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FOREWORD

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

The present volume is the product of the efforts and
the skills of many talented amateurs. We hope you will
find it of value in the pursuit of your goals and your
interests, particularly in these times when there seems to
be a growing enthusiasm in and excitement about
amateur radio.

RICHARD L. BALDWIN, WIRU
General Manager

Newington, Conn.
November, 1976
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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, encour-
agement and support to his fellow radio amateurs, his local
club and to the American Radio Relay League, through
which amateur radio is represented.

THREE

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

FOUR

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

© spirit.

FIVE

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

SIX
Tbe Amateur is Patriotic . . . His knowledge and his
station are always ready for the service of his country and
his community.

— PAUL M. SEGAL



Amateur Radio

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 are they doing?

Well, every minute of every hour of every day,
365 days a year, radio amateurs all over the world
are communicating with each other. It’s a way of
discovering new friends while experimenting with
different and exciting new ways to advance the art
of their hobby. Ham radio is a global fraternity of
people with common and yet widely varying
interests, able to exchange their ideas and learn
more about each other with each new contact.
Because of this, radio amateurs have the unique
ability to enhance international relations as does
no other hobby. How else is it possible to talk to
an engineer involved in a space program, a Tokyo
businessman, a U.S. legislator, a store owner in the
New York Bronx, 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!
Only with amateur radio — that’s how!

The way in which 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. There are satellites in orbit that
hams built and hams presently use to achieve
communication. Still other hams bounce their
signals off the moon! The possibilities are almost
unlimited. Not only do radio amateurs use interna-
tional 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 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 tech-
niques? 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 with the special skills they possess.
Public service is a very large and integral part of the
whole Amateur Radio Service. Hams continue this
tradition by becoming involved and sponsoring
various activities in their community.

Field Day, just one of many public service-type
activities, is an annual event occurring every June
when amateurs (using electricity generated at the
site of operation) take their equipment into the

Chapter 1

great outdoors and test it for use in case of
disaster. Not only do they test their equipment,
but they make a contest out of the exercise and try
to contact as many other hams operating
emergency-type stations as possible (along with
“‘ordinary’’ types). Often they make Field Day a
club social event while they are operating.

Traffic nets 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 permitted. 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 languages, 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 arm-
chair 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 Coun-
tries (DXCC) and many others.

Mobile operation (and especially on the very
high frequencies) holds a special attraction to
many hams. 1t’s always fun to keep in touch with
ham friends over the local repeater (devices which

HIRAM PERCY MAXIM
President ARRL, 1914-1936
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A didah N dahit

B dahdididit O dahdahdah

C dahdidahdit P didahdahdit

D dahdidit Q dahdahdidah

E dit R didahdit

F dididahdit S dididit

G dahdahdit T dah

H didididit U dididah

I didit V didididah

J didahdahdah W didahdah

K dahdidah X dahdididah

L didahdidit Y dahdidahdah

M dahdah Z dahdahdidit

1 didahdahdahdah 6 dahdidididit

2 dididahdahdah 7 dahdahdididit
3 didididahdah 8 dahdahdahdidit
4 dididididah 9 dahdahdahdahdit
5 dididididit 0 dahdahdahdahdah

 —_— . B

d_al_)dah. Question markﬁididahdahqid_jt.fr;'or:

didididididididit. Double  dash: dahdidididah.
Colon: dahdahdahdididit. Semicolon : dahdidah-
didahdit. Parenthesis: dahdidahdahdidah: Frac-

tion bar : dahdididahdjt. Wait: didahdididit. End

Ce—

of message: didahdidahdit. Invitation to trans-

mit: dahdidah. End of work: didididahdidah.

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.

The Oscar (Orbiting Satellite Carrying Amateur
Radio) program is a new challenge to the amateur
radio fraternity. Built by hams from many coun-
tries around the world, these ingenious devices
hitch rides as ballast (secondary payloads) on space
shots for commercial communications or weather
satellites. Oscar satellites then receive signals from
the ground on one frequency and convert those
signals to another frequency to be sent back down
to Earth. Vhf (very high frequency) and uhf
(ultra-high frequency) signals normally do not have
a range much greater than the horizon, but when
beamed to these satellites, a vhf/uhf signal’s effec-
tive range is greatly increased to make global
communication a possibility. These Oscar satellites
also send back telemetry signals either in Morse
code or radioteleprinter (RTTY), constantly giving
information on the condition of equipment aboard
the satellite.

