsewhere in the circuit. In this
application the diode (D3) can be
regarded as a clamp, since it clamps the
spike at approximately 0.7 volt.

Using Dilodes as Capacitors

Later in this chapter there is a
discussion about VVC (voltage-variable
capacitor) diodes. They are known also
as tuning diodes and Varicap diodes. It is
possible, however, to use ordinary silicon
diodes as voltage-variable capacitors. This
is accomplished by taking advantage of
the inherent changes in diode junction
capacitance as the reverse bias applied to
them is changed. The primary limitation
in using high-speed switching diodes of
the 1N914 variety is a relatively low maxi-
mum capacitance. At a sacrifice to low
minimum capacitance, diodes can be used
in parallel to step up the maximum avail-
able capacitance. An example of two
1N914 silicon diodes in a diode tuning cir-
cuit is given in Fig. 17. As R1 is adjusted
to change the back bias on DI and D2,
there will be a variation in the junction
capacitance. That change will alter the
VFO operating frequency. The junction
capacitance increases as the back bias is

lowered. In the circuit shown here the
capacitance will vary from roughly 5 pF
to 15 pF as Rl is adjusted. The diodes
used in circuits of this kind should have a
high Q and excellent high-frequency
characteristics. Generally, tuning diodes
are less stable than mechanical variable
capacitors are, This is because the diode
junction capacitance will change as the
ambient temperature varies. This circuit is
not well suited to mobile applications
because of the foregoing trait.

Diode Clippers and Clamps

The previous mention of diode clamp-
ing action (D3 in Fig. 16) suggests that
advantage can be taken of the charac-
teristic barrier voltage of diodes to clip
or limit the amplitude of a sine-wave.
Although there are numerous applications
in this general category, diode clippers are
more familiar to the amateur in noise
limiter, audio limiter and audio compres-
sor circuits, Fig. 18 illustrates some
typical circuits which employ small-signal
diodes as clamps and clippers. D1 in Fig.
18A functions as a bias clamp at the gate
of the FET. It limits the positive sine-wave
swing at approximately 0.7 V. Not only
does the diode tend to regulate the bias
voltage, it limits the transconductance of
the FET during the positive half of the
cycle. This action restricts changes in
transistor junction capacitance. As a
result, frequency stability of the oscillator
is enhanced and the generation of
harmonic currents is greatly minimized.

The circuit of Fig. 18B shows how a
pair of diodes can be connected in
back-to-back fashion for the purpose of
clipping the negative and positive sine-
wave peaks in an audio amplifier. If
germanium diodes are used at D1 and D2
(1IN 34As or similar) the audio will limit at
roughly 0.3 V. With silicon diodes (IN914
or rectifier types) the voltage will not
exceed 0.7 V. R1 serves as the clipping-
level control. An audio gain contral is
normally used after the clipper filter,
along with some additional gain stages.
The output of the clipper must be filtered
to restore the sine-wave if distortion is to
be avoided. Diode clippers generate
considerable harmonic currents, thereby
requiring an RC or LC type of audio
filter.

Diode Frequency Multipliers

Designers of rf circuits use small-signal
diodes as frequency multipliers when they
want to minimize the number of active
devices (tubes or transistors) in a circuit.
The primary disadvantage of diode multi-
pliers is a loss in gain compared to that
which is available from an active multi-
plier. Fig. 19 contains examples of diode
frequency multipliers. The circuit at A is
useful for obtaining odd or even multiples
of the driving voltage. The efficiency of
this circuit is not high, requiring that an
amplifier be used after the diode multi-
plier in most applications. Resonator
L1/Cl must be tuned to the desired
output frequency.
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A diode frequency doubler,is seen at B
in Fig. 19. It functions like a full-wave
power-supply rectifier, where 60-Hz ener-
gy is transformed to 120-Hz by virtue of
the diode action. This circuit will cause a
loss of approximately 8 dB. Therefore, it
is shown with a succeeding amplifier
stage. If reasonable circuit balance is
maintained, the 7-MHz energy will be
down some 40 dB at the output of D1 and
D2 — prior to the addition of L1 and C1.
Additional suppression of the driving
energy is realized by the addition of
resonator L1/Cl. Tl is a trifilar-wound
toroidal transformer. At this frequency (7
MHz) a 0.5-inch diameter ferrite core
(permeability of 125) will suffice if the
trifilar winding contains approximately 10
turns. Additional information on this
subject is given in Solid State Design for
the Radio Amateur.

Diode Detectors and Mixers

Diodes are effective as detectors and
mixers when circuit simplicity and strong-
signal handling capability are desired.
Impedance matching is an important
design objective when diodes are used as
detectors and mixers. The circuits are
lossy, just as is the case with diode
frequency multipliers. A diode detector or
mixer will exhibit a conversion loss of 7
dB or more in a typical example.
Therefore, the gain before and after the
detector or mixer must be chosen to
provide an acceptable noise figure for the
overall circuit in which the diode stage is
used. This is a particularly critical factor
when diode mixers are used at the front
end of a receiver. A significant advantage
in the use of diode mixers and detectors is
that they are broadband in nature, and
they provide a wide dynamic range.
Hot-carrier diodes are preferred by some
designers for these circuits, but the IN914
class of switching diodes provide good
performance if they are matched for a
similar resistance before being placed in
the circuit.

Fig. 20 illustrates some examples of
diode detectors. A basic a-m detector is
seen at A. The circuit at B is that of a
two-diode product detector. R1 and the
two bypass capacitors serve as an rf filter
to keep signal and BFO energy out of the
following af amplifier stage. A four-diode
product detector is illustrated at C. Tl is a
trifilar-wound broadband transformer.
The characteristic input impedance of T1
is 50 ohms. An rf filter follows this
detector also. BFO injection voltage for
the detectors at B and C should be
between 8 and 10 volts pk-pk for best
detector performance.

Circuits for typical diode mixers are
given in Fig. 21. Product detectors are
also mixers except for the frequencies
involved. The output energy is at audio
frequencies rather than at some rf
intermediate frequency. The examples at
A and B can be compared to those at C
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Fig. 19 — A simple diode frequency multiplier is shown at A. A balanced diode frequency doubler

is seen at B. T1 is a trifilar-wound broadband toroid transformer.
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illustrated at B and C. BFO injection for 8 and C should be approximately 10 volts pk-pk for best

detector performance.
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—T T T T T T T T
REVERSE |

FHORIZONTAL: 10V/DIV.
VERTICAL: 3mA/DIV.

["ForwarD | | \
HORIZONTAL:0.2V/DIV.
T VERTICAL:SmA/DIV.

HCD

-

-

Fig 23 — Forward and reverse characteristics of a
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Fig. 21 — The examples at A and B are for use in balanced modulators. The similarity between

these and balanced mixers is shown at C and D.

and D for the purpose of illustrating the
similarity between balanced modulators
and mixers. It is evident that product
detectors, balanced modulators and mixers
are of the same family. The diodes in all
examples can be hot-carrier types or
matched silicon switching diodes of the
IN914 class.

C1 and C2 in Fig. 21C and D are used
for balancing purposes. They can be
employed in the same manner with the
circuits at A and B. The transformers in
each illustration are trifilar-wound

toroidal types. They provide a broadband
circuit characteristic.

Hot-Carrier Diodes

One of the more recent developments in
the semiconductor field is the hot-carrier
diode, or “HCD.” It is a metal-to-
semiconductor, majority-carrier conduc-
ting device with a single rectifying
junction. The carriers are typically high-
mobility electrons in an n
semiconductor matenial. The HCD is
particularly useful in mixers and detectors

type of

Fig. 24 — Noise figure and the conversion loss
of a typical HCD that has no bias applied.

at vhf and higher. Notable among the
good features of this type of diode are its
higher operating frequency and lower
conduction voltage compared to a p-n
junction diode such as the 1N914,
When compared to a point-contact
diode, the HCD is mechanically and
electrically superior. It has lower noise,
greater conversion efficiency, larger square-
law capability, higher breakdown voltage,
and lower reverse current. The internal
capacitance of the HCD is markedly
lower than that of a p-n junction diode
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28 . versus LO drive for an HCD mixer are
[T S [ given in Fig. 26. The test circuit used for
i the curves of Fig. 25 applics. The curve
26— T ) | numbers indicate mA measured at point
| A. Further information on hot-carrier
diodcs can be found in the Fairchild Ap-
plication Note APP-/77 and in the
Hewlett Packard Application Note 907.
Varactor Diodes
Mention was made earlier in this
= chapter of diodes being used as voltage-
g variable capacitors, wherein the diode
w junction capacitance can be changed by
2 varying the reverse bias applied to the
s diode. Manufacturers have designed cer-
- tain diodes for this application. They are
5] called Varicaps (variable capacitor diodes)
or varactor diodes (variable reactance
diodes). These diodes depend upon the
change in capacitance which occurs across
their depletion layers. They are not used as
rectifiers.

Varactors are designed to provide
various capacitance ranges from a few
picofarads to more than 100 pF. Each one
has a specific minimum and maximum
capacitance, and the higher the maximum

! amount the greater the minimum value.
B o — B o - T 100 180 Therefore, the amateur finds it necessary
LOCAL OSCILLATOR DRIVE (mw) to tailor his circuits for the midrange of
A the capacitance curve. Ideally, he will
vee choose the most linear portion of the
curve. Fig. 27A shows typical capacitance-
G voltage curves fgr thl_'ee varactor diodes.
A representative circuit of a varactor
100 FH-100 4, diode is presented in Fig. 28. In this
s —— —rﬁ—ﬁ
66—+ 0 L L
Vec =1V
” : * —O 24,
IFWO NF « 34dB
LO = 900 MKz /_l_,
22 )
Fig. 25 — Curves for hot-carrier diode noise
figure versus local-oscillator drive power. The Azo-
bias currents are in mA as measured at point A 8
in the representative test circuit. =~ {
$18"
3
516'—
and it is less subject to temperature 2
variations. Yig—
Fig. 22 shows how the diode is 2
structured internally. A typical set of ©
curves for an HCD and a p-n junction 12—
diode are given in Fig. 23. The curves
show the forward and reverse charac- 10—
teristics of both diode types.
Fig. 24 illustrates the noise figure and o
conversion loss of an HCD with no bias
applied. When forward bias is applied to
the diode, the noise figure will change 9
from that which is seen in Fig. 24. Curves |
for various bias amounts are seen in Fig. i — R ] . 1 B I W
0.05 010 1.0 100 15.0

25. The numbers at the ends of the curves

signify the amount of current (in mA)

flowing into the test circuit at point A.
A set of curves showing conversion loss
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Fig. 26 — Local-oscillator drive power versus conversion loss for a specified bias amount.
Bias currents are in mA as measured at point A of the circuit in Fig. 25.



_ 4

| ' Nmn
30— '

Iy
S
w
]
z
-4
=
v
-4
o
<
3
v
Ta=25"C |
St taoMu T ]
4 —+——— S T 1 ‘%—+—P+++"—‘-—‘——"’—‘
| [ |
| | | |
3| 5%‘L'L —L I 4——1-4—1—‘-———-4—— —
i{% L 1! { A_L|4|x L]
2'_‘__4_4-.4»___-—-& —————+— 4—--1—4—4—3—%— —
1
] ———, _——— = =
1 | (.
| |1 | ‘ \
|
| | |
1L ‘ \ l | 1 | | Ll ___;_._J__A__l_..
0.6 20 4.0 6.0 10.0 20.0 40.0 60.0
VR, REVERSE VOLTAGE (VOLTS)
(A)
100 — T — 1T T T 17T T T 1117
i T T T 1
: l i 1 o
60 . 1 e ~
| — s | ! Flvfl—[LmV|BGG“' ! g S |
40 — e e ~t~_
3 . I e .
o
< Mv1872
: 20——m—+ — _'_L___L_J—__LJ—LL— e
z Ta=25°C
w . 1
H ! 5°Ml“‘ { | mviere || [
— — — i j -
P — A __J__;._F:‘_:‘:EL_:!
|§ - I '
&
w
o

VR, REVERSE VOLTAGE (VOLTS)
(8)

Rs

Fig. 27 — Reverse voltage respective to diode capacitance of three Motorola varactor diodes (A).

Reverse voltage versus diode Q for the varactors at A are shown at B.

Fig. 28 — Representative circuit of a varactor
diode showing case resistance, junction
resistance and junction capacitance.

equivalent circuit the diode junction
consists of Cj (junction capacitance) and
R; junction resistance). The bulk resis-
tance is shown as Rs. For the most part
Rj can be neglected. The performance of
the diode junction at a particular fre-
quency is determined mainly by G and Rs.
As the operating frequency is increased,
the diode performance degrades, owing to
the transit time established by Cj and Rs.

An important characteristic of the
varactor diode is the Q, or figure of merit.
The Q of a varactor diode is determined
by the ratio of its capacitive reactance (Xj)
and its bulk resistance, Rs, just as is true
of other circuit elements, such as coils and
capacitors, where Q = X/Rs at a specified
frequency. Fig. 27B characterizes the Q of
three Motorola varactor diodes (versus
reverse bias) at 50 MHz.

Present-day varactor diodes operate
into the microwave part of the spectrum.
They are quite efficient as frequency
multipliers at power levels as great as 25
watts. The efficiency of a correctly
designed varactor multiplier exceeds 50
percent in most instances, Fig. 29 il-
lustrates the basic circuit of a frequency
multiplier which contains a varactor
diode. D1 is a single-junction device
which serves as a frequency tripler in this
example. FL1 is required in order to
assure reasonable purity of the output
energy. Itis a high-Q strip-line resonator.
Without FL1 in the circuit there would be
considerable output energy at 144, 288
and 864 MHz. Similar circuits are used as
doublers, quadruplers and higher.

A Motorola MV104 tuning diode is
used in the circuit of Fig. 30. It contains
two varactor diodes in a back-to-back
arrangement. The advantage in using two
diodes is reduced signal distortion, as
compared to a one-diode version of the
same circuit. Reverse bias is applied
equally to the two diodes in the three-
terminal device. R1 functions as an rf
isolator for the tuned circuit. The reverse
bias is varied by means of R2 to shift the
operating frequency. Regulated voltage is
as important to the varactor as it is to the
FET oscillator if reasonable frequency
stability is to be assured. Varactor diodes
are often used to tune two or more circuits
at the same time (receiver rf amplifier,
mixer and oscillator), using a single
potentiometer to control the capacitance
of the diodes. It is worth mentioning that
some Zener diodes and selected silicon
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Fig. 29 — Typical circuit for a varactor-diode frequency tripler.
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Fig. 30 — Example of a varactor-tuned VFO. D1 contains two varactors, back to back (see text).

power-supply rectifier diodes will work
effectively as varactors at frequencies as
high as 144 MHz. If a Zener diode is used
in this manner it must be operated below
its reverse breakdown voltage point. The
stud-mount variety of power supply
diodes (with glass headers) are reported to
be the best candidates as varactors, but
not all diodes of this type will work
effectively: Experimentation is necessary.

Gunn Diodes

Gunn diodes are named after the
developer, J. B. Gunn, who was studying
carrier behavior at IBM Corp. in 1963.
During that period he discovered what is
known today as the “Gunn effect.”

Recently, semiconductor devices of the
“bulk effect’” variety have become so
practical that in areas where advanced
technology is practiced they are com-
monplace. Among these newer devices are
the TDO (tunnel-diode oscillator), the
ADO (avalanche-diode oscillator) and the
TEO (transferred-electron oscillator). With
some of the present-day techniques and
solid-state devices it is possible to generate
useful power up beyond 100 GHz.

Amateurs have been using Gunn diodes
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at 10 GHz, but it is important to realize
that these diodes are available for other
microwave frequencies. An in-depth treat-
ment of the technology and chemistry of
Gunn diodes is provided in the Gunn
Diode Handbook by Microwave As-
sociates, Incorporated.

Fig. 31 shows a cross-sectional re-
presentation of a slice of the material from
which Gunn diodes are made. Layer no. |
is the active region of the device. The
thickness of this layer depends on the
chosen frequency of operation. For the
10-GHz band it is approximately 10 um
(10 meters) thick. The threshold voltage
is roughly 3.3 volts. At 16 GHz the layer
would be formed to a thickness of 8 um,
and the threshold voltage would be about
2.6 volts.

Layer no. 2 is grown epitaxially and is
doped to provide low resistivity. This
layer is grown on the active region of the
semiconductor, but it is not essential to
the primary operation of the diode. It is
used to ensure good ohmic contact and to
prevent metalization from damaging the
n-layer of the diode.

The composite wafer of Fig. 31 is
metalized on both sides to permit bonding

B |
: NO.2[Low RESISTVITY GaAs | 1=2um
H T ¥
8 NO.1[nGaAsp ~0.5Ncm ) /f
é LOW RESISTIVITY Gaas  [“B4TFOR
f ~0.001N\=¢cm ~10um FOR
Y 10 GHz

Fig. 31 — Cross-sectional illustration of Gunn diode.
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Fig. 32— Active region thickness versus frequency
of a Gunn diode.

Fig.33 — Equivalent circuit of a Gunn diode. The
parasitic reactances of the diode package are
included.

into the diode package. This process of
metalization also ensures a low electrical
and thermal resistance. The completed
chip is bonded to a gold-plated copper
pedestal, with layer no. 2 next to the heat
sink. A metal ribbon is connected to the
back side of the diode to provide for
electrical contact.

The curve in Fig. 32 shows the rela-
tionship of the diode active-region thick-
ness to the frequency of operation. The
curve illustrates an approximation be-
cause the actual thickness of the active
region depends on the applied bias voltage
and the particular circuit used. The input
power to the diode must be 20 to 50 times
the desired output power. Thus the
efficiency from dc to rf is on the order of
two to five percent.

The resonant frequency of the diode
assembly must be higher than the opera-
ting frequency to allow for parasitic C
and L components which exist. Fig. 33
shows the equivalent circuit of a packaged
Gunn diode. Assuming a diode natural
resonant frequency of 17 GHz, the
following approximate values result: Lp =
0.25 nH, Ca = 0.15 pF and Cv = 0.15 pF.
Additional components exist within the
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Fig. 34 — lilustration of a packaged Gunn
diode as seen in literature from Microwave
Associates.

Additional components exist within the
diode chip. They are represented by Cd
(capacitance) and —Ra (negative resis-
tance). These quantities, plus the stray
resonances in the diode holder and bias
leads in the microwave cavity, have a
direct bearing on the electrical behavior of
the Gunn oscillator. A cross-sectional
representation of a packaged Gunn diode
is shown at Fig. 34.

Presently, Gunn diodes are useful for
generating powers between 0.1 and | watt.
As the technology advances these power
limits will increase. IMPATT (impact-
avalanche transit time) diodes are useful
as microwave amplifiers after a Gunn
diode signal source. IMPATT diodes are
also capable of providing power output in
the 0.1 to l-watt class. Fig. 35 shows
block diagrams of two Gunn-diode
systems. In each example an IMPATT
diode is used as an amplifier. Fig. 35A
shows a direct fm transmitter which
employs a varactor-deviated Gunn-diode
oscillator as a signal source. Fm is
provided by applying audio to the bias
lead of the varactor diode. The latter is
coupled to the Gunn-diode cavity. Fig.
35B illustrates a microwave relay system
in which a Gunn diode is used as an LO
source. Essentially, the equipment is set
up as a heterodyne up-converter transmit-
ter. The upper sideband from the mixer is
amplified at microwave frequency by
means of an IMPATT diode.

PIN Diodes

A PIN diode is formed by diffusing
heavily doped p+ and n+ regions into
an almost intrinsically puic silicon layer,
as illustrated in Fig. 36. In practice it is
impossible to obtain intrinsically pure
material and the | layer can be considered
to be a lightly doped n region. Charac-
teristics ot the¢ PIN diode are primarily
determined by the thickness, area and
semiconductor nature of the chip,

VARACTOR- |MPATT-DIODE
TUNED AMPLIFIER
GUNN - DIODE OSC.
ANT.
AF INPUT
(A)
IMPATT-DIODE
"":N";F uP- AMPLIFIER
’ CONVERTER FILTER
ANT.
<K > | BanDPaSS |
INPUT
GUNN-DIODE
0SCILLATOR
(B)

Fig. 35 — Block diagram of a simple Gunn-diode transmitter for fm (A)and an up-converter Gunn-

diode transmitter (B).

especially that of the | region. Manufac-
turers design for controlled thickness I
regions having long carrier lifetime and
high resistivity. Carrier lifetime is basical-
ly a measure of the delay before an
average electron and hole reconibine. In a
pure silicon crystal the theoretical delay is
on the order of several milliseconds,
although impurity doping can reduce the
effective carrier lifetime to microseconds
or nanoseconds.

When forward bias is applied to a PIN
diode, holes and electrons are injected
from the p+ and n + regions into the |
region. These charges do not immediately
recombine. Rather, a finite quantity of
charge always remains stored and results
in a lowering of the I-region resistivity.
The amount of stored charge depends on
the recombination time (carrier lifetime)
and the level of the forward-bias current.
The resistance of the | region under
forward-bias conditions is inversely pro-
portional to the charge and depends on
the I-region width and mobility of the
holes and electrons of the particular
semiconductor material. Representative
graphs of resistance vs. forward bias level
are shown in Fig. 37A and B for low-level
receiving and high-power transmitting
PIN diodgs.

When a PIN diode is at zero or reverse
bias, there is essentially no charge, and the
intrinsic region can be considered as a
low-loss dielectric. As with an ordinary pn
junction there is a reverse breakdown or
Zener region where the diode current in-
creases rapidly as the reverse voltage in-

creases. For the intrinsic region to remain
in a low-loss state, the maximum instan-
taneous reverse or negative voltage must
not exceed the breakdown voltage. Also,
the positive voltage excursion must not
cause thermal losses to exceed the diode
dissipation rating.

At high radio frequencies when a PIN
diode is at zero or reverse bias, the diode
appears as a parallel plate capacitor,
essentially independent of reverse voltage.
It is the value of this capacitance that
limits the effective isolation that the diode
can provide. PIN diodes intended for high
isolation and not power-handling
capability are designed with as small a
geometry as possible to minimize the
capacitance.

A

™

w=TILAYER WIDTH

Fig. 36 -— The PIN diode is constructed by
diffusing p + and n + regions into an almost
intrinsically pure silicon layer. Thus the name
PIN diode.
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Fig. 37 — At A is a graph comparing diode
resistance to forward-bias current for a PIN
diode intended for low-level receiver applica-
tions. At B is a similar graph for a diode
capable of handling over 100 watts of rf.

Manufacturers of PIN diodes supply
data sheets with all necessary design data
and performance specifications. Key
parameters are diode resistance (when for-
ward biased), diode capacitance, carrier
lifetime, harmonic distortion, reverse
voltage breakdown and reverse leakage.

PIN diodes are used in many applica-
tions, such as rf switches, attenuators and
various types of phase-shifting devices.
Our discussion will be confined to switch
and attenuator applications since these are
the most likely to be encountered by the
amateur. The simplest type of switch that
can be created with a PIN diode is the
series spst type. The circuit is shown in
Fig. 38A. CI functions as a dc blocking
capacitor and C2 is a bypass capacitor. In
order to have the signal from the
generator flow to the load, a forward bias
must be applied to the bias terminal. The
amount of insertion loss caused by the
diode is determined primarily by the diode
bias current. Fig. 38B illustrates an spdt
type of switch arrangement which uses
essentially two spst switches with a com-
mon connection. For a generator current
to flow into the load resistor at the left, a
bias voltage is applied to bias terminal 1.
For signal to flow into the load at the right
a bias must be applied to terminal 2. In
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practice it is usually difficult to achieve
more than 40 dB isolation with a single
diode switch at uhf and microwaves.
Better performance, in excess of 100 dB,
is achievable using comipound switches.
Compound switches are made up of two
or more diodes in a series/shunt arrange-
ment. Since not all diodes are biased for
the same state, some increase in bias-

circuit complexity results. )
One general class of switches used in

connection with transceive applications
requires that a common antenna be con-
nected to cither the receiver or transmitter
during the appropriate reccive or transmit
states. When PIN diodes are used as
switching clements in these applications,
higher reliability, better mechanical rug-
gedness and faster switching speeds are
achieved relative to the electromechanical
relay. A basic approach is shown in Fig.
39A and B where a PIN diode is used in
series with the transmit line and another
diode in shunt with the receive line. A
single bias supply is used to turn on the
scries diode during transmit while also
turning on the shunt diode to protect the
receiver. The quarter-wave line between
the two diodes is necessary to isolate the
low resistance of the receiver diode from
the antenna connection. During receive
periods both diodes are effectively open
circuited, allowing signal energy to be ap-
plied to the receiver. At B is the same
basic circuit, although the quarter-wave
line has been replaced with a lumped cle-
ment section.

Two of the more common types of at-
tenuators using PIN diodes are shown in
Fig. 40. The type at A is referred to as a
Bridged Tee, while the circuit at B is the
common pi type. Both are useful as very
broadband dcvices. It is interesting to
note that the useful upper frequency of
these attenuators is often dependent on
the bias circuit isolation rather than the
PIN diode characteristics.

Light-Emitting Diodes (LEDs)

The primary component in optoelec-
tronics is the LED. This diode contains
a p-n junction of crystal material which
produces luminescense around the junc-
tion when forward bias current is applied.
LED junctions are made from gallium
arsenide (GaAs), gallium phosphide (GaP),
or a combination of both materials
(GaAsP). The latter is dependent upon the
color and light intensity desired. Today,
the available LED colors are red, green
and yellow.

Some LEDs are housed in plastic which
is affixed to the base header of a transistor
package. Other LEDs are contained
entirely in plastic packages which have a
dome-shaped head at the light-emitting
end. Two wires protrude from the
opposite end (positive and negative leads)
for applying forward bias to the device.

There are countless advantages to the
use of LEDs. Notable among them are the
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Fig. 38 — At A a PIN diode is used as an spst
switch. At B, two diodes form an spdt
switching arrangement.

low current drain, long life (sometimes 50
years, as predicted), and small size. They
are useful as visual indicators in place of
incandescent panel lamps. One of their
greatest applications is in digital display
units, where arrays of tiny LEDs are
arranged to provide illuminated segments
in numeric-display assemblies.

The forward bias current for a typical
LED ranges between 10 and 20 mA for
maximum brilliance. An applied voltage
of 1-1/2 to 2 is also typical. A 1000-ohm
resistor in series with a 12 volt source will
permit the LED to operate with a forward
current of approximately 10 mA (IR drop
= 10 V). A maximum current of 10 mA is
suggested in the interest of longevity for
the device.

LEDs are also useful as reference
diodes, however unique the applications
may seem. They will regulate dc at
approximately 1.5 V.

The following are definitions and terms
used in optics to characterize the proper-
ties of an LED.

Incident flux density is defined as the
amount of radiation per unit area (ex-
pressed as lumens/cm? in photometry;
watts/cm? in radiometry). This is a
measure of the amount of flux received by
a detector measuring the LED output.
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Fig. 39 — PIN diodes are used to transfer a common antenna to either a transmitter or receiver. A
voltage applied to the bias terminal will switch the system to the transmit mode connecting the
output of the transmitter to the antenna. At the same time the diode across the receiver input is
forward biased to a low-resistance state to protect the input stage of the receiver. The quarter-
wave line isolates the low resistance of the receiver diode from the common antenna connection.
At B the quarter-wave line is replaced with a lumped-element equivalent.

Emitted flux density is also defined as
radiation per unit area and is used to
describe light reflected from a surface.
This measure of reflectance determines
the total radiant or luminous emittance.

Source intensity defines the flux density
which will appear at a distant surface and
is expressed as lumens/steradian (photom-
etry) or watts/steradian (radiometry).

Luminance is a measure of photometric
brightness and is obtained by dividing the
luminous intensity at a given point by the
projected area of the source at the same
point. Luminance is a very important
rating in the evaluation of visible LEDs.

While luminance is equated with
photometric hrightness, it is inaccurate to
equate luminance as a figure of merit for
brightness. The only case where this rating
is acceptable is when comparing physically
identical LEDs. Different LEDs are sub-
ject to more stringent examination.
Maiiufaeturers do not use a set of consis-
tent ratings for LEDs (such as optical
flux, brightness and intensity). This is
because of the dramatic differences in op-
tical measurements between point- and
arca-source diodes Point-source diodes
are packaged in a clear epoxy or set within
a transparent glass lens. Area-source
diodes must employ a diffusing lens to

spread the flux over a wider viewing area
and hence have much less point intensity
(luminance) than the point-source diodes.

Solar-Electric Diodes

Sunlight can be converted directly into
electricity by a process known as photovol-
taic conversion. For this purpose a solar
cell is used. It relies on the photoelectric
properties of a semiconductor. Practical-
ly, the solar cell is a large-area p-n
junction diode. The greater the area of the
cell, the higher the output current will be.
A dc voltage output of approximately 0.5
is obtained from a single cell. Numerous
cells can be connected in series to provide
6, 9, 12, 24 or whatever low voltage is
required. In a like manner, cells can be
connected in parallel to provide higher
output current, overall.

The solar diode cell is built so that light
can penetrate into the region of the p-n
Jjunction, Fig. 41. Most modern solar cells
use silicon material. Impurities (doping)
are introduced into the silicon material to
establish excess positive or negative
charges which carry electric currents.
Phosphoraus is used to produce n-type
silicon. Boron is used as the dopant to
produce p-type material.

Light is absorbed into the silicon to
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Fig. 40 — Two types of PIN diode attenuator
circuits. The circuit at A is called a Bridged
Tee and the circuit at B is a pi type. Both
exhibit very broadband characteristics.
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Fig. 41 — A solar-energy diode cell. Electrons
flow when light strikes the upper surface. The
bottom of the cell is coated with foil to collect
current for the load, or for the succeeding cell
in series-connected arrays of cells.

generate excess holes and electrons (one
hole/electron pair for each photon absorb-
ed). When this occurs near the p-n
junction, the electric fields in that region
will separate the holes from the electrons.
This causes the holes to increase in the
p-type material. At the same time the
electrons will build up in the n-type
material. By making direct connection to
the p and n regions by means of wires,
these excess charges generated by light
(and separated by the junction) will flow
into an external load to provide power.
Approximately 0.16 A can be secured
from each square inch of solar-cell
material exposed to bright sunlight. A
3-1/2 inch diameter cell can provide 1.5 A
of output current. The efficiency of a solar
cell (maximum power delivered to a load
versus total solar energy incident on the
cell) is typically 11 to 12 percent.
Arrays of solar cells are manufactured
for all manner of practical applications. A
storage battery is used as a buffer between
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the solar panel and the load. A p-n
junction diode should be used between the
solar-array output and the storage battery
to prevent the battery from discharging
back into the panel during dark periods.
An article on the subject of solar cells and
their amateur applications was written by
DeMaw (“‘Solar Power for the Radio
Amateur,” August 1977 QST ) and
should be of interest to those who wish to
utilize solar power. Solar Electric Genera-
tor Systems, an application pamphlet
by Solar Power Corp. of N. Billerica, MA
01862, contains valuable information on
this subject.

Fig. 42 shows the voltage/current
curves to, a Model E12-01369-1.5 solar ar-
ray manufactured by Solar Power Corp.
It can be seen that temperature has an ef-
fect on the array performance.

Tunnel Diodes

One type of semiconductor diode hav-
ing no rectifying properties is called a tun-
nel diode. The bidirectional conduction of
the device is a result of heavily doped p
and n regions with a very narrow junc-
tion. The Fermi level lies within the con-
duction band for the n side and within the
valence band for the p side. A typical
current-vs.-voltage curve for a tunnel
diode is sketched in Fig. 43. When the for-
ward bias potential exceeds about 30 mV,
increasing the voltage causes the current
to decrease, resulting in a negative
resistance characteristic. This effect
makes the tunnel diode capable of ampli-
fication and oscillation. At one time tun-
nel diodes were expected to dominate in
microwave applications, but other devices
soon surpassed tunnel diodes in perfor-
mance. The two-terminal oscillator con-
cept had great fad appeal, and some
amateurs built low-power transmitters
based on tunnel diodes. In the 1960s the
Heath Company marketed a dip meter
that used a tunnel diode oscillator. Tunnel
diodes are not widely used in new designs;
this material is included only for com-
pleteness.

Zener Diodes

Zener diodes have, for the most part,
replaced the gaseous regulator tube. They
have been proved more reliable than tube
types of voltage regulators, are less
expensive and far smallier in size.

These diodes fall into two primary
classifications: Voltage regulators and
voltage-reference diodes. When they are
used in power supplies as regulators, they
provide a nearly constant dc output
voltage even though there may be large
changes in load resistance or input
voltage. As a reference element the Zener
diode utilizes the voltage drop across its
junction when a specified current passes
through it in the reverse-breakdown
direction (sometimes called the Zener
direction). This “Zener voltage” is the
value established as a reference. There-
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Fig. 45 — Example of how a shunt type of
Zener diode regulator is used. The equations
show how to calculate the value of the series
resistor and the diode power dissipation. In
this example a 400-mW Zener diode will suffice
(D1).

fore, if a 6.8-volt Zener diode was set up in
the foregoing manner, the resultant
reference voltage would be 6.8.

At the present time It is possible to pur-
chase Zener diodes which are rated for
various voltages between 2.4 and 200. The
power ratings rangc from 1/4 to 50 watts.
Fig. 44 shows the characteristics of a
Zener diode designed for 30-volt opcra-
tion.

Fig. 45 shows how to calculatc thce scrics
resistance nceded in a simplc shunt
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Fig. 46 — Practical examples of Zener diode applications. The circuit at A is useful for stabilizing
the filament voltage of oscillators. Zener diodes can be used in series to obtain various levels of
regulated voltage (B). Fixed-value bias for transmitter stages can be obtained by inserting a Zener
diode in the cathode return (C). At D an 18-volt Zener diode prevents voltage spikes from harming
a mobile transceiver. A Zener-diode series regulator (20-V drop) is shown at E and an rf clamp is
seen at F. D1 In the latter circuit will clamp at 36 volts to protect the PA transistor from dc¢
voltage spikes and extreme sine-wave excursions at rf. This circuit is useful in protecting output
stages during no-load or short-circuit conditions.
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regulator which employs a Zener diode.
An equation is included for determining
the wattage rating of the series resistor.
Additional data on this subject is given in
chapter 7 of Solid State Design for the
Radio Amateur.

Some practical applications for Zener
diodes are illustrated in Fig. 46. In addi-
tion to the shunt applications given in the
diagram, Zcner diodes can be used as
series elements when it is desired to pro-
vide a gate that conducts at a given
voltage. These diodes can be used in ac as
well as dc circuits. When they are used in
an ac type of application they will conduct
at the peak voltage value or below,
depending upon the voltage swing and the
voltage rating of the Zener diode. For this
reason they are useful as audio and rf clip-
pers. In rf work the reactance of the diode
may be the controlling factor above ap-
proximately 10 MHz with respect to the
performance of the rf circuit and the
diode.

Most Zener diodes which are rated
higher than 1 watt in dissipation are
contained in stud-mount packages. They
should be affixed to a suitable heat sink to
prevent damage from excessive junction
temperatures. The mounting techniques
are the same as for power rectifiers and
high-wattage transistors.

Reference Diodes

While ordinary Zener diodes are useful
as voltage regulators, they don’t exhibit
the thermal stability required in precision
reference applications. A reverse-biased
semiconductor junction has a positive
temperature coefficient of barrier poten-
tial, and a forward-biased junction has a
negative coefficient. The way to tempera-
turc-compensate a Zener diode is to con-
nect one or mor¢ common silicon diodes
in series with it. When this is done as part
of the manufacturing process, the
resulting component is termed a reference
diode. A 1N3499 6.2-volt reference diode
will maintain a temperature coefficient of
0.0005 percent per degree over the range
of 0to 75° C. Reference diodes work best
when operated at a few milliamperes of
current from a high-impedance or con-
stant-current bias source. As the name im-
plies, these diodes aren’t suited for cir-
cuits where power is taken directly from
the device., Reference diodes can’t be
tested with an ohmmeter because two
junctions are back-to-back — the instru-
ment can’t supply enough voltage to over-
come the Zener barrier potential.

Step-Recovery Diodes

One device characterized by extremely
low capacitance and short storage time is
the step-recovery diode (SRD), sometimes
called a ‘‘snap’’ diode. These diodes are
used as frequency multipliers well into the
microwave spectrum. Switching the device
in and out of forward conduction is the
multiplication mechanism, and the power
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efficiency is inversely proportional to the
frequency multiple. Very high orders of
multiplication are possible with step-
recovery diodes, and one use for this
feature is in a comb generator — an in-
strument used to calibrate the frequency
axis of a spectrum analyzer.

A single harmonic of the excitation fre-
quency can be selected by an interdigital
filter or cavity resonator. A l-watt,
220-MHz fm transmitter could drive a
snap diode multiplier (X 46) and filter
combination to an output of about 10
milliwatts in the 10-GHz band — a typical
and effective power level at that frequen-
cy. A representative system of this varicty
is suggested in Fig. 47. The cxciter should
be well isolated from the SRD and its
matching network to prevent parasitic
oscillations.

Current-Regulator Diodes

A JFET with its gate shorted to its
source or connected below a source re-
sistor will draw a certain current whose
value is almost entirely independent of the
applied potential. The current (Ipsg in
FET terminology) is also quite stable with
temperature. Semiconductor manufac-
turers take advantage of these properties
and package the JFET circuit of Fig. 48A
in a two-terminal package and call it a
constant-current diode. A special symbol,
given in Fig. 48B, is assigned to this type
of diode. The 1N5305 diode approaches
an ideal current generator, in that it draws
two milliamperes over the range of 1.8 to
100 volts. Constant-current diodes find
application in ohmmeters, ramp genera-
tors and precision voltage references.

BIPOLAR TRANSISTORS

The word “transistor’” was chosen to
describe the function of a three-terminal
p-n junction device which is able to
amplify signal energy (current). The
inherent characteristic is one of “transfer-
ring current across a resistor.”” The
transistor was invented by Shockley,
Bardeen and Brattain at Bell Labs in 1947
and has become the standard amplifying
device in electronic equipment. In rf and

audio applications it is practical to obtain
output power in excess of 1000 watts by
using several amplifier blocks and hybrid
power combiners. The primary limitation
at the higher power levels is essentially a
practical or economic one: Low voltage,
high-current power supplies are required,
and the cost can exceed that of a
high-voltage, moderate-current supply of
the variety which would be employed with
a vacuum-tube amplifier of comparable
power. The primary advantages obtained
through the use of solid-state power
amplifiers are compactness and reliability.

In small-signal applications the transis-
tor outweighs the vacuum-tube in perfor-
mance. The former is more efficient,
operates cooler, has much longer life, is
considerably smaller in size, and is less
expensive. A naive designer might insist
that ““tubes are better,” but the transistor
ranks no. 1 in the industry at this time.

There remains in isolated instances a
belief that transistors are hard to tame,
noisier than tubes and that they are
subject to damage at the flick of a switch.
None of this is true. A transistorized
circuit which is designed and operated
correctly is almost always capable of
exceeding an equivalent vacuum-tube
circuit in all respects. An understanding of
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Fig. 48 — At A, an n-channel JFET connected
as a constant-current source. At B, the
schematic symbol for the circuit in A when it
is packaged as a two-terminal device.
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changes in operating and signal voltage (see
text).

how transistors function will help to
prevent poor circuit performance: The
fundamentals outlined in this chapter are
provided for the amateur designer so that
the common pitfalls can be avoided.

Fig. 49 shows a “‘sandwich’’ made from
two layers of p-type semiconductor
material with a thin layer of n-type be-
tween. There are in effect two pn junction
diodes back-to-back. If a positive bias is
applied to the p-type material at the left,
current will flow though the left-hand
junction, the holes moving to the right
and the clectrons from the n-type material
moving to the left. Some of the holes
moving into the n-type material will com-
bine with the e¢lectrons there and be
neutralized, but some of them also will
travel to the region of the right-hand junc-
tion.

If the pn combination at the right is
biased negatively, as shown, there would
normally be no current flow in this circuit.
However, there are now additional holes
available at the junction to travel to point
B and electrons can travel toward point A,
so a current can flow even though this
section of the sandwich is biased to
prevent conduction. Most of the current is
between A and B and does not flow out
through the common connection to the
n-type material in the sandwich.

A semiconductor combination of this
type is called a transistor, and the three
sections are known as the emitter, base
and collector, respectively. The amplitude
of the collector current depends principal-
ly upon the amplitude of the emitter
current; that is, the collector current is
controlled by the emitter current.

Between each p-n junction exists an
area known as the depletion, or transition
region. It is similar in characteristics to a
dielectric layer, and its width varies in
accordance with the operating voltage. The
semiconductor materials either side of the
depletion region constitute the plates of a
capacitor. The capacitance from base to
emitter is shown as Cy, (Fig. 49), and the
collector-base capacitance is represented
as Cpc. Changes in signal and operating
voltages cause a nonlinear change in these
junction capacitances, which must be taken
into account when designing some circuits.

A base-emitter resistance, rb’, also exists.
The junction capacitance, in combination
with rb’ determines the useful upper
frequency limit (fy or fa) of a transistor by
establishing an RC time constant.

Power Amplification

Because the collector is biased in the
back direction the collector-to-base resis-
tance is high. On the other hand, the
emitter and collector currents are sub-
stantially equal, so the power in the
collector circuit is larger than the power in
the emitter circuit (P = I?R, so the powers
are proportional to the respective resis-
tances, if the currents are the same). In
practical transistors emitter resistance is
of the order of a few hundred ohms while
the collector resistance is hundreds or
thousands of times higher, so power gains
of 20 to 40 dB or even more are possible.

Types

The transistor may be one of the types
shown in Fig. 43. The assembly of p- and
n-type materials may be reversed, so that
pnp and npn transistors are both possible.

The first two letters of the npn and pnp
designations indicate the respective polar-
ities of the voltages applied to the
emitter and collector in normal operation.
In a pnp transistor, for example, the
emitter is made positive with respect to
both the collector and the base, and the
collector is made negative with respect to
both the emitter and the base.

Manufacturers are constantly working
to improve the performance of their
transistors — greater reliability, higher
power and frequency ratings, and improved
uniformity of characteristics for any given
type number. One such development
provided the overlay transistor, whose
emitter structure is made up of several
emitters which are joined together at a
common case terminal. This process
lowers the base-emitter resistance, rb’,
and improves the transistor input time
constant. The latter is determined by rb’
and the junction capacitance of the device.
The overlay transistor is extremely useful
in vhf and uhf applications. It is capable
of high-power operation well above 1000
MHz. These transistors are useful as
frequency doublers and triplers, and are
able to provide an actual power gain in
the process.

Another multi-emitter transistor has
been developed for use from hf through
uhf. It should be of interest to the radio
amateur. It is called a balanced-emitter
transistor (BET), or “ballasted” transis-
tor. The transistor chip contains several
triode semiconductors whose bases and
collectors are connected in parallel. The
various emitters, however, have built-in
emitter resistors (typically about 1 ohm)
which provide a current-limiting safety
factor during overload periods, or under
conditions of significant mismatch, Since
the emitters are brought out to a single
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Fig. 50 — Pictorial and schematic representa-
tions of junction transistors. By way of analogy
the base, collector and emitter can be com-
pared to the grid, plate and cathode of a triode
tube, respectively.

case terminal the resistances are ef-
fectively in parallel, thus reducing the
combined emitter resistances to a fraction
of an ohm. (If a significant amount of
resistance were allowed to exist it would
cause degeneration in the stage and would
lower the gain of the circuit.)