Radio amateur 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” or
see each other. It’s a good supplement to talking to
each other over the radio. The swapping of tales
(and sometimes equipment), telling of jokes and a
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general feeling of high spirits adds 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 events like county fairs,
etc. Classes for beginners are given by many clubs
on a regular basis and offer the prospective ham a
chance to exchange ideas with the instructor and
classmates so that learning may progress at a faster
speed than by individual study.

Self-reliance has always been a trademark of the
radio amateur. This is often best displayed by the
strong desire by many hams to design and build
their own equipment. Many others prefer to build
their equipment from kits. The main point here is
that hams want to know how their equipment
functions, what to do with it and how to fix it if a
malfunction should occur. Repair shops aren’t
always open during hurricanes or floods and they
aren’t always out in the middle of the Amazon
jungle, either. Hams often come up with variations
on a circuit design in common use so that they
may achieve a special function, or a totally original
electronic design may be brought out by a ham, all
in the interest of advancing the radio art.

GETTING A LICENSE

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

Nothing could be farther 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 exam and get on the air.

“But what about the code? Don't I have to
know code to get a license?” Yes, you do.
International agreements require amateur radio
operators to have the ability to communicate in
international Morse code. But the speed at which
you are required to receive it is relatively low so
you should have no difficulty passing it in the
course of your exam. It’s not all that hard, either.
Many grade-school students have passed their tests
and each month hundreds of people from 8 to 80
join the ever-growing number of amateur radio
operators around the world.

Concerning the written exam, to get a license
you need to know some basic electrical and radio
principles and regulations governing the class of
license applied for. The ARRL’s basic beginner
package, Tune in the World with Ham Radio, is
available for $7 from local radio stores. It may also
be purchased by mail from the address below.
Quite a few radio clubs teach amateur radio theory
and welcome all those interested in the hobby.
Leaming with a group often seems to make the
study a bit easier and go more smoothly, too. You
may obtain the location of the closest amateur
radio club with classes simply by sending a
self-addressed-stamped envelope to the American
Radio Relay League, 225 Main St., Newington, CT
06111..



Public Service

Don Mix, 1 TS, at WNP (Wireless North Pole).

LOOKING BACK

How did amateur radio become the almost
unlimited hobby it is today? The beginnings are
slightly obscure, but electrical experimenters
around the *‘turn of the century” inspired by the
experiments of Marconi and others of the time,
began duplicating those experiments aad
attempted to communicate among themselves.
There were no regulatory agencies at that time and
much interference was caused by these “amateur”
experimenters to other stations until governments
the world over stepped in and established licensing,
laws and regulations to control the problems
involved in this new technology. ‘“Amateur”
experimenter stations were then restricted to the
“useless” wavelengths of 200 meters and below.
Amateurs suddenly found that they could achieve
communication over longer distances than com-
mercial stations on the longer wavelengths. Even
so, signals often had to be relayed by intermediate
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 amateur radio. But the dream of
eventual transcontinental and even transoceanic
amateur radio contact burned hot in the minds of
radio amateur experimenters.

World War | broke out and amateur radio, still
in its infancy, was ordered out of existence until
further notice. Many former amateur radio opera-
tors joined the armed services and served with
distinction as radio operators, finding their skills to
be much needed. )

After the close of the “War to End All Wars,”
amateur radio was still banned by law; yet there
were many hundreds of formerly licensed amateurs
just itching to “‘get back on the air.” The govern-
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ment 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
officers together and then contacted all the old
members that could be found in an attempt to
re-establish amateur radio. Maxim traveled to
Washington, D.C. 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 dropped (i.e. frequency in-
creased) 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 new area.
Usually it turned out to be the station with the
stronger signal able to blot out everyone else.