Most modern transistors are of the
junction variety. Various names have been
given to the several types, some of which
are junction alloy, mesa, and planar.
Though their characteristics may differ
slightly, they are basically of the same
family and simply represent different
physical properties and manufacturing
techniques.

Transistor Characteristics

An important characteristic of a tran-
sistor is its beta (B ), or current-amplifica-
tion factor, which is sometimes expressed as
hgg (static forward-current transfer ratio)
or h e (small-signal forward-current trans-
fer ratio). Both symbols relate to the
grounded-emitter configuration. Beta is
the ratio of the collector current to the
base current

Thus, if a base current of 1 mA causes the
collector current to rise to 100 mA the
beta is 100. Typical betas for junction
transistors range from as low as 10 to as
high as several hundred.

A transistor’s alpha (%) is the ratio of
the collector to the emitter current. Sym-
bols hgpg (static forward-current transfer
ratio) and hfb (small-signal forward-
current transfer ratio), common-base
hookup, are frequently used'in connection
with gain. The smaller the base current,
the closer the collector current comes to
being equal to that of the emitter, and the
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closer alpha comes to being 1. Alpha for a
junction transistor is usually between 0.92
and 0.98.

Transistors have frequency charac-
teristics which are of importance to circuit
designers. Symbol f is the gain bandwidth
product (common-emitter) of the transis-
tor This 3 the frequency at which the
gain becomes unity, or 1. The expression
“alpha cutoff” is frequently used to ex-
press the useful upper-frequency limit
of a transistor, and this relates to the
common-base hookup. Alpha cutoff is the
point at which the gain is 0.707 its value at
1000 Hz.

Another factor which limits the upper
frequency capability of a transistor is its
transit tiime. This is the period of time
required for the current to flow from
emitter to collector, through the semi-
conductor base material. The thicker the
base material, the greater the transit time.
Hence, the thicker the base material the
more likelihood there will be of phase
shift of the signal passing through it. At
frequencies near and above fr or alpha
cutoff, partial or complete phase shift can
vecur. This will give rise to positive feed-
back because the internal capacitance,
Cue, feeds part of the in-phase collector
signal back to the base. The positive feed-
back can cause instability and oscillation,
and in most cases will interlock the input
and output tuned circuits of an rf ampli-
fier so that it is amost impossible to tune
them properly. This form of feedback can
be corrected by using what is termed *‘uni-
lateralization.”’ Conventional positive
feedback can be nullified by using
neutralization, as is done with vacuum-
tube amplifiers.

Characteristic Curves

The operating principles of transistors
can te shown by a scrics of characteristic
curves, One such sct of curves is shown in
Fig. 51. It shows the collector current vs.
collector voltage for a number of fixed
valuecs of emitter current. Practically, the
collector current depends almost entirely
on the emitter current and is independent
of the collector voltage. The scparation
between curves representing equal steps of
emitter current is  quite uniform, in-
dicating that almost distortionless output
can be obtained over the useful operating
range of the transistor.

Another type of curve is shown in Fig.
52, together with the circuit used for ob-
taining it. This also shows collector cur-
rent vs. collector voltage, but for a
number of different valucs of basc cur-
rent. In this case the emitter clement is
uscd as the common point in the circuit.
The collector current is not independent
of collector voltage with this type of con-
nection, indicating that the output
resistance of the device is fairly low. The
base current also is quitc low, which
means that thc resistance of the basc-
emitter circuit is moderately high with this
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Fig. 52 — Collector current versus collector
voltage for various values of base current in a
junction transistor. The illustration at A shows
how the measurements are made. At B is a
family of curves.

mcthod of connection. They may be con-
strasted with the high values of emitter
current shown in Fig. §1. An actual
oscillograph of a characteristic family of
curves for a small-signal transistor is
shown in Fig. §3. It was obtained by
mcans of a curve tracer.

Transistor Amplifiers

Amplifier circuits used with transistors
fall into one of thrce types, known as the
common-base, common-emitter, and
common-collector circuits. These are

Current

‘ Voltage

Fig. 53 — Curve-tracer display of a small-
signal transistor characteristics.

shown in Fig. 54 in clementary form. The
three circuits correspond approximately
to the grounded-grid, grounded-cathode
and cathode-follower circuits, respective-
ly. used with vacuum tubes.

The important transistor parameters in
these circuits are the short-circuit current
transfer ratio, the cut-off frequency, and
the input and output impedances. The
short-circuit current transfer ratio is the
ratio of a small change in output current
to the change in input current that causes
it, the output circuit being short-circuited.
The cutoff frequency was discussed earlier
in this chapter. The input and output
impedances are, respectively, the im-
pedance which a signal source working
into the transistor would see, and the
internal output impedance of the transis-
tor (corresponding to the plate resistance
of a vacuum tube, for example).

Common-Base Circuit

The input circuit of a common-base
amplifier must be designed for low im-
pedance, since the emitter-to-base resis-
tance is of the order of 26/1, ohms, where
I is the emitter current in milliamperes.
The optimum output load impedance, RL,
may range from a few thousand ohms to
100,000, depending upon the require-
ments.

In this circuit the phase of the output
(collector) current is the same as that of
the input (emitter) current. The parts of
these currents that flow through the base
resistance are likewise in phase, so the
circuit tends to be regenerative and will
oscillate if the current amplification factor
is greater than one.

Common-Emitter Circuit

The common-emitter circuit shown in
Fig. 54 corresponds to the ordinary
grounded-cathode vacuum-tube ampli-
fier. As indicated by the curves of Fig. 52,
the base current is small and the input im-
pedance is therefore fairly high — several
thousand ohms in the average case. The
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collector resistance is some tens of
thousands of ohms, depending on the
signal source impedance. The common-
emitter circult has a lower cutoff frequen-
cy than does the common-base circuit, but
it gives the highest power gain of the three
configurations.

In this circuit the phase of the output
(collector) current is opposite to that of
the input (base) current so such feedback
as occurs through the small emitter
resistance is negative and the amplifier is
stable.

Because the common-emitter amplifier
circuit illustrated in Fig. 54 is one of the
most often seen applications for a bipolar
transistor, a brief analysis and discussion
of the design procedure is appropriate.
The divider network biasing the base sup-
plies an open-circuit potential of 1.36 V.
Connecting the base has little loading ef-
fect if the transistor beta is high (a fair
assumption). A beta of 100, for example,
causes the 470-ohm emitter resistor to pre-
sent a dc base resistance of 47 k2, which is
a negligible shunt. The base-emitter junc-
tion drops 0.6 V, so the potential across
the emitter resistor is 1.36 = 0.6 = 0.76
V. This voltage causes 1.6 mA to flow in
the emitter and the 470-ohm resistor.
Since the transistor alpha is nearly unity,
the collector current is also 1.6 mA, which
drops 7.52 volts across the collector load
resistor. The quiescent (no signal) collec-
tor voltage is therefore 15 — 7.52 = 7.48
V. This value allows the maximum undis-

torted output voltage swing between
cutoff and saturation.

Assuming the emitter bypass capacitor
has ncgligible reactance at the operating
frequency, the emitter is at ac ground.
Because of the high alpha mentioned
earlier, any emitter current variation
caused by an input signal will also appear
in the collector circuit. Since the current
variation is the same, the voltage gain is
the ratio of the collector load resistance to
the (internal) emitter resistance. For small
signals, this emitter resistance can be ap-
proximated by R, = 26/, where R, is
the emitter-to-base junction resistance,
and 1. is the emitter current in
milliamperes. In our example, I, = 1.6,
so R, = 16.25 Q. The voltage gain, then,
is 289, which is 49 dB. The ac base im-
pedance is given by BR.. Using the
previous values for beta and emitter
resistance results in a base impedance of
1625 Q. The circuit input impedance is
found by shunting the base impedance
with the bias resistors. The result in this
case is about 1189 Q.

If the emitter bypass capacitor is omit-
ted, the external resistor dominates the
gain equation, which becomes: A, =
R; /REg, where A, is the voltage gain, Ry is
the collector load resistance as before, and
Rg is the unbypassed emitter resistance.
Without the bypass capacitor, the com-
mon-emitter circuit in Fig. 54 exhibits a
numerical voltage gain of 10 (20 dB). The
base impedance becomes SRg, or 47 kQ.

Fig. 54A — Ditferential amplifier. This arrange-
ment can be analyzed as a composite of the
common-collector and common-base circuits.

This value is swamped by the bias network
for a circuit input impedance of 3.91 kQ.
The emitter resistor has introduced 29 dB
of degenerative feedback to the circuit,
stabilizing the gain and impedance values
over a wide frequency range. A dc beta of
100 was assumed in this example, and for

.convenience this value was also assigned

at the operating frequency. In reality,
however, beta decreases with increasing
frequency, as noted in the section on tran-
sistor characteristics. Degenerative feed-
back overcomes this effect to a large ex-
tent.

Common-Collector Circuit (Emitter-
Follower)

Like the vacuum-tube cathode
follower, the common-collector transistor
amplifier has high input impedance and
low output impedance. The latter is ap-
proximately equal to the impedance of the
signal input source multiplied by (1 = ).
The input resistance depends on the load
resistance, being approximately equal to
the load resistance divided by (1 = «).
The fact that input resistance is directly
related to the load resistance is a disadvan-
tage of this type of amplifier if the load is
onec whose resistance or impedance varies
with frequency.

The current transfer ratio with this cir-
cuit is

1
1 -«
and the cutoff frequency is the same as in
the grounded-emitter circuit. The output
and input currents are in phase.

Differential Amplifier Circuit

An important variation of the fun-
damental amplifier types is the differential
amplifier, drawn in Fig. 54A. The output
voltage is proportional to the difference
(with respect to ground) between the
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voltages applied to the input terminals.
With the proper choice of operating con-
ditions, several differential amplifier
stages of the type shown can be cascaded
directly. Fig. 54A shows the circuit in its
classic balanced (orm, but many circuits
use differential amplifiers in a single-
ended configuration. When only a single
input and output terminal is required, Rl
could be a short circuit and the Q2 basc
could be grounded. Under these cir-
cumstances the differential amplifier can
be understood as an emitter-follower driv-
ing a common-base stage. The output is
taken between the Q2 collector and
ground. R3 establishes the current in QI
and Q2, which should be equal under
static conditions.

Differential amplifiers work best when
R3 is replaced by some type of constant-
current source. One type of current
regulator has been discussed in the diode
section, and current sources made from
bipolar transistors are covered later.

With a current source biasing Q1 and
Q2 the input signal cannot modulate the
total collector current; only the ratio of
the currents varies. One bencficial result
of the constant-current bias is that a
higher impedance is presented to the driv-
ing signal.

Bipolar Transistor Dissipation

Apart from the characteristics men-
tioned earlier, it is necessary to consider
the matters of collector dissipation,
collector voltage and current and emitter
current. Variations in these specifications
are denoted by specific parameter symbols
which appear later in the chapter. The
maximum dissipation ratings of transis-
tors, as provided on the manufacturer’s
data sheets, tend to confuse some ama-
teurs. An acceptable rule of thumb is to
select a transistor which has a maximum
dissipation rating of approximately twice
the dc input power of the circuit stage.
That is, if a S-watt dc input is con-
templated, choose a transistor with a
10-watt or greater rating. When power
levels in excess of a few hundred mW are
necessary there is a need for heat sinking.
A sink is a metal device which helps to
keep the transistor cool by virtue of heat
transfer from the transistor case to the
sink. At power levels below § watts it is
common practice to employ clip-on heat
sinks of the crown variety. For powers
greater than 5 watts it is necessary to use
large-area heat sinks which are fashioned
from extruded aluminum. These sinks
have cooling fins on one or more of their
surfaces to hasten the cooling process.
Some high-power, solid-state amplifiers
employ cooling fans from which the air
stream is directed on the metallic heat
sink. Regardless of the power level or type
of heat sink used, silicone heat-transfer
compound should always be used between
the mating surfaces of the transistor and
the heat sink. Another rule of thumb is

4-23 Chapter 4

'
P ]
z )
o 2z
5 [ &
w <
E i
4
5 z
g
= ACTIVE REGION
2
-
L3
2 LOAD LINE-Y

CUTOFF REGION

Fig. 55 — Typical characteristic for the collec-
tor of an npn transistor which shows the three
primary regions involved during switching.

EMITTER= COLLECTOR
BASE JUNCTION BASE JUNCTION
- EMITTER BASE COLLECTOR
i) HOLES ELECTRONS HOLES
z§
1=
Za
e
=
£z
g5
ES 2 AND 3 3 1aND 2
—i
DISTANCE
Fig. 56 — lllustration of the minority-carrier

concentrations in an npn transistor. No. 1
shows the cutoff region. No. 2 is the active
region at the threshold of the saturation
region. No. 3 is in the saturation region.

offered: If the heat-sink-equipped transis-
tor is too warm to touch with comfort,
the heat sink is not large enough in area.
Excessive junction heat will destroy a
transistor. Prior to destruction the device
may go into thermal runaway. During this
condition the transistor becomes hotter
and its internal resistance lowers. This
causes an increase in emitter/collector
and emitter/base current. This increased
current elevates the dissipation and
further lowers the internal resistance.
These effects are cumulative: Eventually
the transistor will be destroyed. A heat
sink of proper size will prevent this type of
problem. Excessive junction temperature
will eventually cause the_ transistor to
become open. Checks with an ohmmeter
will indicate this condition after a failure.
Excess collector voltage will also cause
immediate device failure. The indication
of this type of failure, as noted by means
of an ohmmeter, is a shorted junction.

Bipolar Transistor Applications

Silicon transistors are the most com-
mon types in use today, although a few
germanium varieties are built for specific
applications. Collector voltages as great
as 1500 can be accommodated by some of
the high-power silicon transistors avail-
able now. Most small-signal transistors
will safely handle collector voltages of 25
or greater. Generally speaking, transistors

in the small-signal class carry dissipation
ratings of 500 mW or less. Power
transistors are normally classed as 500-
mW and higher devices. The practical
applications for all of these semiconduc-
tors range from dc to the microwave spec-
trum.

Bipolar Transistor Switches

Our present-day technology includes
the use of solid-state switches as practical
alternatives to mechanical switches. When
a bipolar transistor is used in a switching
application it is either in an on or off
state. In the on state a forward bias is ap-
plied to the transistor, sufficient in level to
saturate the device. The common-emitter
format is used for nearly all transistor
switches. Switching action is characterized
by large-signal nonlinear operation of the
device. Fig. 55 shows typical output
characteristics for an npn switching tran-
sistor in the common-emitter mode. There
are three regions of operation — curoff,
active and saturation. In the cutoff region
the emitter-base and collector-base junc-
tions are reverse biased. At this period the
collector current is quite small and is com-
parable to the leakage current, I .o, lee OF
Lepo-

Fig. 56 illustrates the minority-carrier
concentration relative to an npn tran-
sistor. During cutoff the concentration is
zero at both junctions because they are
reverse biased (curve no. 1).

The emitter-base junction is forward
biased in the active region. At this time
the collector-base junction is reverse biased.
Fig. 55 shows a load line along which
switching from the cutoff to the active
region is done. The transit time (speed)
through the active region is dependent
upon the transistor frequency-response
characteristics. Thus, the higher the fre-
quency rating of the device, the faster the
switching time. Curve no. 2 in Fig. 56
depicts the minority-carrier concentration
of the active region.

In the saturation region the emitter-
base and collector-base junctions are for-
ward biased. During this period the for-
ward voltage drop across the emitter-basc
junction Vpg(ga is larger than it is across
the collector-base junction. This results in
a collector-emitter  voltage termed
V(CEsar)- Series resistances present in the
emitter and collector legs of the circuit
contribute to the determination of
VcE(sar)- Since the collector in this state is
forward biased, additional carriers are in-
jected into the base. Some also reach the
collector. Curve no. 3 of Fig. 56 shows
this minority-carrier concentration. Fig.
57 contains the circuit for a basic
saturated-transistor switch.

It is extremely important to make cer-
tain that none of the transistor voltage
ratings is exceeded during the *‘off”’
period: The minimum emitter-base break-
down voltage, V(Br)EBO, must not exceed
VBE(off). Also, the minimum collector-



Fig. 57 — Circuit for a transistor switching cir-
cuit (saturated).
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Fig. 58 — Exampies of practical switching cir-
cuits. A pnp switch is used to key an oscillator
at A. When R1 is grounded the switching tran-
sistor i3 forward biased to saturation, thereby
permitting current to flow from the dc supply
line to Q2. The circuit at B shows Q1 as a
relay-driver npn switch. When + 12 volts is ap-
plied to the base of Q1 it is forward biased to
saturation, permitting current to flow through
the field coil of K1A, D1 and D2 are included to
reduce the static collector current of Q1, which
in some instances could cause K1A to remain
closed after forward bias was removed from
Q1. D3 serves as a spike suppressor when the
field of K1A collapses.

base breakdown voltage, V(BR)CBO, should
be no greater than Vec + VBE(off). Finally,
the minimum collector-to-emitter break-
down voltage, V(BRr) CERL, must be greater
than Vee. As is true in any transistor appli-
cation, the junction temperature must be
maintained at a safe value by whatever
means necessary.

A transistor switch can be turned on by
means of a pulse (Fig. 57) or by applica-
tion of a dc forward bias. Typical circuits
for the latter are given in Fig. 58. The
circuit at A illustrates how a pnp tran-
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Fig. 59 — Examples of npn and pnp amplifiers
operating from a power supply with a negative
ground.

sistor can be used as a low-power switch
to turn oscillator Q2 on and off. In the
“on’’ state Rl is grounded. This places
the bipolar switch, QI, in a saturated
mode, thereby permitting current to flow
to Q2. A transistor switch of the type
shown at A of Fig. 58 can be used to con-
trol more than one circuit stage
simultaneously. The primary criterion is
that the switching transistor be capable of
passing the combined currents of the
various stages under control. The method
seen at A is often used in keying a
transmitter.

An npn transistor switch is shown in
Fig. S8B. If desired, it can be *“‘slaved’’ to
the circuit of Fig. 58A by attaching Rl of
circuit B to the collector of QI in circuit
A. Because an npn device is used at B, a
positive forward bias must be applied to
the base via Rl to make the transistor
saturate. When in that state, current flows
through the relay (K1A) field coil to ac-
tuate the contacts at K1B. D3 is connected
across the relay coil to damp inductive

spikes which occur when the relay-coil
field collapses. DI and D2 may not be
necessary. This will depend on the sen-
sitivity of the relay and the leakage current
of QI in the off state. If there is con-
siderable leakage, K! may not release
when forward bias is removed from Ql.
D1 and D2 will elevate the emitter to ap-
proximately 1.4 volts, thereby providing
sufficient reverse bias to cut off QI in the
off state. It can be seen from the illustra-
tions in Fig. 58 that either npn or pnp
transistors can be used as electronic
switches.

Transistor Audio Amplifiers

Bipolar transistors are suitable for
numerous audio-amplifier applications
from low-level to high power. It is com-
mon practice to use all npn or all pnp
devices, regardless of the polarity of the
power supply. In other circuits a mixture
of the two types may be found, especially
when direct-coupled or complimentary-
symmetry stages are included. Fig. 59
shows how pnp or npn stages can be used
with power supplies which have positive
or negative grounds. The essential dif-
ference in the circuits concerns returning
various elements to the negative or
positive sides of the power supply. The il-
lustrations show that all one needs to do
to use either type of device with the same
power supply is to interchange the resistor
connections. The same principle applies
when using npn or pnp transistors with a
power supply which has a positive
ground. Knowledge of how this is done
enables the designer to mix npn and pnp
devices in a single circuit. This basic
technique is applicable to any type of
transistor circuit — rf, audio or dc.

Some basic low-level audio amplifiers
are shown in Fig. 60. These stages operate
in the Class A mode. The input impedance
of these circuits is low — typically be-
tween 500 and 1500 ohms. For the most
part the output Impedance is established
by the value to the collector load resistor.
A matching transformer can be used at
the input of these stages (Fig. 60B) when it
is necessary to use, for example, a high-
impedance microphone with one of them.
T1 serves as a step-down transformer.

MIC AMP G
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(-()H -2
HI-2Z
MIC
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O
+9v
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MIC AMP
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Fig. 60 — RC and transformer-coupled audio amplifiers suitable for high- and low-impedance

microphones.
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Fig. 61 — Practical examples of direct-coupled audio amplifiers.

Some direct-coupled audio amplifiers
arc shown in Fig. 61. The circuit at A
combines pnp and npn devices to provide
a compatible interface between them.
Three npn stages are in cascade at B to
provide high gain. This circuit is excellent
for use in direct-conversion receivers,
owing to the need for very high gain after
the detector. At C is a Darlington pair —
so named after the person who developed
the configuration. The principle advan-
tages of this circuit are high gain, high in-
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Transistor RF Amplifiers

In most respects small-signal rf ampli-
fiers are similar in performance to those
used in audio applications. However, to
effect maximum stable amplification some
important design measures are necessary.
Furthermore, the matter of proper im-
pedance matching becomes more im-
portant than it is in simple audio

amplifiers. Other considerations are noise
figure, purity of the amplified signal and
dynamic range.

Although bipolar transistors can be
used as rf amplifiers for receiver front
ends, they are not found there in most of
the high-performance receivers: Field-
effect transistors are more often the
designer’s choice because of their high
input impedance and good dynamic-range
traits. A correctly designed bipolar rf
input stage can exhibit good dynamic
range, however. It is necessary to operate
a fairly husky low-noise transistor in Class

A, using a relatively high standing
collector current — 50 to 100 mA,
typicatly.

Some rf and i-f amplifier circuits which
employ bipolar transistors are shown in
the examples of Fig. 62. When used with
the appropriate L and C networks they are
suitable for either application. At A in
Fig. 62 the transistor base is tapped near
the cold end of the input tuned circuit to
provide an impedance match. The collec-
tor is tapped down on the output tuned
circuit to provide a proper match. If it is
desired, the base and collector taps can be
moved even farther down on the tuned
circuits. This will result in a deliberate
mismatch. The technique is sometimes
used to aid stability and/or lower the stage
gain. The circuit at B is operated in the
common-base mode. Taps are shown on
the input and output coils for impedance-
matching purposes.

Broadband amplifiers with heavy
negative feedback arc uscful as small-
signal rf and i-f amplifiers. An example is
shown at C in Fig. 62. Not only is negative
feedback applied (collector to base), but
degenerative feedback is obtained by vir-
tue of the unbypassed 10-ohm emitter
resistor. The use of feedback ensures an
unconditionally stable stage. As the
operating frequency is decreased the
negative feedback increases because the
feedback-network  reactance  becomes
lower. This is important if reasonably
constant gain is desired over a widc range
of frequencies, say, from 1.8 to 30 MHz.
This form of gain compensation is
necessary because as the operating fre-
quency of a given transistor is decreased,
the gain increases. Typically, the gain will
increase on the order of 6 dB per octave.
Therefore, the probability of instability
(sclf-oscillations) becomes a major con-
sideration at low frequencies in an un-
compensated rf amplifier. The circuit of
Fig. 62C operates stably and has a
characteristic input and output impedance
of approximately 50 ohms. The broad-
band 4:| transformer in the collector cir-
cuit is required to step down the collector
impedance to 50 ohms. Design informa-
tion on this type of circuit is provided in
the ARRL book, Solid State Design for
the Radio Amateur. A bandpass type of
filter is needed at the amplifier input.
Another can be used at the output of the



4:1 transformer if desired. The transistor
used in any of the amplifiers of Fig. 62
should have an f1 which is five to ten
times greater than the highest operating
frequency of the stage. The 2N5179 has an
fr in excess of 1000 MHz, making it a
good device up to 148 MHz for this ap-
plication.

Transistor RF Power Amplifiers

Rf power amplifiers which use bipolar
transistors fall into two general categories
— Class C and linear. The latter is used
for a-m and ssb signal amplification and
the class of operation is A or AB. These
amplifiers are designed for narrow or
wideband applications, depending on the
purpose for which the stage or stages will
be used. Class C bipolar-transistor ampli-
fiers are used for fm and cw work.

Most wideband amplifiers contain fer-
rite-loaded broadband transformers at the
input and output ports. The output
transformer is followed by a multipole
low-pass filter for each band of operation.
This is necessary to attenuate harmonic
currents so that they will not be radiated
by the antenna system. Although this type
of filtering is not always needed with a
narrowband amplifier (the networks pro-
vide reasonable selectivity), filters should
be used in the interest of spectral purity.
Two-section filters of the half-wave or
low-pass T variety are entirely suitable for
harmonic reduction at the 50-ohm output
ports of amplifiers.

One of the principal difficulties en-
countered by amateurs who design and
build their own high-power, solid-state
amplifiers is instability at some point in
the power range. That is, an amplifier
driven to its maximum rated output may
be stable when terminated properly, but
when the drive level is reduced it is apt to
break into self-oscillation at the operating
frequency, at vhf, or perhaps at vegy low
frequencies. Part of the problem is caused
by an increase in beta as the collector
current is decreased. This elevates the
amplifier gain to encourage instability.
Also, solid-state amplifiers are designed
for a specific network impedance at a
specified power-output level. When the
drive is reduced the collector and base
impedances increase. This causes a mis-
match. An increase in the loaded Q of the
networks may also result — a situation
that encourages instability. Therefore, it is
best to design for a specified power output
and adhere closely to that level during
operation.

Solid-state power amplifiers should be
operated just below their saturation
points for best efficiency and stability.
That is the point which occurs when no
additional rf output can be obtained with
increased driving power. Some designers
recommend that, for example, a 28-volt
transistor he used for 12-volt operation:
Saturation will take place at a level where
the transistors are relatively safe from

L]

100 100

IN

1.8-30MHz
Lo-2

L0-2Z
ouT

0.01 -
i (o
100
/—J;G'TO,IV NPN COMMON BASE
NPN COMMON EMITTER GAIN 2 10dB
GAIN 210dB (B)
(A)
BROADBAND AL
AMPLIFIER
0.0
0.01
BANDPASS 560 ; } J
FILTER &N
—1 E ouTPUT
‘_l 0.0
INPUT t t
P SAE & GAINAZ 1548
7 7 éHE
0.0
Fig. 62 — Illustrations of common-emitter and common-base rf amplifiers for narrow-band use.

The circuit at C is that of a fed-back broadband amplifier which has a bandpass filter at the input.

damage if a significant output mismatch is
present. Stability is usually better under
these same conditions, although the gain
of the transistors will be considerably
lower than would be the case if equivalent
types of 12-volt devices were used.

Fig. 63 shows two single-ended
amplifiers of typical design. At A there is
a broadband input transformer which
steps down the 50-ohm source to the low
base impedance of Ql: Most power stages
have a base impedance of 5§ ohms or less.
Although there are a number of suitable
tuned networks that can be used to effect
the desired impedance match, the use of
T! eliminates components and the
sometimes complex calculations required
for the design of a proper network. When
the actual base impedance of QI is
unknown (it varies with respect to drive
level and operating frequency), empirical
adjustment of the T1 turns ratio will per-
mit close matching. An SWR indicator
can be used between Tl and the signal
source to indicate a matched condition.
This test should be made with the maxi-
mum intended drive applied.

To continue the discussion relating to

Fig. 63A, a 10-ohm resistor (RIl) is
bridged across the secondary of Tl to aid
stability. This measure is not always
necessary. It will depend on the gain of
the transistor, the layout and the loaded Q

.of T1. Other values of resistance can be

used. A good rule of thumb is to employ
only that value of resistance which cures
instability. It must be remembered that R1
is in parallel with the transistor input im-
pedance: This will have an effect on the
turns ratio of T1. When excessive driving
power is available, a deliberate mismatch
can be introduced at the input to QI by
reducing the number of secondary turns.
If that is done, Rl can often be
eliminated. The shortcoming which
results from this technique is that the driv-
ing source will not be looking into a
50-ohm termination. Tl is normally a
ferrite-loaded transformer — toroidal or
solenoidal. The core material for opera-
tion from 1.8 to 30 MHz is typically the
950-y; (Initial permeability) type. The
primary winding of T1 (and other broad-
band transformers should be approxi-
mately four times the terminal impedance
with respect to reactance. Therefore, for a
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Fig. 63 — Circuits for rf power amplifiers. At A is a Class C type. The circuit at B is biased for

linear amplification.

50-ohm load characteristic the primary-
winding rcactance of TI1 should be
roughly 200 ohms.

Two rf chokes are shown in Fig. 63A.
These are necessary to assure ample de-
lead decoupling along with the related
bypass capacitors. The upper rf choke
serves also as a collector load impedance.
The reactance should be four or five times

bypass capacitors are used to ensure effec-
tive decoupling at vhf, hf and If. If the
decoupling is inadequate, rf from the
amplifier can flow along the 12-volt busto
other parts of the transmitter, thercby
causing instability of one or more of the
stages. A simple low-pass T network is
used for matching the collector to the
50-ohm load. It also suppresses harmonic

of matching network ‘should be kept
below 4 in the interest of amplifier stabili-
ty. Information on this and other types of
tuned matching networks is given in the
ARRL Electronics Datu Book. Data are
also given in that volume concerning
broadband transformer design.

Fig. 63B shows the same gencral
amplifier. The difference is in the biasing.
The circuit at A is set up for Class C. It is
driven into the cutoff region during
operation. At B there is a small amount of
forward bias applied to Q1 (approximate-
ly 0.7 volt) by means of the barrier voltage
sct by DI, a silicon power diode. D1 also
functions as a simple bias regulator. R2
should be sclected to provide fairly
substantial diode current. The forward
bias establishes linearity for the amplifier
so that ssb and a-m driving energy can be
amplified by Q1 with minimum distor-
tion.

Although some transistors are designed
especially for linear amplification, any
power transistor can be used for the
purpose. Once the proper biasing point is
found for linear amplification with a
Class C type of transistor, an investigation
of linearity versus output power should be
undertaken. Some Class C transistors are
incapable of delivering as much power
(undistorted) in Class AB as they can
under Class C conditions. Most power
transistors intended for linear amplifica-
tion have built-in, degenerative-feedback
resistors at the emitter sites. This technique
aids linearity. Depending on the package
style of a Class C type of transistor, an
emitter-feedback resistor can be added ex-
ternally. Such resistors are usually on the
order of 1 ohm.

A broadband Class C amplifier is
shown in Fig. 64A. T1 and T2 arc 4:1
broadband transformers connected in
series to provide an impedance step down
of 16:1. For most applications this ar-

the collector impedance. Three values of  energy. The loaded Q of this general type  rangement will provide an acceptable
AMPLIFIER T3 -
4.4
T2 10 OHMZ " 40 OHMS
4 3onms O °

50-OHM
INPUT

/ o4
50 -OHM
QUTPUT

TO T2

i

Qu=1

i

i R1

Q1
TO T3

(8)

Fig. 64 — Broadband transformers are employed at A for impedance matching. FL1 suppresses harmonic currents at the amplifier output. In the
examples at B are feedback components C1 and R1 (see text).
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Fig. 65 — Example of a fed-back, push-pull, rf power amplifier set up for broadband service from 1.8 to 30 MHz. The circuit is biased for linear

amplification.
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Fig. 66 — txamples of transistor oscillators which use crystal control.

match between 50 ohms and the base im-
pedance of Q1. In the example we have
assumed a base impedance of approxi-
mately 3 ohms.

T3 serves as a collector load and a
step-up transformer. It is useful to use a
step-up transformer when the collector
impedance is low (25 ohms or less). This
enables the designer to work with
filter-component values (FL1) that are
more practical than would be the case if
an attempt was made to match 10 ohms to
50 ohms with the filter network. FL1 in
this example is a double pi-section
low-pass type (half-wave filter). It is
designed to match 40 ohms to 50 ohms
and has a loaded Q of 1.

Feedback can be applied to stabilize the
amplifier. This is seen in Fig. 64B. C1 and

R1 are chosen to reduce the amplifier gain
by whatever amount is necessary to pro-
vide stability and the broadband charac-
teristics desired. C1 serves as a dc blocking
capacitor.

A push-pull broadband lincar amplifier
is illustrated at Fig. 65. When additional
frequency compensation is  desired
(beyond that available from a negative-
feedback network) L1 and R1 can be add-
ed across the amplifier input. They are
sclected to roll off the driving power
toward the low end of the amplifier
operating range. As the frequency is
reduced, L1 represents a lower reactance,
thereby permitting some of the drive
power to be dissipated in R1.

T1 is a conventional broadband trans-
former (not a transmission-line type) with

a turns ratio set for matching 50 ohms to
the base load presented by Q1 and Q2. T2,
another broadband transformer, is used
to provide balanced dc feed to the
collectors. T3 is another broadband
transformer which is wound for lowering
the collector-to-collector impedance to 50
ohms. FL1 is designed for a bilateral
impedance of 50 ohms in this example.

Bipolar-Transistor Oscillators

Transistors function well as crystal-
controlled or LC oscillators. RC oscil-
lators are also practical when a bipolar
transistor is used as the active element.
The same circuits used for tube-type
oscillators apply when using transistors.
The essential difference is that transistor
oscillators have lower input and output
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Fig. 67 — The circuits at A and B are VFOs for use in transmitters or receivers. Audio oscillators are shown at C and D.

impedances, operate at low voltages, and
deliver low output power — usually in the
mW range. The greater the oscillator
power, the greater the heating of the
transistor junction and other circuit
elements. Therefore, in the interest of
oscillator stability it is wise to keep the dc
input power as low as practical. The
power level can always be increased by
means of subsequent amplifier stages at
minor cost.

Some representative  examples of
crystal-controlled oscillators are provided
in Fig. 66. At A is an oscillator that can be
used to obtain output at f (the crystal fre-
quency), or at multiples of f. The circuit
at B illustrates a Pierce type of oscillator
for fundamental output at 3.5 MHz. Cg,
may be necessary with some crystals to
provide ample feedback to cause oscilla-
tion. The value of Cg, will depend on the
operating frequency and the gain of the
transistor. Typically for 1.8 to 20-MHz
crystals  (fundamental mode) the
capacitance value ranges from 25 to 100
pF. The higher values are typical at the
lower end of the frequency range. In Fig.
66C is an overtone oscillator. The collec-
tor tuned circuit must be able to resonate
slightly above the crystal overtone fre-
quency in order to ensure oscillation.
Low-impedance output can be had by
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means of the link shown. Alternatively, a
capacitive divider can be placed across the
inductor to provide a low-Z tap-off point.
The trimmer should be retained in parallel
with the inductor to permit resonating the
circuit.

Some typical rf and audio oscillators
are seen in Fig. 67. The circuit at A ob-
tains feedback by means of the emitter tap
on the tuned circuit. Approximately 25
percent of the oscillator rf power is used
as feedback. The tap point on this type of
oscillator is between 10 and 25 percent of
the total coil turns. The designer should
use the smallest amount of feedback that
will provide reliable oscillator perfor-
mance with the load connected.

Fig. 67B illustrates a series-tuned Col-
pitts oscillator, although this general cir-
cuit is often referred to as a ““series-tuned
Clapp’’ oscillator. It is very stable when
polystyrene capacitors are used in the
feedback and tuned circuits. Silver-mica
capacitors can be used as substitutes at a
slight sacrifice in drift stability (long
term).

A twin-T audio oscillator is shown at C
in Fig. 67. It is a very stable type of circuit
which delivers a clean sine-wave output.
Mpylar or polystyrene capacitors should be
used for best stability.

A simple feedback circuit is effected by

means of T1 in Fig. 67D. TI is a small
transistor output transformer with a
center-tapped primary and an 8-ohm
secondary. This circuit is excellent for use
as a code-practice or side-tone oscillator.
All of the rf oscillators described in
these examples should be followed by one
or more buffer stages to prevent frequency
changes resulting from load variations
occurring after the oscillator chain.

Transistor Mixers

Much of the modern equipment used by
amateurs contains mixers which utilize
FETs or diode rings. Good dynamic range
is offered by those two circuits. However,
there is no reason why a bipolar mixer
can’t be used to obtain satisfactory
results if care is taken with the operating
parameters and the gain distribution in
the receiver or transmitter where they are
used. The bipolar transistors used in
receiver mixers should be selected ac-
cording to noise figure (low) and dynamic
range (high). The signal applied to it
should be kept as low as possible,
consistent with low-noise operation. Most
semiconductor manufacturers specify cer-
tain transistors for mixer service. Al-
though this does not mean that other
types of bipolar transistors can’t be used
for mixing, it is wise to select a device that



is designed for that class of service.

Fig. 68 contains examples of three basic
types of transistor mixers. At A is seen the
most common one. It is found in simple
circuits such as transistor a-m broadcast-
band receivers. As an aid to dynamic
range, the mixers of Fig. 68 can be used
without rf amplifier stages ahead of them
for frequencies up to and including 7
MHz: The noise in that range (ambient
from the antenna) will exceed that of the
mixer.

The primary limitation in the perfor-
mance of the mixer of Fig. 68A is that the
local-oscillator voltage is injected at the
base. This does not afford good
LO/input-signal isolation. The un-
favorable result can be oscillator ‘‘pull-
ing’’ with input load changes, and/or
radiation of the LO energy via the anten-
na if the front-end selectivity is marginal
or poor. The advantage of the circuit is
that it requires less injection voltage than
the one at B, where emitter injection is
used.

At Fig. 68B is the same basic mixer, but
with LO voltage applied to the emitter.
This technique requires slightly higher
levels of LO energy, but affords greater
LO isolation from the mixer input port.

A singly balanced bipolar-transistor
mixer is illustrated in Fig. 68 at C. R1 is
adjusted to effect balance. This circuit
could be modified for emitter injection by
changing R1 to 1000 ohms, replacing the
220-ohm resistors with 1-mH rf chokes,
and injecting the LO output at the junc-
tion of the two 0.01-uF capacitors. The
center tap of the input transformer (base
winding) would then be bypassed by
means of a 0.01-uF capacitor.

Other Uses for Bipolar Transistors

It is possible to take advantage of the
junction characteristics of small-signal
transistors for applications which usually
employ diodes. One uscful technique is
that of employing transistors as voltage-
variable capacitors (varactors). This
method is seen in Fig. 69. The collector-
base junction of Q1 and Q2 serve as
diodes for tuning the VFO. In this exam-
ple the emitters are left floating. A single
transistor could be used, but by connect-
ing the pair in a back-to-back arrange-
ment they never conduct during any part
of the rf cycle. This minimizes loading of
the oscillator. The junction capacitance is
varied by adjusting the tuning control,
R1. In this circuit the tuning range is ap-
proximately 70 kHz.

A bipolar-transistor junction can be
used as a Zener diode in the manner
shown in Fig. 70. Advantage is taken of
the reverse-breakdown characteristic of
Q! to establish a fixed reference level.
Most transistors provide Zener-diode ac-
tion between 6 and 9 volts. The exact
value can be determined éxpetimentally.

When the base and collector of a
bipolar transistor are connected and a for-
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Fig. 68 — Some typical bipolar-transistor mixers. Their characteristics are discussed in the text.
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Fig. 71 — A peak clipper circuit using bipolar
transistors connected in the superdiode con-
figuration.
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Fig. 72 — Constant-current generators made with bipolar transistors. In A, the reference voltage
established by the diodes is converted to a current by the emitter resistor. A two-transistor feed-
back arrangement is employed at B. The functions of both circuits are explained in the text.

ward bias applied to the base-emitter
junction, a superdiode results. If the col-
lector were left open, the base-emitter
junction would behave like an ordinary
diode. With the collector tied to the base,
the diode current rises much more rapidly
with applied voltage because of the
amplification provided by the transistor
action. Two cross-connected super-diodes
form the basis for a highly effective peak
clipper or hard limiter. Fig. 71 illustrates
the application. Npn transistors are
shown, but pnp units will yield identical
performance.

Constant-Current Generators

The curves in Figs. 51 to 53 show that
the collector current of a bipolar tran-
sistor is essentially independent of the
collector-to-emitter potential when the
device is biased in its active region. Fig.
T2A illustrates a constant-current source
(or sink, if actual electron flow is con-
sidered) using a pnp transistor. A fairly
constant 1.2-volt potential drop is main-
tained across the diode string. The base-
emitter junction introduces a diode drop,
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so the emf applied to the 62-Q resistor is a
constant 0.6 volt. A constant voltage
across a resistor forces a constant current.
This current flows in the emitter, and the
high alpha causes the collector current to
be nearly the same.

The circuit of Fig. 72B works in a
similar manner. R1 biases Q! into conduc-
tion. When the emf developed by R2
reaches 0.6 volts, Q2 begins to conduct,
shunting base drive away from Q1 and
limiting its collector current.

A device that passes an arbitrary cur-
rént independent of the applied voltage
presents an infinite dynamic impedance to
the driving signal. This feature makes the
constant-current generator valuable in
several applications. One use for the cir-
cuits of Fig. 72 is in the bias control circuit
of a differential amplifier. Either con-
figuration can be used to establish the
proper amplifier current while providing
the tightest possible coupling between the
emitters of the differential pair. Another
way to employ a constant-current circuit
is to use it as an active load for the collec-
tor of a transistor amplifier stage. The in-

(P ANODE -

é‘— CATHODE ———»

Fig. 73 — An SCR and its discrete functional
near-equivalent.

finite dynamic impedance of the current
source causes the amplifier to exhibit very
high voltage gain. When the amplifier is
an npn transistor, the current source must
be a pnp device, and vice-versa.

Thyristors

Two complementary bipolar transistors
connected as in Fig. 73 form the solid-
state analog of the latching relay — a trig-
ger pulse applied to the base of Q2 will ini-
tiate current flow in both devices. This
current is limited only by the external cir-
cuit resistance and continues independent
of the trigger signal until the main source
is interrupted. Four-layer semiconductors
(pnpn or npnp) having this property are
known as thyristors or silicon controlled
rectifiers (SCRs). SCRs find use in power
supply overvoltage protection circuits
(crowbars), electronic ignition systems,
alarms, solid-state commutating systems
for dc motors and a host of other applica-
tions. Two complementary SCRs
fabricated in parallel, with a common gate
terminal, form a triac. These are used to
switch alternating currents. The most
common application of the triac is in in-
candescent light dimmers. Triacs have
sensitive gates, and prolonging the trigger
signal or injecting excessive gate current
can cause excessive heating. In circuits
operating on 117-volt ac, a diac is used to
trigger a triac. A diac is a bidirectional
current-limiting diode. Structurally, it can
be compared to a triac without a gate. A
motor speed control illustrating the use of
triacs and diacs is drawn in Fig. 74.

Unijunction Transistors

An unusual three-terminal semiconduc-
tor device is the unijunction transistor
(UJT), sometimes called a double-base
diode. The elements of a UJT are base 1,
base 2 and emitter. The single rectifying
junction is between the emitter and the
silicon substrate. The base terminals are
ohmic contacts, meaning that the current
is a linear function of the applied voltage.
Current flowing between the bases sets up
a voltage gradient along the substrate. In
operation, the direction of flow causes the



Loan 70pH

8A
I
100k
2w
17V
AC
0.1

0.05 —_—
zm‘[ 200v T

trasTER

6.8k
05w

0.4

2oov‘[

Fig. 74 — Schematic diagram of motor-speed cont

Q1 — Triac (silicon bidirectional thyristor), 8-A,
200-V (Motorola MAC2-4 or HEP340 or
equiv.).
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Fig. 75 — A relaxation oscillator based on a unijunction transistor. The frequency of oscillation is

approximately 1500 Hz.

emitter junction to be reverse biased. The
relaxation oscillator circuit (the most com-
mon UJT application) of Fig. 75 il-
lustrates the function of the UJT. When
the circuit is energized, the capacitor
charges through the resistor until the emit-
ter voltage overcomes the reverse bias. As
soon as current flows in the emitter, the
resistance of the hase | region decreases
dramatically, discharging the capacitor.
The decreased base 1 resistance alters the
voltage distribution along the substrate,
establishing a new bias point for the emit-
ter junction. As moie and more emitter
current flows, the majority carrier injec-
tion builds a space charge in the base |
region, which causes the emitter current to
cease. Current is again available to charge
the capacitor and the cycle repeats. If the
resistor were replaced by a constant-
current source, the output waveform
would be a linear ramp instead of a
sawtooth. The UJT schematic symbol
resembles that of an n-channel JFET —
the angled emitter distinguishes the uni-
junction transistor.

Field-Effect Transistors

Field-effect transistors are assigned that
name because the current flow in them is
controlled by varying electric field which
is brought about through the application
of a voltage that controls the electrode
known as the gate. The analogy for a

bipolar transistor is that in the latter the
current flow is controlled by the current
applied to the base electrode.

There are two essential types of
field-effect transistors (FETs) in use
today. They are the junction FET and the
MOSFET. The former is most commonly
called a JFET. It has no insulation
between its elements, just as is the case
with bipolar transistors. The MOSFET
has a thin layer of oxide between the gate
or gates and the drain-source junction.
The term MOSFET is derived from
metal-oxide silicon field-effect transistor.
The basic characteristic of the two types
are similar — high input impedance and
good dynamic range. These characteristics
apply to small-signal FETs. Power FETs,
which will be treated later, have different
characteristics. Although some MOS-
FETs have but one gate, others have two
gates. Single-gate FETS can be equated
practically to a triode vacuum tube. The
gate represents the grid, the anode is
similar to the drain, and the cathode is
like the source. The input impedance of
FETs is a megohm or greater. The noise
figure of an FET is quite low, making them
ideal as preamplifiers for audio and rf well
into the uhf region. Nearly all of the
MOSFETs manufactured today have
built-in gate-protective Zener diodes.
Without this provision the gaie insulation
can be perforated easily by small static
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Fig. 76 — Profile and symbol for an n-channel
junction field-effect transistor. In a p-channel
device, all polarities are reversed and the gate
arrow points away from the substrate.
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Fig. 77 — Operation of a JFET under applied
bias. A depletion region (light shading) is
formed, compressing the channel and increas-
ing the resistance to current flow.

charges on the user’s hands or by the
application of excessive voltages. The
protective diodes are connected between
the gate (or gates) and the source of the
FET.

The Junction FET

As was stated earlier, field-effect tran-
sistors are divided into two main groups:
Junction FETs and MOSFETs. The basic
JFET is shown in Fig. 76.

The reason for the terminal names will
become clear later. A dc operating condi-
tion is set up by starting a current flow
between source and drain. This current
flow is made up of free electrons since the
semiconductor is n-type in the channel, so
a positive voltage is applied at the drain.
This positive voltage attracts the negative-
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Fig. 78 — Profile and symbol for a MOSFET.

ly charged free electrons and the current
flows (Fig. 77). The next step is to apply a
gate voltage of the polarity shown in Fig.
77. Note that this reverse-biases the gates
with respect to the source, channel, and
drain. This reverse-bias gate voltage
causes a depletion layer to be formed
which takes up part of the channel, and
since the electrons now have less volume
in which to move the resistance is greater
and the current between source and drain
is reduced. If a large gate voltage is ap-
plied the depletion regions meet, causing
pinch off, and consequently the source-
drain current is reduced nearly to zero.
Since the large source-drain current
changes with a relatively small gate
voltage, the device acts as an amplifier. In
the operation of that JFET, the gate ter-
minal is never forward biased, because if
it were the source-drain current would all
be diverted through the forward-biased
gate junction diode.

The resistance between the gate ter-
minal and the rest of the device is very
high, since the gate terminal is always
reverse biased, so the JFET has a very
high input resistance. The source terminal
is the source of current carriers, and they
are drained out of the circuit at the drain.
The gate opens and closes the amount of
channel current which flows in the
pinch-off region. Thus the operation of an
FET closely resembles the operation of
the vacuum tube with its high grid-input
impedance.

MOSFETs (Metal-Oxide Semiconductors)
The other large family which makes up
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field-effect transistors is the insulated-gate
FET, or MOSFET, which is pictured
schematically in Fig. 78. In order to set up
a dc operating condition, a positive
polarity is applied to the drain terminal.
The substrate is connected to the source,
and both are at ground potential, so the
channel electrons are attracted to the
positive drain. In order to regulate this
source-drain current, voltage is applied to
the gate contact. The gate is insulated
from the rest of the device by a layer of
very thin dielectric material, so this is not
a p-n junction between the gate and the
device — thus the name insulated gate.
When a negative gate polarity is applied,
positive-charged holes from the p-type
substrate are attracted toward the gate
and the conducting channel is made more
narrow; thus the source-drain current is
reduced. When a positive gate voltage is
connected, the holes in the substrate are
repelled, the conducting channel is made
larger, and the source-drain current is in-
creased. The MOSFET is more flexible
since either a positive or negative voltage
can be applied to the gate. The resistance
between the gate and the rest of the device
is extremely high because they are
separated by a layer of thin dielectric.
Thus the MOSFET has an extremely high
input impedance. In fact, since the
leakage through the insulating material is
generally much smaller than through the
reverse-biased p-n gate junction in the
JFET, the MOSFET has a much higher
input impedance. Typical values of R;, for
the MOSFET are over a million
megohms. There are both single-gate and
dual-gate MOSFETs available. The latter
has a signal gate, gate 1, and a control
gate, gate 2. The gates are effectively in
series making it an easy matter to control
the dynamic range of the device by vary-
ing the bias on gate 2. Dual-gate
MOSFETs are widely used as agc-
controlled rf and i-f amplifiers, as mixers
and product detectors, and as variable at-
tenuators. The isolation between the gates
is relatively high in mixer service. This
reduces oscillator “*pulling”’ and reduces
oscillator radiation. The forward transad-
mittance (transconductance, or gm) of
dual-gate MOSFETs is as high as 40,000
micromhos.

FET Characteristics

The characteristic curves for the FETs
described above are shown in Figs. 79 and
80. The drain-source current is plotted
against drain-source voltage for given gate
voltages.

The dynamic characteristics of an FET
are most heavily influenced by dynamic
mutual conductance or transconductance.
This parameter is defined as the ratio of
drain current change to the small gate-to-
source voltage change that caused it.
Mathematically, the relationship is ex-
pressed: G, = Alp/AEgs, where A
represents a small change or increment.

veeg =0

[-1] vVes=~1 VOLT

Ves=-2 VOLTS

VGs = -3 VOLTS

Current

Fig. 79 — At A are typical JFET characteristic
curves. The picture at B shows an actual
oscillograph of the family of curves produced
by a curve tracer.
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Fig. 80 — Typical characteristic curves for a
MOSFET.

Typical general-purpose JFETs for small-
signal rf and audio work have G, values
in the neighborhood of 5000 micromhos,
while some units designed for CATV ser-
vice feature transconductance over 13,000
uU. As reported above, 40,000 uU (40 mU)
is the transconductance figure for the
‘“‘hottest”’ dual-gate MOSFETs. Some
JFETs intended for analog switching also
have 40 m8 or more of transconductance
to achieve low ON resistance. The newer
power FETs boast transconductance
figures on the order of one mho.
Transconductance is of great impor-
tance in calculating the gain and



impedance values of FET circuits. In
common-sourcc and common-gate ampli-
fiers with no degeneration, the numerical
voltage gain is given by A, = GnRp,
where A, is the gain, G, is the transcon-
ductance in mhos (or siemens) and Ry is
the drain load resistance in ohms. Also,
the source impedance of a common-gate
or common-drain (source follower)
amplifier is approximately 1/Gp,.

Classifications

Field-effect transistors are classed into
two main groupings for application in
circuits, enhancement mode and depletion
mode. The enhancement-mode devices are
those specifically constructed so that they
have no channel. They become useful only
when a gate voltage is applied that causes
a channel to be formed. IGFETs (in-
sulated gate FET) can be used as
enhancement-mode devices since both
polarities can be applied to the gate
without the gate becoming forward biased
and conducting.

A depletion-mode unit corresponds to
Figs. 76 and 77, shown earlier, where a
channel exists with no gate voltage ap-
plied. For the JFET we can apply a gate
voltage and deplete the channel, causing
the current to decrease. With the
MOSFET we can apply a gate voltage of
either polarity so the device can be
depleted (current decreased) or enhanced
(current increased).

To sum up, a depletion-mode FET is
one which has a channel constructed; thus
it has a current flow for zero gate voltage.
Enhancement-mode FETs are those which
have no channel, so no current flows with-
zero gate voltage.

Power FETs

FETs capable of handling substantial
amounts of power are available for use
from dc through the vhf spectrum. They
are known under more than one name —
vertical FETs, MOSPOWER FETs and
VMOS FETs. The power FET (MOS-
POWER ™ FET) was introduced in 1976
by Siliconix, Inc. The device enabled
designers to switch a current of 1 ampere
in less than four nanoseconds. The
transfer characteristic of the power FET is
a linear one. It can be employed as a linear
power amplifier or a low-noise, small-
signal amplifier with high dynamic range.
With this kind of FET there is no thermal
runaway, as is the case with power types
of bipolar transistors. Furthermore, there
is no secondary breakdown or minority-
carrier storage time. The latter makes
them excellent for use in switching
amplifiers (Class D service). Of particular
interest to amateurs is the immunity of
power FETs to damage from a high SWR
(open or short condition). These devices
can be operated in Class A, AB, B or C.
Zero bias results in Class C operation

Fig. 81 illustrates the manner in which a
MOSPOWER FET is formed. These de-
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Fig. 81 — Profile and symbol for a power FET
(VMOS enhancement-mode type).
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vices operate in the enhancement mode.
The current travels vertically. The source
is on tap of the chip but the drain is on the
backside of the chip. In this vertical struc-
ture there are four layers of material
(N+, P, N— and N +). This device of-
fers high current density, high source/
drain breakdown capability and low
gate/drain feedback capacitance. These
features make the transistor ideal for hf
and vhf use.

Fig. 82 depicts the drain current as
being linearly proportional to the gate-to-
source voltage. The more conventional
JFET exhibits a square-law response
(drain current being proportional to the
square of the gate-to-source voltage).

As an example, the Siliconix VMP-4
power FET can provide a power just hort
of 20 watts (saturated) at 160 MHz. Fig.
83 shows curves fcr this device respective
to saturated output power versus frequen-
¢y. In this case both the input and output
impedances of the transistor are matched
conjugately. An advantage to this device
over the power bipolar transistor is that
these impedances are barely affected by
the drive levels applied. In wideband
amplifier service the MOSPOWER FET
can be operated with complete stability.
In-depth data on these devices is given in
the Siliconix application note, TA-76-1.

GaAsFETs

For low-noise amplification at uhf and
microwaves, the state of the art is defined
by field-¢ffect transistors fabricated from
gallium arsenide. Also used in LEDs and
microwave diodes, gallium arsenide is
semiconductor compound, as opposed to
silicon and germanium, which are
elements. This compound exhibits greater
carrier mobility (the electrons can move
more freely) than silicon or germanium,
hence the transit time is reduced and high-
frequency performance improved in GaAs
FETs. GaAs FETs are classified as
depletion-mode junction devices. The gate
is made of gold or aluminum, the latter
type being susceptible to damage from
static charges.

GaAs FETs are available for both
small-signal and power applications. The
power devices have noise figures almost as
low as those specified for the small-signal
types, and naturally exhibit greater
dynamic range and ruggedness. Several
semiconductor manufacturers throughout
the free world offer gallium-arsenide
ficld-effect transistors in various noise
figure, frequency a1 power ratings. In
the U.S., Hewlett-Packard and Micro-
wave Semiconductor Corp. feature units
usable up through Ku-band. Represen-
tative type numbers are HFET-2201 and
MSC HO00!, respectively. In Great Britain,
the Plessey GATS and GAT6 devices
feature low-noise performance up to 14
GHz. The Nippon Electric Company of
Japan is also competing strongly for
leadership in the GaAs FET market. A
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practical GaASFET preamplifier is
featured in the vhf/uhf receiving chapter.
For more background information on
GaAs FETs, see Wade, ““Introduction to
GaAs Field-Effect Transistors,”” Ham
Radio, January 1978, and Wade and
Katz, ‘‘Low-Noise GaAs FET UHF Pre-
amplifiers,”” QST, June 1978.

Practical FET Circuits

Small-signal FETs can be used in the
same general types of circuits given carlicr
for bipolar transistors. The primary
obstacle in some types of amplifier circuits
is instability. Certain precautions are
necessary (o prevent unwanted self-
oscillations, but they do not differ
markedly from those techniques applied
when working with triode tubes.

In Fig. 84 are examples of FET audio
amplifiers. The circuit at A shows a simple
RC coupled stage with a gain of 10 dB or
greater. The input and output impedances
are set by the gate and drain resistors. The
circuit at B in Fig. 84 is similar to that at
A, except that a dual-gate MOSFET is
used as the active device (Q1). A positive
bias is supplied to gate 2 by means of a
resistive divider. In the circuit of Fig. 84C,
a pnp transistor is combined with a JFET
to provide a direct-coupled pair. This con-
figuration provides high gain. The

Fig. 84 — Some typical audio ampiifiers which employ FE

Ts.

amount of gain is set by the ratio of R1
and R2. Again, the input and output im-
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Fig. 85 — Examples of FET amplifiers suitabie for rf or i-f applications.
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pedances are determined tor the most parl
by the values of the input and output
resistors, 1 megohm and 1000 ohms,
respectively.

RF and I-F Amplifiers
Small-signal rf and i-f amplifiers which

usc FLETs arc capable of good dynamic
range and will exhibit a low noise figure.
It is for these reasons that many designers
prefer them to bipolar transistors. Fig. 85
contains examples of FET rf or i-f
amplifiers. In the example at A the gate
and drain elements of Q1 are tapped down

on L2 and L3 to provide stability. This
represents an intentional mismatch, which
causes a slight sacrifice in stage gain. The
10-ohm drain resistor (R1) is used only if
vhf parasitic oscillations occur.

At B in Fig. 85 is seen a common-gate
FET amplifier. The source is tapped well
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Fig. 87 — A dual-gate MOSFET single-ended mixer.

down on the input tuned circuit to effect
an impedance match. This circuit is
characterized by its excellent stability,
provided the gate lead is returned to
ground by the shortest path possible. This
type of circuit will have slightly less gain
capability than the common-source exam-
ple at A.

In Fig. 85 at C is an illustration of a
dual-gate MOSFET amplifier. Provided
the input and output tuned circuits are
well isolated from one another there is less
chance for sclf-oscillation than with a
JFET. A positive bias is applied to gate 2,
but age voltage can be used in place of a
fixed-value voltage if desired. This circuit
can provide up to 25 dB of gain.

Fig. 85D shows the configuration of a
cascode rf amplifier in which a dual JFET
(siliconix U257) is specified. The advan-
tage in using the dual FET is that both
transistors have nearly identical charac-
teristics, owing to the fact that they are
fabricated on a common substrate. Two
separate JFETs can be used in this circuit
if the one nearest to Vpp has an Ipgg
higher than its mate. This ensures proper
dc bias for cascode operation. Unmatched
FETs require special forward-biasing
techniques and ac-coupling measures that
aren’t seen in this circuit.

Cascode amplifiers are noted for their
high gain, good stability, and low noise
figure. With the circuit shown the noise
figure at 28 MHz is approximately 1.5 dB.
Short leads are necessary, and shielding
between the tuned circuits is recom-
mended in the interest of stability. Careful
layout will permit the use of toroidal
inductors at L2 and L3. These com-
ponents should be spaced apart and
mounted at right angles to one another in
order to reduce unwanted infringing
magnetic fields. Agc can be applied to this

amplifier by routing the control voltage to
the gate of QIB.

FET Mixers

There are three types of FET mixers in
common use today — single-ended, singly
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balanced and doubly balanced. In all
cases there is an advantage to using active
devices in place of passive ones (diodes).
This assures a conversion gain which
helps minimize the number of gain stages
required in a given circuit.

A single-ended JFET mixer requires 0
dbm of LO injection power. It can pro-
vide several decades of bandwidth and has
a good IMD characteristic. The latter is
far superior to most bipolar single-ended
mixers. The major shortcoming is very
poor isolation between the three mixer
ports (rf, LO and i-f). A typical single-
ended mixer using a JFET is seen in Fig.
86A. Optimum tradeoff between conver-
sion gain and IMD occurs near the point
where the self-bias is 0.8 V. LO injection
voltage will be on the order of 1 (pk-pk) to
provide good mixer performance. Con-
version gain with this mixer will be ap-
proximately 10 dB.

Fig. 86B illustrates a singly balanced
JFET mixer. A broadband transformer
(T1) provides a low-impedance source for
the LO and supplies injection voltage in
push-pull to the gates of QI and Q2. The
latter should be matched FETs or a dual
FET such as the U430 by Siliconix. This
mixer provides between 10 and 20 dB of
isolation between the mixer ports. The
signal is applied in parallel across the
sources of Q1 and Q2 by means of broad-
band transformer T2. OQutput at the i-f is
taken from a balanced tuned circuit.

A doubly balanced FET mixer is shown
at Cin Fig. 86. Broadband transformers
are used throughout, with FL1 and FL2
providing low-pass selectivity at the mixer
output. The filters also provide an im-
pedance stepdown between the drains of
Q! and T4 (1700 ohms to 100 ohms). LO
injection is supplied to the gates and
signal input is to the sources. Port-to-port
isolation with this mixer is on the order of
30 dB or greater. Bandwidth is one oc-
tave. In-depth information on this type of
circuit is given in the Siliconix application
note AN-73-4,

Fig..87 contains the circuit of a typical

dual-gate MOSFET single-ended mixer.
Its performance characteristics are similar
to those of the mixer at Fig. 86A. The
primary exception is that the port-to-port
isolation is somewhat better by virtue of
the gate no. 2 isolation from the re-
mainder of the electrodes. This mixer and
all other active FET mixers require a fairly
low drain-load impedance in the interest
of good IMD. If the drain tuned circuit is
made high in terms of impedance (in an
effort to improve conversion gain) the
drain-source peak signal swing will be
high. This will lead to a change in junction
capacitance (varactor effect) and the
generation of harmonic currents. The
result is distortion. Of primary
significance is the condition called *‘drain-
load distortion.”” This malady occurs
when excessive signal levels overload the
drain circuit. The result is degraded IMD
and cross-modulation effects. Rl in Fig.
87 is used to decrease the drain-load im-
pedance by means of swamping. A value
to 10,000 ohms is suitable for a 40673
MOSFET mixer. Some JFETs require a
lower drain load for optimum perfor-
mance. Values as low as 5000 ohms are
not unusual. This form of overloading is
more pronounced at low dc drain-voltage
levels, such as 6 or 8.

FET Crystal Oscillators

A group of crystal-controlled FET
oscillators is presented in Figs. 88 and 89.
At Fig. 88A is an overtone type. The
tuned circuit in the drain is resonated
slightly higher than the crystal frequency
to assure reliable oscillation. The circuit at
B is a variation of the one at A, but per-
forms the same function. A Pierce type of
triode oscillator is shown in Fig. 89 at A.
It is suitable for use with fundamental
types of crystals. A Colpitts oscillator ap-
pears at B in Fig. 89. Cy, in these circuits
are feedback capacitors. Cy, in the circuit
at Cis chosen experimentally. Typically, it
will be from 100 to 500 pF, depending on
the transistor characteristics and the
crystal activity.

FET VFOs

The principle of operation for FET
VFOs is similar to that which was dis-
cussed in the section on bipolar transistor
oscillators. The notable difference is the
impedance level at the device input. The
circuits of Fig. 90 all have high-impedance
gate terminals. Furthermore, fewer parts
are needed than is true of bipolar tran-
sistor equivalent circuits: There is no
resistive divider for applying forward
bias.

The circuits of Fig. 90A and B are iden-
tical except for the biasing of gate 2 at B.
Both circuits illustrate oscillators. The
source tap on L1 should be selected to
provide approximately 25 percent of the
oscillator power as feedback. DI in each
example is used to stabilize the gate bias.
It acts as a diode clamp on positive-going
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Fig. 90 — Three examples of VFOs in which FETs are used.

excursions of the signal. This aids
oscillator stability and reduces the har-
monic output of the stage. The latter is
reduced as a result of the positive swing of
the sine-wave being limited by D1, which
in turn limits the device transconductance
on peaks. This action reduces changes in
junction capacitance, thereby greatly
restricting the varactor action which
generates harmonic currents. D1 is most
effective when source-bias resistors are in-
cluded in the circuit (R1).

Shown in Fig. 90 at C is a series-tuned

Colpitts VFO which uses a JFET. This is
an exceptionally stable VFO if careful
design and component choice is applied.
All of the fixed-value capacitors in the rf
parts of the circuit should be temperature-
stable. Polystyrene capacitors are recom-
mended, but dipped silver-mica capacitors
will serve adequately as a second choice.
Preferably, L1 should be a rigid air-
wound inductor. A slug-tuned inductor
can be used if the coil Q is high. In such
cascs the slug should occupy the least
amount of coil space possible: Tempera-
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4.2 Chantar A

ture changes have a marked effect on fer-
rite or powdered-iron slugs, which can
change the coil inductance markedly. Cp,
of Fig. 90C are on the order of 1000 pF
each for 3.5-Mllz operation. They are
proportionally lower in capacitance as the
operating frequency is increased, such as
680 pF at 7 MHz, and so on.

Power FET Examples

Fig. 91 contains examples of three
amplifiers which employ power FETs.
The circuit at A is an audio amplifier
which can deliver 4 watts of output. At 3
watts of output the distortion is approxi-
mately two percent. Feedback is employed
to aid the reduction of distortion.

A Class C amplifier is seen at B in Fig.
91. The VN67AJ is capable of a saturated
output near 15 watts at 30 MHz. In this
circuit the power output is considerably
less. A medium output power of 7 to 10
watts is suggested. The gain is approxi-
mately 8 dB over the frequency range
specified (with the appropriate drain
tank). If proper layout techniques are
used this amplifier is unconditionally
stable.

A broadband hf linear amplifier is
shown at C.

A narrow-band linear vhf power ampli-
fier is shown at D in Fig. 91. Power output
is 5 watts PEP. IMD is —30 dB. It is in-
teresting to realize that this same amplifier
is suitable as a high-dynamic-range
preamplifier for a vhf receiver. In this ap-
plication the noise figure is on the order of
2.5 dB and the gain is 11 dB.

Other FET Uses o

Fig. 92 contains illustrations of addi-
tional practical uses for JFETs. The cir-
cuit at A shows a Schmitt trigger. It is
emitter-coupled and provides a com-
parator function. QI places very light
loading on the measured input volage.
Q2 has high beta to enable the circuit to
have a fast transition action and a distinct
hysteresis loop. Additional applications of
this type are found in Linear Applications
by National Semiconductor Corp.

A simple FET dc voltmeter with high
input impedance is seen in Fig. 92B.
Multiplier resistances are given for a full-
scale range of 2 or 20 volts. Meter ac-
curacy is quite good, with a linear reading
provided by M1.

A push-push frequency doubler is
shown at C in Fig. 92. The input frequen-
cy (f) is applied to the gates of Q1 and Q2
in push-pull. Output from the doubler is
taken with the connected drains in paral-
lel. R1 is adjusted for best waveform puri-
ty at 2f. The efficiency of this Class C
doubler is on par with that of a straight-
through Class C amplifier. Careful adjust-
ment will nearly eliminate frequency com-
ponent f at the doubler output.

Linear Integrated Circuits
There are two general types of ICs
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(integrated circuits). The first variety,
which we are addressing at the moment,
are called linear ICs. The other group are
known generally as logic ICs. These
devices will be discussed later in the
chapter.

ICs are characterized by the term
“microcircuit.” In essence they are com-
posed of numerous — sometimes hun-
dreds — of bipolar and /or field-effect tran-
sistors on a single silicon chip (substrate).
Along with the individual transistors

formed on the substrate are diodes, capa-
citances and resistances. Some ICs con-
tain only diodes. Others may contain only
resistors, The principal advantages of ICs
are their compactness over an equivalent
number of discrete transistors, and the
fact that all of the devices on the substrate
are evenly matched in characteristics.
That is the result of the manufacturing
process, whereby all of the IC transistors
are formed from a single slice of semicon-
ductor material under the same environ-
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Fig. 93 — Pictorial and schematic representa-
tion of a simple IC.

mental conditions. This provides an inher-
ent balance in their performance traits —
a condition which is nearly impossible to
realize with closely matched discrete tran-
sistors. Therefore, when changes in IC
temperature take place, the parameters of
the transistors on the chip change in uni-
son — a distinct advantage when the IC is
used in, say, a balanced modulator, mixer
or push-push doubler.

Most of the theory given earlier for bi-
polar transistors applies to ICs, so it will
not be repeated here. Rather, the text will
provide data on practical applications of
ICs. Linear ICs are so-called because in
most applications where they are used the
performance mode is a linear one. This
does not mean, however, that they can’t
be used in a nonlinear mode, such as Class
C. The biasing will determine the opera-
ting mode, Class A through and includ-
ing Class C.

IC Structures

The basic IC is formed on a uniform
chip of n-type or p-type silicon. limpurities
are introduced into the chip, their depth
into it being determined by the diffusion
temperature and time. The geometry of
the plane surface of the chip is determined
by masking off certain areas, applying
photochemical techniques, and providing
a coating of insulating oxide. Certain
areas of the oxide coating are then opened
up to allow the formation of interconnect-
ing leads between sections of the IC.
When capacitors are formed on the chip,
the oxide serves as the dielectric material.
Fig. 93 shows a representative three-
component IC in both pictorial and sche-
matic form. Most integrated circuits are
housed in TO-5 type cases, or in flat-pack
epoxy blocks. 1Cs may have as many as 12
or more leads which connect to the
various elements on the chip.

Some of the present-day ICs are called
LSI chips. The term LSI means large-scale
integration. Such devices may contain the
equivalent of several conventional ICs,
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and can have dozens of dual-in-line
package (DIP) connector pins. LSI ICs
are used in electronic organs, digital
clocks, electronic calculators, and so on.
Essentially, they are just super-size ICs.

Some Practical Considerations

In circuits where slight extra lead
lengths can be tolerated, it is prudent to
install the ICs in sockets rather than
solder them into the pc board directly. In
amateur work there is an occasional need
to replace an IC during circuit de-
velopment for a typical one-shot design.
This is particularly pertinent when bargain-
house ICs are purchased: Many have de-
fects, and the task of removing an IC that
is not in a socket is a task that no builder
finds delightful.

When using ICs for rf work it is best to
install them in a low-profile type of IC
socket (minimum lead length type). The
thicker sockets are suitable for dc and
audio applications, where lead length is
not likely to be a critical factor. Excessive
lead length can cause instability. This is
brought on by having numerous high-gain
devices packaged physically close to one
another on the common substrate: High
gain and stray lead coupling set th¢ stage
for self-oscillation!

CMOS ICs

The term CMOS means that the IC is a
complimentary metal-oxide silicon type of
integrated circuit. Essentially, the internal
workings of the device are not unlike
those of MOSFETs, the latter of which
were treated earlier in this chapter:
MOSFETS are formed on the CMOS IC
substrates.

CMOS devices consume very low power
— an advantage in battery-operated
equipment, especially. The transit time
(propagation delay) through the FET
gates of a CMOS IC is very short — ideal
in logic circuits. It ranges from 25 to 50 ns
in most devices. This does not imply that
CMOS ICs aren’t useful in linear applica-
tions: Some are designed primarily for the
linear amplification of audio and rf
energy (CA3600E, for one). Another sali-
ent feature of CMOS chips is low noise.
Because FETs are used in these ICs the in-
put impedance is high, making them more
suitable than bipolar ICs for interfacing
with comparable impedance levels outside
the IC package. Fig. 94 shows the diagram
of a CA3600E CMOS IC along with a
block-symbol circuit for its use as a high-
gain audio amplifier.

Array ICs

One branch of the linear-1C family is
known as the /C array group. A short
course on thesc and other linear 1Cs was
given by DeMaw in QST for January
through March 1977. Basically, the IC ar-
ray is a substrate which contains a number
of individual diodes or npn bipolar tran-
sistors. They differ from conventional ICs

0.001

10.7MHz
i-F - 0—]F

INPUT

0-100uA
MA JSIGNAL LEVEL

- (A)

Fig. 96 — Example of a subsystem IC used as the heart of a narrow-band fm receiver.

by virtue of having cach of the transistors
independent from one another. Each tran-
sistor base, ecmitter and collector is
brought out of the IC package by means
of its own single pin. This enables the
designer to treat cach transistor as a
discrete device, with the advantage that
cach transistor has ncarly identical elec-
trical characteristics (fT, beta, dissipation
rating, etc.). Some array ICs have fr
ratings as high as 1200 MHz, with maxi-
mum collector dissipation ratings as high
as | watt. Schematic illustrations of some
popular RCA array ICs are scen in Fig.
95.

Subsystem 1Cs

A branch of the linear-1C family tree is
the subsystem IC. It is a conventional-
package integrated circuit, but contains
nearly as much circuitry as an LSI chip.
Some of these devices represent the entire
active-device circuitry for an fm or a-m
radio receiver. The designer needs only to
add essential outboard components
(front-end tuned circuits, i-f
transformers, tuning meter, and audio
power amplifier) to realize a composite
piece of equipment. Other subsystem I1Cs
may contain only the i-f amplifiers, pro-
duct detectors, age loops, and audio pre-
amplifiers. This style of 1C is sold by such
manufacturers as RCA, National
Semiconductor and Plessey. Fig. 96 il-
lustrates an example of this kind of device
— the RCA CA3089E which is designed
expressly for use in wide- or narrow-band
fm recejvers. It features a quadrature
detector, and contains  amplitiers,
limiters, squelch circuit, metering circuit
and an af amplifier. Those interested in

compact portable amateur receivers
should find these devices especially in-
teresting.

Practical Examples

The main disadvantage in the use of IC
symbols in circuit diagrams is that the in-
ternal workings are not shown. This
makes the designer work with a collection
of ‘‘magic boxes.”” Fortunately, IC
manufacturers publish data books which
show the block symbols and pin ar-
rangements versus the schematic diagrams
of the active devices on the chips. This

RCA CA3028
DIFFERENTIAL AMPLIFIER
(A)

(B)

Fig. 97 — Schematic and block examples of an
RCA CA3028A IC.
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Fig. 98 — Rf and i-f amplifiers using the CA3028A IC. The example at A is balanced for ac and dc,

whereas the circuit at B is balanced only for de conditions.

permits the amateur to understand what
the circuit configuration is before the
design work is started. It is beyond prac-
ticality to include the schematic diagrams
of the ICs used in this book, but we will
show the circuit of the RCA CA3028A,
because it is used frequently in the follow-
ing section. Fig. 97 contains the block and
schematic representation of this IC.

RF and I-F Amplifiers

Nearly every manufacturer of ICs pro-
duces chips that are suitable for use as
rf/i-f  amplifiers, mixers, detectors,
oscillators and audio amplifiers. The cir-
cuits of Fig. 98 are examples of CA3028A
rf or i-f amplifiers to which agc is applied.
Maximum gain occurs when the age volt-
age (IC forward bias) is at its highest
potential. The IC is nearly cut off when
the agc level drops below 2 volts. The cir-
cuit of Fig. 98A functions as a differential
amplifier, as does the one at B. The basic
difference is that dc and ac balance are
featured at A, whereas only dc balance is
effected at B. The gain of cither stage is
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approximately 40 dB. Pin 2 of Ul is left
floating, but is used for LO injection
when the CA3028A is employed as a mixer
or product detector. A Motorola
MC1550G is similar to the RC shown in
Fig. 98. A MC1590G is a more suitable IC
for i-f amplification when greater
amounts of stage gain or agc control are
desired.

An example of an MC1590G amplifier
is given in Fig. 99A. It is shown with agc
applied to pin 2. The lower the age voltage
the higher the stage gain. This is the op-
posite condition from that of the
CA3028A of Fig. 98, where the gain in-
creases with elevated age voltage. The
MC1350P of Fig. 99B is the low-cost ver-
sion of the MCI1590G. It is shown with
manual control of the gain (R1), but agc
voltage can be applied instead.

I1C Mixers

Examples of IC active mixers are given
in Fig. 100. At A is seen a singly balanced
mixer formed by the differential transistor
pair in a CA3028A. A doubly balanced

Fig. 99 — Circuit examples for Motorola IC i-f
amplifiers.

mixer is illustrated at B in Fig. 100. The
MC1496G contains two differential tran-
sistor pairs to permit the doubly balanced
configuration. This circuit does not exact-
ly follow the suggested one by Motorola.
It has been optimized for use as a trans-
mitting mixer by W7ZOI and KL7IAK
(Solid State Design for the Radio
Amateur, 1st edition, page 204). There are
numerous other ICs which can be used as
mixers. Examples of many practical cir-
cuits are given in the ARRL book just
referenced.

The circuit arrangements for product
detectors and balanced modulators are
similar to those shown in Fig. 100. They
will not be described in this text, because
the primary difference between them and
a regular mixer lies in the frequencies of
the signals mixed (af versus rf) and the fre-
quency of the resulting output energy.

IC Audio Amplifiers

Practically every IC manufacturer of-
fers a line of audio ICs. Some are for use
as low-noise preamplifiers and others are



capable of delivering up to a few watts of BALANCED
output to a loudspeaker. Most of the MIXER

audio-power ICs are designed for looking
directly into an 8- or 16-ohm load without

the need for a matching transformer. $16.INPUT O——¢

Because these circuits are relatively mun- .
dane in nature they shall not be offered 4 ? gJ ut
here as illustrative examples. Practical ap- N H 5

plications for audio 1Cs can be found in

the construction projects ¢lsewhere in this
provide definitive information on the use /J;Q'

1-F OUTPUT

|

volume. Manufacturer’s data sheets also
of these devices.
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Operational Amplifiers

An operational amplifier (op amp) is a
high-gain,  direct-coupled  differential L
amplifier whose characteristics are chiefly ey +2v
determined by components external to the
amplifier unit. Op amps can be assembled (A)
from discrete transistors, but better ther-
mal stability results from fabricating the
circuit on a single silicon chip. Integrated
circuit op amps are¢ manufacturered with DOUBLY
bipolar, JFET and MOSFET devices, Y BALANCED

. . . . . MIXER

cither exclusively or in combination. SIG. INPUT O—])

A design based on discrete components 1000

is shown in Fig. 101. Circuits of this vari- 220 r\/\/\/—‘ =
2 3

ety were in common use before the advent , 10,

of inexpensive IC-fabrication technology. \-F OUTPUT
The input stage consists of a differential 220 MC14966 ;é

pair biased by a constant current source. 4 9

The terminal marked ““—"" is the inverting ‘ g |5 |7

X
input and the one marked ““+ ' is the I

noninverting input. The next stage, the | o 1200 !
. . — ANA—
pnp transistor, provides most of the -\ NN f

01
voltage gain. High gain is realized through X dhe :l;

the use of a constant current source for 1000 v ’J;

the pnp collector load. The frequency

response is determined by the collector-to- o001 RS9 N

base capacitance of the pnp stage. This I ey
capacitance is fixed internally in some I1C 0
op amps and connccted externally to (14 exipk]
others. A pair of emitter followers in a
complementary symmetry arrangement
forms the output buffer. A more com-
prehensive  discussion  of opcrational  Fig. 100 -- Two types of ICs are shown as mixers. The one at A is a singly balanced mixer.
amplifiers is given by Woodward in “A
Beginner's Look at Op Amps,'’ April and
June 1980 QST.

The most common application for op
amps is in negative feedback circuits
operating from dc¢ to perhaps a few hun-
dred kHz. Provided the device has suffi-
cient open-loop gain, the amplifier
transfer function is determined almost
solely by the external feedback network.
The differential inputs allow for both in- [*
verting and noninverting circuits. Fig. 102 - -
shows these configurations and gives their
transfer equations. Ry does not appear in
the equations, implying that the output
impedance is zero. This condition results
from the application of heavy negative
feedback. Most IC op amps have built-in
current limiting. This feature protects the
1C from damage caused by short circuits,
but also limits the values of load resistance
for which the output impedance is zero.

(B)

——Onv
v
il(fuﬂﬂ

+O—

—0
ouTPUT

it
e

M k b T gzl Fig. 101 — An operational amplifier assembled trom discrete components. IC op amps contain
ACHL ©fp EIED UKl est with load re- 5 transistors (for current limiting and other peripheral functions), but the circuit topology is
sistances of at least 2 k(2. similar to that shown here.
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Fig. 102 — The standard negative-feedback op-amp circuits with their transfer equations. At A is a noninverting amplifier, at B, an inverting amplifier,

and a differential amplifier is shown at C.

Since the op amp magnifies the dif- s just R;. Negative feedback applied to
ference between the voltages applied toits  the noninverting configuration causes the
inputs, applying negative feedback has the  input impedance to approach infinity.
effect of equalizing the input voltages. In The virtual ground at the inverting in-
the inverting amplifier configuration the  put terminal of an inverting operational
feedback action combined with Kirch-  amplifier circuit allows several currents to
hoff’s current law establishes a zero im-  be summed without interaction. This prin-
pedance, or virtual ground at the junction  ciple can be used to advantage by the
of Ry and R;. The circuit input impedance  amateur wishing to simplify his or her sta-

tion control system. An example of a sum-
ming amplifier is given in Fig. 103. The
circuit shown allows the operator to
monitor the outputs of several receivers
with one loudspeaker. The 3.9-Q resistors
simulate the loudspeaker in each receiver.
An inverter follows the summing ampli-
fier to restore the antivox signal to the
proper phase. Fig. 104 shows another ap-

COMBINER
TRANSCEIVER

w
ANTI-VOX U1ILF383N
INPUT u2:LM383

r7

—

f T

1%V
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Y
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POLICE / FIRE AUDIO OUTPUT Y
SCANNER
47k
§ u
VHF/UHF AUDIO OUTPUT
FM TRANSCEIVER ’V'\O/t, —
39 3 0.22
1w
HF 558 AUDIO OUTPUT 100yF 1Ok {

MASTER VOLUME
CONTROL

Fig. 103 — An amateur application for a summing amplifier — an audio combiner.

4-45 Chapter 4



plication for a summing amplifier, a D/A
converter. An FET-input operational
amplifier can operate with the high-value
resistors required by CMOS digital ICs
while maintaining low offset and drift errors.

ICs intended for op-amp service can
also be used in open-loop or positive feed-
back applications. Connecting one input
to a fixed reference voltage as in Fig. 105A
forms a comparator. The open-loop gain
of the IC is so high that it acts more like a
switch than an amplifier. When the
voltage applied to the free input terminal
is less than the reference voltage, the IC
output stays near one of the power rails.
If the input voltage exceeds the reference,
the output swings to the opposite rail. A
comparator with positive feedback, or
hysteresis, is called a Schmitt trigger. A
Schmitt trigger is illustrated in Fig. 105B.
The potential on the noninverting input
terminal depends on the output state as
well as the reference voltage.

The Norton Amplifier

An unusual type of op amp is the Nor-
ton, named for the network thecorem on
which its operation is based. Fig. 106
shows a simplified diagram of the input
stage of a Norton amplifier. The non-
inverting input makes use of D1 and Q1 in
a current mirror configuration. When in-
put current is applied to QI, it steals base
drive from Q2, the inverting input. This
amplifier must have input current to
operate, hence it is nor a high-impedance
device. In the inverting-amplifier con-
figuration the numerical voltage gain is
R(/R;, but the noninverting input terminal
must be returned to the positive supply
through a resistance of 2R¢ to equalize the
input currents. Any attempt to use this
type of IC as a voltage follower is doomed
to failure — the input stage will be
destroyed by excessive current. The chief

75k
. 120k
2 O0— —\\N—
240k Sk CAL.
2!
2
10k 470k - y 10k
2' v1a
TRUT
51k 910k 3 4 © oUTRY
2° 3 0 TO+9V
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1e 412V
o G 12v
U1: LF353N

Fig. 104 — BCD D/A converter suitable for connection to a B-series CMOS driving source.
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Fig. 105 — (A) Differential voltage comparator. Either inverting or noninverting circuits may be
used. (B) Schmitt trigger. The constants shown here are suitable for connecting +5-V TTL to
+7-V CMOS logic.

usefulness of Norton amplifiers is in
single-supply applications where the dc
level of the signal is very near ground. The
ssb chapter of this Handbook features a -0
VOX circuit using the LM3900 Norton op
amp.

Q2

Op Amps as Audio Filters + a

One of the more common uses to which
op amps are put can be seen in the RC
active audio-filter field. Op amps have the
distinct advantage of providing gain and
variable parameters when used as audio
filters. Passive filters which contain L and
C elements are generally committed to
some fixed-value frequency, and they
exhibit an insertion loss. Finally, op amps
contribute to the attainment of minia-
turization which is seldom possible while
employing bulky inductors in a passive
type of audio filter.

Although RC active filters can be built
with bipolar transistors, the modern
approach is to utilize operational ampli-
fiers (op amps). The use of an op-amp IC,
such as a type 741, results in a compact
filter pole which will provide stable
operation. Only five connections are made
to the IC, and the gain of the filter section,
plus the frequency characteristic, is de-
termined by the choice of components Fig. 106 — (A) Input circuit of a Norton opera-
external to the IC. tional ampilifier. (B) Norton op amp connected

Although there are numerous ap-  as an inverting amplifier. Note the special sym-
plications for RC active filters, the bol used to denote a Norton IC.

)]

——0O
OUTPUT

+Vv
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Fig. 107 — Basic circuit for an RC active band-
pass filter. One pole is shown along with the
fundamental equations for finding the
resistance values needed.

principal use in amateur work is that of
establishing selectivity at audio frequen-
cies. One or two poles may be used as a
band-pass or low-pass section for im-
proving the passband characteristics dur-
ing ssb or a-m reception. Up to four filter
poles are frequently employed to acquire
selectivity for cw or RTTY reception. The
greater the number of poles, up to a
practical limit, the sharper the skirt
response of the filter. Not only does a
well-designed RC filter help to reduce
QRM, it improves the signal-to-noise
ratio in some receiving systems.
Considerable design data is found in the
National Semiconductor Corp. applica-
tion note AN72-15 in which a thorough
treatment of Norton amplifiers is given,
centering on the LM3900 current-dif-
ferencing type of op-amp. Design infor-
mation is given for high-, low-, and band-
pass types of RC active audio filters. The
simplified design data presented here is
based on the technique used in AN72-15.
Fig. 107 shows a single band-pass-filter
pole and gives the equations for obtaining
the desired values for the resistors once
the gain, Q, f, and C1-C2 capacitor values
are chosen. C1 and C2 are equal in value
and should be high-Q, temperature-stable
components. Polystyrene capacitors are
excellent for use in this part of the circuit.
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— (o]
w, = 27 f,

| = 26,550 ohms

= 2.601.896 ohms

f, = 900Hz A, =1
Q=5 C1.C2 = 0.00068 uF
Rl = ]
= (1) (6.28 x 900) (0.00068 X 10-6)
= 1300948 ohms
R2 = >
= [2(25) =1] [6.28 % 900 (0.00068 X 10-6)
R3 = 10
= (6.28 x 900) (0.00068 x 10-6)
R4.R5 = 260189 x 0.02= 52018 ohms

(Hz)

P* POLYSTYRENE

Fig. 108 — A design example based on the circuit of Fig. 107.