Many national and international conferences
were called in the twenties to straighten out the
whole mess of wavelength allocations. Through the
efforts of ARRL officials, amateurs obtained fre-
quencies on various bands similar to what we have
today: One-hundred sixty through six 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 contained 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 such
wholehearted support as is given it by many
governments at international conferences. There
are other reasons. One of these is a thorough
appreciation of the value of the amateur as a
source of skilled radio personnel in time of war.
Another asset is best described as “‘public service.”

The ‘‘public-service’ record of the amateurisa
brilliant tribute to his work. These activities can be
roughly divided into two classes, expeditions and
emergencies. Amateur cooperation with expedi-
tions began in 1923 when a League member, Don
Mix, 1TS, accompanied MacMillan to the Arctic on
the schooner Bowdoin with an amateur station.
Amateurs in Canada and the U.S. provided the
home contacts. The success of this venture was so
outstanding that other explorers followed suit.
During subsequent years a total of perhaps two-
hundred voyages and expeditions were assisted by
amateur radio, the several explorations of the
Antarctic being perhaps the best known.

Since 1913 amateur radio has been the princi-
pal, and in many cases the only, means of outside
communication in several hundred storm, flood
and earthquake emergencies. The earthquakes
which hit Alaska in 1964, Peru in 1970, California
in 1971, the Guatemalan earthquake of 1976 and

the 1976 Italian earthquake, the Dakota floods, ~——

the aftermath of tropical storm Agnes in 1972

\
\
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The
Bowdoin,

“shack” for WNP was on the schooner

respectively, called for the amateur’s greatest
emergency effort. In these disasters and many
others — tornados, slcet stonns, forest fires, bliz-
zards - amateurs played a major role in the relief
work and earned wide commendation for their
resourcefulness in effecting communication where
all other means had failed.

TECHNICAL DEVELOPMENTS

Amateurs started the hobby with spark-gap
transmitters taking up great hunks of frequency
space. Then thcy moved on to tubes when these
devices came along. Much later, transistors were
utilized; now integrated circuits are a part of
everyday hardware in the amateur radio shack.
This is because the amateur is constantly in the
forefront of technical progress. His incessant
curiosity and his cagerness to try anything new are
two reasons. Another is that ever-growing amateur
radio continually overcrowds its frequency assign-
ments, spurring amatcurs to the development and
adoption of new techniques to permit the accom-
modation 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
11, thousands of skilled amatcurs contributed their
knowledge to the development of secret radio
devices. both in government and private labora-
tories. Equally as important, the prewar technical
progress by amatcurs provided the keystone for the
development of modern military communications
equipment.

Many youngsters start out with an interest in
amateur radio and then follow through with a
career in a technical field. Ham engineers often
come up with many of the new developments, if
not actually designing a new device that is appli-
cable not only to industry but to amateur radio use
as well. This aspect of the hobby is often best
demonstrated by pointing to the Oscar satellite
program. Hams from around the world with
technical backgrounds participate in the design,
construction and launch plans for each satellite.
The entire program is under the direction of

AMATEUR RADIO

AMSAT, the Amateur Radio Satellite Corporation,
an affiliate of the American Radio Relay League.

THE AMERICAN RADIO RELAY
LEAGUE

Ever since its establishment in 1914 by Hiram
Percy Maxim and Clarence Tuska, the American
Radio Relay League has been and is today not only
the spokesman for amateur radio in the U.S. and
Canada but the largest amateur organization in the
world. It is strictly of, by and for amateurs, is
noncemmercial 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 interest in
two-way amateur communication and experimenta-
tion. 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 maintcnance of
fraternalism and a high standard of conduct. It repre-
sents the amateur in legislative matters.

One of the League's principal purposes is to .
keep amateur activities so well conducted that the
amateur will continue to justify his existence.
Amatcur radio offers its followers countless
pleasures and unending satisfaction. It also calls for
the shouldering of responsibilities — the main-
tenance of high standards, a cooperative loyalty to
the traditions of amatcur radio. a dedication to its
ideals and principles, so that the institution of
amateur radio nay continue to operate ‘‘in the
public interest, convenience and necessity.”