10R

p——O OUTPUT

@
°
Z 60
g |
(4]
uw 40+
(4]
= |
i | CLOSED LOOP
o 20T
>

0

0 b—

1 10 100 1k

FREQUENCY, Hz

T L e — |
10k 100k iM 1OM

Fig. 108 — Open-loop gain and closed-loop gain as a function of frequency. The vertical distance
between the curves is the feedback or gain margin.

Disc-ceramic capacitors are not recom-
mended. R4 and RS are equal in value and
are used to establish the op-amp reference
voltage. This is V./2.

C1 and C2 should be standard values of
capacitance. The filter design is less com-
plicated when C1 and C2 serve as the
starting point for the equations. Other-
wise some awkward values for C1 and C2
might result. The resistance values can be
‘“‘fudged’’ to the nearest standard value
after the equations have been worked.
The important consideration is that
matched values must be used when more
than one filter pole is employed. For most
amateur work it will be satisfactory to use
five percent, 1/2-watt composition
resistors. If the resistor and capacitor
values are not held reasonably tight in
tolerance for a multipole filter, the f, for
each pole may be different, however
slight. The result is a wide nose for the
response, Oor even some objectionable
passband ripple.

Fig. 108 illustrates the design of a
single-pole band-pass filter. An arbitrary
fo 0f 900 Hz has been specified, but for cw

reception the operator may prefer
something much lower — 200 to 700 Hz.
An A, (gain) of 1 (unity) and a Q of § are
stated. Both the gain and Q can be in-
creased for a single-section filter if
desired, but for a multisection RC active
filter it is best to restrict the gain to 1 or 2
and use a maximum Q of 5. This will help
prevent unwanted filter ‘‘ringing” and
audio instability.

Cl and C2 are 680-pF polystyrene
capacitors. Other standard values can be
used from, say, 500 to 2000 pF. The
limiting factor will be the resultant resistor
values. For certain design parameters and
C1-C2 values, unwieldy resistance values
may result from the equations. If this hap-
pens, select a new value for C1 and C2.

The resistance values assigned to Rl
through RS, inclusive, are the nearest
standard values to those obtained from
the equations. The principal effect from
this is a slight alteration of f, and A,.

In a practical application the RC active
filter should be inserted in the low-level
audio stages. This will prevent over-
loading the filter during the reception of



strong signals. The receiver af gain control
should be used between the audio
preamplifier and the input of the RC ac-
tive filter for best results. If audio-derived
agc is used in the receiver, the RC active
filter will give best performance when it is
contained within the agc loop. Informa-
tion on other types of active filters is given
by Bloom in July 1980 QST.

Important Op Amp Specifications

Construction projects in the amateur
literature call for the 709 and 741 more
than any other type of operational ampli-
fier, not because these devices are ideal
for every application, but because until
recently, they were the only ones com-
monly available to the electronics hob-
byist. Questions of drift, offset, bandwidth,
slew rate and noise were academic; the only
practical alternative to the 709 or 741 was cir-
cuitry made from discrete transistors. A
much wider selection of op amps is available
today, and the amateur designer can choose
the components best suited to the applica-
tion. Also, the performance of some existing
circuits can be upgraded by replacing 709s
and 741s with improved devices. To this end,
a brief survey of op amp specifications is in

order.

Offset voltage is the potential between the
amplifier input terminals in the closed-loop
condition. Ideally, this voltage would be zero.
Offset results from imbalance between the
differential input transistors. Values range
from millivolts in ordinary consumer-grade
devices to only nanovolts in premium Mil-
spec units. The temperature coefficient of
offset voltage with respect to time is drift.
A few microvolts per degree Celsius (at
the input) is a typical drift specification.

There are two types of noise associated
with operational amplifiers. Burst, or pop-
corn noise is a low-frequency pulsing, usually
below 10 Hz. The amplitude of this noise is
approximately an inverse function of
temperature. The other noise is sometimes
called flicker, and is a wideband signal whose
amplitude varies inversely with frequency.
For some analytical purposes, drift is con-
sidered as a very low frequency noise compo-
nent. Op amps that have been optimized for
offset, drift and noise are called instrumenta-
tion amplifiers. The latest instrumentation
amplifier is the National Semiconductor
LMI10, designed by Robert Widlar, the
acknowledged “father of the IC op amp.”
The architecture of the LMIO is different

Digital-Logic Integrated Circuits

Digital logic is the term used to describe
an overall design procedure in which
‘“on’’ and ‘“‘of f*’ are the important words,
not ‘‘amplification,’’ ‘‘detection,” and
other terms commonly applied to most
amateur equipment. It is ‘‘digital”’
because it deals with discrete events that
can be characterized by digits or integers,
in contrast with linear or analog systems
in which an infinite number of levels may
be encountered. It is “‘logic’’ because it
follows mathematical laws in which “‘ef-
fect’’ predictably follows ‘‘cause.”

Logic systems can be implemented by
mechanical, hydraulic, pneumatic or elec-
trical means. The linkage that causes
automotive windshield wipers to complete
their cycle after they have been turned off
is an example of a mechanical logic
system. It is entirely possible to under-
stand complex digital subjects such as
computer architecture without any elec-
trical knowledge. For this reason, digital
logic theory is usually treated separately
from electrical theory. Digital designers
are often highly specialized. It is fairly
common to hear of an *‘electrical en-
gineer’’ who can design an incredibly
complex logic system but cannot get the
power supply working! Digital designers
sometimes tend to be somewhat chauvin-
istic, holding the view that anything worth
doing is worth doing digitally. While it is

true that almost any function can bec im-
plemented digitally, in some cases an
analog approach may be simpler or more
cost-effective. The radio amateur, as a
well-rounded communications expert, is
in a position to choose the technology best
suited to his needs, without prejudice. In
recent years, Amateur Radio equipment
has made increasing use of digital elec-
tronics, and this trend can be expected to

continue. Today’s repeater control
systems, keyers, Morse code/RTTY
readers, frequency counters and fre-

quency synthesizers depend heavily on
digital techniques. In the future, digital
electronics will make further inroads in
Amateur Radio communications, par-
ticularly in the area of signal processing.

The fundamental principle of digital
electronics is that a device can have only
two logical states: “‘on’’ and *‘‘off.’’ This
system is perfectly suited to binary (base
or radix 2) arithmetic, which uses only two
numerals: 0 and 1. The simplest digital
devices are switches and relays. Some
pre-1950 computers were built almost en-
tirely of relays. Low speed and rapid wear
were the objections to mechanical devices,
so the next generation of digital in-
struments used electron tubes as the
switching elements. Physical size and
power consumption were the factors that
limited the complexity of digital circuits

from: any other device, hut the practical ap-
plications are the same.

The small-signal bandwidth of an op amp
is the frequency range over which the open-
loop voltage gain is at least unity. This
specification depends mostly on the frequen-
cy compensation scheme (for example, the
capacitor in Fig. 101). Fig. 109 shows how the
maximum closed-loop gain varies with fre-
quency. The power bandwidth of an opera-
tional amplifier is a function of slew rate, and
is always less than the small-signal value. Slew
rate is a measurement of output voltage swing
per unit time. Values from 0.8 to 13 volts per
microsecond are typical of modern devices.

The hobbyist should maintain a supply
of inexpensive 741 and 301 op amps for
breadboarding, but should also be
prepared to use improved devices in the
final design. In an active filter for exam-
ple, a 741 will demonstrate whether or not
the circuit is working, but a low-noise,
wide-bandwidth device will give higher
performance, especially in receiving ser-
vice. An abbreviated table of operational
amplifier specifications is given in chapter
23. Most of the devices listed are available
from hobby electronics stores or the mail-
order firms listed in chapter 17.

using tubes., Modern semiconductor
technology allows digital systems of
tremendous complexity to be built at a
small fraction of the cost of previous
methods.

Combinational Logic

The three logical operations are ‘‘and,”
“or’ and “not.”’ An AND gate may be
assembled with two relays as shown in
Fig. 110A. In order to have voltage at the
output (C), we must energize A and B. If
we connect the contacts in parallel rather
than in series, an OR gate results (Fig.
110B). The “‘not,”” ‘‘complement’ or
“‘inverse’’ function may be implemented
with a normally-closed relay contact as il-
lustrated in Fig. 110C. If we apply voltage
to A we will have no voltage at C, and vice
versa. With the proper system of AND and
NOT gates or OR and NOT gates, any logical
or arithmetic function may be synthe-
sized. AND or OR gates are often combined
with inverters in IC packages and called
NAND and NOR gates.

A special combination of gates called
an ‘‘exclusive OR’’ has an output only if
the two inputs are complementary. This
combination is used frequently enough to
be packaged specially and assigned a fun-
damental symbol.

Logic systems have polarity, If the
highest voltage level represents a binary
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Fig. 110 — Relay models of the three logical
operations. A: AND gate B: OR gate C: inverter.

one and the lowest level represents a zero,
the logic is said to be positive. If the op-
posite representation is used, the logic is
negative.

Since each input or output of a digital
network can have only two possible states,
it is possible to list all of the input com-
binations and their corresponding out-
puts, thus completely characterizing the
operation. Such a list is called a truth
table.

Each type of gate is assigned a distinc-
tive schematic symbol. The AND gate sym-
bol has a straight edge on the input side
and a blunt convex edge on the output
side. The ORr gate is characterized by a
concave edge on the input side and a sharp
cusp on the output side. A small circle at
the output of a gate signifies that an inver-
sion has taken place.

Digital systeins may be designed with
Boolean algebra. Circuit functions may be
defined by algebraic equations. The sym-
bology and laws of Boolean algebra are
somewhat different from those of or-
dinary algebra. The *‘ + '’ symbol is used
to indicate the ‘‘or’’ function. ““And”’ is
represented by ‘‘-” or juxtaposition of
the variables. A bar with a variable in-
dicates that it has been inverted. Fig. 111
shows the symbols for the common logic
functions with their associated Boolean
equations and truth tables. Positive logic
is assumed. With the exception of the “‘ex-
clusive OR,”’ all of the gates may be ex-
panded to any number of inputs. There is
no universally-accepted definition for an
exclusive OR gate with more than two in-
puts.
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of combinational logic. The block diagrams
and their corresponding expanded truth tables
verify the theorum and show the relationship
between the schematic symbols in Fig. 112,
DeMorgan's Theorum can also be stated as
AB=A+ B

The Boolean algebra associated with
logic networks can sometimes be
simplified through the use of negative
logic. Consider a circuit having two inputs
and one output, and suppose a HIGH level
output is desired only when both inputs
are LOW. A search through the truth tables
of Fig. 111 shows the NOR gate to have the
proper characteristics for our application.
However, the phrasing of the problem
(the words only and both) strongly sug-
gests the aND (or NAND) function. A
negative-logic NAND is functionally
equivalent to a positive-logic NOR gate,
and the NAND symbol better expresses the
circuit function in the application just
described. Smnall circles (called state in-
dicators) on the input side of a gate signify
negative logic. Fig. 112 traces the evolu-
tion of the electromechanical switching
circuit into a NOR or NAND gate, depend-
ing on the logic convention chosen.

DeMorgan’s Theorum, one of the most
important results from Boolean algebra,
justifies the conversion from one logic
convention to the other. An application of
this theorum appears in Fig. 113. When
viewed as a continuation of Fig. 112, the
block representation of the Boolean equa.
tions clarifies the negative logic sym
bology.

Finally, Fig. 113 gives detailed electrical
truth tables showing identical output
states for any combination of inputs. A
complete chart of equivalent symbolic
representations is given in Fig. 114.

A circuit made of the fundamental
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Fig. 114 — Positive- and negative-logic sym-
bois for the common functions. The horizontal-
ly opposite gates are electrically identical.

gates and configured in such a way that
the output is a function of the present
static input levels only is called a combina-
tional logic circuit. Pulses and transitions
are not considered in the design of a coni-
binational circuit.

Sequential Logic

A circuit in which the output state is a
function not only of the input levels but
also of past output states is a sequential
logic circuit. Conventional truth tables are
not generally applicable to sequential cir-
cuits because a certain input condition
may not have a unique output state. The
simpler sequential circuits are sometimes
defined by a modified truth table showing
input transitions and output state progres-
sions. State tables, flow diagrams and tim-
ing charts are the tools used to design
complex sequential machines.

The dependence on previous output
states implies a requirement for memory.
The simplest memory element is a special
type of bistable multivibrator (flip-flop)
called a latch. A D (for data) flip-flop is
often used as a latch. A flip-flop can store
one bit (binary digit) of information. A
typical D flip-flop with its truth table is
shown in Fig. 115A. The logic level at D is
transferred to Q on the positive transition
of the clock pulse. The Q output will re-
tain this logic level regardless of any
changes at D until the next positive clock
transition The D throughput is said to be
synchronous because it is actuated by the
clock signal. The flip-flop shown also has

set and reset (S and R) inputs. These in-
puts are asynchronous because they are
independent of, and in fact overide, the
clock and data inputs.

Fig. 115B shows a common application
for a D flip-flop, a modulus-two frequen-
cy divider. The sequence of events is il-
lustrated by the timing diagram. Several
of these flip-flops may be cascaded in a
single IC package and called a counter.
The states of the Q outputs can be read as
a binary code, indicating the number of
clock pulses received in an interval.

An RS flip-flop is shown in Fig. 116.
Two inverting gates connected in- this
fashion form a regenerative switching cir-
cuit. The accuracy of the accompanying
truth table depends on the input states oc-
curing in the order given. The output cor-
responding to an input of 11 could easily
be the complement of that shown if it
followed a 00 input state. An important
rule in the design of sequential logic cir-
cuits is that the simultaneity of events can-
not be depended upon.

The RS flip-flop is the simplest type. Its
outputs change directly as a result of
changes at its inputs. The type T flip-flop
“toggles,”” *‘flips,”” or changes its state
during the occurrence of a T pulse, called
a clock pulse. The T flip-flop can be
considered as a special case of the J-K flip-
flop. Although there is some disagreement
in the nomenclature, a J-K flip-flop is
generally considered to be a toggled or
clocked R-S flip-flop. It may also be used
as a storage element. The J input is fre-
quently called the ‘‘set’’ input; the K is
called the ‘“clear” input (not to be con-
fused with the clock input). The clock in-
put is called c. A clear-direct or Cp input
which overrides all other inputs to clear
the flip-flop to 0 is provided in most J-K
flip-flop packages.
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Fig. 115 — A D flip-flop. In A, set and reset
(“jam”) inputs are provided. Note that the func-
tional truth table shows Q and & both in the
high state for one combination of R and S.
While this appears contradictory, it is the stan-
dard way of defining the operation uf this type
of flip-flop.
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Fig. 116 — A regenerative switching circuit
called an RS flip-flop. The circuit could be im-
plemented with NOR gates, in which case the
first defined input state would be 11.

There are essentially two types of flip-
flop inputs, the dc or level-sensitive type,
and the ‘‘ac’’ or transition-sensitive type.
It should not be concluded that an ac in-
put is capacitively coupled. This was true
for the discrete-component flip-flops but
capacitors of relatively large value just do
not fit into microcircuit dimensions. The
construction of an ac input uses the
‘“‘master-slave’’ principle, where the ac-
tions of a master flip-flop driving a slave
flip-flop are combined to produce a shift
in the output level during a transition of
the input.

Semiconductor Memories

While simple systems of flip-flops can
be used to store a small number of bits, ef-
ficient filing of large amounts of informa-
tion calls for special-purpose devices.
Semiconductor memories are classified by
their operating characteristics, organiza-
tion and size.

When specifying memory size or
organization the symbol *k’’ refers to
1024 bits, bytes or words. Thus a 64-k bit
memory contains 65,536 bits of storage
(sometimes called a 65-k memory in er-
ror!). A byte is a fundamental fraction of
a word and most often refers to a collec-
tion of eight bits. A word may be any
number of bits, depending on the applica-
tion and system. Common word lengths
are 8, 16, 32, 36, 60 and 64 bits.

A memory IC of a given capacity may
be organized in a number of ways. A 4-k
memory may be organized 4k X I, 1k X
4, 512 x 8 and so on, with the second
number designating the number of bits
that can be accessed simultaneously.

Several sets of operating characteristics
are used to classify memories. If the loca-
tions in an 1C can be accessed in any order
it is said to be a random access device.
Almost all semiconductor memories are
random access devices.

The other generic access mode is serial
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access. [Examples of serial access
memories are shift registers, CCD
(charge-coupled device) memories, and
most mechanical storage devices such as
magnetic tape. Serial devices introduce a
variable access delay, called latency,
which depends on the internal state of the
device when an address is presented to it.

Unless specified otherwise, it is assumed
that a memory device can be written into
as well as read. Semiconductor memories
which can be written in are usually
‘‘volatile,”” meaning they lose their con-
tents if the power is removed. A special
class of memory, the Read Only Memory
(ROM), is not volatile. Some are mask-
programmed during manufacture — this
type of device is what is usually called a
ROM. Another device of read-only
memory is programmed in the field and is
called a Programmable Read-Only
Memory (PROM). A PROM is manufac-
tured with all bits in one state, and the
user creates bits of the opposite state by
an irreversible process, such as blowing
fuses or destroying transistors in the IC.
The manufacturer’s specified program-
ming technique must be followed exactly
if a reliable result is to be obtained.
Erasable PROMs (EPROMs) can be
returned to their unprogrammed state by
exposing the IC to ultraviolet light
through a window in the package.
Another type of PROM is the Electrically
Alterable PROM (EAPROM). These
devices are programmed in a nondestruc-
tive, reversible manner, usually in the nor-
mal operating circuit. They can retain
stored data for up to 10 years even when
power is removed (storage time is reduced
at high temperatures). Individual words,
and sometimes blocks of words, can be

erased and rewritten. This device is
sometimes called a  ‘‘read-mostly
memory.”’

Semiconductor RAMs may be volatile
even with power applied — these are call-
ed dynamic RAMs and must have the
stored data ‘‘refreshed’’ at regular inter-
vals (100 ms or less). The refresh interval
and technique varies significantly from
one device type to another. RAMs that do
not need to be refreshed are called static
RAMs. Dynamic RAMs tend to have
larger storage capacity and slower access
than static RAMs. Some static RAMs
have ‘‘dynamic read-out’’ circuits which
limit the length of time data remains valid
on the output pins and imposes minimum
times between successive readings. Many
RAMs may have their supply voltages
reduced without loss of data while they
are not being accessed, thus reducing
power consumption.

Large memory arrays are often used for
the generation and conversion of informa-
tion codes. One IC can be programmed to
convert the five-level RTTY code to the
eight-level ASCII code popular in com-
puter devices. National Semiconductor
manufactures a single IC which generates

the entire S6-character eight-level code.
Several ICs are now available for
character generation where letters and
numerals are produced for display on an
oscillograph screen.

Microprocessors
An important new (from the 1970s)
class of integrated circuit is the

microprocessor. A microprocessor com-
bined with a few other ICs and input/out-
put devices forms a microcomputer. To-
day, practically every IC manufacturer
produces microprocessors, either of its
own design or as a second source. Some
recent pieces of Amateur Radio equip-
ment incorporate microprocessors for
channel sequencing and other functions.
The microprocessor portion of such
equipment is part of a special purpose
computer, meaning the input and/or out-
put isn’t available for general use or pro-
gramming.

More and more amateurs are using
general-purpose computers for radio-
related activities. A variety of architec-
tures is possible, but the most basic con-
figuration is illustrated in Fig. 117. In a
typical amateur set-up, the program and
data are input through a keyboard or
cassette recorder, and a CRT display or
printer serves as an output device. The
capabilities of most computer systems can
be enhanced by supplementing the inter-
nal storage unit with additional memory.

A computer is a machine and is in-
capable of independent thought or action.
The machine can only do what it is in-
structed or programmed to do. There are
programs called text editors, which
translate invalid instructions into the
nearest valid ones, but even here the
machine isn’t thinking, because the text
editor program was written by a human.

Amateur computing is a hobby quite
distinct from Amateur Radio, but there
are some worthwhile computer applica-
tions in radio. Some of these are Morse
code and RTTY encoding and decoding,
SSTV chracter generation, aural readout
(any format) of digital displays and
satellite commanding. Of course, a
microcomputer system can be used for
routine filing and record keeping. Some
hams keep their station logs by computer,
and can instantly retrieve information
about previous contacts. A computer can
relieve the tedium of sorting tasks (for ex-
ample, the index of this Handbook was
organized with the aid of a microcom-
puter system), but the most exciting ap-
plications are to things that weren’t possi-
ble before the personal computer era.
Some innovations that need to be
developed by radio/computer enthusiasts
are video bandwidth compression
(MSTYV), high-speed data communication
and weak-signal enhancement. One
method for transmitting moving images in
a narrow bandwidth is to send only those
picture elements that differ from the



previous frame. This technique, known as
digital refreshment, is a sophisticated job
for a microcomputer system. The high-
speed data communication made possible
by computers may allow a complete
vhf/uhf contact in a single metcor burst.
Existing practice with this propagation
mode sometimes requires hours to ex-
change call signs and signal reports.

The current state of the art in amateur
EME work requires many kilowatts of erp
and ultra-low-noise receivers to obtain
barely perceptible lunar echos. By statis-
tical analysis of the receiver output, a
microcomputer could possibly pull a lunar
echo out of the noise, thereby easing the
station gain requirements.

Amateurs are becoming more interested
in computer-aided design. This technique
is especially useful for designs requiring
many iterative calculations, such as in-
terstage matching networks in solid-state
transmitters. The tables of filters appear-
ing elsewhere in this Handbook were
generated by a computer.

QST publishes articles on nontrivial ap-
plications of microcomputers to Amateur
Radio. A bibliography of QST articles
from 1975 to the present on micro-
processors and  microcomputers is
available for an s.a.s.e. from ARRL. A
three-part series entitled Meet the
Microprocessor, by Thomas and Belter,
appeared in August, September and Oc-
tober 1976 QST.

Digital System Design Considerations

Digital engineers use a variety of
graphical and analytical tools to design
logic systems. Once a circuit having the
desired performance is found, the
engineer works to minimize the number of
components through the application of
switching theory. As noted in the in-
troduction to this digital logic section,
switching theory is a subject unto itself
and cannot be treated justly in this Hand-
book.

Switching theory is based on ideal
switches, and real electrical devices don’t
. always emulate ideal switches well enough
to synthesize a logic design with switching
theory alone. Therefore, a digital designer
must consider the electrical characteristics
of the logic elements he’s using. Propaga-
tion delay and transmission line reflec-
tions become significant factors as the
speed of the logic system increases. The
ultimate application of the system also in-
fluences the design. For example, an at-
tempt to design a frequency synthesizer
strictly as a ‘“‘number cruncher’’ is doom-
ed to failure. The reason is that any solid-
state digital device is also an analog device
having a finite transfer function. This
transfer function can cause a device to act
as an amplifier, multiplier or mixer as well
as a switch. A frequency synthesizer
designed only as a logical machine will bc
rife with spurious outputs and noise that
can’t be predicted from switching theory.
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Stray coupling between sections, small
transients on the power supply, and junc-
tion noise can poilute the final output
spectrum without affecting the logical
function.

Particular attention should be paid to
power supply decoupling. In general, a
few 0.01 uF disc ceramic bypass capacitors
will prevent the switching transients of
one IC from changing the state of
another. If the logic system is to be used
with radio equipment, more extensive
measures may be necessary. For a logic
system to have electromagnetic com-
patibility (EMC), it must not radiate
energy into a radio receiver or be adverse-
ly affected by energy radiated from a
nearby transmitter. The EMC problem is
receiving increased attention as more
radio amateurs acquire personal com-
puters for their stations.

Logic Device Fabrication Technology

Nearly all modern logic systems use in-
tegrated circuits. The ICs are classified ac-
cording to the complexity of the circuit on
the chip. ‘le having 15 or more active

devices fall into the MSI or medium-scale
integration category. The simple gate and
flip-flop circuits use MSI technology.
Dual-inline packages with 14 or 16 pins
are common for these circuits. Specialized
circuits using 100 or more active devices
are classified as LSI, for large-scale in-
tegration. Some serial-to-parallel con-
verters, arithmetic logic units and data
converters use LSI technology. Many LSI
packages occupy four times the pc-board
area of standard MSI packages. Up to 64
pins are used on some LSI devices. The
very latest .fabrication technology has
enabled the creation of VLSI, or very
large-scale integration systems. These cir-
cuits have over 1000 active devices on a
single chip. Third-generation microcom-
puters, frequency counters and a wide
variety of “smart’’ instruments will make
use of this technology.

Digital-Logic 1C Families

-There are several families or types of
ICs that are seeing widespread use. Each
family has its own inhercnt advantages
and disadvantages. Each is geared to its
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Fig. 118 — TTL circuits and their equivalent logic symbols (see text). Indicated resistor values are
typical. Identification of transistors is for text reference only; these are not discrete components.

own particular market, meeting a specific
set of needs. RTL (resistor-transistor
logic) and DTL (diode-transistor logic)
are obsolete and are no longer used in new
designs. They are manufactured for exact
replacement purposes only.

Transistor-Transistor Logic — TTL

TTL is one of the bipolar logic families.
Also known as T2L (T squared L), this
family has a variety of circuit configura-
tions. Some devices have ‘‘open collec-
tor’’ outputs, and these may be ‘‘wire
oRred.”’ Open collector outputs are useful
for interfacing with other logic families or
discrete components. Although + 5 volts
is the recommended power supply for
TTL, open collectors can be connected to
a different voltage through the external
load resistor, within the limits specified
for the device. Most TTL devices have
‘“‘totem pole,’’ or “‘active pull-up’’ output
stages, and these cannot be wired ORred.
Typically, the outputs are capable of sink-
ing more current than they can source.
This situation is of importance only when
interfacing devices outside a particular
TTL subfamily. TTL devices have a
fanout (number of inputs that can be
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driven by a single output) of 10 within a
subfamily. If TTL inputs are left open,
they assume a ‘‘high’’ logic state, but
greater noise immunity will be realized if
pull-up resistors are used. When operated
with a + 5-volt supply, any input voltage
level between 2.0 and 5.5 is defined to be
high. A voltage less than 0.8 is an input
low. TTL ICs output a minimum high
level of 2.4 volts, and a maximum low
level of 0.4 volts. The switching transients
generated by TTL devices appear on the
supply line and can cause false triggering
of other devices. For this reason, the
power bus should have several bypass
capacitors per pc board.

“Plain”® TTL ICs are identified by
5400- or 7400-series numbers and operate
at speeds up to 35 MHz. Two commonly
used TTL devices are represented
schematically in Fig. 118. High-speed ICs
(50 MHz) are identified by 54HO00- or
74HOO-series numbers. These ICs
consume more power than their ordinary
counterparts. The 54L.00- and
74L00-series of devices are designed for
lower power consumption that the stan-
dard types. These ICs typically dissipate
one milliwatt per gate, or about one-tenth

of that dissipated by standard TTL.
Operating speed is the tradeoff for the
lower power, and the maximum speed for
this subfamily is 3 MHz.

The subfamilies discussed so far operate
as saturated switches. The 54S00- and
74S00-series have Schottky diode clamps
that keep the transistors out of saturation.
Somie ICs of this series are useful up to
125 MHz. The power dissipation is about
twice that of standard TTL. A commonly
used subfamily combining low power
dissipation with fairly high speed is the
54LS00- and 74LS00-series. The dissipa-
tion and speed for this series are 2 mW
and 45 MHz, respectively.

One section of a type 7404 hex inverter
is represented schematically in Fig. 118A.
A Low level applied to the input will cause
Q1 to conduct current. This will cause Q2
to be near cutoff, in turn biasing the
“‘totem pole’ arrangement of Q3 into
saturation and Q4 near cutoff. As a result
the output level will be HIGH, about 1 volt
below V.. If the signal at the input is
HIGH the conduction state of each tran-
sistor reverses and the output drops nearly
to ground potential (Low). The input
diode protects the circuitry by clamping
any negative potential to approximately
—0.7 volt, limiting the current in Q1 to a
safe value. Note that this protection is ef-
fective only against transicnts. The output
diode is required to ensure that Q3 is cut
off when the output is L.ow.

The circuit in Fig. 118B, one section of
a type 7400 gate is very similar to that of
A. The difference is that Q5 is a multiple-
emitter transistor with one input to ecach
cmitter. A LOW level at either input will
turn on QS, causing the output to go
HIGH.

Emitter-Coupled Logic — ECL

ECL has the highest speed of any of the
logic forms. Some ECL devices can
operate at frequencies higher than 1.2
GHz. This family is different from the
other forms of bipolar logic in that the
transistors operate in a non-saturating
mode that is analogous to that of some
linear devices. The typical logic swing is
only 800 mV. ECL devices are characterized
for use with a —5.2-volt power supply,
but operation from other supplies is possi-
ble. If the Vcc terminal is connected to
+2.0 volts and the Vee terminal con-
nected to — 3.2 volts, the device can drive
a 50-ohm load directly with respect to
ground. The power output obtained this
way is about 0 dBm. ECL ICs dissipate a
great deal of power, and heat sinking is
sometimes necessary. The ECL family
finds use in uhf frequency synthesizers
and counters, as well as in computers.
Some highly specialized ICs have
capacitively coupled inputs, and therefore
have minimum as well as maximum toggle
rates.

There are several ECL subfamilies
being produced. Speed, power dissipa-



tion, and the ability to drive transmission
lines cannot bc optimized simultaneously,
so different versions are offered to allow
the designer to choose the tradeoffs best
suited to his application. ECL subfamilies
are compatible, but only over a limited
temperature range. The differences be-
tween subfamilies are mostly in resistance
values, and the presence or absence of in-
put and output pull-down resistors.

A significant feature of ECL gates is
that complementary output functions are
available from each circuit. The circuit of
Fig. 119, for example, is a NOR/OR gate.
Ql or Q2, together with Q3 forms a dif-
ferential amplifier. When the Q2 collector
goes HIGH, the Q3 collector goes LOW, and
these levels appear at the emitters of the
output buffers, Q5 and Q6. The circuitry
associated with Q4, DI and D2 is a bias
generator. The reference  voltage
established at the base of Q3 determines
the input switching threshold.

Metal-Oxide Semiconductors — MOS

The logic families using all n-channel or
all p-channel field-effect transistors are
used extensively in microprocessors,
digital watches and calculators. Where en-
tire functions can be synthesized on a
single chip, this technology is quite useful.
Ordinary NMOS and PMOS gate pack-
ages are not very popular. Most general-
purpose logic networks are now made
with complementary metal-oxide
semiconductor (CMOS) ICs. This family
has p-channel and n-channel transistors
on the same chip. Only one of each coin-
plementary pair is turned on at any time,
so the power dissipation is negligible ex-
cept during logic transitions. A notable
feature of CMOS devices is that the logic
levels swing to within a few millivolts of
the power supply voltages. The input
switching threshold is approximately one
half the power supply voltage (Vpp —
Vgg). This characteristic contributes to
high immunity to noise on the input signal
or power supply. CMOS input current
drive requirements are miniscule, so the
fanout capability is tremendous, at least in
low-speed systems. For high speed
systems, the input capacitance increases
the dynamic power dissipation and limits
the fanout.

Four subfamilies of CMOS logic ICs
are being produced at present. The 4000A
scries is the original commercial line and
operates with power supplies from 3 to 12
volts. A subfamily having some improved
characteristics is the 4000B (for buffered)
series. The B series can be powered from
supplies up to 18 volts. This feature makes
the devices especially attractive for
automotive applications. The output im-
pedance of buffered ICs is independent of
the input state. An unbuffered series,
designated 4000UB meets all the B series
specifications except that the logic outputs
are not buffered and the input logic levels
must be within 20 percent of the power

B

O
Vee

? My | oo
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I
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e e e m

O Vgg

Fig. 119 — Circuit topology of the ECL family. The functions of the various components are ex-
plained in the text. Complementary outputs call for the modified logic symbol.

supply terminal voltages. Several trade-
offs must be considered when choosing
between buffered and unbuffered ICs.
The buffered devices have greater noise
immunity and drive capability, but the
speed is low compared to the unbuffered
types. Some special-purpose 4000 series
1Cs have tri-state output circuits. The
third state is neither HIGH or LOW, but is a
high-impedance condition which allows
several outputs to be paralleled for wire

designed to be a plug-in replacement for
low-power TTL devices in some applica-
tions. Some CMOS devices can function
at speeds greater than 15 MHz.

A simplified diagram for a CMOS logic
inverter is given in Fig. 120. Some of the
diodes in the input and output protection
circuits are inherently part of the
manufacturing process. Even with the
protection circuits, CMOS ICs are suscep-
tible to damage from static charges.

ORing or multiplexing. The 74C00 series is Certain precautions have become
}' O Voo
1-8k 15-30n
INPUT ! O ouTRuT
' ' —O Vg5

Fig. 120 — Internal structure of a CMOS gate.
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accepted for handling these devices. The pins
should not be inserted in styrofoam as is
commonly done with bipolar integrated
circuits unless the styrofoam is wrapped in

aluminum foil. The 3M Company Vee TypioaL B Y
manufactures a spongy conductive 1Skn
material for this purpose under the trade TTe O0l} ® N cMos
name Velostat. Before removing a CMOS (SCTIVEIRULLUR]
IC from its protective material, make cer- v

tain that your body is grounded. A con- /_J_, /_Lss

ductive bracelet connected to the ground

terminal of a 3-wire ac outlet through a (A)

10-MQ resi§tor is adequate for this pur- SOV +15V
pose. In industry, extreme protective 2N4401 v
measures are sometimes taken, such as Vee o 2N 3904 3.9k MIN oo
blowing ionized air over an assembly area. TTL ouT ' 2l I
The amateur experimenter needn’t go to CMCS
that extent; common sense will enable him BINE FULAL
or her to use CMOS logic without destroy- /7L Vss

+5v +5v +Sv

ing many devices. 3.3k

Special Digital 1Cs

In addition to the logic families men-
tioned above, other families are being NS
developed (sometimes on a speculative
basis) and are seeing comparatively
limited use. One such family is integrated
injection logic, or I’L. Other families use
various techniques in the production of

(8)

metal-oxide semiconductor (MOS) de- +5vO O+9v

vices. H-MOS (for high performance) is a

scaled-down silicon gate MOS process; Vee 388 v

V-MOS is an anisotropically etched TTL T a D0

double-diffused MOS process, and

D-MOS is a planar double-diffused pro- euYE O cmos

cess. SOS is a complementary silicon-on- 2

sapphire process. The proponents of each Vss
-9v

way of achieving higher speeds and den- r7
sities at lower power dissipation on
smaller chips which cost less.

of these families claim theirs is the best 01 == 15k
7 /l
(

C)

Interconnecting Logic Families

Each semiconductor logic family has its Fig. 121 — Methods for driving CMOS loads from TTL sources. The circuit complexity depends on
own advantages in particular applications.  the power supply voltages. The operation of these circuits is discussed in the text.

Table 1
Electrical Characteristics of the Common Logic Families

Standard TTL Schottky TTL  High-speed TTL Low-power TTL Schottky low-power ECL I ECL 10 k

(active pull-up)  (74S) (74H) (74L) TTL (74LS) (1600 series)

Vee = +50V Vee = #5850V Ve = +50V Vee = +5.0V Vee = +50V Vee = 0V,

Vgg = =562V

minimum HIGH
input voltage 20V 20V 20V 20V 20V -1.095V -1.105V
maximum HIGH
input current 40 uA 50 uA 50 uA 20 uA 20 uA - —_
maximum LOW
input voltage 08V 08V 08V 08V 08V -1.485V -1.475V
maximum LOW
input current 1.6 mA 2.0 mA 2.0 mA 400 uA 400 uA — -
minimum HIGH 24V 25V 24V 24V 25V -09V -0.825V
output voltage (30 mA) (30 mA)
maximum HIGH
output current 800 uA 1.0 mA 1.0 mA 400 uA 400 uA 40 mA 50 mA
maximum LOW
output voltage 04V 05V 04V 03V 05V -1.75V -1725V
maximum LOW Open emitter —
output current 16 mA 20 mA 20 mA 4.0 mA 8.0 mA pull-down re-

sistor required
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Fig. 122 — CMOS-to-TTL interface circuits. When both devices operate from a + 5-volt supply, the
diode in A can be eliminated. The circuit in B exhibits maximum flexibility with respect to supply

voltages and logic subfamilies.

For example, the highest frequency stages
in a uhf counter or frequency synthesizer
would use ECL. After the frequency has
been divided down to less than 25 MHz,
the speed of ECL is unnecessary, and the’
expense and power dissipation is un-
justified. TTL is the obvious choice for
the signal-processing operations in this

frequency range. The programming func-
tions have practically no speed con-
straints, so considerable power can be
saved by using CMOS in that part of the
system.

Each of these logic families has its own
input voltage and current requirements,
so they can’t be randomly intermixed with

CMOS (4000A) CMOS (40008) CMOS (74C0O0)
VCC VCC VCC
+50V +10.0 V +50V +10.0V +15.0V +50V +700V +150V
35 V 70 Vv 40 V 8.0 V 125 V 35 V 80 V —
- = — — 1.0 uA = _ 1.0 uA
1.5 V 30 V 10 V 20 V 25 V 1.5 V 20 V —
- —_ - — 1.0 uA —_ —_ 1.0 uA
495V 9.95V 495V 995V 1495 V 24 V 9.0 V -
( no load ) (360 uA) (10 pA) —_
300 uA 250 uA 1.6 mA 1.3 mA 3.4 mA 1.75 mA 8.0 mA —
2.5 V) 9.5V) 2.5 V) 9.5 V) (135 V) oV oV —_
0.05 Vv 0.05V 0.05V 0.05Vv 0.05V 04 V 1.0 V —
( no load A (360 uA) (360 uA) -
300 uA 600 uA 500 uA 1.3 mA 34 mA 1.75 mA 8.0 mA —_
(0.4 V) ©0.5V) 0.4 V) (05 V) (1.5 V) 5 V) (10 V) —

satisfactory results, cven if they have a
common power supply. The buzzword in-
terface is often used to describe the in-
tegration of two types of logic into a com-
patible system. There are a number of ICs
intended especially for mating different
logic families. The CD4049UB and
CD4050B hex buffers are designed to
drive TTL gates from CMOS input sig-
nals. TTL-to-ECL and ECL-to-TTL con-
version can be implemented with the
N1017 and NI1068 integrated circuits
manufactured by Signetics and others.
Unfortunately, these components-aren’t
always conveniently available to the small
investor, so logic interface must some-
times be accomplished by other means.
A knowledge of the circuit topologies
and input/output characteristics will
allow the designer to concoct reliable
digital interstage networks. Typical inter-
nal structures have been illustrated for
each common logic family. The input/
output characteristics of the common
logic families are listed in Table 1. This in-
formation was compiled from various in-
dustrial publications and is intended only
as a guide. Certain ICs may have charac-
teristics that vary from the values given.
The following section discusses some
specific logic conversions. Often more
than one conversion scheme is possible,
depending on whether the designer wishes
to optimize power consumption or speed.
Usually one must be traded off for the
other. Where an electrical connection be-
tween two logic systems isn’t possible, an
optical isolator can always be used.

TTL-Driving CMOS

A CMOS gate is easily driven bya TTL
device when both are powered by a + 5-
volt source. The totem-pole output struc-
ture of most TTL ICs prevents a HIGH
output level of sufficient potential to pro-
perly activate the CMOS input. A pull-up
resistor connected from the interface
point to the power bus will remedy this
problem. The maximum usable value for
this component is 15 k2, but the circuit
capacitance will reduce the maximum
possible speed of the CMOS gate. Lower
values will generate a more favorable RC
product at the expense of increased power
dissipation. A standard TTL gate can
drive a pull-up resistor of 330 1, but a
low-power version is limited to 1.2 kQ for
a minimum. The resistor pull-up tech-
nique is illustrated in Fig. 121A.

When the CMOS device is operating on
a power supply other than +§ volts, the
TTL interface is more complex. The
common-base level shifter of Fig. 121B
will translate a TTL output signal to a
+ 15-volt CMOS signal while preserving
the full noise immunity of both gates. An
operational amplifier configured as a
comparator, as in Fig. 121C, makes an ex-
cellent converter from TTL to CMOS
using dual power supplles. An FET op
amp is shown because the output voltage
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of this type can usually swing closer to the
power rails than a bipolar unit. Where the
pulse rate is below 10 kHz or so, a 741
type of amplifier may be used. The
Schmitt trigger configuration of Fig. 105SB
will turther enhance the noise immunity at
the interface point, but will invert the
logic. An additional inverter (either linear
or digital) placed on either side of the in-
terface will resurrect the logic to its
““true”’ form.

CMOS Driving TTL

The 4049UB and 4050B devices already
mentioned can drive two standard TTL
loads when a common + 5-volt supply is
used. Most A-series CMOS ICs can’t sink
enough current to drive TTL gates to a
reliable LOW input state. Gates from the
more-modern B-series can drive one low-
power TTL load directly. The 74C00
family is capable of direct connection to
low-power TTL with a fanout of two. The
drive capability of CMOS gates can be in-
creased by connecting identical gates in
parallel, but this practice is not recom-
mended unless all the gates are contained
in a single IC package.

Fig. 122A shows a simple method for
driving a TTL load from a CMOS source
operating with a higher voltage power
supply. The diode blocks the high voltage
from the CMOS gate when it is in the
HIGH output state. A germanium diode is
used because its lower forward voltage
drop provides higher noise immunity for
the TTL device in the Low state. The
68-k{2 resistor pulls the input HIGH when
the diode is back biased. While TTL in-
puts assume the HIGH state when left
open, floating the input is a poor practice
because the gate is sensitive to noise in this
condition.

Standard TTL inputs draw 1.6 mA in
the Low state. A pull-down resistor for
this purpose can be no larger than 220 Q.
To pull this resistor up to an acceptable
HIGH level requires 10 mA, which is
beyond the capabilities of most CMOS
devices. When a pull-down resistor is
used, a dual-gate MOSFET having high
transconductance makes a good buffer
between CMOS and TTL systems. This
scheme is diagrammed in Fig. 122B. The
CMOS power supply voltage isn’t critical
when this system is used, because the out-
put impedance of the CMOS device is
high compared to the pull-down resis-
tance, and the protective diodes in the
FET can handle more current than the
CMOS IC can provide. In fact, this circuit
can also be used with split supplies, pro-
vided the positive CMOS output excur-
sion is at least 5 volts.

TTL Driving ECL

When a common power supply is used,
the resistor network of Fig. 123A will
allow a standard TTL gate to drive an
ECL input at the maximum TTL speed.
Although shown with Ve connected to
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Fig. 123 — These circuits will allow TTL gates to drive ECL systems using various power supply

arrangements. Each is discussed in the text.

+ 5V and Vgg grounded, the same circuit
will work with Ve connected to ground
and Vgg (and the ‘“‘ground’ terminal of
the TTL device) connected to — 5V. This
arrangement provides full noise immunity

for the ECL system. Where speed is not a
consideration, a TTL output can be con-
nected directly to an ECL input if a pull-
up resistor is used.

Independent TTL and ECL systems can
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Fig. 124 — Bipolar transistors are used in these ECL-to-TTL translators.
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Fig. 125 — Split-supply CMOS logic can drive ECL through a MOSFET, as in A. When the CMOS system
is powered from a single high-voltage supply, the bipolar transistor circuit of B can be used. Note that the

logic is inverted when this method is used.

be coupled by the ¢ircuits drawn in Fig.
123B and C. In B, the TTL gate is di-
vorced from the voltage divider network
when the output is HIGH. In this state the
junction of the 1.2-kQ and 12-k{2 resistors
assumes a potential of nearly +5 volts.
When the TTL output goes low, the
anode end of the diode string is pulled
down to about + 2.5V. This 2.5-volt logic
swing is attenuated and shifted to the pro-
per non-saturating ECL levels by the
resistor network.