In addition to publishing 9ST, the ARRL

A USAF space vehicle going into orbit with Oscar,
the first amateur satellite.
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maintains a model amateur radio station, WIAW,
which conducts code practice and sends bulletins
of interest to amateurs the world over. ARRL
maintains an intruder watch so that unauthorized
use of the amateur radio frequencies may be
detected and appropriate action taken. At the
headquarters of the League in Newington, Conn., is
a well-equipped laboratory to assist staff members
in preparation of technical material for QST and
the Radio Amateur’s Handbook. Among its other
activities, the League maintains a Communications
Department concerned with the operating activities
of League members. A large field organization is
headed by a Section Communications Manager in
each of the League’s seventy-four sections. There
are appointments for qualified members in various
fields, as outlined in Chapter 24. Special activities
and contests promote operating skill. A special
place is reserved each month in QST for amateur
news from every section.
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The ARRL publishes a virtual library of infor-
mation on amateur radio. Tune in the World with
Ham Radio, written for the person without
previous contact with amateur radio, and the
Radio Amateur’s License Manual are two of the
books 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
instruction and practice tape. They are both
available from either local radio stores or from the
ARRL postpaid.

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 (see map). Or you may prefer to
operate in the gigahertz bands (billions of cycles
per second) Where the entire future of communica-
tions may lie. Whatever your interest, you are sure
to find it in amateur radio.

80 meters 3.500- 3.725 MHz AL, Fl
1)3)4)5) 3.725- 4.000 MHz A1, A3,F3
40 meters 7.000- 7.150 MHz AL, Fl,
1)3)4)S) 7.150- 7.300 MHz Al, A3, F3
20 meters 14.000- 14,100 MHz Al,Fl
1NH4S) 14.100- 14.350 MHz Al, A3, F3
15 meters 21.000- 21.100 MHz AL, Fl
1)3)4)5) 21.100- 21.450 MHz A1, A3,F3
10 meters 28.000-  28.100 MHz AL, Fl
)48 28.100- 29.700 MHz Al, A3,F3
6 meters 50.000-  50.050 MHz Al
3)4) 50.050—  51.000 MHz Al, A2, A3, Fi
F2,F3
51.000- 354,000 MHz A$, Al, A2, A3
A4,F1, F2, F3,
F4
2 meters 144.000- 144,100 MHz Al
3)4) 144.100— 148.000 MHz AP, A1, A2, A3
A4,F1,F2,F3
F4
3)4) 220.000- 225.000 MHz A, Al, A2, A3,
A4,F1,F2,F3,
F4
4)6) 420.000— 450.000 MHz)
1215.000- 1300.000 MHz)
2300.000— 2450.000 MHz)
3300.000- 3500.000 MHz) A$, Al, A2, A3
5650.000— 5925.000 MHz) A4, AS, F1,F2
10000.000- 10500.000 MHz) F3, F4
24000.000- 24250.000 MHz)
1) Phone privileges are restricted to holders of Ad d Ama-
teur Radio Op Certifi and of C ial Certifi-
cates.
2) Phone privileges are d as in fe 1), and to
holders of A Radio Op Certificates, whose certifi-
cates have been endorsed for operation on phone in these bands.
3) Amplitude modulation (A2, A3, A4) shall not exceed + 3
kHz (6A3).
4) Frequency modulation (F2, F3, F4) shall not produce a car-
rier deviation exceeding 13 kHz, (6F3) except that in the 52—
54 MHz and 146 - 148 MHz bands and higher the carrier devia-
tion shall not exceed +15 kHz (30F3).
5) Slow Scan television (AS), permitted by special suthoriza-
tion, shall not exceed a bandwidth greater than that occupied
by a normal single sideband voice transmission.

CANADIAN AMATEUR BANDS

6) Television (AS), permitted by special suthorization, shall
employ asystemof dard interlace and ing with a band-
width of not more than 4 MHz. ’

Opention in frequency band 1.800-2.000 MHz shall be
limited to the arcas as indicated in the following table and shall
be limited to the indicated maximum dc power input to the an-
ode of the final radio frequency stage of the transmitter during
day and night hours respectively; for the p of this table
“day” means the hours between sunrise and sunset, and “night™
means the hours between sunset and sunrise. Al, A3and F3
emission are permitted.

A BCDEFGH
British Columbia 3 3310000
Alberta 3) 3331001
Saskatchewan an 3333113
Manitoba 3 22222230
Ontario 3 1111002
North of 50° N. Lat.
Ontario 3 21 00001
South of 50° N. Lat.
Province of Quebec | 0011002
North of 52° N. Lat.
Province of Quebec 3 2100000
South of 52° N. Lat.
New Brunswick 3 2100000
Nova Scotis 3 2100000
Prince Edward Island 3 2100000
Newfoundland (island) 3 1100000
Newfoundland (Labrador) 2 000O0O0O0O
Yukon Territory 3 3310000
District of MacKenzie 3 3331001
District of Keewatin 3 1132002
District of Franklin 0 0001 001

1) The power levels SO0 day - 100 night may be increased to
1000 day — 200 night when authorized by a Radio Inspector
of the Department of Communications.

Frequency Band

A 1.800-1.825 MHz E 1.900-1.925 MHz
B 1.825-1.850 MHz ¥ 1.925-1.950 MHz
C 1.850-1.875 MHz G 1.950-1.975 MHz
D 1.875-1.900 MHz H 1.975-2.000 MHz

Power Level — Watts
0 - Operation not permitted

1 - 25 night 125 day
2 - S50 night 250 day
3~ 100 night 500 day
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AMATEUR RADIO

U.S. AND POSSESSIONS AMATEUR BANDS

kHz EMISSIONS
160 m. * 1800-2000 Al1,A3
3500-4000 Al
3500-3775 FI
80m.  3775-3890 AS1,Fs1
3775-4000 A3, F32
7000-7300 Al
7000-7150 FI
Om 5 s0-7225 ASL FS1
7150-7300 A3, F32
1400014350 Al
20m. 1400014200 F1
T 14200-14275 AS1 Fs1
14200-14350 A3, F32
MHz EMISSIONS
21.00-21.45 Al
Ism  21.00-21.25 F1
© 21.25-21.35 AS1,Fs1
21.25-21.45 A3, F32
28.0-29.7 Al
10m. 28.0-28.5 F1 '
T 28.5-29.7 A3, A51,F32,Fsl
29.0-25.7 F3

[

NOTE: Frequencies from 3.9-4.0 MHz and 7.1-7.3
MHz are not available to amateurs on Baker,
Canton, Enderbury, Guam. Howland., Jarvis,
Palmyra, American Samoa, and Wake Islands.

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

REPEATERS:

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

29.5 - 29.7

52.0- 54.0
144.5 — 145.5
146.0 — 148.0
220.0 — 225.0
420.0 - 435.0
438.0 — 450.0

any amateur frequency above 1215 MHz.

Novice licensees may use Al emission and a
maximum power input of 250 watts on the
following frequencies:
3.700-3.750 MHz
7.100-7.150 MHz

" 21.100-21.200 MHz
28.100-28.200 MHz

MHz EMISSIONS
50.0-54.0 Al
50.1-54.0 A2, A3, A4, AS3 F1,
F2, F32, F51
51.0-54.0 AD
52.5-54.0 F3
144-148 Al
144.1-148 AP, A2, A3, A4, AS3,
F9, F1, F2, F3,Fs1
220-225 AB, Al, A2, A3, A4, ASS,
Fp, F1, F2,F3, F4, FS1 -
420-4504 Af, Al, A2, A3, A4,AS3,
1,215-1,300 F@, F1, F2, F3, F4,F§
2,300-2,450
3,300-3,500 AP, Al, A2, A3, A4, AS
5,650-5,925 F@, F1, F2, F3, F4, FS,
10,000-10,5005 puise
24,000- 24,250

The bands 220 through 10,500 MHz are shared
with the Government Radio Positioning Service,
which has priority.

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

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

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

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

S No pulse permitted in this band.