An emitter follower stage is used in C.
The - 1.8-volt potential at the ECL input
established by the resistor network
prevents the transistor from turning on
when the TTL output is LOW. A ger-
manium diode provides a stiff voltage
reference in the LOW state and prevents ex-
cessive conduction in the upper transistor
of the IC output structure. The voltage
translation process is similar to that in
part B of the figure. Returning the collec-
tor to + 5V rather than ground keeps the
transistor well out of saturation.

ECL Driving TTL

The complementary output of ECL
gates can be used to advantage in con-
verting to TTL levels. Modern ECL ICs
have emitter-follower outputs that are
ideal for switching the base-emitter junc-
tions of bipolar transistors. For coupling
logic systems having a common $- or
5.2-volt power supply, the pnp transistor
and pull-up resistor combination of Fig.
124A may be used. A positive supply is
shown, but the system will also work with
negative supplies. The circuit in Fig. 124B
will condition - 5.2-volt ECL signals to
drive + 5-volt TTL gates. Transposing the
out and out connections of the ECL device
will effect a logic inversion with the
translation. This technique can also be ap-
plied to flip-flops, which have Q and Q
outputs.

CMOS Driving ECL

Speed is rarely a consideration when
mating a relatively slow logic family to
one that is very fast — the system cannot
be faster than the slowest logic element
used. The speed of ECL ICs comes from
keeping the transistors out of saturation,
and it is for this reason that the defined in-
put logic swing is only about 400 mV.
However, the input levels can be
anywhere within the range of the power
supply without damaging the device.
Negligible input current is required for
either logic state, so when a common $- or
5.2-volt power supply is used, CMOS can
drive ECL directly.

A variety of ¢ircuits can be used be-
tween CMOS and ECL systems having
different power supplies. The scheme il-
lustrated in Fig. 125A is useful when a
split power supply is used for the CMOS
loglc. The advantage of using a MOSFET
converter is that the fanout (to other
CMOS devices) is not compromised. Fig.
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Fig. 126 — Interface circuits for ECL-driving CMOS. A method useful when different power sup-
plies are used is illustrated in A, The diode prevents the — 5.2-volt LOW level from damaging the
CMOS device. When a common supply is available, the two-transistor amplifierftranstator of B

may be used.

125B shows a + 15-volt CMOS system
driving a = 5.2-volt ECL gate through a
pnp transistor. Altering some of the
resistance values will make this circuit
work with split-supply CMOS as well.
This conversion method results in a logic
inversion, but that problem can usually be
remedied at the ECL output.

ECL-Driving CMOS

Some voltage amplification is required
if an ECL gate is to drive CMOS. When
the ECL supply is negative and the CMOS
supply is positive, the circuit of Fig. 124B,
illustrated for ECL-to-TTL conversion
may be used. All of the resistors can be
made much larger with CMOS for re-
duced power consumption.

The differential comparator arrange-
ment in Fig. 126A is another good transla-
tion method. If the CMOS system has
split power supplies, the — V terminal of
the op amp should be returned to Vsg.
With split CMOS supplies the op amp can
be connected directly to the CMOS input;
the resistor and diode are unnecessary. If
complementary ECL outputs aren’t
available, one of the comparator inputs
should be biased to some potential be-
tween the two ECL logic levels.

Fig. 126B shows a way to obtain the re-
quired CMOS logic swing when both
families are powered from the same
source. This npn-pnp saturated amplifier
will also work when a common negative
supply is used.

Abbreviated Semiconductor Symbol List

Field-Effect Transistor Symbols

A — Voltage amplification
Ce — Intrinsic channel capacitance
Cas — Drain-to-source capacitance

(includes approximately 1-pF drain-to-
case and interlead capacitance)

ng — Gate-to-drain capacitance (in-
cludes 0.1-pFinterlead capacitance)

Cgs — Gate-to-source interlead and case
capacitance

Ciss — Small-signat input capacitance,
short circuit

Cres — Small-signal reverse transfer
capacitance, short circuit

Ots — Forward transconductance

Qis — Input conductance

9os — Output conductance

o — Dcdrain current

Ibs(or) — Drain-to-source OFF current

lgss — Gate leakage current

Te — Effective gate series resistance

"DS(ON) — Drain-to-source ON resistance

"od — Gate-to-drain leakage resistance

Tos — Gate-to-source leakage resistance

Vo — Drain-to-substrate voltage

Vos — Drain-to-source voltage

Vae — Dc gate-to-substrate voltage

Ve — Peak gate-to-substrate voltage

Vas — Dc gate-to-source voltage

Vas — Peak gate-to-source voltage

Vasiorr) ~ — Gate-to-source cutoff voltage

fs — Forward transadmittance = gfg
Yos — Output admittance
Yo — Load admittance

Bipolar Transistor Symbols

— Input capacitance, open circuit

(common base)

— Input capacitance, open circuit

{(commaon emitter)

— Output capacitance, open circuit

(common base)

Gam — OQutput capacitance, open circuit
(commaon emitter)

5 — Cutoff frequency

fy — Gain-bandwidth product (frequency

at which small-signal forward current-

transfer ratio, commaon emitter, is unity
or1)

— Smali-signal transconductance

(common emitter)

heg — Static forward-current transfer ratio
(common base)

Pty — Small-signal forward-current
transfer ratio, short circuit (common
base)

hee — Static forward-current
transter ratio (common emitter)

he — Small-signal forward-current
transfer ratio, short circuit (common
emitter)

hie — Static input resistance (common

emitter)

— Smali-signal input impedance,

short circuit (commaon emitter)

lp — Base current

le — Collector current

— Collector-cutoff current, emitter

open

Cibo
Cleo

CODO

Bipolar Transistor Symbols, (continued)

lceo — Collector-cutoff current, base open
g — Emitter current

MAG — Maximum available amplifier gain

Pce — Total dc or average power input
to collector (common emitter)

Poe — Large-signal output power
(common emitter)

RL — Load resistance

R — Source resistance

Vas — Base-supply voltage

Vee — Base-to-collector voltage

Vge — Base-to-emitter voltage

Ves — Coliector-to-base voltage

Veeo — Collector-to-base (emitter open)

Vee — Collector-supply voltage

Vee — Collector-to-emitter voltage

Veeo — Collector-to-emitter voltage (base
open)

VeE(say ;nca:;:elector-to-em itter saturation

Ves — Emitter-to-base voltage

Vego — Emitter-to-base voltage (collector
open)

Vee — Emitter-supply voltage

Yee — Forward transconductance

Vi — Input admittance

Vg — Output admittance
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OPTICAL ELECTRONIC DEVICES

The conductivity of any semiconductor
junction is enhanced when it is il-
luminated. The discussion of solar cells in-
troduced the photovoltaic phenomenon.
Photoelectric semiconductor devices used
for signaling rather than power generation
fall into the optoelectronic category.
Before photodiodes and phototransistors
were commonly available, amateur ex-
perimenters improvised by removing por-
tions of the device envelopes and instail-
ing lenses to focus light on the junctions.
An experimental optical communications
system is sketched in Fig. 127.

A large variety of photoelectric
semiconductors exists today, including
bipolar phototransistors, photoFETs,
photodiodes (pn junction, PIN and varac-
tor), light-activated silicon-controlled rec-
tifiers (LASCRs) and optocouplers. An
optocoupler, or optoisolator, is an LED
and a phototransistor in a common IC
package. These devices often represent the
cleanest way to mate solid-state circuits
operating at widely differing voltages.
One such application might be a low-
voltage dc power supply regulated in the
ac primary circuit. Units having several
kilovolts of isolation are available. The
output circuits of some optocouplers are
designed to drive digital logic circuitry
with a minimum of additional com-
ponents.

The figure of merit for an optocoupler
is the ratio of the LED current to the
phototransistor collector current. A Dar-
lington output transistor is used in some
devices to establish a more favorable
transfer characteristic. The phototran-
sistor base lead is brought out of some
packages for controlling the transistor
when the LED is not energized.

A circuit illustrating the use of an op-
tocoupler appears in Fig. 128. The keying
circuit of a vacuum-tube type of transmit-
ter is another place where an optocoupler
could be used to advantage. An opto-
coupler can also be used to key an afsk
generator from a teleprinter loop.

One class of optocoupler leaves the
LED and photodector exposed. These
devices are used extensively in punched-
card readers for electronic data processing
systems. Another use is in automotive ig-
nition systems as a replacement for
mechanical breaker points. An optical
shaft-encoder is an array of open opto-
couplers chopped by a rotating wheel.
When a shaft encoder is used to address a
frequency synthesizer, the operator can
adjust the frequency in a manner that has
the “‘feel”’ of an ordinary VFO.

An optoisolator packaged with a triac
forms a solid-state relay that can replace
electromechanical units is most applica-
tions. The advantages of this scheme in-
clude freedom from contact bounce, arc-
ing, mechanical wear and noise. Solid-

1000uF _L'
0V ’[_

TRANSMITTER

RECEIVER

Fig. 127 — A visible light (or infrared) voice communications system. A phototransistor in the
receiver recovers the amplitude-modulated signal from the transmitter.
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Fig. 128 — Line voltage regulation is a representative linear application for an optoisolator. The
circuit shown here can protect high-voltage rectifiers and filter capacitors from ac surges.

state relays capable of switching 10 A at
117 V from CMOS control signals are
manufactured by International Rectifier
Company and others.

Solid-State Displays

Digital readout devices camprise an im-
portant branch of optoelectronics. The
advantage of digital readout is that there
is no interpretation error, as in an analog
readout such as a clock, speedometer or
ammecter. The digital readout can be no
more accurate than the circuitry driving it,

but the elimination of visual uncertainty
allows greater precision. A digital display
is an array of light sources that can be
energized in various combinations to form
symbols. Some of the light source ar-
rangements are illustrated in Fig. 129. The
dot-matrix system is the most versatile,
but the seven-segment format is the one
most used by amateurs. It displays the
decimal digits with high readability. Each
segment is identified by a letter, and Fig.
130 shows the standard layout. In addi-
tion to the segments, some displays
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Fig. 130 — Segment identification and layout
of a seven-segment readout device.

1

contain a decimal point on one side of the
character array. Another type of display is
the bar graph. This device can be thought
of as a fast-responding incremental analog
meter. Some Amateur Radio applications
for the bar graph device might be receiver
S-meters or PEP-output indicators.

LED Readouts

Displays made from light-emitting
diodes are the ones most commonly used
because of their good readability and
relative ease of circuit integration.
Character heights of 0.3 and 0.6 inches are
standard, although larger units are
available. LED readouts are manufac-
tured with one element of each segment
common. The character to be displayed is
usually encoded in BCD form, so it is
necessary to employ some combinational
logic to illuminate the proper segments.
The circuitry to accomplish this is called a
decoder. Various seven-segment decoders
are manufactured to drive common-
cathode and common-anode devices.
Some of these devices contain advanced
features. The decoder IC most available
to hobbyists is the 7447A, manufactured
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by Texas Instruments and others. This is
an open-collector TTL device designed to
pull down common-anode displays
through external current-limiting re-
sistors. A 7447A will also drive common-
cathode displays if external transistors are
used. Fig. 131 shows the connections for
both types of display.

The dc illumination method shown is
the easiest to implement, but higher light
output with lower energy consumption
can be had by pulsing the display. A flash
rate of 100 Hz will be imperceptible
because of the persistence of human vi-
sion. As more digits are added to a dis-
play, using a decoder/driver for each digit
becomes unfeasible from an economic
and pc-board real estate point of view. A
technique called multiplexing allows a
single decoder/driver IC to be time-shared

among several digits. The multiplexer
logic, which is usually contained on a
single IC, scans the input data lines and
sequentially routes the data for each digit
into the decoder. The displays are wired in
parallel; that is, all of the *‘a’’ segments
are connected together, and so on. The
common element of each digit is enabled
at the proper time by the multiplexing cir-
cuit that selects the input data. With this
system, only one digit is energized at any
instant, a factor that greatly eases the
power-supply requirements. In order to
maintain the brightness of each digit, the
current to each LED segment must be in-
creased. A typical display should be
operated at a peak current of 100 mA for
each segment, with a pulse duration of 50
to 250 microseconds at a 20-percent duty
cycle.



Chapter 5

Ac-Operated Power Supplies

Power-line voltages have been ‘‘stan-
dardized” throughout the U.S. at 117 and
234 volts in residential areas where a
single phase voltage is supplied. These
figures represent nominal voltages. *‘Nor-
mal” line voltage in a particular area may
be between approximately 110 and 125
volts, but generally will be above 115 volts.
In many states the service is governed by a
PUC (public utilities commission). The
voltage average across the country is ap-
proximately 117.

The ac-current capability of the service
is a factor of line length from the dwelling
to the nearest pole transformer, plus the
conductor size of the line. Many older
homes are supplied with a 60-ampere
service while most new homes have 100
amperes. Houses equipped with electric
heat will have services ranging from 150 to
200 amperes.

The electrical power required to operate
Amateur Radio equipment is usually
taken from the ac lines when the equip-
ment is operated where power is available.
For mobile operation the source of power
is almost always the car storage battery.

Dc voltages used in transmitters, recei-
vers and other related equipment are derived
from the commercial ac lines by using a
transformer-rectifier-filter system. The trans-
former changes the ac voltage to a suitable
value and the rectifier converts the ac to
pulsating dc. A filter is used to smooth out
these pulsations to an acceptably low level.
Essentially pure direct current is required
to prevent 60- or 120-Hz hum in most
pieces of amateur equipment. Transmit-
ters must be operated from a pure dc sup-
ply as dictated by federal regulations. Ifa
constant voltage is required under condi-
tions of changing load or ac-line voltage, a
regulator is used following the filter.

When the prime power source is dc (a
battery), the dc is used directly or is first
changed to ac and is then followed by the
transformer-rectifier-filter combination,
The latter system has lost considerable
popularity with the advent of low-voltage
semiconductor devices.

Transformerless power supplies are

used in some applications (notably ac-dc
radios and some television receivers).
Supplies of this sort operate directly from
the power line, making it necessary to
connect the chassis or common-return
point of the circuit directly to one side of
the ac line. This type of power supply
represents a shock hazard when the
equipment is connected to other units in
the amateur station or when the chassis is
exposed. For safety reasons, an isolation
transformer should be used with such
equipment.

Power-Line Considerations: Connections

In most residential systems, three wires
are brought in from the outside to the
distribution board, while in a few older
systems there are only two wires. In the
three-wire system, the third wire is the
neutral, which is grounded. The voltage
between the two wires normally is
234, while half of this voltage appears
between each of these wires and neutral,
as indicated in Fig. 1A. In systems of this
type the 117-volt household load is
divided as evenly as possible between the
two sides of the circuit, half of the load

being connected between one wire and the
neutral, while the other half of the load is
connected between the other wire and
neutral. Heavy appliances, such as electric
stoves and heaters are designed for
234-volt operation and therefore are
connected across the two ungrounded
wires. While both ungrounded wires
should be fused, a fuse should never be
used in the neutral wire, nor should a
switch be used in this side of the line. The
reason for this is that opening the neutral
wire does not disconnect the equipment. It
simply leaves the equipment on one side
of the 234-volt circuit in series with
whatever load may be across the other
side of the circuit, as shown in Fig. 1B.
Furthermore, with the neutral open, the
voltage will then be divided between the
two sides in inverse proportion to the load
resistance, the voltage on one side
dropping below normal, while it soars on
the other side, unless the loads happen to
be equal.

The usual line running to baseboard
outlets is rated at 15 amperes. Considering
the power consumed by filaments, lamps,
transmitter, receiver and other auxiliary

NO FUSE
OR SWITCH
i

FUSE | FUSE

S
HTVelt17V.
234v-
o]
(A) (8)

{v)]

Fig. 1 — Three-wire power-line circuits. At A — Norm
the grounded (neutral) line. B — A gwitch in the neutral

al three-wire-line termination. No fuse should be used in
| does not remove voltage from either side of the line. C

_ Connections tor both 117- and 234-volt transformers D — Operating a 117-volt plate transformer
from the 234-volt line to avoid light blinking. T1 is a 2:1 step-down transformer.
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equipment, tt 1s not unusual to tind this
15-A rating exceeded by the requirements
of a station of only moderate power. It
must also be kept in mind that the same
branch may be in use for other household
purposes through another outlet. For this
reason, and to minimize light blinking
when keying or modulating the transmit-
ter, a separate heavier line should be run
from the distribution board to the station
whenever possible. A 3-volt drop in line
voltage will cause noticeable blinking of
lights.

If the system is of the three-wire, 234-V
type, the three wires should be brought
into the station so that the load can be
distributed to keep the line balanced. The
voltage across*a fixed load on one side of
the circuit will increase as the load current
on the other side is increased. The rate of
increase will depend upon the resistance
introduced by the neutral wire. If the
resistance of the neutral is low, the
increase will be correspondingly small.
When the currents in the two circuits are
balanced, no current flows in the neutral
wire and the system is operating at
maximum efficiency.

Light blinking can be minimized by
using transformers with 234-volt pri-
maries in the power supplies for the keyed
or intermittent part of the load, con-
necting them across the two ungrounded
wires with no connection to the neutral, as
shown in Fig. 1C. The same can be
accomplished by the insertion of a
step-down transformer with its primary
operating at 234 volts and secondary
delivering 117 volts. Conventional 117-
volt transformers may be operated from
the secondary of the step-down trans-
former (see Fig. 1D).

When a special heavy-duty line is to be
installed, the local power company should
be consulted as to local requirements. In
some localities it is necessary to have such
a job done by a licensed electrician, and
there may be special requirements to be
met. Some amateurs terminate the special
line to the station at a switch box, while
others may use electric-stove receptacles
as the termination. The power is then
distributed around the station by means
of conventional outlets at convenient
points. All circuits should be properly
fused.

Three-Wire 117-V Power Cords

To meet the requirements of state and
national codes, electrical tools, appli-
ances and many items of electronic equip-
ment now being manufactured to operate
from the 117-volt line must be equipped
with a three-conductor power cord. Two
of the conductors carry power to the
device in the usual fashion, while the third
conductor is connected to the case or
frame.

When plugged into a properly wired
mating receptacle, the three-contact pola-
rized plug connects this third conductor
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to an earth ground, thereby grounding the
chassis or frame of the appliance and
preventing the possibility of electrical
shock to the user. All commercially
manufactured items of electronic test
equipment and most ac-operated amateur
equipment are being supplied with these
three-wire cords. Adapters are available
for use where older electrical installations
do not have mating receptacles. For
proper grounding, the lug of the green
wire protruding from the adapter must be
attached underneath the screw securing
the cover plate of the outlet box where
connection is made, and the outlet box
itself must be grounded.

Fusing

All transformer primaty circuits should
be properly fused. To determine the
approximate current rating of the fuse or
circuit breaker to be used, multiply each
current being drawn from the supply in
amperes by the voltage at which the
current is being drawn. Include the
current taken by bleeder resistances and
voltage dividers. In the case of series
resistors, use the source voltage, not the
voltage at the equipment end of the
resistor. Include filament power if the
transformer is supplying filaments. After
multiplying the various voltages and
currents, add the individual products.
Then divide by the line voltage and add 10
or 20 percent. Use a fuse or circuit breaker
with the nearest larger current rating.

Line-Voltage Adjustment

In certain communities trouble is
sometimes experienced from fluctuations
in line voltage. Usually these fluctuations
are caused by a variation in the load on
the line. Since most of the variation comes
at certain fixed times of the day or night,
such as the times when lights are turned
on at evening, they may be taken care of
by the use of a manually operated
compensating device. A simple arrange-
ment is shown in Fig. 2A. A tapped trans-
former is used to boost or buck the line
voltage as required. The transformer
should have a secondary varying between
6 and 20 volts in steps of 2 or 3 volts and
its secondary should be capable of
carrying the full load current.

The secondary is connected in series

with the line voltage and, if the phasing of
the windings is correct, the voltage
applied to the primaries of the transmitter
transformers can be brought up to the
rated 117 volts by setting the transformer
tap switch on the right tap. If the phasing
of the two windings of the transformer
happens to be reversed, the voltage will be
reduced instead of increased. This con-
nection may be used in cases where the
line voltage may be above 117 volts. This
method is preferable to using a resistor in
the primary of a power transformer since
it does not affect the voltage regulation as
seriously. The circuit of 2B illustrates the
use of a variable autotransformer (Variac)
for adjusting line voltage.

Constant-Voltage Transformers

Although comparatively expensive, spe-
cial transformers called constant-voltage
transformers are available for use in cases
where it is necessary to hold line voltage
and/or filament voltage constant with
fluctuating supply-line voltage. These are
static-magnetic voltage regulating trans-
formers operating on principles of ferro- .
resonance. They have no tubes or moving
parts, and require no manual adjustments.
These transformers are rated over a range
of less than 1 volt-ampere (VA) at 5
volts output up to several thousand VA at
117 or 234 volts. On the average they will
hold their output voltages within one per-
cent under an input voltage variation of
+15 percent.

Safety Precautions

All power supplies in an installation
should be fed through a single main
power-line switch so that all power may
be cut off quickly, either before working
on the equipment, or in case of an
accident. Spring-operated switches or
relays are not sufficiently reliable for this
important service. Foolproof devices for
cutting off all power to the transmitter
and other equipment are shown in Fig. 3.
The arrangements shown in Figs. 3A and
B are similar circuits for two-wire
(117-volt) and three-wire (234-volt) sys-
tems. S is an enclosed double-throw switch
of the sort usually used as the entrance
switch in house installations. J is a
standard ac outlet and P a shorted plug to
fit the outlet. The switch should be located

PR1, SEC.

o— —0
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TRANS. o -0
© TO
TRANS.
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(A) ()

Fig. 2— Two methods of transformer primary control. At A is a tapped transformer which may be connected so
as to boost or buck the line voltage as required. At B is indicated a variable transformer or autotransformer

(Variac) which feeds the transformer primaries.
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A is for a two-wire 117-volt line, B for a three-
wire 234-volt system, and C a simplified
arrangement for low-power stations.

prominently in plain sight, and members
of the household should be instructed in
its location and use. I is a red lamp located
alongside the switch. Its purpose is not so
much to serve as a warning that the power
is on as it is to help in identifying and
quickly locating the switch should it
become necessary for someone else to cut
the power off in an emergency.

The outlet J should be placed in some
corner out of sight where it will not be a
temptation for children or others to play
with. The shorting plug can be removed to
open the power circuit if there are others
around who might inadvertently throw
the switch while the operator is working
on the rig. If the operator takes-the plug
with him, it will prevent someone from
turning on the power in his absence and
either hurting himself or the equip-
ment or perhaps starting a fire. Of utmost
importance is the fact that the outlet J
must be placed in the ungrounded side of
the line. .

Those who are operating low power
and feel that the expense or complication
of the switch isn't warranted can use the
shorted-plug idea as the main power
switch. In this case, the outlet should be
located prominently and identified by a
signal light, as shown in Fig. 3C

The test bench should be fed through
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Fig. 4 — Half-wave rectifier circuit. A illustrates the basic circuit and B displays the diode conduction
and nonconduction periods. The peak-reverse voltage impressed across the diode is shown at C and
D with a simple resistor load at C and a capacitor load at D. Egy, forthe resistor load is 1.4 E,q and

2.8 E;mg for the capacitor ioad.

the main power switch, or a similar
arrangement at the bench, if the bench is
located remotely from the transmitter.

A bleeder resistor with a power rating
which gives a considerable margin of
safety should be used across the output of
all transmitter power supplies, so that the
filter capacitors will be discharged when
the high-voltage is turned off.

Rectifier Circuits: Half-Wave

Fig. 4 shows a simple half-wave rectifier
circuit. As pointed out in the semi-
conductor chapter a rectifier (in this case a
semiconductor diode) will conduct cur-
rent in one direction but not the other.
During one half of the ac cycle the
rectifier will conduct and current will flow
through the rectifier to the load (indicated
by. the solid line in Fig. 4B). During the
other half cycle the rectifier is reverse
biased and no current will flow (indicated
by the dotted line in Fig. 4B) to the load.
As shown, the output is in the form of
pulsed dc and current always flows in the
same direction. A filter can be used to
smooth out these variations and provide a
higher average dc voltage from the circuit.
This idea will be covered in the next
section on filters.

The average output voltage — the
voltage read by a dc voltmeter — with this
circuit (no filter connected) is 0.45 times
the rms value of the ac voltage delivered
by the transformer secondary. Because the
frequency of the pulses is rather low (one
pulsation per cycle), considerable filtering
is required to provide adequately smooth
dc output. For this reason the circuit is
usually limited to applications where the
current required is small, as in a
transmitter bias supply.

The peak reverse voltage (PRV), the
voltage that the rectifier must withstand
when it isn’t conducting, varies with the
load. With a resistive load it is the peak ac
voltage (1.4 Erms) but with a capacitor
filter and a load drawing little or no
current it can rise to 2.8 Erms. The reason
for this is shown in Figs. 4C and
4D. With a resistive load as shown at C
the amount of reverse voltage applied to
the diode is that voltage on the lower side
of the Zero-axis line or 1.4 E;ms. A capaci-
tor connected to the circuit (shown at D)
will store the peak positive voltage when
the diode conducts on the positive pulse.
If the circuit is not supplying any current
the voltage across the capacitor will re-
main at that same level. The peak reverse
voltage impressed across the diode is now
the sum of the voltage stored in the capa-
citor plus the peak negative swing of volt-
age from the transformer secondary. In
this case the PRV is 2.8 Erps.

Full-Wave Center-Tap Rectifier

A commonly used rectifier circuit is
shown in Fig. 5. Essentially an arrange-
ment in which the outputs of two half-
wave rectifiers are combined, it makes use
of both halves of the ac cycle. A transfor-
mer with a center-tapped secondary is re-
quired with the circuit.

The average output voltage is 0.9 times
the rms voltage of half the transformer
secondary; this is the maximum that can
be obtained with a suitable choke-input
filter. The peak output voltage is 1.4 times
the rms voltage of half the transformer
secondary; this is the maximum voltage
that can be obtained from a capacitor-
input filter.

As can be seen in Fig. 5C the PRV
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impressed on each diode is independent of
the type load at the output. This is
because the peak reverse voltage condition
occurs when diode A conducts and diode
B does not conduct. The positive and
negative voltage peaks occur at precisely
the same time, a different condition than
exists in the half-wave circuit. As diodes A
and B cathodes reach a positive peak (1.4
Erms), the anode of diode B is at a negative
peak, also 1.4 Erms, but in the opposite
direction. The total peak reverse voltage is
therefore 2.8 E;pys.

Fig. 5B shows that the frequency of the
output pulses is twice that of the
half-wave rectifier. Comparatively less
filtering is required. Since the rectifiers
work alternately, each handles half of the
load current: The current rating of each
rectifier need be only half the total current
drawn from the supply.

Two separate transformers, with their
primaries connected in parallel and
secondaries connected in series (with
the proper polarities), may be used in
this circuit. However, if this substitu-
tion is made, the primary volt-ampere
rating must be reduced to about 40 per-
cent less than twice the rating of one
transformer.

Full-Wave Bridge Rectifier

Another commonly used rectifier cir-
cuit is illustrated in Fig. 6. In this
arrangement, two rectifiers operate in
series on each half of the cycle, one
rectifier being in the lead to the load, the
other being in the return lead. As shown
in Figs. 6A and B, when the top lead of
the transformer secondary is positive with
respect to the bottom lead diodes A and C
will conduct while diodes B and D are
reverse biased. On the next half cycle
when the top lead of the transformer is
negative with respect to the bottom diodes
B and D will conduct while diodes A and
C are reverse biased.

The output wave shape is the same as
that from the simple center-tap rectifier
circuit. The maximum output voltage into
a resistive load or choke-input filter is 0.9
times the rms voltage delivered by the
transformer secondary; with a capacitor
filter and a light load the output voltage is
1.4 times the secondary rms voltage.

Fig. 6C shows the peak reverse voltage
to be 2.8 Eims for each pair of diodes.
Since the diodes are connected in series
each diode has 1.4 E,, as the reverse volt-
age impressed across it. Each pair of
diodes works alternately so each handles
half of the load current. The rectifier in
this circuit should have a minimum
current rating of one half the total load
current to be drawn from the supply.

Filtering

The pulsating dc waves from the
rectifiers are not sufficiently constant in
amplitude to prevent hum corresponding
to the pulsations. Filters are required be-
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tween the rectifier and the load to smooth
out the pulsations into an essentially
constant dc voltage. Also, the design of
the filter depends to a large extent on the
dc voltage output, the voltage regulation
of the power supply, and the maximum
load current that can be drawn from the
supply without exceeding the peak-
current rating of the rectifier. Power
supply filters are low-pass devices using
series inductors and shunt capacitors.

Load Resistance

In discussing the performance of power-
supply filters, it is sometimes convenient
to express the load connected to the
output terminals of the supply in terms of
resistance. The load resistance is equal to
the output voltage divided by the total
current drawn, including the current
drawn by the bleeder resistor.

Voltage Regulation

The output voltage of a power supply
always decreases as more current is

drawn, not only because of increased
voltage drops on the transformer, filter
chokes and the rectifier (if high-vacuum
rectifiers are used) but also because the
output voltage at light loads tends to soar
to the peak value of the transformer
voltage as a result of charging the first
capacitor. By proper filter design the
latter effect can be eliminated. The change
in output voltage with load is called
voltage regulation and is expressed as a
percentage.
Percent regulation = M
E,

where

E| = the no-load voltage

E; = the full-load voltage

A steady load, such as that represented
by a receiver, speech amplifier or unkeyed
stages of a transmitter, does not require
good (low) regulation as long as the
proper voltage is obtained under load
conditions. However, the filter capacitors
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must have a voltage rating safe for the
highest value to which the voltage will
soar when the external load is removed.

A power supply will show more (higher)
regulation with long-term changes in load
resistance than with short temporary
changes. The regulation with long-term
changes is often called the satic regula-
tion, to distinguish it from the dynamic
regulation (short temporary load changes).
A load that varies at a syllabic or keyed
rate, as represented by some audio and rf
amplifiers, usually requires good dynamic
regulation (15 percent or less) if distortion
products are to be held to a low level. The
dynamic regulation of a power supply is
improved by increasing the value of the
output capacitor.

Whein essentially constant voltage re-
gardless of current variation is required
(for stabilizing an oscillator, for example),
special voltage-regulating circuits de-
scribed later in this chapter are used.

Bleeder

A bleeder resistor is a resistance
connected across the output terminals of
the power supply. Its functions are to
discharge the filter capacitors as a safety
measure when the power is turned off and
to improve voltage regulation by pro-
viding a minimum load resistance. When
voltage regulation is not of importance,
the resistance may be as high as 100 ohms
per volt. The resistance value to be used
for voltage-regulating purposes is discussed
in later sections. From the consideration
of safety, the power raling of the resistor
should be as conservative as possible,
since a burned-out bleeder resistor is more
dangerous than none at all!

Ripple Frequency and Voltage

Pulsations at the output of the rectifier
can be considered to be the resultant of an
alternating current superimposed on a
steady direct current. From this view-
point, the filter may be considered (o
consist of shunt capacitors which short-
circuit the ac component while not
interfering with the flow of the dc

component. Series chokes will readily pass
dc but will impede the flow of the ac
component.

The alternating component is called
ripple. The effectiveness of the filter can be
expressed in terms of percent ripple,
which is the ratio of the rms value of the
ripple to the dc value in terms of
percentage.

100 E,

Percent ripple (rms) =
E,
where

E, = the rms value of ripple voltage

E, = the steady dc voltage

Any multiplier or amplifier supply in a
code transmitter should have less than five
percent ripple. A linear amplifier can
tolerate about three percent ripple on the
plate voltage. Bias supplies for linear
amplifiers, and modulator and modulated-
amplifier plate supplies, should have less
than one percent ripple. VFOs, speech
amplifiers and receivers may require a
ripple reduction to 0.01 percent.

Ripple frequency is the frequency of the
pulsations in the rectifier output wave —
the number of pulsations per second. The
frequency of the ripple with half-wave
rectifiers is the same as the frequency of
the line supply — 60 Hz with 60-Hz
supply. Since the output pulses are
doubled with a full-wave rectifier, the
ripple frequency is doubled — to 120 Hz
with a 60-Hz supply.

The amount of filtering (values of
inductance and capacitance) required to
give adequate smoothing depends upon
the ripple frequency, with more filtering
being required as the ripple frequency is
lowered.

Type of Filter

Power-supply filters fall into two
classifications, capacitor input and choke
input. Capacitor-input filters are charac-
terized by relatively high output voltage in
respect to the transformer voltage. Advan-
tage of this can be taken when silicon rec-
tifiers are used or with any rectifier when
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Fig. 7 — Capacitive-input filter circuits. At A is a simple capacitor filtei. B and C are single-and

double-section filters, respectively.

the load resistance is high. Silicon recti-
fiers have a higher allowable peak-to-dc
ratio than do thermionic rectifiers. This
permits the use of capacitor-input filters
at ratios of input capacitor to load resis-
tance that would seriously shorten the life
of a thermionic rectifier system. When the
series resistance through a rectifier and
filter system is appreciable, as when high-
vacuum rectifiers are used, the voltage re-
gulation of a capacitor-input power sup-
ply is poor.

The output voltage of a properly
designed choke-input power supply is less
than would be obtained with a capacitor-
input filter from the same transformer.
Generally speaking, a choke-input filter
will permit a higher load current to be
drawn from a thermionic rectifier without
exceeding the peak rating of the rectifier.

Capacitive-Input Filters

Capacitive-input filter systems are shown
in Fig. 7. Disregarding voltage drops in
the chokes, all have the same characteris-
tics except in respect to ripple. Better
ripple reduction will be obtained when LC
sections are added as shown in Figs. 7B
and C.

Output Voltage

To determine the approximate dc
voltage output when a capacitive-input
filter is used, the graphs shown in Fig. 8
will be helpful. An example of how to use
the graph is given below.

Example:

Full-wave rectifier (use graph at B)
Transformer rms voltage = 350
Load resistance = 2000 ohms
Series resistance = 200 ohms
Input capacitance = 20 uF

R, 200

Rs _ _ RC _ 2000 X 20
R~ 2000

1000 = 1000 -0

0.1

From curve 0.1 and RC = 40, the dc vol-
tage is (350 X 1.06) = 370.

In many cases it is desirable to know
the amount of capacitance required for a
power supply given certain performance
criteria. This is especially true when
designing a power supply for an ap-
plication such as powering a solid-state
transceiver. The following example should
give the builder a good handle on how to
arrive at circuit values for a power supply
using a single capacitor filter.

Fig. 9 is the circuit diagram of the
power supply to be used.

Requirements:

Output voltage =12.6
Output current = 1 ampere
Maximum ripple = 2 percent
Load regulation = 5 percent

The rms secondary voltage of T1 must
be the desired output voltage plus the volt-
age drops across D2 and D4 divided by
1.41.

126 +1.4
Egpe = 12314 =99
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In practice the nearest standard trans-
former (10 V) would work fine. Alterna-
tively, the builder could wind his own
transformer, or remove secondary turns
from a 12-volt transformer to obtain the
desired rms secondary voltage.

A two percent ripple referenced to 12.6
volts is 0.25 V rms. The peak-to-peak
value is therefore 0.25 X 2.8 = 0.7 V. This
value is required to calculate the required
capacitance for C1.

Also needed for determining the value
of C! is the time interval (t) between the
full-wave rectifier pulses which is cal-
culated as follows:

1 _ 1
fihz) 120

where t is the time between pulses and f is
the frequency in Hz. Since the circuit
makes use of a full-wave rectifier a pulse
occurs twice during each cycle. With
half-wave rectification a pulse would
occur only once a cycle. Thus 120 Hz is
used as the frequency for this calculation.

Cl is calculated from the following

equation:
ILI ]
— 10*
[ Erip(pk’pk)

IA X8.3 X |0-=] )
[ 0.7 10

t = = 83 x 10™?

Cury =

11,857 uF

where [ is the current taken by the load.
The nearest standard capacitor value is
12,000 uF. It will be an acceptable one to
use, but since the tolerance of electrolytic
capacitors is rather loose, the builder may
elect to use the next larger standard value.

Diodes D 1-D4, inclusive, should have a
PRV rating of at least two times the
transformer secondary peak voltage. As-
suming a transformer secondary rms
value of 10 volts, the PRV should be at
least 28 volts. Four 50-volt diodes will
provide a margin of safety. The forward
current of the diodes should be at least
twice the load current. For a 1-A load, the
diodes should be rated for at least 2 A.

The load resistance, Ry, is determined
by E/IL, which in this example is 12.6/1 =
12.6 ohms. This factor must be known in
order to find the necessary series resis-
tance for five-percent regulation. Calcu-
late as follows:

R
Rg (max) =Load regulation (l_()L>

=005 ( %) =0.063 ohm

Therefore, the transformer secondary dc
resistance should be no greater than 0.063
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These curves are adapted from those published by Otto H. Schade in “Analysis of Rectifier
Operation,” Proceedings of the I.R.E., July 1943,
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Fig. 8 — Dc output voltages from a half- and full-wave rectifier circuit as a function of the filter
capacitance and load resistance (half-wave shown at A and full-wave shown at B). Rgincludes
transformer winding resistance and rectitier forward resistance. For the ratio Rg/R, both resistances
are in ohms; for the RC product, R is in ohms and C is in uF.



ohm. The secondary current rating should
be equal to or greater than the I = | am-
pere.

C1 should have a minimum working
voltage of 1.4 times the output voltage. In
the case of this power supply the capacitor
should be rated for at least 18 volts.

Choke-Input Filters

With thermionic rectifiers better volt-
age regulation results when a choke-input
filter, as shown in Fig. 10, is used. Choke
input permits better utilization of the
thermionic rectifier, since a higher load
current can be drawn without exceeding
the peak current rating of the rectifier.

Minimum Choke Inductance

A choke-input filter will tend to act as a
capacitive-input filter unless the input
choke has at least a certain minimum
value of inductance called the critical
value. This critical value is given by

E (voits)

L, (henrys) =
cri (nENTY TR

where E = the supply output voltage
I = the current being drawn through
the filter.

If the choke has at least the critical
value, the output voltage will be limited to
the average value of the rectified wave at
the input to the choke when the current
drawn from the supply is small. This is in
contrast to the capacitive-input filter in
which the output voltage tends to soar
toward the peak value of the rectified
wave at light loads.

Minimum-Load — Bleeder Resistance

From the formula above for critical in-
ductance, it is obvious that if no current is
drawn from the supply, the critical induc-
tance will be infinite. So that a practical
value of inductance may be used, some
current must be drawn from the supply at
all times the supply is in use. From the
formula we find that this minimum value
of current is

E (volts)

I (mA) = L

crit

In the majority of cases it will be most
convenient to adjust the bleeder resistance
so that the bleeder will draw the required
minimum current. From the formula, it
may be seen that the value of critical in-
ductance becomes smaller as the load cur-
rent increases.

Swinging Chokes

Less costly chokes are available that
will maintain at least the critical value of
inductance over the range of current likely
to be drawn from practical supplies. These
chokes are called swinging chokes. As an
example, a swinging choke may have an
inductance rating of 5/25 H and a current
rating of 200 mA. If the supply delivers
1000 volts, the minimum load current
should be 1000/25 = 40 mA. When the full

D2
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h

y ‘
D4
Bl
L

F1
. T4 ¥
0.01 | 01
I ,J; EpRI Esec
D3y
Y
ON
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E, (noload) =E . x 1.4}
Py =Eg X I3
Ry =E +1

Cl(Ei) =E; x1.41
F1(A) =2I/N (N =turns ratio)
E,.. =ZE +141

sec

Fig. 9 — This figure illustrates how to design a simple unregulated power supply. See text fora

thorough discussion.
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Fig. 10 — Diagram showing various voltage drops that must be taken into consideration in determining
the required transformer voltage to deliver the desired output voltage.

load current of 200 mA is drawn from the
supply, the inductance will drop to 5 H.
The critical inductance for 200 mA at
1000 volts is 1000/200 = 5 H. Therefore
the 5/25 H choke maintains the critical
inductance at the full current rating of 200
mA. At all load currents between 40 mA
and 200 mA, the choke will adjust its in-
ductance to the approximate critical value.

Output Voltage

Provided the input-choke inductance is
at least the critical value, the output
voltage may be calculated quite closely by:

E,=09E, —(Ig +1) X (R1 +R2) — E,
where
E, = output voltage

E, = rms voltage applied to the recti-
fier (rms voltage between center-tap
and one end of the secondary in the
case of the center-tap rectifier)

g = bleeder current (A)

I, = load current (A)

R; = first filter choke resistance

R; = second filter choke resistance

E; = voltage drop across the rectifier.

The various voltage drops are shown in
Fig. 10. At no load I is zero; hence the
no-load voltage may be calculated on the
basis of bleeder current only. The voltage
regulation may be determined from the
no-load and full-load voltages using the
formulas previously given.

Output Capacitor

Whether the supply has a choke- or
capacitor-input filter, if it is intended for
use with a Class A af amplifier, the
reactance of the output capacitor should
be low for the lowest audio frequency; 16

wF or more is usually adequate. When
the supply is used with a Class B amplifier
(for modulation or for ssb amplification)
or a cw transmitter, increasing the output
capacitance will result in improved dy-
namic regulation of the supply. However,
a region of diminishing returns can be
reached. and 20 to 30 «F will usually
suffice for any supply subjected to large
changes at a syllabic (or keying) rate.

Resonance

Resonance effects in the series circuit
across the output of the rectifier, formed
by the first choke and first filter capacitor,
must be avoided, since the ripple voltage
would build up to large values. This not
only is the opposite action to that for
which the filter is intended, but may also
cause excessive rectifier peak currents and
abnormally high peak-reverse voltages.
For full-wave rectification the ripple fre-
quency will be 120 Hz for a 60-Hz supply,
and resonance will occur when the pro-
duct of choke inductance in henrys times
capacitor capacitance in microfarads is
equal to 1.77. At least twice this product
of inductance and capacitance should be
used to ensure against resonance effects.
With a swinging choke, the minimum
rated inductance of the choke should be
used. If too high an LC filter product is
used, the resonance may occur at the
radio-telegraph keying or voice syllabic
rate, and large voltage excursions (filter
bounce) may be experienced at that rate.

Ratings of Filter Components

In a power supply using a choke-input
filter and properly designed choke and
bleeder resistor, the no-load voltage
across the filter capacitors will be about
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Fig. 11 — In most applications, the filter chokes may be placed in the negative instead of the positive
side of the circuit. This reduces the danger of a voltage breakdown between the choke winding and

core.
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Fig. 13 — lllustrated at A is a half-wave voltage-doubler circuit. B displays how the first half cycie of

input voltage charges C1. During the next half cycle (shown at C) capacitor C2 is charged with the
transformer secondary voltage plus that voltage stored in C1 from the previous half cycle. D illustrates
the levels to which each capacitor is charged throughout the cycle

nine-tenths of the ac rms voltage. Never-
theless, it is advisable to use capacitors
rated for the peak transformer voltage.
This large safety factor is suggested
because the voltage across the capacitors
can reach this peak value if the bleeder
should burn out and there is no load on
the supply.

In a capactive-input filter, the capaci-
tors should have a working-voltage rating
at least as high, and preferably somewhat
higher, than the peak voltage from the
transformer. Thus, in the case of a center-
tap rectifier having a transformer deliver-
ing 550 volts each side of the center tap,
the minimum safe capacitor voltage rating
will be 550 X 1.41 or 775 volts. An 800-volt
capacitor should be used, or preferably a
1000-volt unit.

Filter Capacitors in Series

Filter capacitors are made in several
different types. Electrolytic capacitors,
which are available for peak voltages up
to about 800, combine high capacitance
with small size, since the dielectric is an
extremely thin film of oxide on aluminum
foil. Capacitors of this type may be
conrected in series for higher voltages,
although the filtering capacitance will be
reduced to the resultant of the two
capacitances in series. If this arrangement
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is used, it is important that each of the
capacitors be shunted with a resistor of
about 100 ohms per volt of supply voltage
applied to the individual capacitors, with
an adequate power rating. These resistors
may serve as all or part of the bleeder
resistance. Capacitors with higher voltage
ratings usually are made with a dielectric
of thin paper impregnated with oil. The
working voltage of a capacitor is the
voltage that it will withstand continuously.

Filter Chokes

Filter chokes or inductances are wound
on iron cores, with a small gap in the core
to prevent magnetic saturation of the iron
at high currents. When the iron becomes
saturated its permeability decreases, and
consequently the inductance also decreases.
Despite the air gap, the inductance of a
choke usually varies to some extent with
the direct current flowing in the winding;
hence it is necessary to specify the induc-
tance at the current which the choke is
intended to carry. Its inductance with little
or no direct current flowing in the winding
will usually be considerably higher than
the value when full load current is flow-

ing.

Negative-Lead Filtering
For many years it has been almost

LINE EReS

Fig. 12 — The “economy' power supply circuit is
a combination of the full-wave and bridge-
rectifier circuits.

universal practice to place filter chokes in
the positive leads of plate power supplies.
This means that the insulation between
the choke winding and its core (which
should be grounded to chassis as a safety
measure) must be adequate to withstand
the output voltage of the supply. This
voltage requirement is removed if the
chokes are placed in the negative lead as
shown in Fig. 11. With this connection,
the capacitance of the transformer secon-
dary to ground appears in parallel with
the filter chokes tending to bypass the
chokes. However, this effect will be
negligible in practical application except
in cases where the output ripple must be
reduced to a very low figure. Such
applications are usually limited to low-
voltage devices such as receivers, speech
amplifiers and VFOs where insulation is
no problem and the chokes may be placed
in the positive side in the conventional
manner. In higher-voltage applications,
there is no reason why the filter chokes
should not be placed in the negative lead
to reduce insulation requirements. Choke
terminals, negative capacitor terminals
and the transformer center-tap terminal
should be well protected against acciden-
tal contact, since these will assume full
supply voltage to chassis should a choke
burn out or the chassis connection fail.

The “Economy” Power Supply

In many transmitters of the 100-watt
class, an excellent method for obtaining
plate and screen voltages without wasting
power in resistors is by the use of the
*‘economy’’ power-supply circuit. Shown
in Fig. 12, it is a combination of the full-
wave and bridge-rectifier circuits. The volt-
age at El is the normal voltage obtained
with the full-wave circuit, and the voltage
at E2 is that obtained with the bridge cir-
cuit. The rotal dc power obtained from the
transformer is, of course, the same as
when the transformer is used in its normal
manner. In cw and ssb applications, addi-
tional power can usually be drawn with-
out excessive heating, especially if the
transformer has a rectifier filament wind-
ing that isn’t being used.

Half-Wave Voltage Doubler

Fig. 13 shows the circuit of half-wave
voltage doubler. Figs. 13B, C and D
illustrate the circuit operation. For clarity,



assume the transformer voltage polarity at
the moment the circuit is activated is that
shown at B. During the first negative half
cycle D, conducts (Dp is in a noncon-
ductive state), charging C1 to the peak
rectified voltage (1.4 Erms). C1 is charged
with the polarity shown at B. During the
positive half cycle of the secondary

voltage, Dy is cut off and diode Dg con-
ducts charging capacitor C2. The amount
of voltage delivered to C2 is the sum of

peak secondary voltage of the transformer
plus the voltage stored in C1 (1.4 E ).
On the next negative half cycle, Dp is
nonconducting and C2 will discharge into
the load. If no load is connected across C2
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Fig. 14 — A full-wave voltage doubler is displayed at A, One half cycle is shown at B and the next
half cycle at C. Each capacitor receives a charge during every cycle of input voltage. D illustrates

how each capacitor is alternately charged.
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Fig. 15 — Dc output voltages from a full-wave voltage-doubling circuit as a function of the filter
capacitances and load resistance. For the ratio Rg/R and for the RC product, resistances are in
ohms and capacitance is in microfarads. Equal resistance values for Ry and equal capacitance
values for C are assumed. These curves are adapted from thase published by Otto H. Schade In
“Analysis of Rectifier Operation,” Proceedings of the I.R.E., July 1943.

the capacitors will remain charged — Cl
to 1.4 E,,; and C2 to 2.8 E,;. When a
load is connected to the output of the
doubler, the voltage across C2 drops
during the negative half cycle and is
recharged up to 2.8 E. during the
positive half cycle.

The output waveform across C2 re-
sembles that of a half-wave rectifier cir-
cuit in that C2 is pulsed once every cycle.
The drawing at Fig. 13D illustrates the
levels to which the two capacitors are
charged throughout the cycle. In actual
operation the capacitors will not dis-
charge all the way to zero as shown.

Full-Wave Voltage Doubler

Shown in Fig. 14 is the circuit of a
full-wave voltage doubler. The circuit
operation can best be understood by
following Figs. 14B, C and D. During the
positive half cycle of transformer secon-
dary voltage, as shown at B, D conducts
charging capacitor C1 to 1.4 E;,;. Dg is
not conducting at this time.

During the negative half cycle, as
shown at C, Dp conducts charging
capacitor C2 to 1.4 E,;, while Dy is
nonconducting. The output voltage is the
sum of the two capacitor voltages which
will be 2.8 E;ms under no-load conditions.
Fig. 14D illustrates that each capacitor
alternately receives a charge once per
cycle. The effective filter capacitance is
that of C1 and C2 in series, which is less
than the capacitance of either C1 or C2
alone.

Resistors R in Fig. 14A are used to limit
the surge current through the rectifiers.
Their values are based on the transformer
voltage and the rectifier surge-current
rating, since at the instant the power sup-
ply is turned on the filter capacitors look
like a short-circuited load. Provided the
limiting resistors can withstand the surge
current, their current-handling capacity is
based on the maximum load current from
the supply. Output voltages approaching
twice the peak voltage of the transformer
can be obtained with the voltage doubling
circuit shown in Fig. 14. Fig. 15 shows
how the voltage depends upon the ratio of
the series resistance to the load resistance,
and the load resistance times the filter
capacitance. The peak reverse voltage
across each diode is 2.8 E, .

Voltage Tripling and Quadrupling

A voltage-tripling circuit is shown in
Fig. 16A. On one half of the ac cycle C]
and C3 are charged to the source voltage
through D1, D2 and D3. On the opposite
half of the cycle D2 conducts and C2 is
charged to twice the source voltage,
because it sees the transformer plus the
charge in C1 as its source. (D1 is cut off
during this half cycle.) At the same time,
D3 conducts, and with the transformer
and the charge in C2 as the source, C3 is
charged to three times the transformer
voltage.

The voltage-quadrupling circuit of
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Fig. 16B works in substantially similar
fashion. In either of the circuits of Fig. 16,
the output voltage will approach an exact
multiple of the peak ac voltage when the
output current drain is low and the
capacitance values are high.

In the circuits shown, the negative leg
of the supply is common to one side of the
transformer. The positive leg can be made
common to one side of the transformer by
reversing the diodes and capacitors.

Plate and Filament Transformers:
Volt-Ampere Rating

The number of volt-amperes delivered
by a transformer depends upon the type of
filter (capacitor or choke input) used, and
upon the type of rectifier used (full-wave
center tap, or full-wave bridge). With a
capacitive-input filter the heating effect in
the secondary is higher because of the
high ratio of peak-to-average current. The
volt-amperes handled by the transformer
may be several times the watts delivered to
the load. With a choke-input filter,
provided the input choke has at least the
critical inductance, the secondary volt-
amperes can be calculated quite closely by
the equation:

0.707E1
(Full-wave ct) Sec VA = T

El

(Full-wave bridge) Sec YA = 1000
where
E = total rms voltage of the secondary
(between the outside ends in the case
of a center-tapped winding)
I = dc output current in milliamperes
(load current plus bleeder current)

The primary volt-amperes will be some-
what higher because of transformer losses.

Broadcast and Television Replacement
Transformers

Small power transformers of the type
sold for replacement in broadcast and
television receivers are usually designed
for service in terms of use for several
hours continuously with capacitor-input
filters. In the usual type of amateur
transmitter service, where most of the
power is drawn intermittently for periods
of several minutes with equivalent inter-
vals in between, the published ratings can
be exceeded without excessive transformer
heating.

With a capacitor-input filter, it should
be safe to draw 20 to 30 percent more
current than the rated value. With a
choke-input filter, an increase in current
of about 50 percent is permissible. If a
bridge rectifier is used, the output voltage
will be approximately doubled. In this
case, it should be possible in amateur
transmitter service to draw the rated
current, thus obtaining about twice the
rated output power from the transformer.
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This does not apply, of course, to
amateur transmitter plate transformers,
which usually are rated for intermittent
service.

Rewinding Power Transformers

Although the home winding of power
transformers is a task that few amateurs
undertake, the rewinding of a transformer
secondary to give some desired voltage for
powering filaments or a solid-state device
is not difficult. It involves a matter of only
a small number of turns and the wire is
large enough to be handled easily. Often a
receiver power transformer with a burned-
out high-voltage winding or the power
transformer from a discarded TV set can
be converted into an entirely satisfactory
transformer without great effort and with
little expense. The average TV power
transformer for a 17-inch or larger set is
capable of delivering from 350 to 450
watts, continuous duty. If an amateur
transmitter is being powered, the service is
not continuous, so the ratings can be
increased by a factor of 40 or 50 percent
without danger of overloading the trans-
former.

The primary volt-ampere rating of the
transformer to be rewound, if known, can
be used to determine its power-handling
capability. The secondary volt-ampere
rating will be 10 to 20 percent less than the
primary rating. The power rating may
also be determined approximately from
the cross-sectional area of the core which
is inside the windings. Fig. 17 shows the
method of determining the area, and Fig.
18 may be used to convert this in-
formation into a power rating.

Before disconnecting the winding leads
from their terminals, each should be
marked for identification. In removing the
core laminations, care should be taken to
note the manner in which the core is
assembled, so that the reassembling will
be done in the same manner. Most
transformers have secondaries wound
over the primary, while in some the order
is reversed. In case the secondaries are on
the inside, the turns can be pulled out
from the center after slitting and removing
the fiber core.

The turns removed from one of the
original filament windings of known
voltage should be carefully counted as the
winding is removed. This will give the
number of turns per volt and the same
figure should be used in determining the
number of turns for the new secondary.
For instance, if the old filament winding
was rated at S volts and had 15 turns, this
is 15/5 = 3 turns per volt. If the new
secondary is to deliver 18 volts, the
required number of turns on the new
winding will be 18 X 3 = 54 turns.

In winding a transformer, the size of
wire is an important factor in the heat
developed in operation. A cross-sectional
area of 1000 circular mils per ampere is
conservative. A value commonly used in

(8)

Fig 16 — Voltage-multiplying circuits with one

side of transformer secondary common. (A)

Voliage tripler; (B) voltage quadrupler.
Capacitances are typicaily 20 to 50 uF

depending upon output current demand. D¢

ratings of capacitors are related to

Epeak (1.4 Egc).

C1 — Greater than Epgak

C2 — Greater than 2Epq,

C3 — Greater than 3Epgqai

C4 — Greater than 2Epgqy

LAMINATION

WINDING\ STACK

CROSS-SECTIONAL AREA=
WIDTH X HEIGHT (W XH) OF CORE

Fig. 17 — Cross-sectional drawing of a typical
power transformer. Multiplying the height (or
thickness of the laminations) by the width of
the central core area in inches gives the value
to be applied to Fig. 18.

amateur-service transformers is 700 cmil/
A. The larger the cmil /A figure, the cooler
the transformer will run. The current
rating in amperes of various wire sizes is
shown in the copper-wire table in another
chapter. If the transformer being rewound
is a filament transformer, it may be
necessary to choose the wire size carefully
to fit the small available space. On the
other hand, if the transformer is a power
unit with the high-voltage winding re-
moved, there should be plenty of room for
a size of wire that will conservatively



handle the required current.

After the first layer of turns is put on
during rewinding, secure the ends with
cellulose tape. Each layer should be
insulated from the next; ordinary house-
hold waxed paper can be used for the
purpose, a single layer being adequate.
Sheets cut to size beforehand may be
secured over each layer with tape. Be sure
to bring all leads out the same side of the
core so the covers will go in place when
the unit is completed. When the last layer
of the winding is put on, use two sheets of
waxed paper, and then cover those with
vinyl electrical tape, keeping the tape as
taut as possible. This will add mechanical
strength to the assembly.

The laminations and housing are
assembled in just the opposite sequence to
that followed in disassembly. Use a light
coating of shellac between each lamina-
tion. During reassembly, the lamination
stack may be compressed by clamping in a
vise. If the last few lamination strips can-
not be replaced, it is better to omit them
than to force the unit together.

Rectifier Ratings: Semiconductors

Silicon rectifiers are being used almost
exclusively in power supplies for amateur
equipment. Types are available to replace
high-vacuum and mercury-vapor rectifiers.
The semiconductors have the advantages
of compactness, low internal voltage drop,
low operating temperature and high cur-
rent-handling capability. Also, no fila-
ment transformers are required.

Silicon rectifiers are available in a wide
range of voltage and current ratings. In
peak reverse voltage ratings of 600 or less,
silicon rectifiers carry current ratings as
high as 400 amperes, and at 1000 PRV the
current ratings may be several amperes or
so. The extreme compactness of silicon
types makes feasible the stacking of
several units in series for higher voltages.
Standard stacks are available that will
handle up to 10,000 PRV at a dc load
current of 500 mA, although the amateur
can do much better, economically, by
stacking the rectifiers himself.

Protection of Siiicon Power Diodes

The important specifications of a
silicon diode are

1) PRV (or PIV), the peak reverse (or
peak inverse) voltage.

2) I, the average dc current rating.

3) Irep, the peak repetitive forward
current.

4) IsyrGE, the peak one-cycle surge
current. The first two specifications appear
in most catalogs. The last two often do
not, but they are very important.

Since the rectifier never allows current
to flow more than half the time, when it
does conduct it has to pass at least twice
the average direct current. With a
capacitor-input filter, the rectifier con-
ducts much less than half the time, so that
when it does conduct, it may pass as much
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Fig. 19 — The circuit shown at A is a simple half-wave rectifier with a resistive load. The waveform
shown to the right is that of output voltage and diode current. B illustrates how the diode current is
modified by the addition of a capacitor fitter. The diode conducts only when the rectified voltage is
greater than stored capacitor voltage. Since this time period is usually onlya short portion of a cycle,
the peak current will be quite high. C shows an even higher peak current. This is due to the larger
capacitor which effectively shortens the conduction period of the diode.

as 10 to 20 times the average dc current,
under certain conditions. This is shown in
Fig. 19. At A is a simple half-wave recti-
fier with a resistive load. The waveform to
the right of the drawing shows the output
voltage along with the diode current. At B
and C there are two periods of operation
to consider. After the capacitor is charged
to the peak-rectified voltage a period of
diode nonconduction elapses while the
output voltage discharges through the load.

As the voltage begins to rise on the next
positive pulse a point is reached where the
rectified voltage equals the stored voltage
in the capacitor. As the voltage rises be-
yond that point the diode begins to supply
current. The diode will continue to con-
duct until the waveform reaches the crest,
as shown. Since the diode must pass a cur-
rent equal to that of the load over a short
period of a cycle the current will be high.
The larger the capacitor for a given load,
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Fig. 20 — The primary circuit of T1 shows how a 117-voit ac relay and a series dropping resistor, Rg.
can provide surge protection while C charges. When silicon rectifiers are connected in series for high-
voltage operation, the inverse voltage does not divide equally. The reverse voltage drops can be
equalized by using equalizing resistors, as shown in the secondary circuit. To protect against voltage
"spikes’ that may damage an individual rectifier, each rectifier should be bypassed by a 0.01-uF
capacitor. Connected as shown two 400-PRV silicon rectifiers can be used as an 800-PRV rectifier,
although it is preferable to include a safety factor and call it a * 750-PRV" rectifier. The rectifiers, D1
through D4, should be the same type (sam e type number and ratings).
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Fig. 21 — Methods of suppressing line transients. See text

the shorter the diode conduction time and
the higher the peak repetitive current (Irgp).

When the supply is first turned on, the
discharged input capacitor looks like a
dead short, and the rectifier passes a very
heavy current. This is Isyrgg. The maxi-
mum ISyRGE rating is usually for a dura-
tion of one cycle (at 60 Hz), or about 16.7
milliseconds.

If a manufacturer’s data sheet is not
available, an educated guess about a
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diode’s capability can be made by using
these rules of thumb for silicon diodes of
the type commonly used in amateur
power supplies:

Rule 1) The maximum Irgp rating can
be assumed to be approximately four
times the maximum I, rating.

Rule 2) The maximum IsyrGg rating
can be assumed to be approximately 12
times the maximum I, rating. (This
should provide a reasonable safety factor.

Silicon rectifiers with 750-mA dc ratings,
as an example, seldom have l-cycle surge
ratings of less than 15 amperes; some are
rated up to 35 amperes or more.) From
this then, it can be seen that the rectifier
should be selected on the basis of Isi/rGE
and not on I, ratings.

Thermal Protection

The junction of a diode is quite small,
hence it must operate at a high current
density. The heat-handling capability is,
therefore, quite small. Normally, this is
not a prime consideration in high-voltage,
low-current supplies. When using high-
current rectifiers at or near their maxi-
mum ratings (usually 2-ampere or larger
stud-mount rectifiers), some form of heat
sinking is necessary. Frequently, mount-
ing the rectifier on the main chassis —
directly, or by means of thin mica insula-
ting washers — will suffice. If insulated
from the chassis, a thin layer of silicone
grease should be used between the diode
and the insulator, and between the insula-
tor and the chassis to assure good heat
conduction. Large high-current rectifiers
often require special heat sinks to main-
tain a safe operating temperature. Forced-
air cooling is sometimes used as a further
aid. Safe case temperatures are usually
given in the manufacturer’'s data sheets
and should be observed if the maximum
capabilities of the diode are to be realized.

Surge Protection

Each time the power supply is acti-
vated, assuming the input filter capacitor
has been discharged, the rectifiers must
look into what represents a dead short.
Some form of surge protection is usually
necessary to protect the diodes until the
input capacitor becomes nearly charged.
Although the dc resistance of the trans-
former secondary can be relied upon in
some instances to provide ample surge-
current limiting, it is seldom enough on
high-voltage power supplies to be suit-
able. Series resistors can be installed
between the secondary and the rectifier
strings, but are a deterrent to good voltage
regulation. By installing a surge-limiting
device in the primary circuit of the plate
transformer, the need for series resistors
in the secondary circuit can be avoided. A
practical method for primary-circuit surge
control is shown in Fig. 20. The resistor,
Rs introduces a voltage drop in the
primary feed to T! until C is nearly
charged. Then, after C becomes partially
charged, the voltage drop across R les-
sens and allows K1 to pull in, thus apply-
ing full primary power to T1 as KI1A
shorts out R;. Ry is usually a 25-watt resis-
tor whose resistance is somewhere be-
tween 15 and 50 ohms, depending upon
the power supply characteristics.

Transient Problems

A common cause of trouble is transient
voltages on the ac power line. These are



short spikes, mostly, that can temporarily
increase the voltage seen by the rectifier to
values much higher than the normal
transformer voltage. They come from
distant lightning strokes, electric motors
turning on and off, and so on. Transients
cause unexpected, and often unexplained,
loss of silicon rectifiers.

It's always wise to suppress line
transients, and it can be easily done. Fig.
21 A shows one way. Cl looks like
280,000 ohms at 60 Hz, but to a sharp
transient (which has only high-frequency
components), it is an effective bypass. C2
provides additional protection on the
secondary side of the transformer. It
should be 0.01 uF for transformer volt-
ages of 100 or less, and 0.001 uF for
high-voltage transformers.

Fig. 21B shows another transtent-
suppression method using selenium sup-
pressor diodes. The diodes do not conduct
unless the peak voltage becomes abnor-
mally high. Then they clip the transient
peaks. General Electric sells protective
diodes under the trade name, “Thy-
rector.” Sarkes-Tarzian uses the descrip-
tive name, “‘Klipvolt.”

Transient voltages can go as high as
twice the normal line voltage before the
suppressor diodes clip the peaks. Capaci-
tors cannot give perfect suppression
either. Thus, it is a good idea to use
power-supply rectifiers rated at about
twice the expected PRV.

Diodes in Series

Where the PRV rating of a single diode
is not sufficient for the application,
similar diodes may be used in series. (Two
500-PRV diodes in series will withstand
1000 PRV, and so on.) When this is done,
a resistor and a capacitor should be placed
across each diode in the string to equalize
the PRV drops and to guard against
transient voltage spikes, as shown in Fig.
22A. Even though the diodes are of the
same type and have the same PRV rating,
they may have widely different back
resistances when they are cut off. The
reverse voltage divides according to
Ohm’s Law, and the diode with the higher
back resistance will have the higher
voltage developed across it. The diode
may break down.

If we put a swamping resistor across
each diode, R as shown in Fig. 22A, the
resultant resistance across each diode will
be almost the same, and the back voltage
will divide almost equally. A good rule of
thumb for resistor size is this: Multiply the
PRYV rating of the diode by 500 ohms. For
example, a 500-PRV diode should be
shunted by 300 X 500, or 250,000 ohms.

The shift from forward conduction to
high back resistance does not take place
instantly in a silicon diode. Some diodes
take longer than others to develop high
back resistance. To protect the “fast”
diodes in a series string until all the diodes
are properly cut off, a 0.01-uF capacitor

should be placed across each diode. Fig.
22A shows the complete series-diode
circuit. The capacitors should be non-
inductive, ceramic disk, for example, and
should be well matched. Use 10-percent-
tolerance capacitors if possible.

Diodes in Parallel

Diodes can be placed in parallel to
increase current-handling capability.
Equalizing resistors should be added as
shown in Fig. 22B. Without the resistors,
one diode may take most of the current.
The resistors should be selected to have
about a l-volt drop at the expected peak
current.

Voltage Dropping Resistor

Certain plates and screens of the
various tubes in a transmitter or receiver
often require a variety of operating
voltages differing from the output voltage
of an available power supply. In most
cases, it is not economically feasible to
provide a separate power supply for each
of the required voltages. If the current
drawn by an electrode (or combination of
electrodes operating at the same voltage)
is reasonably constant under normal
operating conditions, the required voltage
may be obtained from a supply of higher
voltage by means of a voltage-dropping
resistor in series, as shown in Fig. 23A.
The value of the series, resistor, R1, may
be obtained from Ohm’s Law,

Eg

R=--
I

where
Eq4 = voltage drop required from the
supply voltage to the desired voltage.
I = total rated current of the load

Example: The plate of the tube in one
stage and the screens of the tubes in two
other stages require an operating voltage
of 250. The nearest available supply volt-
age- is 400 and the total of the rated plate
and screen currents is 75 mA. The
required resistance is
R = 400 — 250

The power rating of the resistor is
obtained from P (watts) = I?R = (0.075)*
X (2000) = 11.2 watts. A 20-watt resistor is
the nearest safe rating to be used.

Voltage Dividers

The regulation of the voltage obtained
in this manner obviously is poor, since
any change in current through the resistor
will cause a directly proportional change
in the voltage drop across the resistor. The
regulation can be improved somewhat by
connecting a second resistor from the
low-voltage end of the first to the negative
power-supply terminal, as shown in Fig.
23B. Such an arrangement constitutes a

y
oA

R

(A}

(8)

Fig. 22 — A — Diodes connected in series should
be shunted with equalizing resistors and spike-sup-
pressing capacitors. B — Diodes connected in
parallel should be series current equalizing resis-
tors.
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Fig. 23 — A — Series voltage-dropping resistor.
B — Simple voltage divider.
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voltage divider. The second resistor, R2,
acts as a constant load for the first, R1, so
that any variation in current from the tap
becomes a smaller percentage of the total
current through R1. The heavier the
current drawn by the resistors when they
alone are connected across the supply, the
better will be the voltage regulation at the
tap.

Such a voltage divider may have more
than a single tap for the purpose of
obtaining more than one value of voltage.
A typical arrangement is shown in Fig.
23C. The terminal voltage is E, and two
taps are provided to give lower voltages,
El and E2, at currents Il and 12
respectively. The smaller the resistance
between taps in proportion to the total
resistance, the lower is the voltage
between the taps. The voltage divider in
the figure is made up of separate
resistances, R1, R2 and R3. R3 carries
only the bleeder current, 13; R2 carries 12
in addition to 13; R1 carries I1, 12 and 13.
To calculate the resistances required, a
bleeder current, 13, must be assumed;
generally it is low compared with the total
load current (10 percent or so). Then the
required values can be calculated as
shown in the caption of Fig. 23, I being in
decimal parts of an ampere.

The method may be extended to any
desired number of taps, each resistance
section being calculated by Ohm’s Law
using the needed voltage drop across it
and the total current through it. The
power dissipated by each section may be
calculated by multiplying I and E or I?
and R.

Voltage Stabilization: Gaseous
Regulator Tubes

There is frequent need for maintaining
the voltage applied to a low-voltage
low-current circuit at a practically con-
stant value, regardless of the voltage
regulation of the power supply or
variations in load current. In such
applications, gaseous regulator tubes
(0B2/VR10S5, 0A2/VRI150, etc.) can be
used to good advantage. The voltage drop
across such tubes is constant over a
moderately wide current range. Tubes are
available for regulated voltages near 150,
105, 90 and 75 volts.

The fundamental circuit for a gaseous
regulator is shown in Fig. 24. The tube is
connected in series with a limiting resistor,
R1, across a source of voltage that must
be higher than the starting voltage. The
starting voltage is about 30 to 40 percent
higher than the operating voltage. The
load is connected in parallel with the tube.
For stable operation, a minimum tube
current of 5 to 10 mA is required. The
maximum permissible current with most
types is 40 mA; consequently, the load
current cannot exceed 30 to 35 mA if the
voltage is to be stabilized over a range
from zero to maximum load. A single VR
tube may also be used to regulate the
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voltage to a load current of almost any
value as long as the variation in the current
does not exceed 30 to 35 mA. If, for
example, the average load current is 100
mA, a VR tube may be used to hold the
voltage constant provided the current
does not fall below 85 mA or rise above
115 mA.

The value of the limiting resistor must
lie between that which just permits
minimum tube current to flow and that
which just passes the maximum permis-
sible tube current when there is no load
current. The latter value is generally used.
It is given by the equation:

R =(Es |_EE)
where
R = limiting resistance in ohms
E; = voltage of the source across which
the tube and resistor are connected.
E; = rated voltage drop across the
regulator tube.
I = maximum tube current in
amperes (usually 40 mA, or 0.04 A)

Two tubes may be used in series to give
a higher regulated voltage than is obtain-
able with one, and also-to give two values
of regulated voltage. Regulation of the
order of one percent can be obtained with
these regulator tubes when they are opera-
ted within their proper current range. The
capacitance in shunt with a VR tube
should be limited t0 0.1 4 F or less. Larger
values may cause the tube drop to oscil-
late between the operating and starting
voltages.

Zener Diode Regulation

A Zener diode (named after Dr. Carl
Zener) can be used to stabilize a voltage
source in much the same way as when the
gaseous regulator tube is used. The typical
circuit is shown in Fig. 25A. Note that the
cathode side of the diode is connected to
the positive side of the supply. The electri-
cal characteristics of a Zener diode under
conditions of forward and reverse voltage
are given in chapter 4.

Zener diodes are available in a wide
variety of voltages and power ratings. The
voltages range from less than two to a few
hundred, while the power ratings (power
the diode can dissipate) run from less than
0.25 watt to S0 watts. The ability of the
Zener diode to stabilize a voltage is depen-
dent upon the conducting impedance of
the diode, which can be as low as one ohm
or less in a low-voltage, high-power diode
to as high as a thousand ohms in a low-
power, high-voltage diode.

Diode Power Dissipation

Unlike gaseous regulator tubes, Zener
diodes of a particular voltage rating have
varied maximum current capabilities, de-
pending upon the power ratings of each of
the diodes. The power dissipated in a
diode is the product of the voltage across

UNREG
+O- O+
R
FROM POWER- REG
SUPPLY OUTPUT &
VR
—0— ® o-

Fig. 24 — Voltage stabilization circuit using a VR
tube. A negative-supply output may be regulated
by reversing the polarity of the power-supply
connections and the VR-tube connections from
those shown here.
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Fig. 25 — Zener-diode voltage regulation. The
voltage from a negative supply may be regulated
by reversing the power-supply connections and
the diode polarities.

it and the current through it. Conversely,
the maximum current a particular diode
may safely conduct equals its power rating
divided by its voltage rating. Thus, a 10-V,
50-W Zener diode, if operated at its maxi-
mum dissipation rating, would conduct §
amperes of current. A 10-V 1-W diode, on
the other hand, could safely conduct no
more than 0.1A, or 100 mA. The conduct-
ing impedance of a diode is its voltage
rating divided by the current flowing
through it, and in the above examples
would be 2 ohms for the 50-W diode, and
100 ohms for the 1-W diode. Disregarding
small voltage changes which may occur,
the conducting impedance of a given
diode is a function of the current flowing
through it, varying in inverse proportion.

The power-handling capability of most
Zener diodes is rated at 25°C, or approxi-
mately room temperature. If the diode is
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Fig. 26 — lllustration of a power supply with regulation. A pass transistor, Q1, is used to extend the range of the Zener-diode regulator.

operated in a higher ambient temperature,
its power capability must be derated. A
typical 1-watt diode can safely dissipate
only 1/2 watt at 100°C.

Limiting Resistance

The value of Rg in Fig. 25 is determined
by the load requirements. If Rgis too large
the diode will be unable to regulate at
large values of Iy, the current through R.
If Rg is too small, the diode dissipation
rating may be exceeded at low values of
I.. The optimum value for Rgcan be cal-
culated by:

o Epc (mim —Ez
ST L1 I (man

When Rg is known, the maximum dis-
sipation of the diode, Pp, may be deter-
mined by

Epconan — Ez
Pp = \:'—ﬂaﬂi"_-lumin)} Ez
s

In the first equation, conditions are set
up for the Zener diode to draw 1/10 the
maximum load current. This assures
diode regulation under maximum load.

Example: A 12-volt source is to supply
a circuit requiring 9 volts. The load cur-
rent varies between 200 and 350 mA.

E; =9.1 V (nearest available value)

12 -9.1 29
11 %035 = 0385 = - ohms

Po= [&:ﬂ _o.z] 9.1
75

=0.185 x9.1 = LTW

Ry =

The nearest available dissipation rating
above 1.7 W is 5; therefore, a 9.1-V 5-W
Zener diode should be used. Such a rating,
it may be noted, will cause the diode to be
in the safe dissipation range even though
the load is completely disconnected
[I; (min) = 0].

Obtaining Other Voltages

Fig. 25B shows how two Zener diodes
may be used in series to obtain regulated
voltages not normally obtainable from a

single Zener diode, and also to give two
values of regulated voltage. The diodes
need not have equal breakdown voltages,
because the arrangement is self equalizing.
However, the current-handling capability
of each diode should be taken into ac-
count. The limiting resistor may be calcu-
lated as above, taking the sum of the
diode voltages as Ez, and the sum of the
load currents as Iy .

Electronic Voltage Regulation

Several circuits have been developed for
regulating the voltage output of a power
supply electronically. While more compli-
cated than the VR-tube and Zener-diode
circuits, they will handle higher voltage
and current variations, and the output
voltage may be varied continuously over
a wide range.

Voltage regulators fall into two basic
types. In the type most commonly used by
amateurs, the dc supply delivers a voltage
higher than that which is available at the
output of the regulator, and the regulated
voltage is obtained by dropping the volt-
age down to a lower value through a
dropping “resistor.” Regulation is accom-
plished by varying either the current
through a fixed dropping resistance as
changes in input voltage or load currents
occur (as in the VR-tube and Zener-diode
regulator circuits), or by varying the equi-
valent resistive value of the dropping ele-
ment with such changes. This latter tech-
nique is used in electronic regulators
where the voltage-dropping element is a
vacuum tube or a transistor, rather than
an actual resistor. By varying the dc volt-
age at the grid or current at the base of
these elements, the conductivity of the
device may be varied as necessary to hold
the output voltage constant. In solid-state
regulators the series-dropping element is
called a pass transistor. Power transistors
are available which will handle several
amperes of current at several hundred
volts, but solid-state regulators of this
type are usually operated at potentials
below 100 volts.

The second type of regulator is a
switching type, where the voltage from the
dc source is rapidly switched on and off

(electronically). The average dc voltage
available from the regulator is propor-
tional to the duty cycle of the switching
wave form, or the ratio of the on time to
the total period of the switching cycle.
Switching frequencies of several kilohertz
are normally used to avoid the need for
extensive filtering to smooth the switching
frequency from the dc output.

The above information pertains essen-
tially to voltage regulators. A circuit can
also be constructed to provide current
regulation. Such regulation is usually
obtained in the form of current limitation
— to a maximum value which is either
preset or adjustable, depending on the
circuit. Relatively simple circuits, such as
described later, can be used to provide
current limiting only. Current limiting
circuitry may also be used in conjunction
with voltage regulators.

Discrete Component Regulators

The previous section outlines some of
the limitations when using Zener diodes as
regulators. Greater current amounts can
be accommodated if the Zener diode is
used as a reference at low current,
permitting the bulk of the load current to
flow through a series pass transistor (Q1
of Fig. 26). An added benefit in using a
pass transistor is that of reduced ripple on
the output waveform. This technique is
commonly referred to as “electronic
filtering.”

Q1 of Fig. 26 can be thought of as a
simple emitter-follower dc amplifier. It
increases the load resistance seen by the
Zener diode by a factor of beta ( g ). In this
circuit arrangement D5 is required to
supply only the base current for Ql. The
net result is that the load regulation and
ripple characteristics are improved by a
factor of beta. Addition of C2 reduces the
ripple even more, although many simple
supplies such as this do not make use of a
capacitor in that part of the circuit.

The primary limitation of this circuit is
that Q1 can be destroyed almost im-
mediately if a severe overload occurs at
Ry.. The fuse cannot blow fast enough to
protect Q1 In order to protect Q1 in case
of an accidental short at the output, a

Ac - Operated Power Supplies 5-15




current limiting circuit is required. An
example of a suitable circuit is shown in
Fig. 27.

It should be mentioned that the greater
the value of transformer secondary volt-
age, the higher the power dissipation in
Q1. This not only reduces the overall
efficiency of the power supply, but
requires stringent heat sinking at Q1.

Design Example

Example: Design a regulated, well-
filtered, 13-volt dc supply capable of deli-
vering 0.5 A, using the circuit of Fig. 26.
Calculate the ratings for all components.
A standard 18-volt secondary transformer
is to be used.

Information on calculating the trans-
former, diode and input capacitor ratings
were given earlier in this chapter and will
not be repeated here. In order to calculate
the value or Rg in Fig. 26 the base current
of Q1 must be known. The base current is
approximately equal to the emitter cur-
rent of Q1 in amperes divided by beta.
The transistor beta can be found in the
manufacturer’s data sheet, or measured
with simple test equipment (beta = I;/Ip).
Since the beta spread for a particular type
of transistor — 2N3055 for example,
where it is specified as 25 to 70 — is a fair-
ly unknown quantity, more precise calcu-
lations for Fig. 26 will result if the transis-
tor beta is tested before the calculations
are done. A conservative approach is to
design for beta minimum of the transistor
used. Calculating Iy:

f, == 002A = 20mA

As pointed out earlier, in order for D5
to regulate properly it is necessary that a
fair portion of the current flowing
through Rg should be drawn by DS5. The
resistor will have 0.02 A flowing through
it as calculated above (base current of
Q1). A conservative amount of 10 mA will
be used for the Zener diode current
bringing the total current through Rgs to
0.03 A or 30 mA. From this, the value of
Rg can be calculated as follows:

R = (V-Vy) _ (253 -19)

le 0 = 376 ohms

The nearest standard ohmic value for Rg
is 390. The wattage ratings for Rg and
D5 can be obtained with the aid of the
formulas given earlier for Zener-diode
regulators.

The power rating for QI will be calcu-
lated next. The power dissipation of Q1 is
equal to the emitter current times the
collector-to-emitter voltage. Calculate as
follows:

PQI =g X Vg

where
VcE = the desired V’ = (Vz - VBE),
and Vg is approximately 0.7 V for a
silicon transistor.
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Fig. 27 — Overload protection for a regulated supply can be effected by addition of a current-overload

protective circuit.

Therefore:
Pgi = 0.5A X 12V = 6 watts

It is a good idea to choose a transistor for
Q1 that has at least twice the rating
calculated. In this example a transistor
with a power dissipation rating 12 watts
or more would be used.

The 0.01- uF capacitors at the primary
of T1 serve two functions. They act as
transient suppressors and help prevent rf
energy from entering the power-supply
regulator.

Current Limiting for Discrete-Component
Regulators

Damage to Q1 of Fig. 26 can occur
when the load current exceeds the safe
amount. Fig. 27 illustrates a simple
current-limiter circuit that will protect Q1.
All of the load current is routed through
R2. A voltage difference will exist across
R2, the amount being dependent upon the
exact load current at a given time. When
the load current exceeds a predetermined
safe value, the voltage drop across R2 will
forward bias Q2 and cause it to conduct.
Since D6 is a silicon diode, and because
Q2 is a silicon transistor, the combined
voltage drops through them (roughly 0.7
V each) will be 1.4 V. Therefore the
voltage drop across R2 must exceed 1.4 V
before Q2 can turn on. This being the
case, R2 is chosen for a value that
provides a drop of 1.4 V when the
maximum safe load current is drawn. In
this instance 1.4 volts will be seen when I
reaches 0.5A.

When Q2 turns on, some of the current
through Rg flows through Q2, thereby de-
priving Q1 of some of its base current.
This action, depending upon the amount
of Q1 base current at a precise moment,
cuts off Q1 conduction to some degree,
thus limiting the flow of current through
1t.

High-Current-Output Regulators

When a single pass transistor is not
available to handle the current which may
be required from a regulator, the current-
handling capability may be increased by
connecting two or more pass transistors in
parallel. The circuits at B and C of Fig. 28
show the method of connection. The
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Fig. 28 — At A, a Darlington-connected pair for
use as the pass element in a series-regulating
circuit. At B and C, the method of connecting two
ormore transistors in parallel for high current
output. Resistances are in ohms, The circuit at A
may be used for load currents from 100 mAto 5
A, at B for currents from 6 t0 10 A, and at C for
currents from 9to 15 A,
Q1 — Motorola MJE 340 or equivalent.
Q2-Q7, incl. — Power transistor such as 2N3055
or2N3772,



resistances in the emitter leads of each
transistor are necessary to equalize the
currents.

Fixed-Voltage [C Regulators

The modern trend in regulators is
toward the use of three-terminal devices
commonly referred to as three-terminal
regulators. Inside each regulator is a
reference, a high-gain error amplifier,
sensing resistors and transistors, and a
pass clement. Some of the more sophis-
ticated units have thermal shutdown,
over-voltage protection and current fold-
back. Many of the regulators currently
on the market are virtually destruction-
proof. Several supplies using these ICs are
featured in the construction section of this
chapter.

Three-terminal regulators (a connection
for unregulated dc input, regulated dc
output and ground) are available in a wide
range of voltage and current ratings.
Fairchild, National and Motorola are
perhaps the three largest suppliers of these
regulators at present. It is easy to see why
regulators of this sort are so popular when
one considers the low price and the
number of individual components they
can replace. The regulators are available
in several different package styles —
TO-3, TO-39, TO-66, TO-220 and dual
in-line (DIP), to name just a few.

Three-terminal regulators are available
as positive or negative types. In most
cases, a positive regulator is used to
regulate a positive voltage and a negative
regulator a negative voltage. However,
depending on the systems ground require-
ments, each regulator type may be used
to regulate the “opposite” voltage.

Figs. 29A and B illustrate how the regu-
lators are used in the conventional mode.
Several regulators can be used with a
common-input supply to deliver several
voltages with a common ground. Negative
_regulators may be used in the same
manner. If no other common supplies
operate off the input supply to the
regulator, the circuits of Figs. 29C and D
may be used to regulate positive voltages
with a negative regulator and vice versa.
In these configurations the input supply is
floated; neither side of the input is tied to
the system ground.

When choosing a three-terminal regu-
lator for a given application the important
specifications to look for are maximum
oulput current, maximum output voltage,
minimum and maximum input voltage,
line regulation, load regulation and power
dissipation.

In use, these regulators require an
adequate heat sink since they may be
called on to dissipate a fair amount of
power. Also, since the chip contains a
high-gain error amplifier, bypassing of the
input and output leads is essential to
stable operation (See Fig. 30). Most
manufacturers recommend bypassing the
input and output directly at the leads

where they protrude through the heat
sink. Tantalum capacitors are usually
recommended because of their excellent
bypass capabilities up into the vhf range.

Adjustable-Voltage IC Regulators

Relatively new on the electronic scene
are high-current, adjustable voltage regu-
lators. These ICs require little more than
an external potentiometer for an ad-
justable voltage range from 5 to 24 volts at
up to 5 amperes. The unit price on these
items is currently around $6 making them
ideal for a test bench power supply. An
adjustable-voltage power supply using the
Fairchild 78HG series of regulator is
described in the construction section of
this chapter. The same precautions should
be taken with these types of regulators as
with the fixed-voltage units. Proper heat
sinking and lead bypassing is essential for
proper circuit operation.

A 12-Volt 3-Ampere Power Supply

Shown in Fig. 31 is a no-frills 12-volt
supply capable of continuous operation at
the 3-ampere level. Many low-power hf
transceivers and most vhf-fm transceivers
require voltages and currents on this
order. Power supplies of this type
purchased from the manufacturers can be
quite costly. Described here is a very
simple to build and relatively inexpensive
(around $20 using all new components)
alternative.

The schematic diagram for the power
supply is showi in Fig. 32. As can he seen.
the circuit is simplicity itself. A trans-
former, two diodes, three capacitors and a
regulator form the heart of the supply.
Binding posts, a pilot light, fuse and
on-off switch complete the design.

Ac from the mains is supplied to the
transformer-primary winding through the
fuse in one leg, and the on-off switch in
the other. The secondary circuit feeds a
full-wave rectifier ¢ircuit which is filtered
by C1. This unregulated voltage is routed
to the input terminal of the regulator 1C
which is bypassed directly at the case with
a 2-uF tantalum capacitor. The case of the
IC is connected to ground. A 2-uF
tantalum capacitor is also used at the
output terminal of the regulator to
prevent unwanted oscillation of the error
amplifier inside the IC. A pilot light
attached to the regulated output indicates
when the supply is in use.

The regulator has built-in thermal shut
down and over-current protection. Short
circuiting the output of the supply will
cause no damage. A wide margin of
conservative component rating was used
in the design of this supply. It should be
possible to run the supply for hours on
end at its maximum rating.

Construction

Rather than using an expensive cabinet,
the power supply is housed on an alu-
minum chassis measuring 5-X 9-1/2 X 3
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Fig 29 — A and B illustrate the conventional
manner in which three-terminal regulators are
used. C and D show how one polarity regulator
can be used to regulate the opposite polarity
voitage.
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Fig. 30 — Three-terminal regulators require
careful bypassing directly at the case. Here, both
the input and output leads are bypassed.