Technician licensees are permitted all amateur
privileges in 50.1-54 MHz, 144.5-148 MHz and
in the bands 220 MHz and above, and in addi-
tion have full Novice privileges.

Except as otherwise specified, the maximum
amateur power input is 1000 watts.
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Electrical Laws
and Circuits

FUNDAMENTAL PRINCIPLES

Some of the manifestations of electricity 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 transmit electrical energy through
space without 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
electromagnetic fields. Knowledge of the proper-
ties and definitions of fields is important in
understanding such devices as transmission 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 experimentally.
These elements, then, form the building blocks for
more complex configurations 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 transferred 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 funda-
mental 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. Construction of an atom
will determine the chemical and electrical proper-
ties of matter composed of like atoms. The
periodic table of chemical elements is a classifica-
tion of such atoms. Electrons play an important
role ‘in both the chemical and electrical properties
of matter and elements where some of the elect-

Chapter 2

rons are relatively free to move about. These
materials are called conductors. On the other hand,
elements where all of the electrons are tightly
bonded in the atomic structure are called insula-
tors. 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. Trans-
istors, integrated circuits, and similar solid-state
devices are made up from semiconductors. While
there are materials that fall in between the clas-
sifications 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 expressed in the
fundamental dimensions of time, mass, force, and
length. In addition, the quantity or dimension of
charge is also required. The metric system of units
(SI system) is almost exclusively used now to
specify such quantities, and the reader is urged to
become familiar with this system. In the metric
system, the basic unit of charge is the coulomb.
The smallest known charge is that of the electron
which is — 1.6 X 10—19 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
phenomenon 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:

N0
F=x=1x2
4ner2
where @ is the numerical value of one charge, Q2
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

'World Radio History]



Fundamental Principles

Fig. 1A — Field (solid lines) and potential {dotted
lines) lines surrounding a charged sphere.

newtons. In the case of free space of a vacuum, e
has a value of 8.854 X 10—12 and is the
permittivity of free space. The product of relative
permittivity and eq (the permittivity of free space)
gives the permittivity for a condition where matter
is present. Permittivity is also called the dielectric
constant and relative dielectric constants for plas-
tics such as polyethylene and Teflon are 2.26 and
2.1 respectively. (The relative dielectric constant is
also important in transmission-line theory. The
reciprocal of the square root of the dielectric
constant of the material used to separate the
conductors in a transmission line gives the velocity
factor of the line. The effect of velocity factor will
be treated in later chapters.)

If instead of just two charges, a number of

charged objects are present, the force on any one.

member is-likely to be a complicated function of
the positions and magnitudes of the other charges.
Consequently, the concept of electric field strength
is a useful one to introduce. The field strength or
field intensity is defined as the force on a given
charge (concentrated at a point) divided by the
numerical value of the charge. Thus, if a force of 1
newton existed on a test charge of 2 coulombs, the
field intensity would be 0.5 newtons/coulomb.
Whenever a force exists on an object, it will
require an expenditure of energy to move the
object against that force. In some instances, the
mechanical energy may be recovered (such as in a
compressed spring) or it may be converted to
another form of energy (such as heat produced by
friction). As is the case for electric-field intensity,
it is convenient to express energy <+ charge
as the potential or voltage of a charged object at a
point. For instance, if it took the expenditure of 5
newton-meters (5 joules) to move a charge of 2
coulombs from a point of zero energy to a given
point, the voltage or potential at that point would
be 2.5 joules/coulomb. Because of the frequency
of problems of this type, the dimension of joules/
coulumb is given a special designation and one
joule/coulomb is defined as one volt. Notice that if
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the voltage is divided by length (meters), the
dimensions of field intensity will be obtained and a
field strength of one newton/coulomb is also
defined as one volt/meter. The relationship be-
tween field intensity and potential is illustrated by
the following example shown in Fig. 1A.