Fig. 31 — kxterior view uf the 12-volt, 3-ampere
no-frills power supply.
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Fig. 32 — Schematic diagram of the 12-volt, 3- ampere power supply.

C1 — Electrolytic capacitor, 4200 uF, 50 V,
General Electric 86F166M or equiv.

C2, C3 — Tantalum capacitor, 2 uF, 50 V.

D1, D2 — Silicon diode, 50 V, 6 A, HEP RO100 or

equiv.
DS1 — Pilot light assembly, 12 V.
F1 — Fuse, 1 A.

inches (127 X 241 X 76 mm). Mounted
atop the chassis is the power transformer,
filter capacitor and regulator. The regula-
tor is attached to a heat sink that measures
3 X 4-1/2 x 1 inches (76 X 114 x 25
mm). Two tantalum capacitors, not visible
in the pictures, are mounted at the IC ter-
minals on the underside of the sink. Since
good ground connections are required to
prevent IC oscillations, remove the ano-
dizing from the heat sink where it will
contact the chassis.

The layout of the underside of the
chassis can be seen in Fig. 33. Two
binding posts (one red and one black) and
the fuse holder are mounted on the rear
apron. The on-off switch and pilot light
occupy a portion of the front panel.
Dymo tape labels complete the front
panel.

A 300- to 400-Watt 12-Volt Supply

Most modern hf transceivers in the
100-watt output class have solid-state out-
put stages that require a nominal 13.6-volt
power source. This voltage is available
directly from vehicular electrical systems,
so manufacturers don’t generally built ac
power supplies into these transceivers.
This approach leads to lightweight com-
pact units for mobile service, but the

Fig. 33 — Interior view of the power supply.
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J1,J2 — Binding post.
S1— Spsttoggle.

T1 — Power transformer, primary 117 V,
secondary 24 V ct, Stancor P-8663 or equiv.
U1 — Voltage regulator, Fairchild 78H12KC or

equiv.

fixed-station operator must obtain an ex-
ternal ac supply. These ‘‘accessories’* cost
upwards of $200 and sometimes offer only
marginal performance. The heat sinks on
most transceivers are adequate for low-
duty-cycle ssb operation. A fan is required
for SSTV, RTTY, slow-speed cw, or even
speech-processed ssb. Matching accessory
power supplies are subject to the same
limitations and may fall down under these
conditions, even if externally cooled. The
combined shortcomings of the transceiver
and power supply discourage many
operators from trying modes other than
ssb. A sturdier power supply can go a long
way toward increasing the flexibility of a
solid-state amateur station.

The power supply described in this sec-
tion is a heavy-duty unit capable of 300
watts continuous duty or 400 watts PEP.
The cost will depend on the availability of
components, but should be significantly
less than those sold to match a product
line. Complete output metering, over-
voltage shutdown and current limiting are
features of the design.

Design Information

The generous power rating is made
possible by the heavy-duty transformers.
In the unit pictured, the transformers
were each specified for 40 V at 15 A, and
had a cross-sectional area of nearly 4 in?
(2500 mm?). The secondaries were wound
with no. 11 (2 mm) wire. Turns were
removed from each secondary winding
until each produced an open-circuit out-
put of 19.5 V rms (at the minimum ex-
pected line voltage). With a 20-A dc load,
the ac output potential drops to 18.8 V.
This information is provided because the
exact transformers used are no longer
available. The transformer output voltage
is very important in high-power applica-
tions. If the wvoltage applied to the
regulatory circuitry is higher than
necessary, excessive heating of the series

pass transistors will result. On the other
hand, the bottom of the filter ripple
voltage must be high enough to maintain
the necessary voltage differential across
the regulator. Since the power capability
of this supply is limited by the dissipation
of the pass transistors rather than the
transformers, every effort was made to
optimize the input to the regulator. An
‘““odd couple’” of computer-grade
aluminum filter capacitors, totaling more
than 0.1 F, supplies 22.3 V dc (under a
20-A load) to the regulator at less than 1 V
pk-pk ripple. The price for low
preregulator ripple is extremely high peak
rectifier current. A bridge package rated
for 25 amperes continuous duty proved
unequal to the task; individual 35 A
diodes perform adequately.

Voltage regulation is handled by an IC
regulator that is supplemented by an array
of eight 2N3055 power transistors. These
transistors came from various sources and
showed unequal current distribution,
despite the 0.1- spreading resistor in each
emitter. Although higher value resistors
would correct this condition, their power
rating would have to be increased, as
would the regulator input voltage. Tran-
sistors from a single manufacturing lot
should be sufficiently uniform for this ap-
plication. An additional 2N3055, Q4,
drives the array of eight from the
regulator in a Darlington configuration.
Q2 monitors the voltage developed across
the current-sense resistor, reducing the
regulator output drive when the load cur-
rent exceeds 30 A. If the unit has been
supplying 20 A for more than 10 minutes,
the current-limiting point folds back to
about 24 A as a result of heating in the
sense resistor. While the power supply as a
whole is current limited by Q2, the
regulator IC is not. If the collector of Q4
were to open, for example, the regulator
would attempt to drive the pass transistors
alone, through the Q4 base-emitter junc-
tion. The IC maximum rated current (500
mA) could be exceeded under these condi-
tions without activating Q2. QI senses
base drive to the Darlington array and

Fig. 34 — 3/4 view of the 300- to 400-watt
power supply showing four of the series pass
transistors. The various sheet metal panels are
fastened together with angle brackets.



limits the maximum regulator output cur-
rent to about 300 mA. This additional
protection is not shown in the IC
manufacturer’s applications literature.
R3, R4 and R9 set the output voltage over
an adjustment range of 12 to 14 V. The
power supply includes a ‘‘crowbar’’ over-
voltage protection citcuit consisting of
QS5, D1 and the associated resistor net-
work. R10 forms a divider with the
cathode-to-gate resistor internal to most
SCRs. If your device does not include
such a resistor, one can be installed exter-
nally. Should the output voltage exceed
the threshold of DI, plus some level deter-
mined by RI10, Q5 will fire, short-
circuiting the output terminals. Q5 has a
continuous current rating of 25 A. While
this may seem underspecified, the compo-
nent can withstand a surge of many times
the continuous figure, and won’t be called
upon to pass the full current for more
than a few milliseconds. As soon as QS
fires, it pulls the output voltage below the
conduction threshold of Q3, which allows
the input voltage to shut down the
regulator. Without this feature, both the
series pass transistors and the SCR would
be destroyed in a short time from ex-
cessive dissipation.

This supply has one other feature —
remote sensing. When heavy loads are
connected through long cables, the cable
voltage drop degrades the load regulation.
This problem can be circumvented by in-
cluding the cable within the regulator
feedback loop. To accomplish this,
remove the jumper between the output
and sense terminals, and connect the sense
terminal directly to the load (the sense
lead wire size isn’t critical). This connec-
tion can’t compensate for resistance in the
return (ground) lead, but an extra chassis-
to-chassis connection can usually be made
to reduce the return resistance to an in-
significant value. The pk-pk output ripple
at full load is S mV. A complete schematic
diagram is given in Fig. 35.

Mechanical Details

One assembly method can be seen in
Figs. 34 and 36, although this is by no
means the only workable solution. The
unit shown uses a 16-1/2 x 12 x 1/8-in.
(419 x 305 x 3 mm) aluminum plate for
a foundation. This is expensive material if
purchased new — a framework fashioned
from angle stock may be an expedient
alternative. Transformers suitable for this
application are quite heavy and require a
firm supporting structure. The pass tran-
sistor heat sinks form the sides of the
enclosure, These sinks, like most of the
components, are surplus items measuring
4 x 12 inches (102 x 305 mm) with fins
protruding 1/2 in. from each flat surface.
Asymmetrically spaced transistor
mounting holes explain the surplus status
of the sinks. The dimensions quoted
represent @ minimum, rather than maxi-
mum radiation area, especially consider-

ing that the fins would be more efficient if
mounted vertically. A more conservative
approach might be to mount an additional
heat sink in the rear panel area and use 9
or 12 pass transistors. The emitter
spreading resistors are mounted on the
transistor heat sinks. Q4 should be
separately heat sinked, although the sink
shown is larger than necessary. A ‘‘top
hat’’ and chassis bracket similar to that of
QS5 would be sufficient.

The rectifier diode anodes are common
to the mounting studs. For this reason,
two of the studs must be sleeved and the
cases and nuts must be insulated from the
base plate with mica washers. If a suitably
rated bridge assembly can be obtained at a
reasonable price, it will simplify the
mounting while providing superior ther-
mal conduction. In any case, be sure to
use mica washers with all semiconductors
whose cases are above ground and apply
heat sink compound to all mounting sur-
faces.

Liberal use of terminal strips simplifies
the wiring and troubleshooting, should it
be necessary. Use no. 10 or no. 12 wire for
the high-current circuits. The electronic
components that don’t generate ap-
preciable heat are contained on a printed
circuit card. The etching pattern and parts
placement guide are presented in Fig. 37.
Most of the components for this power
supply were purchased from mail-order
firms that advertise in the Amateur Radio
press.

A 1.2- to 15-Volt, S-Ampere Supply

The power supply shown in Figs. 38 to
42 is intended for general purpose, test-
bench applications. The output is ad-
justable from 1.2 to 17 volts at currents up
to 6 amperes. Metering is provided for
voltage levels up to 15 volts and current
levels up to S amperes. Most of the com-
ponents used in this supply are of the
junk-box variety with the possible excep-
tion of U2, the three-terminal voltage
regulator. The circuit will tolerate fairly
wide component substitutions and still of-
fer good performance. The majority of
the circuit components are mounted on a
2-3/4 % 4-1/2 (70 X 114 mm) circuit
board. All controls, including the mains
fuse are located on the front panel for
easy access.

The Circuit

Two power transformers are used in
parallel to feed Ul, the full-wave bridge
rectifier assembly. The transformers
specified are rated at 2 amperes each. The
prospective builder might question the
wisdom of using only 4 amperes worth of
transformer in a S-ampere supply. This is
a valid question. With a 5-ampere load
connected to the output of the supply, the
transformers deliver more than their rated
secondary voltage and do not become
unreasonably warm to the touch even
after continuous-duty operation. If

transformers of different manufacture are
used it might be wise to select units having
a higher current rating — Just to be surc.

S2 is included in the design so that
either half or all of the secondary voltage
may be applied to Ul. This feature was in-
cluded so that the dissipation of the pass
transistor may be reduced when using the
supply with low-voltage, high-current
loads. The graph displayed in Fig. 41 can
be used as a guide in selecting the HI or
LO mode of operation.

The regulator consists of a pass tran-
sistor “‘wrapped around’’ an adjustable
voltage regulator. Circuit operation can
be understood by noting the values of R3
and R2. The majority of the three-
terminal regulator current will flow
through R3 and DI1. The offset voltage in
D1 is approximately equal to the emitter-
base potential of Q1. Because of this, the
voltage drop across R3 will be the same as
that across R2. Since the ohmic value of
R2 is 0.33 of R3, three times as much cur-
rent will flow in Q1 as in U2. The net
result is that the current capability of the
overall circuit is increased by a factor of
four. Also, the current-limiting
characteristics of the three-terminal
regulator are transferred directly to the
composite circuit.

M1 and its associated shunt resistor are
placed at the input to the regulator circuit
so that the voltage drop across the resistor
will not adversely alter the supply voltage
regulation. The relatively small current
drawn by the regulator circuitry does not
seriously affect the meter accuracy. M2
measures supply output voltage.

Construction

The power supply is housed in a
homemade enclosure that was fabricated
from sheet aluminum. Dimensions of the
enclosure are 5-172 X 6 X 8 inches (140
x 152 x 203 mm), although any cabinet
that will house the components may be
used. Circuit board pattern and layout in-
formation is given in Fig. 42. The com-
pleted circuit board is mounted vertically
to the chassis using spade lugs and no. 6
hardware. A small heat sink for the
LM317K regulator was made from a scrap
piece of aluminum. A Radio Shack
276-1364 sink designed for the TO-3
package will work fine. The pass tran-
sistor is mounted to a larger heat sink
which is bolted to the rear panel of the
power supply. Here, a Motorola MS-10
was used. A suitable substitute would be
the Radio Shack 276-1361. Bear in mind
that the transistor must be insulated from
the sink. Use a small amount of heat-sink
compound between the transistor and the
sink for a good thermal bond.

Since the power supply can deliver up to
6 amperes, fairly heavy wire should be
used for those runs carrying the bulk of
the current. No. 18 plastic wire was used
in this unit and it appeared to be ade-
quate.
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The completed power supply may be mal and short-circuit protection it is vir-
‘‘crowbarred’” without worry of regulator  tually destruction proof. A digital panel
or pass transistor destruction. Perhaps the  meter is used to monitor voltage and cur-
only precaution that should be mentioned rent, selectable by a front-panel switch.
is that of the exposed collector of the pass  Although we termed this a *‘rich man’s
transistor. Although no damage will occur  supply’’, it will cost far less to construct
if the case is shorted to ground it will
cause the loss of output voltage. This
could occur if the power supply is
mounted on a test bench with a number of
leads dangling behind the unit. A simple
fix for this would be to mount a plastic
TO-3 transistor cover over the case. ‘

A Deluxe §- to 25-Volt, 5-Ampere Supply

The power supply illustrated in Figs. 43  Fig. 36 — Interior of the heavy-duty supply.
and 45 and schematically at Fig. 44 might The current-sense resistors are mounted on a

: ) simple pc board that is elevated on ceramic
be termed a rich man’s power supply. The standotfs in the front center. The control pc

unit shown can supply voltages from 5t0  poard is fastened to the base plate by spade
25 at currents up to 5 amperes. With ther-  bolts. The large internal heat sink is for Q4.
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Fig. 36 — Schematic diagram of the 300- to 400-watt power supply.
type, 35 A, 100 PRV. 1N1184R or equiv.

C6 — Filter capacitor or capacitors totaling Q5 — Silicon control rectifier, 25 A, 50 V. optional.
0.1 F or more at 30 V or greater. R20 — 5 0.1, 5-W resistors in paraliel. T1 — Combination of transformers capable of
D2-D5 — Silicon rectifier diodes, anode stud S1 — Spst, 10 A, 125 V ac, built-in piiot light supplying 18.8 V ac at a 20-A dc load.
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this unit as compared to a rcady-made T )
supply with the same featurcs. Cost, using

all new components, will be on the order
of $75. The most expensive single item in
the supply is the digital panel meter,
which sells in single lot quantities for O=0—0
around $40 at present. As more com-
panies start manufacturing these items the
. K

prices should drop significantly. *
The digital readout, however, is not /"\

much more expensive than two high-

quality meters. The prospective builder P / /
should consider this when choosing \= 1'\

between the digital panel meters and two
analog panel meters. Voltage measure-

ments are read directly off the panel meter S j‘

in volts. Current is measured in amperes

with a reading of 0.05 equal to 50 mA. 0\‘/"
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Fig. 38 — A simple 1.2- to 15-volt, 5-ampere
power 3upply. All controls are mounted on the
front panel for easy access. The milliammeter
reading is multiplied by 100 to obtain the true
output current.
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Circuit Details

The circuit diagram of the power supply
is shown in Fig. 44. T1 is a 36-volt, center-
tapped transformer rated at 6 amperes,
D1 and D2 are used in a full-wave rectifier
providing dc output to the filter capacitor,
C3, a 34,000-uF, 50-volt electrolytic of the
computer-grade variety. The unregulated
voltage is fed to Ul, a Fairchild 78HGKC
regulator, the heart of the supply. This
chip is rated for 5-A continuous duty
when used with an adequate heat sink. R}
and R2 form a voltage divider which sets
the output voltage of the supply. Rl is a
ten-turn potentiometer. Ul is bypassed
with 2.2-uF tantalum capacitors directly at
the input and output pins.

Z1, as outlined earlier, is a digital panel
meter. Connections to the meter are made
through a special edge connector supplied
with the readout. U2 is used to supply a
regulated 5 volts for powering the digital
panel meter. The input and ground leads
of this regulator are attached to the input
(non-regulated) side of Ul.

R4, RS and R6 form a divider circuit to
supply the digital meter with an output
voltage reading. RS is made adjustable so
that the meter can be calibrated. R3 is a
current-sensing resistor which is placed in
the negative lead of the supply. This
resistor is used on the input side of the
regulator (Ul) so as not to affect the
voltage regulation of the power supply at
high load currents. Any voltage dropped
across the resistor will be made up by the
regulator, so the output voltage will

remain unchanged. Notice that U2 is
placed to the left or at the input side of
the regulator. This is so the current
drawn by the readout will not affect
current readings taken at the load.
Sections A and B of S2 are used to switch
the meter between the voltage and current
sensors. S3C is used to switch the decimal
point in the digital panel meter to read
correctly for both voltage and current.

As shown in the schematic, a single-
point ground is used for the supply. Used
in many commercial supplies, this tech-
nique provides better voltage regulation
and stabilization than the “ground it
anywhere” attitude. In this supply, the
single-ground point is at the front panel
binding post labelled MINUS. All leads
that are to be connected to ground should
go only to that point.

Construction

The deluxe power supply is housed in a
homemade enclosure that measures 9 X 11
X 5-1/4 inches (229 x 279 X 133 mm).
Ul is mounted to a large heat sink 3 X §
X 2 inches; 76 X 127 X 51 mm) which is
attached to the rear apron of the supply.
The front panel sports the digital-panel
meter, power switch, binding posts, fuse
holder, voltage-adjust potentiometer and
meter-selector switch. Although a circuit
board is shown in the photograph as sup-
porting R4, RS, R6, R7, DI, D2, Cl and
C2, these items could just as well be
mounted on terminal strips. For this
reason a board pattern is not supplied.

The front and rear panels are spray
painted white and the cover is blue. Dymo
labels are used on the front panel to
identify each of the controls, Cable lacing
of the various leads adds to the clean
appearance of the supply.

SWITCHING REGULATORS

The electronic voltage regulator circuits
discussed up to this point have been of the
linear variety; that is, a series or shunt
control element has varied its effective
resistance in direct proportion to load or
input changes. A second class of regulator
circuit becoming increasingly important in
electronics is the switching regulator. In a
switching regulator the pass element oscil-
lates between fully off and fully on, and
the transitions between these two states
are made as short as possible. Operating a
control device (usually a transistor) in the
switching mode significantly reduces the
heating, as voltage and current are not ap-
plied simultaneously. The chief applica-
tion of switching supplies has been to low-
voltage, high-current loads (such as com-
puters), where high efficiency is difficult
to realize in a linear circuit. However, the
switching technique can also be applied to
high-voltage situations. Al Helfrick,
K2BLA, demonstrated a 2000-volt,
I-ampere switching supply no larger than
a shoe box to the ARRL technical staff.

Conducted and radiated RFl are the
major  shortcomings attributed to
switching power supplies, and careful
engineering is required to reduce the out-
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Fig. 39 — Schematic diagram of the 5-ampere power supply. Component designations on the schematic diagram but not shown in the parts list are

for text or placement-quide reference only.
C1 — 3300 uF, 35 volt, axial leads.

J1,J2 — Binding posts.

M1 — 0-50 mA, Calectro DI-914 or equiv.
M2 — 0-15 volt, Calectro DI-920 or equiv.
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Q1 — Silicon PNF power, Radio Shack
276-2043 or equiv.

R1 — Meter shunt, 13 inches no. 22 enameled
wire wound on a high-value, 1-watt resictor.

(Resistor used only as a form for the wire).
R6 — 2500 ohms, 2 watts, panel mount.
S1 — Spst, toggle.
S2 — Dpdt, toggle. Both sections connected
in parallel.



Fig. 40 — Inside view of the power supply.
Component placement is not at all critical,
however the iayout shown here provides a neat
appearance.

put noise to an acceptable level. What
constitutes an acceptable level depends on
the electronic environment and the sensi-
tivity of the load. In general, a digital
computer would be far more tolerant of a
noisy power supply than would be a fre-
quency synthesizer or a small-signal audio
amplifier. Also, switching supplies are not
as forgiving as linear supplies in terms of
component substitutions and design
shortcuts. One can assemble a linear
power supply from a collection of
available components without a rigorous
design procedure and often achieve a
workable (if not optimum) result. An ac-
ceptable method is to power up the unit,
check ripple, noise, line and load reguia-
tion, and, finally, thc heat sink
temperature. Constructing and testing a
switching supply is not as straightforward
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Fig. 41 — For voltage and current requirements that fall to the left of the diagonali line, the power
supply may be operated in the LO mode. Pass-transistor dissipation will be reduced when the
supply is operated in this manner.
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T1, T2 — 117-V primary, 18-V ct secondary.
Radio Shack 273:1515 or equiv.

U1 — Bridge-rectifier assembly, 50 V, 25 A.

U2 — Regulator, LM-317K
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Fig. 42 — At A, circuit board layout pattern as viewed from the component side of the board. B is
the full-scale etching pattern for the power supply circuit board. Black areas represent unetched
copper as seen from the foil side of the board.
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Fig. 43 — Front view of the deluxe 5- to 25-volt,
5-ampere power supply.

because the operation is complex and the
failure modes can be subtle.

Fig. 46 illustrates the switching
regulator concept. While the switch is
closed (as in A of Fig. 46) the inductor

Fig. 45 — Interior view of the deluxe power
supply.

current builds up through the load re-
sistor, storing energy. Note the polarity of
the voltages. The diode is reverse-biased
when the switch is closed. After the cur-
rent has built up to the maximum value
drawn by the load, the switch may be
opened, as shown in Fig. 46B. The induc-
tor tends to resist any change in current
flow. When the switch is opened, the in-
terruption of battery current causes the
magnetic field in the inductor to collapse,
inducing a large emf. The polarity of the
emf is such to maintain current in the
original direction, so the armature of the
open switch becomes negative with respect
to the load enr of the inductor. Without
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Fig. 44 — Schematic diagram of the deluxe power supply. All resistors are half-watt carbon types unless noted otherwise. Capacitors are disc
ceramic unless noted otherwise. Numbered components not appearing in the parts list are for text reference only.

C3 — Electrolytic capacitor, 34,000 uF, 50 V.
Sprague 36D343G050DF2A or equiv.

C4, C5 — Tantalum capacitor, 2.2 uF, 50 V.

C6 — Tantalum capacitor, 4.7 uF, 50 V.

D1, D2 — Silicon rectifier, 100 V, 12 A

F1 — Fuse, 2 A.
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J1-J3, incl. — Binding post.

R1 — Potentiometer, 20-kfl, linear, 10 turn.
Clarostat type 731A or equiv.

R2 — Resistor, 0.19, circuit board mount.

S1 — Toggle switch, dpst.

82 — Toggle switch, 3pdt.

T1 — Power transtormer; primary 117 V,

secondary 36 V ct, 6 A. Stancor P-8674 or
equiv.

U1 — Regulator, Fairchild 78HGKC or equiv.

U2 — Regulator, u A7805 or equiv.

Z1 — Digital panel meter. Datel DM3100N or
equiv.
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Fig. 46 — Inductive flyback switching circuit
used in voltage regulators. At A, the switch is
closed, charging the inductor through the load
resistor. Opening the switch as in B causes
the inductor voitage to reverse polarity as it at-
tempts to maintain current through the load.
The discharge path is through the diode. Ac-
tual electron flow is depicted by the arrows.

the diode in the circuit, the emf would in-
crease until it jumped across the switch in
an effort to maintain the current. How-
ever, the diode (called a ““catch diode’’)
becomes forward biased by the inductor
emf polarity reversal, clamping the
switched end of the inductor essentially to
ground. The negative-going transient at
the switched end is transformed into a
positive-going spike at thc load. If all
components were ideal, no transients
would occur; the inductor would simply
maintain a constant current through (and
therefore a constant voltage across) the
load. In practice, a large capacitor is con-
nected across the load to bypass the
switching transients.

To achieve regulation, a switching type
of power supply must have a voltage
reference and feedback loop similar to
those employed in a linear regulator. A
transistor usually serves as the control ele-
ment (switch), but some of the more ad-

Fig. 47 — A switching regulator suitable for use with medium-power amateur transceivers. At fuil

load the switching rate is approximately 50 kHz.

values are in microfarads.

D1 — 6A, 600 PIV, anode common to case,
ECG 5863 or equiv.

L1 — 33 turns no. 14 enam. on Amidon
FT240-43 toroidal core.

vanced designs use thyristors in the ac
primary circuit, completely obviating the
usual (heavy and lossy) transformer-
rectifier circuit.

The design of a switching regulator is
not trivial. Many factors enter into the
calculations, including the magnetic pro-
perties of the inductor and the dynamic
switching characteristics of the semicon-
ductors. The switching performance is im-
portant to avoid ‘‘hot spots.”’ This
phenomenon results from too slow a
device being used to switch heavy current.
Sometimes the current is concentrated in a
small portion of the junction rather than
distributed evenly. This effect is mani-
fested by the sudden failure of the circuit
after a period of perfect operation. The
failed transistor is usually cool to the
touch.

Drawn in Fig. 47 is a practical 13.6-volt,
5-ampere switching power supply suitable
for use with transceivers in the 25-watt

Resistance values are in ohms and capacitance

Q1 — Heat sink — 4 x 3 inches (102 x 76
mm) with 1/2-inch (13-mm) fins extruded from
flat surfaces. Radio Shack 276-1361 or equiv.

Q2 — Heat sink — TO-5 clip-on unit.

output class. Circuit simplicity and easy
parts acquisition were the major design
goals. The supply was breadboarded and
tested in the ARRL laboratory. A 10-watt
output 220-MHz fm transceiver was used
as a load with no apparent degradation of
the rf output spectral purity. The line and
load regulation are acceptable, and the
unit is slightly more efficient than an
equivalent linear supply. With the heat
sink specified, the unit can withstand
3-minute fm transmissions interspersed
with 1-minute listening periods. Because
of the simple circuit configuration, con-
ventional pre-regulation components are
used. Therefore, this power supply offers
no particular economic advantage over
one using linear regulator. This project
was intended to demonstrate the switching
principle as applied to voltage regulation,
and it serves that purpose well. However,
it is not in any way represented to be a
state-of-the-art design.
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Chapter 6

HF Transmitting

Even though some modern transmitters
and transceivers contain only solid-state
devices, it is still practical to use a hybrid
circuit that contains a mixture of tubes
and active semiconductor stages. Typical-
ly, the unit has transistors, diodes and ICs
up to the driver stage of the transmitter.
At that point one will find a tube driver
which is used to supply rf power to a tube
type of amplifier. The latter might consist
of a pair of 6146Bs or two sweep tubes.

The principal advantage of tube ampli-
fiers is that they are somewhat less subject
to damage from excessive drive levels and
mismatched loads. However, a properly
designed solid-state driver and PA section
should be immune to output mismatch
damage, provided an SWR-protection
circuit has been included in the transmit-
ter. A solid-state amplifier is slightly more
difficult to design and have work cor-
rectly than is a tube amplifier of
equivalent power. This is because purity
of emissions is harder to achieve when
transistor power stages are employed.
Transistors generate considerably more
harmonic energy than tubes do, and the
former are prone to self-oscillation at If,
vif and audio frequencies unless some
careful design work is done. This is not
generally true of tube amplifiers.

If one is to ignore the foregoing
problems and concentrate mainly on cost
and convenience, transistors may have the
edge over tubes. A 13.6-volt design can be
operated directly from an automotive or
solar-electric supply, whereas a tube
amplifier requires a high-voltage power
supply for mobile, portable and fixed-
station use. When an ac power source is
required, the cost of a high-voltage,
medium-current supply for tubes versus a
low-voltage, high-current power source
for transistors is similar, provided new
components are used in both. At power-
output levels in excess of approximately
150 watts the transistor-amplifier power
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Fig. 1 — A transistor oscillator is shown at A. The example at B illustrates a tube type of crystal

oscillator.




supply becomes rather expensive because
of complex regulator-circuit requirements.
For this reason it is the choice of most
amateurs to utilize vacuum tubes in high-
power hf and vhf amplifiers. The number
of power transistors required (plus com-
biners) to generate a 1-kW signal may run
considerably higher in cost than a tube or
tubes for an amplifier of equivalent power.
The price of large heat sinks versus a cool-
ing fan may place the solid-state amplifier
in a prohibitive class also.

The decision to buy or build a
transmitter is founded on some basic
considerations: Cost compared to features;
professional equipment appearance con-
trasted to that of homemade apparatus;
the knowledge and satisfaction gained
from building equipment, as weighed
against buying store-bought gear and sim-
ply becoming an operator. The judgment
must fit the amateur’s objectives and af-
fluence. Home-built transmitters are usual-
ly easier to service than commercial ones
because the builder knows the circuit lay-
out and how each stage functions. Further-
more, the cost of maintenance is markedly
lower for homemade equipment than for
most factory-built gear. But the greatest
significance to home-built circuits is the
knowledge gained from constructing a
project and the pride that goes with using
it on the air!

Frequency Generation

The most basic type of transmitter is
one which contains a single stage, is
crystal controlled, and is designed for cw
operation. A circuit example is given in
Fig. 1. This kind of transmitter is not
especially suitable for use on the air
because it is somewhat inefficient and is
prone to generating a chirpy cw signal
unless loaded rather lightly. But, the same
circuit is entirely acceptable when fol-
lowed by an isolating stage (buffer/ampli-
fier) as shown in Fig. 2. The second stage
not only builds up the power level, but it
gives the oscillator a relatively constant
load to look into. The latter helps to pre-
vent oscillator pulling and attendant chirp-
ing of the cw note.

Fig. 3 illustrates the basic types of
transmitters for cw and RTTY work. The
drawing at A represents the general circuit
given in Fig. 2. Illustration B is an
expansion of that circuit and includes a
frequency multiplier. A heterodyne type
of generator, which is currently popular
for multiband transmitters and trans-
ceivers, is shown as the exciter section of a
transmitter in drawing C. A frequency
synthesizer is shown as the rf generator at
D.

For operation on a-m, any of the
lineups given in Fig. 3 are suitable,
provided a molulator is added. It is used
to modulate the operating voltage to the
PA stage, or in some designs the operating
voltage to the PA and the stage im-
mediately before it.
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Fig. 2 — Circuit example of a simple, solid-state cw transmitter.
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Fig. 3 — Block diagrams of various transmitters which use specific frequency-generation methods

The block diagram of Fig. 4 outlines the
functional stages of a ssb transmitter. Z1
can be a simple VFO, a heterodyne
generator (Fig. 3C) or a frequency
synthesizer. The essential difference be-
tween this type of transmitter and one that
would be used for cw/RTTY is that the rf
amplifiers must operate in the Class A,
AB or B mode (linear) rather than the
Class C mode which is suitable for cw

work. However, linear amplifiers are
entirely satisfactory for any transmission
mode at a sacrifice in efficiency. Once the
ssb signal is generated it can not be passed
through a frequency multiplier. All post-
filter stages must operate straight through.
Class C amplifiers are generally used in fm
transmitters as well as in cw and RTTY
transmitters. Fm operators who are heard
to say, “I'm running my transceiver into a
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Fig. 5 — Four types of popular solid-state crystal oscillators.
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linear,” are missing the technical facts:
The amplifier is probably a Class C one,
which is very non-linear in operation.

Crystal Oscillators

A crystal-controlled oscillator uses a
piece of quartz which has been ground to
a particular thickness, length and width.
For the most part, the thickness deter-
mines the frequency at which the crystal
oscillates, irrespective of the stray capaci-
tance in the immediate circuit of the cry-
stal. The stray capacitance does have
some effect on the operating frequency,
but overall it can be considered minor.
The power available from such an
oscillator is restricted by the heat (caused
by circulating rf current) the crystal can
withstand before fracturing. The cir-
culating current is determined by the
amount of feedback required to ensure
excitation. Excessive heating of the crystal
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causes frequency drift. The extent of the
drift is related to the manner in which the
quartz crystal is cut and the actual heat at
a given point in time. It is for these
reasons that the amount of feedback used
should be held to only that level which
provides quick oscillator starting and
reliable operation under load. The power
necessary to excite a successive stage
properly can be built up inexpensively by
means of low-level amplifiers.

The active element in an oscillator can
be a tube, transistor or IC. Some common
examples of solid-state oscillators are shown
in Fig. 5. A triode Pierce oscillator which
employs a JFET is illustrated at A. A
bipolar transistor is used at B to form a
Colpitts oscillator. The example in Fig.
SC shows a means by which to extract the
harmonic of a crystal by tuning the
collector circuit to the desired harmonic.
Unless a bandpass filter is used after the
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Fig. 6 — Two common tube types of crystal
oscillators.

tuned circuit, various harmonics of the
crystal frequency will appear in the
output. Therefore, if good spectral purity
is desired it is necessary to use a
double-tuned collector tank to obtain a
bandpass characteristic, or to employ the
tank circuit shown and follow it with a
harmonic filter.

An overtone oscillator is depicted in
Fig. 5 at D. The crystal oscillates at an
odd multiple of the fundamental cut —
usually the third or fifth harmonic. In this
example the drain tank is tuned ap-
proximately to the desired overtone.
Oscillation will begin when the tank is
tuned slightly above the overtone fre-
quency. A high-Q tuned circuit is neces-
sary.

Vacuum-tube crystal oscillators are
presented in Fig. 6. A modified Pierce
oscillator is shown at A. In this case the
screen grid of V1 functions as the plate of
a triode tube. Feedback is between the
screen and control grids. Cp may be
required to ensure the desired feedback
voltage. In a typical oscillator the value of
Cpp will range from 10 to 100 pF for
oscillators operating from 1.8 to 20 MHz.
At lower frequencies the feedback capaci-
tor may require a higher value.
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Fig. 7— Two methods for suppressing vhf and
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purpose.
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Fig. 8 — The crystal-oscillator operating
frequency can be shifted slightly by means of
trimmer capacitors as shown at A and B. A series
hookup (A)is used with transistors to help
compensate for the relatively high input
capacitance of the transistor.

A Colpitts style of tube oscillator is
illustrated in Fig. 6 at B. The feedback is
between the grid and cathode by means of
a capacitive divider (C1 and C2). The
plate tank can be tuned to the crystal
frequency or harmonics thereof. In the
interest of good oscillator stability it is
suggested that the supply voltage to the
circuits of Figs. 5 and 6 be regulated. This
is especially significant in the case of
harmonic or overtone oscillators where
small amounts of drift are multiplied by
the chosen harmonic factor.

The usual cause of erratic oscillation, or
no oscillation at all, is excessive loading
on the oscillator output (succeeding stage
of circuit), insufficient feedback, or a
sluggish crystal. Concerning the latter, a
crystal which is not ground to a uniform
thickness and feathered carefully around
the edges may be difficult to make
oscillate. Attempts by inexperienced ama-
teurs to grind their own crystals may lead
to this condition.

Some crystal oscillators develop un-
wanted vhf self-oscillations (parasitics)
even though the circuits may be function-
ing normally otherwise. The result will be
a vhf waveform superimposed on the de-
sired output waveform when the rf voltage
is viewed by means of an oscilloscope.
Parasitics can cause TVI and specific pro-
blems elsewhere in the circuit with which
the oscillator is used. Two simple methods
for preventing vhf parasitics are shown in
Fig. 7. The technique at A calls for the in-
sertion of a low-value resistance (R1) in
the collector lead as close to the transistor
body as possible. Typical resistance values
are 10 to 27 ohms. The damping action of
the resistor inhibits vhf oscillation. An al-
ternative to the use of resistance for
swamping vhf oscillation is illustrated at B
in Fig. 7. One or two high-mu miniature
ferrite beads (uj= 950) are placed near the
transistor body in the lead to gate 1. The
beads can be used in the drain lead when a
tuned circuit or rf choke are used in that
part of the circuit. However, when the
drain is at ac ground, as shown at B, it
does not constitute part of the feedback
circuit. Ferrite beads can be used in the
base or collector lead of the circuit of Fig.
7A rather than employing R1. Similarly,
R can be used at gate 1 of the oscillator.

It is necessary in some applications of
crystal oscillators to ensure spot accuracy
of the operating frequency. Various
reactances are present in most oscillator
circuits, causing the operating frequency
to differ somewhat from that for which
the crystal was manufactured. Addition of
a trimmer capacitor will permit “rub-
bering” the crystal to a specified fre-
quency within its range. This procedure is
sometimes referred to as ‘‘netting” a
crystal.

Fig. 8 shows two circuits in which a
trimmer capacitor might be used to
compensate for differences in the opera-
ting frequency of the oscillator. At A the

series capacitor (C1) is connected between
the low side of the crystal and ground.
The series hookup is used to help offset
the high input capacitance of the oscil-
lator. The input capacitance consists of
the series value of feedback capacitors C2
and C3 plus the input capacitance (Gy) of
Q1. Conversely, the input capacitance of
the circuit at B in Fig. 8 is quite low be-
cause a triode tube is employed. In this
kind of circuit the trimmer capacitor is
used in a parallel manner as shown. The
choice between series and parallel trim-
ming will depend on the active device used
and the amount of input capacitance
present. This rule applies to tube oscil-
lators as well as those which use
transistors.

Crystal Switching

Although several crystals for a single
oscillator can be selected by mechanical
means, a switch must be contained in the
rf path. This can impose severe restrictions
on the layout of a piece of equipment. Fur-
thermore, mechanical switches normally
require that they be operated from the
front panel of the transmitter or receiver.
That type of format complicates the re-
mote operation of such a unit. Also, the
switch leads can introduce unwanted reac-
tances in the crystal circuit. A better tech-
nique is illustrated in Fig. 9, where D1 and
D2 — high-speed silicon switching diodes
— are used to select one of two or more
crystals from some remote point. As
operating voltage is applied to one of the
diodes by means of S1, it is forward biased
into “*hard” conduction, thereby complet-
ing the circuit between the crystal trimmer
and ground. Some schemes actually call
for reverse-biasing the unused diode or
diodes when they are not activated. This
ensures almost complete cutoff, which
may not be easy to achieve in the circuit
shown because of the existing rf voltage
on the anodes of DI and D2.

Variable-Frequency Oscillators

The theory and general application of
variable-frequency oscillators is treated in
chapter 8. The circuit principles are the
same regardless of the VFO application.

Some additional considerations pertain
to the use of VFOs in transmitters as com-
pared to a VFO contained in a receiver.
Generally, heating of the interior of a
transmitter cabinet is greater than in a re-
ceiver. This is because considerably more
power is being dissipated in the former.
Therefore, greater care must be given to
oscillator long-term stability. Tempera-
ture-compensating capacitors are often
needed in the frequency-determining portion
of the oscillator to level off the long-
term stability factor. Some oscillators are
designed for use with a temperature-
control oven for the purpose of main-
taining a relatively constant ambient
temperature in the oscillator compart-
ment — even while the equipment
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Fig. 9 — A method for selecting one of two (or several) crystais by means of diode switching. D1 and

D2 are the switches.

is otherwise turned off.

Another design matter related to a
transmitter-contained VFO is rf shielding
of the oscillator and the attendant
low-level buffer/isolation stages that fol-
low it. Fairly high levels of stray rf can be
present in a transmitter and some of that
energy may migrate to the oscillator
section by means of stray radiation or
conduction along wiring leads or circuit-
board elements. Thus, it is important to
provide as much physical and electrical
isolation as possible. The VFO should be
housed in a rigid metal box. All dc leads
entering the enclosure require rf-decou-
pling networks that are effective at all fre-
quencies involved in the transmitter
design. The VFO box needs to be fastened
securely to the metal chassis on which it
rests to ensure good electrical contact. Ex-
cessive stray rf entering the VFO circuitry
can cause severe instability and erratic
oscillator operation.

Fundamental Stability Considerations

Apart from the recommendations given
in the foregoing text for VFO stability,
there are some specific measures which
must be taken when designing an oscil-
lator of this type. The form upon which
the VFO coil is wound is of special
significance with regard to stability.
Ideally, the use of magnetic core material
should be avoided. Therefore, powdered
iron, brass, copper and ferrite slugs, or
toroid cores for that matter, are not
recommended when high stability is
required. The reason is that the properties
of such core materials are affected by
changes in temperature and can cause a
dramatic shift in the value of inductance
which might not occur if an air-core coil
was employed. Furthermore, some styles
of slug-tuned inductors are subject to
mechanical instability in the presence of
vibration. This can cause severe frequency
jumping and a frequent need for recalibra-
tion of the VFO readout versus operating
frequency.
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Regardless of the format selected for
the VFO coil, the finished product should
be coated with two or three applications
of polystyrene cement (Q dope) or similar
low-loss dopant. This will keep the coil
turns secured in a permanent position —
an aid to mechanical stability.

The VFO coil should be mounted well
away from nearby conducting objects
(cabinet walls, shield cans, and so on) to
prevent frequency shifts which are likely
to occur if the chassis or cabinet are
stressed during routine handling or mobile
operation. Movement of the chassis, cabi-
net walls and other nearby conductive ob-
jects can (if the coil is close by) change the
coil inductance. Furthermore, the proxi-
mity effects of the conductive objects pre-
sent an undefined value of capacitance be-
tween the coil and these objects. Changes
in spacing will alter that capacitance,
causing frequency shifts of an abrupt
nature.

It follows that all forms of mechanical
stability are of paramount importance if
the VFO is to be of “solid” design. Thus,
the trimmer or padder capacitors that are
used in the circuit should be capable of
remaining at their preset values despite
temperature changes and vibration. For
this reason it is not wise to utilize ceramic
or mica trimmers. Air-dielectric variable
capacitors of the pc-board-mount sub-
miniature type are recommended.

The main tuning element (capacitor or
permeability tuner) needs to have sub-
stantial rigidity: It should be mounted in
place in a secure manner. Variable
capacitors used as main-tuning elements
should be of the double-bearing variety.
They should rotate easily (minimum
torque) in order to minimize mechanical
stress of the VFO assembly when they are

being adjusted from the front panel of the-

equipment. Variable capacitors with plated
brass plates are preferred over those
which have aluminum plates. The alumi-
num is more subject to physical changes in
the presence of temperature variations

than is the case with brass. The VFO tun-
ing-capacitor rotor must be grounded at
both ends as a preventive measure against
instability. Some designers have found
that a 1/8- to 1/4-inch (3.2- to 6.4-mm)
thick piece of aluminum or steel plate
serves as an excellent base for the VFO
assembly. It greatly reduces instability
which can be caused by stress on the main
chassis of the equipment. The VFO mod-
ule can be installed on shock mounts
to enhance stability during mobile opera-
tion.

Concerning Electrical Stability

Apart from the mechical considerations
just discussed, the relative quality of the
components used in a VFO circuit is of
great importance. Fig. 10 contains three
illustrations of basic solid-state tunable
oscillators which are suggested for ama-
teur applications. The numbered com-
ponents have a direct bearing on the
short- and long-term stability of the VFO.
That is, the type of component used at
each specified circuit point must be
selected with stability foremost in mind.
The fixed-value capacitors, except for the
drain bypass, should be temperature-
stable types. NPO ceramic capacitors are
recommended for frequencies up to ap-
proximately 10 MHz. A second choice is
the silver-mica capacitor (dipped or plain
versions). Silver micas tend to have some
unusual drift characteristics when sub-
jected to changes in ambient temperature.
Some increase in value while others
decrease. Still others are relatively stable.
It is often necessary to experiment with
several units of a given capacitance value
in an effort to select a group of capacitors
that are suitably temperature stable. The
same is not true of polystyrene capacitors.
When used with the commonly available
slug-tuned coils, the temperature charac-
teristics of the polystyrene capacitors and
those of the inductor tend to cancel each
other. This results in excellent frequency
stability. If toroidal cores are used they
should be made of SF-type powdered iron
material, (Amidon mix 6). This material
has a low temperature coefficient and
when used with NPO type ceramic
capacitors produces very low drift
oscillators. Ordinary disc-ceramic
capacitors are unsuitable for use in stable
VFOs. Those with specified temperature
characteristics (N150 and similar) are use-
ful, however, in compensating for drift.