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. Conse-
quently, 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 independent of the path traveled
to get to the surface. For instance, it will require 5
joules of energy to bring a charge of 1 coulomb
from a point of O voltage to any point on the
sphere (as indicated by the dotted lines in Fig. 1A).
The direction of the force on a charged particle at
the surface of the surface of the sphere must be
perpendicular to the surface. This is because
charges are able to flow about freely on the
conductor but not off it. A force with a direction
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 direc-
tion of the electric force and electric field can be
represented by the solid straight lines in Fig. 1A.
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 consider-

Vv (VOLTS)

3¢ 4 Se
DISTANCE SCALE

Fig. 1B — Variation of potential with distance for
the charged sphere of Flg 1A. :
1
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Fig. 1C — Variation of field strength with distance
around a sphere charged to 5 volts for spheres of
different radii.

ations (which will not be discussed 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. 1A
and by the graph in Fig, 1B.

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. 1B. 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 @ 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. 1B can be used for any number
of spheres with different radii. When it is changed
by a certain percentage, all the other values would
change by the same percentage too. However, the
amount of charge required to produce a given
voltage, or voltage change, does depend upon the
size of the conductor, its shape, 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

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

Since the electric-field intensity is related to the
change in potential with distance, like potential,
the manner in which it changes will be uneffected
by the absolute physical size of the conductor
configuration. However, the exact numerical value
at any point does depend on the dimensions of the
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configuration. This is illustrated in Fig. 1C for
spheres with different 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 elec-
tricity. 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. ID). 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 used on
the tip of a whip antenna in order to lower the
field strength under transmitting conditions.

An examination of Fig. 1C reveals that the field
strength is zero for distances less than @ which
includes points inside the sphere. The implication
here is that the effect of fields and charges cannot
penetrate the conducting surface and disturb con-
ditions 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

/
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Fig. 1D — Spark gaps with sharp points break
down at lower voltages than ones with blunt
surfaces even though the separation § is the same.



Fundamental Principles

introduced. 1t 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 o.

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 = oF

In general, the conductivity and electric field will
not be constant over a large cross-sectional area,
but for an important theoretical case this is
assumed to be true (Fig. 2).

A cylinder of a material with conductivity o is
inserted between two end caps of infinite conduct-
ivity. 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, /, 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 dotted lines in Fig. 2. 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 equa-
tions:

J=a(7y) sinceJ=aEandE=lK
r=sa) =24

.l =1 (2
p-;andV—l a

R=;—I and V= IR

where p is the resistivity of a conducting material
and R is the resistance. The final equation is a very
basic one in circuit theory and is called Ohm's
Law. Configurations similar to the one shown in
Fig. 2 are very common ones in electrical circuits
and are called resistors. :

1t 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
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Fig. 2 — Potential and field strength along a
current-carrying conductor.

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 between fields,
potential, and similar concepts to the physical
configuration shown in Fig. 2 permitted the
derivation of the formula that eliminated further
consideration of the field problem. The idea of an
electrical energy source was also introduced. A
similar analysis involving mechanics and field
theory would be required to determine the char-
acteristics of an electrical generator and anappli-
cation of chemistry would be involved in designing
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. 2.

The term electromotive force (emf) is applied
to describe a source of electrical energy, and
potential drop (or voltage drop) is used for a device
that consumes electrical energy. A combination of
sources and resistances (or other elements) that are
connected in some way is called a network or
circuit. 1t 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.
3 gives an important extension of Ohm’s Law.

+ V2 -

+ V3

Fig. 3 — A series circuit illustrating the effects of
emf and potential drop.
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In Fig. 3, 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
1. The current can be assumed to be flowing in
either a clockwise or counter-clockwise direction.
If the assumption is not correct, the sign of the
current will be negative when the network equa-
tions 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 is appears to be connected
“backwards.” 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

ELECTRICAL LAWS AND CIRCUITS

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 = Va+Vi+Vg+ Ve =

I(2+4+7+10)=237

-5
I=—= =-0.217
5 0.217 ampere

Because the sign of the current is negative, it is
actually flowing in a counter-clockwise direction.
The physical significance of this phenomenon is
that one source is being ‘‘charged.” For instance,
the circuit in Fig. 3 might represent a direct-
current (dc) generator and a battery.