The circuit of Fig. 10A is capable of
very stable operation if polystyrene
capacitors are used at C3 through C8,
inclusive. A test model for 1.8 to 2.0 MHz
exhibited only 1 hertz of drift from a cold
start to a period some two hours later.
Ambient temperature was 25°C. QI can
be any high-gm JFET for use at vhf or uhf.
Capacitors C1 through C4 are used in
parallel as a means to distribute the rf
current among them. A single fixed-value
capacitor in that part of the circuit would
tend to change value versus time because



of the rf heating within it. Therefore, a
distinct advantage exists when several
capacitors can be used in parallel at such
points in a VFO circuit. The same concept
is generally true of C5, C6 and C7. In the
interest of stability, CS should be the
smallest value that will permit reliable
oscillation. Feedback capacitors C6 and
C7 are typically the same value and have
an X of roughly 60. Therefore, a suitable
value for a 1.9-MHz VFO would be 1500
pF.

C8 of Fig. 10A should be the smallest
capacitance value practical with respect to
ample oscillator drive to the succeeding
stage — generally a buffer or amplifier.
The smaller the value of C8, the less the
chance for oscillator pulling during load
changes. D1 is a gate-clamping diode for
controlling the bias of the FET. The
function of this stabilizing diode is treated
in chapter four. Basically, it limits the
positive swing of the sine wave. This
action restricts the change in QI junction
capacitance to minimize harmonic genera-
tion and changes in the amount of C asso-
ciated with L1.

The reactance of RFC can be on the
order of 10-k. The drain bypass, C9,
should have a maximum X of 10 ohms to
ensure effective bypassing at the operating
frequency. Ideally, an X ¢ of 1 ohm would
be used (0.1 «F at 1.5 MHz). D2 is used to
provide 9.1 volts, regulated, at the drain
of Q1. Lower operating voltages aid
stability through reduced rf-current heat-
ing, but at the expense of reduced
asciilator output.

A Hartley oscillator is shown in Fig.
10B. This circuit offers good stability
also, and is one of the better circuits to use
when the tank is parallel tuned. The tap
on L1 is usually between 10 and 25 percent
of the total coil turns, tapped above the
grounded end. This ensures adequate
feedback for reliable oscillation. The
higher the FET g, the lower the feedback
needed. Only that amount of feedback
which is necessary to provide oscillation
should be used: Excessive feedback will
cause instability and prohibitive rf heating
of the components. Most of the rules for
the circuit of Fig. 10A apply to the
oscillator in Fig. 10B.

Parallel tuning of the kind used in Fig.
10B and C are suitable for use below, say,
6 MHz, although the circuit at B can be
used successfully into the vhf region.
However, the Colpitts oscillators of A and
C in Fig. 10 have large amounts of shunt
capacitance caused by C6 and C7 of A,
and C5 and C6 of C. The smaller the
coupling capacitor between L1 and the
gate, the less pronounced this effect is.
The net result is a relatively small value of
inductance at L1, especially with respect
to Fig. 10C, which lowers the tank
impedance and may prevent oscillation
(high C-to-I. ratin) The series-tuned
circuit of Fig. 10A solves the shunt-C
problem nicely by requiring considerably
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Fig. 10 — Three common types of VFOs for use in receivers and transmitters

greater inductance at L1 than would be
acceptable in the circuit of Fig. 10C. The
circuit at A resembles the popular
““Clapp”’ circuit of the early 1950s.

A suitable transistor for Q1 of Fig. 10C
is an RCA 40673. The Texas Instruments
3N211 is also ideal, as it has an extremely
high gn, — approximately 30,000. Dual-
gate MOSFETs are suitable for the
circuits of Fig. 10A and B if biased as
shown at C. Also, they can be used as
single-gate FETs by simply connecting
gates |1 and 2 together. No external bias is
required if this is done. Gate 2 of Q1 (Fig.
10C) should be bypassed with a low-
reactance capacitor (C4), as is the rule for
the drain bypassing of all three examples
given in Fig. 10.

Bipolar transistors are satisfactory for
use in the three VFOs just discussed. The
principal disadvantage attendant to the
use of bipolars in these circuits is the low
base impedance and higher device input

capacitance. Most FETs exhibit an input
C of approximately 5 pF, but many bi-
polar transistors have a substantially
higher capacitance, which tends to com-
plicate a VFO design for the higher
operating frequencies. The uhf small-
signal transistors, such as the 2N5179, are
best suited to the circuits under discus-
sion.

Load Isolation for VFOs

Load changes after the oscillator have a
pronounced effect on the operating
frequency. Therefore, it is imperative to
provide some form of buffering (isolating
stage or stages) between the oscillator and
the circuit to which it will be interfaced.
The net effect of load changes, however
minor, is a change in reactance which
causes phase shifts. The latter affects the
operating frequency to a considerable
degree. Therefore, the more fisolating
stages which follow the oscillator (up to a
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Fig. 11 — VFO buffer and buffer/amplifier sections which provide 1solation between the oscillator and
the VFO-chain load. The circuit at B is recommended for most applications

practical number, of course), the less
likelihood of load shifts being reflected
back to the oscillator.

Buffer stages can perform double duty
by affording a measure of rf amplifica-
tion, as needed. But, care must be taken to
avoid introducing narrow-band networks
in the buffer/amplifier chain if consider-
able frequency range is planned, e.g., 5.0
to 5.5 MHz. If suitable broadband charac-
teristics are not inherent in the design, the
oscillator-chain output will not be constant
across the desired tuning range. This
could seriously affect the conversion gain
and dynamic range of a receiver mixer, or
lower the output of a transmitter in some
parts of a given band.

Fig. 11A illustrates a typical RC
coupled VFO buffer with broadband
response. Cl is selected for minimum
coupling to the oscillator, consistent with
adequate drive to Q1. Q! and Q2 should
have high fr and medium beta to ensure a
slight rf-voltage gain. Devices such as the
2N2222A and 2N5179 are suggested.
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Q2 of Fig. 11A operates as an
emitter-follower. The rf-voltage output
will be approximately 0.9 of that which is
supplied to the base. In a typical VFO
chain, using an oscillator such as the one
in Fig. 10A, this buffer strip will deliver
approximately 1 volt pk-pk across the
470-ohm emitter resistor of Q2.

A somewhat better circuit is offered in
Fig. 11B. Q1 is a JFET which has a high
input impedance (1-MQor greater) by vir-
tue of the FET-device characteristic. This
minimizes loading of the oscillator. RFC1
is chosen to resonate broadly with the stray
circuit capacitance (roughly 10 pF) at the
midrange frequency of the LO chain. Al-
though this does not introduce significant
selectivity, it does provide a rising charac-
teristic in the rf-voltage level at the source
of QlI.

Q2 functions as a fed-back amplifier
with shunt feedback and source degenera-
tion. The feedback stabilizes the amplifier
and makes it broadband. The drain tank
is designed as a pi network with a loaded

Q of 3. The transformation ratio is on the
order of 20:1 (1000-ohm drain to 50-ohm
load). R1 is placed across L1 to further
broaden the network response. The 50-
ohm output level is recommended in the
interest of immunity to load changes: The
higher the output impedance of a buffer
chain the greater the chance for oscillator
pulling with load changes. Pk-pk output
across C3 should be on the order of 3 volts
when using the oscillator of Fig. 10A.

Other VFO Criteria

Apart from the stability considerations
just treated, purity of emissions from
VFOs is vital to most designers. It is
prudent to minimize the harmonic output
of a VFO chain and to ensure that vhf
parasitic energy is not being generated
within the LO system.

The pi-network output circuit of Fig.
11B helps reduce harmonics because it is a
low-pass network. Additional filtering can
be added at the VFO-chain output by
inserting a half-wave filter with a loaded
Q of 1 (XL and X¢= 50 for a 50-ohm line).

Vhf parasitics are not uncommon in the
oscillator or its buffer stages, especially
when high fr transistors are employed.
The best preventive measures are keeping
the signal leads as short as possible and
adding parasitic suppressors as required.
The parasitic energy can be seen as a
superimposed sine wave riding on the
VFO output waveform when a high-
frequency scope is used.

A low-value resistor (10 to 22 ohms)
can be placed directly at the gate or base
of the oscillator transistor to stop
parasitic oscillations. Alternatively, one
or two ferrite beads (950u;) can be slipped
over the gate or base lead to resolve the
problem. If vhf oscillations occur in the
buffer stages, the same preventive mea-
sures can be taken.

VFO noise should be minimized as
much as possible. A high-Q oscillator
tank will normally limit the noise band-
width adequately. Resistances placed in
the signal path will often cause circuit
noise. Therefore, it is best to avoid the
temptation to control the rf excitation to a
given LO stage by inserting a series
resistor. The better method is to - use
small-value coupling capacitors.

A Practical VFO

The circuit of Fig. 12 is for a high
stability 1.8- to 1.9-MHz VFO. Although
the VFO frequency is for 160-meter
operation, other tuning ranges up to 10
MHz are possible with this circuit. The
design guidelines offered in the previous
section will be useful in altering the circuit
to other frequencies. A close approxima-
tion can be had by simply taking the X
and Xc values for the components
specified in Fig. 12 and determining from
those reactances the new values for the
frequency of interest. The tuning range
will be determined by the capacitance
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value of Cl1. Data on precise component
values for other frequency ranges are not
available from the ARRL. Further infor-
mation on VFO design and the general cir-
cuit of Fig. 12 was provided by DeMaw in
June 1976 Ham Radio.

Premixing

It is difficult to build a variable-
frequency oscillator for operation above
10 MHz with drift of only a few Hz. A
scheme called premixing shown in Fig.
13A, may be used to obtain VFO output
in the 10- to 50-MHz range. The output of
a highly stable VFO is mixed with energy
from a crystal-controlled oscillator. The
frequencies of the two oscillators are
chosen so that spurious outputs generated
during the mixing process do not fall with-
in the desired output range. A band-pass
filter at the mixer output attenuates out-
of-band spurious energy. The charts given
in chapter 8 can be used to choose oscil-
lator combinations which will have a
minimum of spurious outputs.

PLL

Receivers and transmitters of advanced
design are now using phase-locked loops
(PLLs) to generate highly stable local
oscillator energy as high as the microwave
region. The PLL has the advantage that
no mixing stage is used in conjunction
with the output oscillator, so the output
energy is quite “clean.” The Kenwood
TS-820. the Collins 651S-1, and the
National HRO-600 currently use PLL
high-frequency oscillator systems.

The basic diagram of a PLL is shown in
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Fig. 13 — Block diagrams of the (A) premixing and (8) phase-locked foop methods.

Fig. 13B. Output from a voltage-controlled
oscillator (VCO) and a frequency stan-
dard are fed to a phase detector which
produces an output voltage equal to the
difference in frequency between the two
signals. The error voltage is amplified, fil-
tered, and applied to the VCO. The error
voltage changes the frequency of the VCO
until it is locked to the standard. The
bandwidth of the error-voltage filter de-
termines the frequency range over which
the system will remain in phase lock.
Three types of phase-locked loops are
now in use. The simplest type¢ uses har-
monics of a crystal standard to phase-
lock an HFO, providing the injection for
the first mixer in a double-conversion re-
ceiver. A typical circuit is given in Fig. 14.
Complete construction details on this PLL
were given in January 1972 QST. A sec-
ond type of phase-locked loop uses a

stable mf VFO as the standard which sta-
bilizes the frequency of an hf or vhf VCO.
This approach is used in the receiver de-
scribed by Fischer in March 1970 QST.

The other PLL system also uses a crystal-
controlled standard, but with program-
mable frequency dividers included so that
the VCO output is always locked to a
crystal reference. The frequency is changed
by modifying the instructions to the divi-
ders; steps of 100 Hz are usually employed
for hf receivers while 10-kHz increments
are popular in vhf gear.

VFO Dials

One of the tasks facing an amateur
builder is the difficuity of finding a
suitable dial and drive assembly for a
VFO. A dial should provide a sufficiently
slow rate of tuning — 10 to 25 kHz per
knob revolution is considered optimum —
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without backlash. Planetary drives are
popular because of their low cost;
however, they often develop objectional
backlash after a short period of use.
Several types of two-speed drives are
available. They are well suited to home-
made amateur equipment. The Eddystone
898 precision dial has long been a favorite
with amateurs, although the need to ele-
vate the VFO far above the chassis intro-
duces some mechanical-stability problems.
If a permeability-tuned oscillator (PTO) is
used, one of the many types of turn
counters made for vacuum variable capaci-
tors or rotory inductors may be employed.

Linear Readout

If linear-frequency readout is desired on
the dial, the variable capacitor must be
only a small portion of the total
capacitance in the oscillator tank. Capaci-
tors tend to be very nonlinear near the
ends of rotation. A gear drive providing a
1.5:1 reduction should be employed so
that only the center of the capacitor range
is used. Then, as a final adjustment, the
plates of the capacitor must be filed until
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linear readout is achieved. In a PTO, the
pitch of the oscillator coil winding may be
varied so that linear frequency change
results from the travel of the tuning slug.
Such a VFO was described in July 1964
QST. A different approach was employed
by Lee (November 1970 QST), using a
variable-capacitance diode (Varicap) as
the VFO tuning element. A meter which
reads the voltage applied to the Varicap
was calibrated to indicate the VFO
frequency.

Electronic Dials

An electronic dial consists of a sim-
plified frequency counter which reads
either the VFO or operating frequency of
a transmitter or receiver. The advantage
of an electronic dial is the excellent
accuracy (to 1 hertz, if desired) and the
fact that VFO tuning does not have to be
linear. The readout section of the dial may
use neon-glow tubes called Nixies (a trade-
name of the Burroughs Corp.), or a seven-
segment display using incandescent lamps,
filament wires in a vacuum tube, or LCDs
(liquid crystal display), or LEDs (light-

emitting diodes). The use of MSI and LSI
circuits, some containing as many as 200
transistors on a single chip, reduces the
size required for an electronic dial to a few
square inches of circuit-board space.

A typical counter circuit is given in Fig.
15. The accuracy of the counter is deter-
mined by a crystal standard which is often
referred to as a clock. The output from a
100-kHz calibration oscillator, the type
often used in receivers and transceivers,
may be employed if accuracy of 100 Hz is
sufficient. For readout down to 1 Hz, a
1- to 10-MHz AT-cut crystal should be
chosen, because the type of high-accuracy
crystal exhibits the best temperature
stability. The clock output energy is divid-
ed in decade-counter ICs to provide the
pulse which opens the input gate of the
counter for a preset time. The number of
rf cycles which pass through the gate while
it is open are counted and stored. Storage
is used so that the readout does not blink.
At the end of each counting cycle the in-
formation that has been stored activates
the display LEDs, which present the
numbers counted until another count
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Fig. 15 — Frequency counter block diagram.

cycle is complete. A complete electronic
dial arranged to be combined with an ex-
isting transmitter or receiver was describ-
ed in October 1970 QST. Also, Macleish
et al. reported an adapter which allows a
commercially made frequency counter to
be mated with ham gear so that the
counter performs as an electronic dial
(May 1971 QST).

Frequency_MuItipIication

It may bec necessary to use frequency
multipliers at some point after the VFO or
other frequency generator in a transmit-
ter. When this need is present, the circuits
of Fig. 16 can be applied. Of course,
vacuum-tube multipliers are entirely suit-
able if the design is not one which uses
semiconductors. The fundamental prin-
ciples for frequency multiplication are
applicable to tubes and transistors alike.
The requisite is that of operating the
devices in Class C. Although a transistor
circuit may be seen with forward bias
applied to a frequency multiplier, the
stage must be driven hard enough to
override the bias and operate Class C.
Forward bias is sometimes used in a
multiplier stage (solid state) to lower the
excitation requirements. Negative voltage
(reverse bias) is often used on the grid of a
vacuum-tube multiplier, but forward bias
is not.

The circuit of Fig. 16A is probably the
least suitable for frequency multiplica-
tion. Typically, the efficiency of a doubler
of this type is 50 percent, a tripler is 33
percent, and a quadrupler is 25 percent.
Additionally, harmonics other than the
one to which the output tank is tuned will
appear in the output unless effective
band-pass filtering is applied. The collec-
tor tap on L1 of Fig. 16A is placed at a
point which offers a reasonable com-
promise between power output and spec-
tral purity: The lower the tap with respect
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Fig. 16 — Single-ended multiplier (A), push-push doubler (8) and push-pull tripler (C).

to V., the lighter the collector loading on
L1 and the greater the filtering action of
the tuned circuit. The tradeoff is,
however, a reduction in output power as
the mismatch of the collector to the load
increases.

A push-push doubler is shown at Fig.
16B. Because of the conduction angle of
this type of circuit the efficiency is similar
to that of a straight amplifier which
operates in Class C. Also, the driving
frequency (f) will be well attenuated at the
doubler output if electrical balance and
component symmetry are ensured. A
12AU7A tube will work nicely in this type
of circuit well into the vhf region. T1 in
this example is a trifilar-wound, broad-
band toroidal transformer. It drives the
gates of Q1 and Q2 in push pull (opposite
phase). The drains are in parallel and are

tuned to 2f. RI is used to establish
electrical balance between Q1 and Q2. R1
is set while the doubler is being fully
driven. Diode doublers can be used in a
similar circuit, but the subject will not be
treated here (see chapter four).

A push-pull tripler is illustrated in Fig.
16C. Once again the matter of electrical
balance and symmetry is important to
good operation. The circuit discriminates
against even harmonics, thereby aiding
spectral purity. The efficiency is some-
what better than a tripler using the circuit
of Fig. 16A. If vacuum tubes are used in
the circuits of Fig. 16, the input ports
should employ high-impedance tuned cir-
cuits for best performance.

Output Filtering
Output purity from oscillators, multi-

HF Transmitting 6-10



Table 1
Chebyshev High-Pass and Low-Pass Filters-Attenuation (dB)
No. poles, ripple VSWR 21, 31, 41 5t 61, 71,
3 pole, 1 dB 2.66 22.46 34.05 41.88 47.85 52.68 56.74
3 pole, 0.1dB 1.36 12.24 23.60 31.42 37.39 42,22 46.29
3 pole, 0.01 dB 1.10 4.08 13.73 21.41 27.35 32.18 36.24
3 pole, 0.001 dB 1.03 0.63 513 11.68 17.42 22.20 26.25
5 pole, 1 dB 2.66 4531 64.67 77.73 87.67 95.72 102.50
5 pole, 0.1 dB 1.36 34.85 54.21 67.27 77.21 85.26 92.04
5 pole, 0.01 dB 1.10 24.82 44.16 57.22 67.17 75.22 82.00
5 pole, 0.001 dB 1.03 14.94 34.16 47.22 57.16 65.22 71.99
7 pole, 1dB 2.66 68.18 95.29 113.57 127.49 138.77 148.26
7 pole, 0.1 dB 1.36 57.72 84.83 103.11 117.03 128.31 137.80
7 pole, 0.01 dB 1.10 47.68 74.78 93.07 106.99 118.27 127.75
7 pole, 0.001 dB 1.03 37.68 64.78 83.06 96.98 108.26 117.75
9 pole, 1 dB 2.66 91.06 125.91 149.42 167.32 181.82 194.01
9 pole, 0.1 dB 1.36 80.60 115.45 138.96 156.86 171.36 183.55
9 pole, 0.01 dB 1.10 70.56 105.41 128.91 146.81 161.31 173.51
9pole, 0.001 dB 1.03 60.55 95.40 118.91 136.91 151.31 163.50
Note: For high-pass filter configuration 2t. becomes f_/2, etc.

\
Table 2
Chebyshev Low-Pass Filter — T Configuration
No. poles, ripple L1 L2 L3 L4 L5 Cc1 c2 c3 C4
3 pole, 1dB 16.10  16.10 3164.3
3 pole, 0.1dB 8.209 8.209 3652.3
3 pole, 0.01 dB 5.007  5.007 3088.5
3 pole, 0.001 dB 3.253 3.253 2312.6
5 pole, 1 dB 16.99 2388  16.99 34731 34731
5 pole, 0.1 dB 9.126 15.72 9.126 4364.7 4364.7
5 pole, 0.01 dB 6.019 1255 6.019 4153.7 4153.7
5 pole, 0.001 dB 4318 10.43 4.318 35711 35711
7 pole, 1dB 17.24 2462 2462 17.24 3538.0 37354 3538.0
7 pole, 0.1 dB 9400 1668 16.68 9.400 4528.9 5008.3 4528.9
7 pole, 0.01 dB 6.342 13.91 13.91 6.342 4432.2 5198.4 44322
7 pole, 0.001 dB 4690 1219 1219 4.690 3951.5 4924.1 39515
9 pole, 1 dB 17.35 2484 2526 2484 1735 35625 3786.9 37869 35625
9 pole, 0.1dB 9515 16.99 1755 16.99 9.515 45919 5146.2 5146.2 45919
9 pole, 0.01 dB 6.481 1436 1517 14.36 6.481 45425 5451.2 54512 45425
9 pole, 0.001dB  4.854 12.81 1388 1281 4854 4108.2 5299.0 5299.0 4108.2
Component values normalized to 1 MHz and 50 ohms. L in uH; and C in pF.
Table 3
Chebyshev Low-Pass Filter — Pi Configuration
No. poles, ripple C1 c2 c3 C4 C5 L1 L2 L3 L4
3 pole, 1dB 6441.3 6441.3 7911
3 pole, 0.1dB 3283.6 3283.6 9.131
3 pole, 0.01 dB 2002.7 2002.7 7.721
3 pole, 0.001dB 13012 1301.2 5.781
5 pole, 1 dB 6795.5 9552.2 6795.5 8683  8.683
5 pole, 0.1 dB 3650.4 6286.6 3650.4 10.91 10.91
5 pole, 0.01 dB 24075 5020.7 2407.5 10.38  10.38
5 pole, 0.001dB  1727.3 41705 17273 8928 8.928
7 pole, 1dB 6896.4 9847.4 9847.4 6896.4 8.85 9.34 8.85
7 pole, 0.1 dB 3759.8 6673.9 6673.9 3759.8 11.32 1252 11.32
7 pole, 0.01 dB 2536.8 5564.5 5564.5 2536.8 11.08 13.00 11.08
7 pole, 0.001 dB  1875.7 4875.9 48759 1875.7 9.879 12.31 9.879
9 pole, 1 dB 69383 99358 10,105. 99358 6938.3 8906 9.467 9.467 8.906
9 pole, 0.1 dB 38059 6794.5 7019.9 67945 38059 11.48 1287 12.87 11.48
9 pole, 0.01 dB 25925 57435 6066.3 57435 25925 11.36 13.63 1363 11.36
9 pote, 0.001dB 19417 51246 5553.2 51246 1941.7 1027 1325 1325 10.27
Component values normalized to 1 MHz and 50 ohms. L in uH; C in pF.
pliers and amplifiers is of paramount protection against spurious responses

importance to the performance of numerous
circuits. In the interest of compliance with
current FCC regulations, wherein all spu-
rious emissions from a transmitter must
be 40 dB or greater below the peak power
of the desired signal, filtering is important.
The type of filter used — band-pass, notch,
low-pass or high-pass — will depend on
the application. Band-pass filters afford
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above and below the amateur band for
which they have been designed. Low-pass
filters attenuate energy above the desired
output frequency, while high-pass filters
reduce energy below the band of interest.
It is common practice to include a harmo-
nic filter at the output of a VFO chain to
ensure purity of the driving voltage to a
mixer or amplifier stage. The filter

bandwidth must be adequate for the
tuning range of the VFO in order to
prevent attenuation of the output energy
within the desired band. For this reason, a
low-pass type of filter is used in preference
to a bandpass one by some designers.

The information contained in Figs.
17-19 and in Tables 1 to 5 will allow the
builder to select an appropriate
Chebyshev filter design to fulfill a par-
ticular need. Information is included for
both high-pass and low-pass filters with 1,
0.1, 0.01 and 0.001 db passband ripple.
These figures correspond to VSWRs of
2.66, 1.36, 1.10 and 1.03 respectively. Ad-
ditionally, information is provided for
both “T’’ and “‘pi"’ types of filter con-
figurations.

The filters are “‘normalized’’ to a fre-
quency of | MHz and an input and output
impedance of 50 ohms. In order to trans-
late the designs to other frequencies, all
that is necessary is to divide the compo-
nent values by the new frequency in MHz.
(The 1-MHz value represents a ‘‘cutoff”’
frequency. That is, the attenuation in-
creases rapidly above this frequency for
the low-pass filter or below this frequency
for the high-pass filter. This effect should
not be confused with the variations in at-
tenuation in the passband.) For instance,
if it is desired to reduce harmonics from a
VFO at frequencies above $ MHz (the new
cutoff frequency), the inductance and
capacitance values would be divided by
5.0.

Other impedance levels can also be used
by multiplying the inductor values by the
ratio Z,/50 and the capacitor values by
50/Z,, where Z, is the new impedance.
This factor should be applied in addition
to the ones for frequency translation.

In order to select a suitable filter design
the builder must determine the amount of
attenuation required at the harmonic fre-
quencies (for the low-pass case) or
**subharmonic’’ frequencies (for the high-
pass application). Additionally, the
builder must determine the maximum per-
missible amount of passband ripple and
therefore the VSWR of the filter. With
this information the builder can refer to
Table 1 to select an appropriate filter
design. The attenuation values given here
are theoretical and assume perfect com-
ponents, no coupling between filter sec-
tions and no signal leakage around the
filter. A *‘real life'’ filter should follow
these values fairly close down to the 60- or
70-dB attenuation level. At this point the
theoretical response will likely be de-
graded somewhat by the factors just men-
tioned. Once the filter design has been
selected the builder can refer to Tables 2-5
to obtain the normalized component
values.

In many cases the calculated capacitor
values will be sufficiently close to a stan-
dard value so that the standard-value item
may be used. Alternatively, a combina-
tion of fixed-value silver-mica capacitors



Table 4
Chebyshev High-Pass PFliter — T Configuration

No. poles, ripple C1 c2 Cc3 C4 Cc5 Lt L2 L3 L4
3 pole, 1 dB 1573.0 1573.0 8.005

3 pole, 0.1 dB 3085.7 3085.7 6.935

3 pole, 0.01 dB 5059.1  5059.1 8.201

3 pole, 0.001 dB 77869 7786.9 10.95

5 pole, 1 dB 14910 1060.7 14910 7293 7.293

5 pole, 0.1 dB 27756 1611.7 27756 5803 5.803

5 pole, 0.01 dB 42086 2018.1 4208.6 6.098 6.098

5pole, 0.001 dB  5865.7 24295 5865.7 7.093 7.093

7 pole, 1 dB 1469.2 10289 10289 1469.2 7.160 6.781 7.160

7 pole, 0.1 dB 26949 15182 15182 2694.9 5593 5.058 5.593

7 pole, 0.01 dB 3994.1 18209 18209 399441 5715 4873 5715

7 pole, 0.001 dB  5401.7 20780 20780 5401.7 6.410 5.144 6410

9 pole, 1 dB 1460.3 10198 1002.7 10198 1460.3 7110 6689 6.689 7.110

9 pole, 0.1 dB 2662.2 14912 14433 14912 2662.2 5516 4922 4922 5516
9 pole, 0.01 dB 39082 17641 16702 17641 39082 5.576 4647 4647 5576
9 pole, 0.001 dB 52183 1977.1 18246 1977.1 52183 6.657 4780 4.780 6.657

Component values normalized to 1 MHz and 50 ohms. L in uH; and C in pF.

Table §

Chebyshev High-Pass Filter — Pi Configuration

No. poles, ripple L1 L2 L3 L4 L5 Cc1 c2 c3 C4
3 pole, 1 dB 3.932 3.932 3201.7

3 pole, 0.1 dB 7.714 7.714 27742

3 pole, 0.01dB 1265 12.65 3280.5

3 pole, 0.001 dB  19.47 19.47 4381.4

5 pole, 1 dB 3.727 2.652 3.727 2917.3 29173

5 pole, 0.1 dB 6.939 4029 6.939 2321.4 23214

5 pole, 0.01 dB  10.52 5.045 1052 2439.3 24393

5pole, 0.001 dB  1.466  6.074 1.466 2837.3 28373

7 pole, 1 dB 7.159 5014 5014 7.159 1469.2 13916 1469.2

7 pole, 0.1 dB 6.737 3.795 3795  6.737 22372 20231 22372

7 pole, 0.01 dB 9.985 4552 4.552 9.985 2286.0 1949.1 2286.0

7 pole, 0.001 dB  13.50 5195 5.195 13.50 2564.1 2057.7 2564.1

9 pole, 1dB 3.651 2549 2.507 2.549 3651 28441 26756 26756 28441

9 pole, 0.1 dB 6.656 3.728 3.608 3.728 6.656 22065 19689 1968.9 22065
9 pole, 0.01 dB 9.772 4410 4.176 4.410 9772 22305 1858.7 1858.7 22305
9 pole, 0.001 dB  13.05 4943 4.561 4943 13.05 2466.3 19118 19118 24663

Component values normalized to 1 MHz and 50 ohms. L in uH; and C in pF.
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Fig. 18 — Here is a photograph of a 7-pole low-
pass filter designed with the information con-
tained in Table 3. The filter is housed in a
small aluminum Minibox.
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Fig. 17 — A representative drawing of the attenuation levels that could be expected from a 5-pole,
low-pass filter designed from the Information contained in Tahles 2 or 3. The exact amount of at-
tenuation (theoretical) can be obtained from Table 1. This drawing shows how passband ripple
and roll-off slope are interrelated.

Fig. 19 — Shown here are the four filter types
discussed in the text and Tables 1-5.

and mica compression trimmers can be
used in parallel to obtain the chart values.
Toroidal inductors, because of their self-
shielding properties, are ideal for use in
these filters. Miniductor stock can also be
used. However, it is much bulkier and will
not offer the same degree of shielding be-
tween filter sections. Disc-ceramic or
paper capacitors are not suitable for use in
f filters. Standard mica or silver-mica
types are recommended.

Fig. 18 shows a filter that was designed
with the information contained in Table
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Fig. 20 — Circuit examples of transistor and tube driver stages for use in transmitters.

3. It is a 7-element, low- -pass type of pi
configuration. The unit is housed in a
small aluminum Minibox and makes use
of BNC connectors for the input and out-
put connections. Some practical low-pass
filter values are given later in this chapter.
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Driver Stages

The choice between tubes and transis-
tors in low-level amplifier and driver
stages will depend upon the nature of the
composite transmitter. Some designs con-

tain a mixture (hybrid) of tubes and
semiconductors, while other circuits have
no vacuum tubes at all. If tubes are used
in a hybrid circuit, they are generally
restricted to the driver and PA sections of
the transmitter. There is no particular
reason why tubes should be used in
preference to power transistors for output
powers up to, say, 150 watts, despite the
prevailing myth that tubes are more
rugged, operate more stably, and produce
less spurious output. It is true that
transistors are less tolerant than tubes to
SWR levels in excess of 2:1, but a
correctly designed transistor amplifier can
be operated safely if SWR-protection
circuitry is included. Furthermore, spec-
tral purity can be just as good from a
solid-state amplifier as it is from a tube
type of amplifier. A harmonic filter
normally follows a solid-state power
stage, whereas this measure may not be
required when tubes are used in the
amplifier. Amplifier IMD (third- and
fifth-order products) in solid-state power
stages which operate linearly is fully as
acceptable as that which is observed in
most tube types of linear amplifiers.
Typically, if a design is correct, the IMD
will be on the order of —33 dB from the
reference power value.

The major area of concern when
designing a solid-state driver or PA
section is to prevent low-frequency self-
oscillations. Such parasitics tend to
modulate the carrier and appear as
spurious responses within the amplifier
passband. The low-frequency parasitics
occur as a result of the extremely high
gain exhibited by hf and vhf transistors at
the low-frequency end of the spectrum.
The theoretical gain increase for a given
transistor is 6 dB per octave as the
operating frequency is lowered. The same
is not true of vacuum tubes. Therefore, it
is necessary to employ quality decoupling
and bypassing in the circuit. It is similarly
important to use low-Q, low-inductance rf
chokes and matching networks to dis-
courage low-frequency tuned-base, tuned-
collector oscillations. The suppression
concepts just discussed are illustrated in
Fig. 20 at B and C. In the circuit at B there
are two 950-mu ferrite beads added over
the pigtail of RFC1 to swamp the Q of the
choke. Three bypass capacitors (0.001,
0.01 and 0.1u F) are used with RFC2 of
Fig. 20B to provide effective rf decoupling
from vhf to mf. A 22-uF capacitor is used
near RFC2 to bypass the + V.. line at low
frequency and audio. This method is
recommended for each high-gain solid-
state stage in a transmitter.

Driver Circuits

The circuits of Fig. 20A and 20B are
typical of those which would be employed
to excite a tube type of PA stage. The
6GK6 tube driver at A can be biased for
Class C or Class AB operatlon making it
suitable for cw or ssb service. Of course,
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Fig. 21 — Practical circuit for a three-stage broadband amplifier/driver. See text.

the AB mode would be suitable for cw and
ssb, and would require considerably less
excitation power than would the same
stage operating in Class C. Other tubes
that perform well in this circuit are the
6CL6, 12BY7A and 5763. The output
tank is designed for high impedance in
order to interface properly with the
high-impedance grid of the PA. 1t may be
necessary to include a neutralization
circuit with this type of amplifier,
especially if careful layout is not used. The
high transconductance of the 6GK6 series
encourages self-oscillation near the upcra-
ting frequency. Z1 is a parasitic choke
which should be included as a matter of
course to prevent vhf parasitics.

A transistor amplifier which is suitable
for driving a Class C tube PA is presented
in Fig. 20B. Q1 operates Class C, so it is
not satisfactory for amplifying ssb energy.
However, forward bias (approximately
0.7 volt) can be added to move the
operating curve into the Class AB (linear)
region, thereby making the stage suitable
for ssb signal amplification. A 1.5-ohm
resistor can be added between the emitter
and ground to help prevent thermal
runaway and to introduce degeneration
(feedback) for enhancing stability. No
bypass capacitor would be used from
emitter to ground if this were done. Tl is a
narrow-band toroidal rf transformer that
has a turns ratio suitable for transforming
the collector impedance to the grid
impedance (determined by the value of the
grid resistor of the PA) of the final
amplifier. The secondary winding of T1 is
tuned to resonance at the operating
frequency. Approximately 1 watt of
power output can be taken from Q1 in the
hf region when a 12-volt V.. is used. This
is ample power for driving a pair of 6146B
tubes in Class ABI.

A broadband type of solid-state driver
is shown in Fig. 20C. The tradeoff for

broadband operation (1.8 to 30 MHz in
this example) is a reduction in maximum
available gain (MAG). Therefore, the out-
put power from Q1 of Fig. 20C will be less
than 1 watt. The stage operates Class A,
making it linear. The emitter is unby-
passed to provide emitter degeneration.
Shunt feedback is used between the base
and collector to enhance stability and con-
tribute to the broadband characteristic of
the circuit. T1 is a broadband conven-
tional transformer wound on a toroid
core. The turns ratio is adjusted to match
the approximate 200-ohm collector im-
pedance to the base impedance of the
transistor PA stage. The latter is typically
less than § ohms. Heat sinks are required
for the transistors of Fig. 20B and C. The
primary of T1 should have a reactance of
roughly four times the collector im-
pedance. This is related to the lowest pro-
posed operating frequency. Therefore, for
1.8 MHz the primary winding would be 70
uH (X = 800 ohms). This can be
achieved easily by using an FT50-43
Amidon core. The primary advantage to a
broadband driver is that it need not be
band-switched or peaked by means of a
front-panel control. The transistor
selected for broadband service should
have a very high f rating. It needs to have
high beta as well. Transistors designed for
uhf service are excellent as hf-band
amplifiers when broadbanding is con-
templated. Neutralization is not necessary
when using bipolar-transistor amplifiers.

A practical three-stage broadband am-
plifier strip is shown schematically in Fig.
21. With an input level of 10 mW it is
possible to obtain 1.4 watts of output
from 3.5 to 29 MHz. A keying transistor
(Q4) is included for turning the amplifier
off by means of a VOX, or for keying it
during cw operation.

Rms and dc voltages are noted on
the diagram of Fig. 21 to aid in

troubleshooting. Overall gain for the strip
at 7 MHz is 31 dB, with slight gain varia-
tions elsewhere in the passband. T1 con-
sists of 30 turns of no. 28 enameled wire
(primary) on an FT50-43 toroid. The
secondary has four turns on no. 28 wire.
T2 uses 16 turns of no. 28 enameled wire
(primary) looped through an Amidon
BLN-43-302 ferrite balun core. The secon-
dary contains four turns of no. 28 wire.
RFC1, RFC2 and RFC3 are 250-uH units.
They are made by winding 20 turns of no.
28 enameled wire on FT37-43 toroid
cores. D1 and D2 are 1-A, 50 PRV rec-
tifier diodes. This driver was designed to
excite a Motorola MRF449A PA stage to
a power-output range from 15 to 30 watts.
C1 at the emitter of Q1 can be selected to
provide the overall gain needed in this
strip. The value given at Cl proved
suitable for the ARRL version of this
amplifier. The final value will depend on
the gain of the individual transistors ac-
quired for this circuit.

Coupling Between Transmitter Stages

Correct impedance matching between a
stage and its load provides maximum
transfer of power. The load can be an
antenna or a succeeding stage in a
transmitter. Thus, the output impedance
of a stage must be matched to the input of
the following stage. Various forms of
coupling networks are popular for use in
tube or transistor circuits. The choice will
depend on a number of considerations —
available driving power versus tolerable
mismatch, selectivity required and the
impedance levels being matched. When
working with transistors, the collector
impedance can be approximated by

\ICC2
T 2P,

z

where Z is in ohms and P, is the power
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Fig. 22 — Typical coupling methods for use between amplifier stages. See text.

output from the stage. However, deter-
mining the input impedance of the base
of the following stage is difficult to do
without expensive laboratory equipment.
Generally, when the PA delivers in excess
of 2 watts of output power, the base
impedance of that stage will be less than
10 ohms — frequently just 1 or 2 ohms.
For this reason some kinds of LC
matching networks do not lend them-
selves to the application. Furthermore,
without being able to predict the precise
input impedance of a transistor power
amplifier, it becomes desirable to use what
is sometimes referred to as a ‘“‘sloppy”
matching network. This is an LC network
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in which both the inductance and capaci-
tance elements are variable to allow lati-
tude of adjustment while securing a
matched condition. On the other hand,
some designers purposely introduce a
mismatch between stages to control the
power distribution and aid stability.
When this technique is used it is necessary
to have more driving power than would be
needed under a matched condition. An
intentional mismatch results in a tradeoff
between gain and the desired end effect of
introducing a mismatch.

In the interest of stability it is common
practice to use low-Q networks between
stages in a solid-state transmitter. The

penalty for using a low-Q resonant
network is poor selectivity: There is little
attenuation of harmonic or other spurious
energy. Conversely, tube stages operate at
relatively high impedance levels (plate and
grid) and can be neutralized easily (not
true of transistors). This permits the
employment of high-Q networks between
stages, which in turn provide good
selectivity. Most solid-state amplifiers use
matching networks with loaded Qs of S or
less. Tube stages more commonly contain
networks with loaded Qs of 10 to 15. The
higher the Q, up to a practical limit,
the greater the attenuation of frequencies
other than the desired ones. In all cases,
the input and output capacitances of tubes
and transistors must be included in the
network constants, or to use the en-
gineering vernacular, “‘absorbed” into the
network. The best source of information
on the input and output capacitances of
power transistors is the manufacturer’s
data sheet. The capacitance values are de-
pendent upon the operating frequency
and power level of the transistor — a very
complex set of curves. Most tube data
sheets list specific values of input and out-
put capacitance, which do not vary with
the operating frequency or power level.

The interstage coupling method shown
in Fig. 22A is a common one when
vacuum tubes are employed. The driver
plate has a tuned circuit which is resonant
at the operating frequency. A low-value
coupling capacitor (100 pF in this ex-
ample) routes the drive from the plate of
V1 to the grid of V2 across a high-
impedance element, RFC2. The other
choke, RFC1, is used as part of the
decoupling network for the supply voltage
to V1.

Band-pass coupling between tube stages
is demonstrated at Fig. 22B. C1 has a very
small capacitance value and is chosen to
provide a single-hump response when the
two resonators (L1 and L2) are peaked to
the operating frequency. The principal ad-
vantage to this circuit over that of Fig.
22A is greater purity of the driving energy
to V2 by virtue of increased selectivity. As
an alternative to capacitive coupling (C1),
link coupling can be used between the cold
ends of L1 and L2. Similar band-pass net-
works are applicable to transistor stages.
The collector and base of the two stages
would be tapped down on L1 and L2 to
minimize loading. This helps preserve the
loaded Q of the tuned circuits, thereby
aiding selectivity.

A common form of transformer cou-
pling is seen at Fig. 22C. T1 is usually a
toroidal inductor for use up to approxi-
mately 30 MHz. At higher frequencies it is
often difficult to provide a secondary win-
winding of the correct impedance ratio re-
spective to the primary winding. Depend-
ing on the total number of transformer
turns used, the secondary might call for
less than one turn, which is impractical.
However, for most of the spectrum up to



30 MHz this technique is entirely satisfac-
tory. The primary tap on T1 is chosen to
transform the collector impedance of QI
to the base impedance of Q2 by means of
the turns ratio between the tapped section
and the secondary winding of the trans-
former. R1 may be added in shunt with
the secondary to stabilize Q2 if there is a
tendency toward self-oscillation. The
value used will be in the 5- to 27-ohm
range for most circuits. The rule of thumb
is to use just enough resistance to tame the
instability.

A method for coupling between stages
by means of a capacitive divider is il-
lustrated in Fig. 22D. The net value of C1
and C2 in series must be added to the
capacitance of C3 when determining the
inductance required for resonance with
L1. The basic equation for calculating the
capacitance ratio of C1 and C2 is included
in the diagram. RFC1 serves as a dc return
for the base of Q2. The Q of the rf choke
is degraded intentionally by the addition
of two 950-mu ferrite beads. This aids
stability, as discussed earlier in this
chapter. An advantage to using this type
of circuit is that vhf and uhf parasitics are
discouraged and harmonic currents are at-
tenuated when C2 is fairly high in
capacitance. This is not true of the circuit
in Fig. 22C.

When the impedance levels to be
matched are of the proper value to permit
employing  specific-ratio  broadband
transformers, the circuit of Fig. 22E is
useful. In this example two 4:l
transformers arc used in cascade to pro-
vide a 16:1 transformation ratio. This
satisfies the match between the 80-ohm
collector of Q1 and the 5-ohm base of Q2.
The shortcoming of this technique is the
lack of selectivity between stages, but the
advantage is in the broadband
characteristic of the coupling system. The
phasing dots on the diagram near T1 and
T2 indicate the correct electrical relation-
ship of the transformer windings.

Network Equatlons

The three networks shown in Figs. 24,
25 and 26 will provide practical solutions
to many of the impedance-matching pro-
blems encountered by amateurs. In each
of the figures it is assumed that the output
impedance being matched is lower than
the input impedance of the following
stage. If this is not the case the network
(the circuit elements between the points
marked A and B) can be turned around to
provide the correct transformation.
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