RESISTANCE

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

Resistance is measured in ohms. A circuit has a
resistance of one ohm when an applied emf of one
volt causes a current of one ampere to flow. The
resistivity of a material is the resistance, in ohms,
of a cube of the material measuring one centimeter
on each edge. One of the best conductors is
copper, and it is frequently convenient, 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 21 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.

TABLE 2-1
Relative Resistivity of Metals
Resistivity
Materials Compared to Copper
Aluminum (pure) 1.6
Brass 3.7-49
Cadmium 4.4
Chromium 1.8
Copper (hard-drawn) 1.03
Copper (annealed) 1.00
Gold 1.4
Iron (pure) 5.68
Lead 12.8
Nickel S.1
Phosphor Bronze 2.8-5.4
0.94
Steel 7.6-12.7
Tin 6.7
Zinc 3.4

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

Resistance of Wires

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

E ple: Supp 2 of 3.5 ohms is needed
and some No. 28 wire is on hand. The wire table in Chapter
18 shows that No. 28 has a resistance of 66.17 ohms per
thousand feet. Since the desired resistance is 3.5 ohms, the
length of wire required will be

2.5 =
Tei5 X 1000 = 52.89 feet.

Ol.i pp that the 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

i‘ﬁw" R = 0.05 ohm

where R is the maximum allowable resistance in ohms per

h d feet. R ging the f la gives
R= Q-QLﬁLQQh 3.57 ohms/1000 ft.

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 2-1 to obtain the
resistance.



Resistance

Types of resistors used in radio
equipment. Those in the fore-
ground with wire ieads are carbon
types, ranging in size from 1/2
watt at the left to 2 watts at the
right. The larger resistors use
resistance wire wound on ceramic
tubes; sizes shown range from 5
watts to 100 watts. Three are the
adjustable type, having a sliding
contact on an exposed section of
the resistance winding.

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

— 45 =
€617 X5 X 1000 = 10.37 feet

Temperature Effects

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

Resistors

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

Skin Effect

The resistance of a conductor is not the same
for alternating current as it is for direct 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
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current flow is confined within a few thousandths

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

Conductance

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

OHM'S LAW

The simplest form of electric circuit is a battery
with a resistance connected to its terminals, as
shown by the symbols in Fig. 2-3. A complete
circuit must have an unbroken path so current can
flow out of the battery, through the apparatus
connected 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 connections and thereby
closing or opening the circuit, either allowing
current to flow or preventing it from flowing.

The values of current, voltage and resistance in
a circuit are by no means independent of each

Fig. 23 — A simple
circuit consisting of a
battery and resistor.
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TABLE 2-11
Conversion Factors for Fractional and
Multiple Units
Change
From To Divide by Multiply by
Units Micro-units 1,000,000
Milli-units 1,000
Kilo-units 1,000
Mega-units 1,000,000
Micro-  Milli-units 1,000
units Units 1,000,000
Milli- Micro-units 1,000
units Units 1,000
Kilo- Units 1,000
units Mega-units 1,000
Mega- Units 1,000,000
units Kilo-units 1,000

other. The relationship between them is known as
Ohm’s Law. It can be stated as follows: The
current flowing in a circuit is directly proportional
to the applied emf and inversely proportional to
the resistance. Expressed as an equation, it is
= E (vol
I (amperes) R——((-a%%)—

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=1IR

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

R=E

I

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

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

Table 2-11 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;

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

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

ELECTRICAL LAWS AND CIRCUITS

The following ples 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 £ = /R. 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,
E= 11676% 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

R -f-l%g-s 60 ohms

No jon was y b
current were given in volts and amperes.

How much current will flow if 250 volts is applied to a
5000-ohm resistor? Since / is unknown

the voltage and

1-§- 51556%- 0.05 ampere

Milliampere units would be more convenient for the
current, and 0,05 amp. X 1000 = 50 milliamperes.

SERIES AND PARALLEL RESISTANCES

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

—
|3~
Source SERIES
Fig. 24 — Resis: ' 5
tors connected 1 R,
in series and in e
parallel,
e
PaRALLEL
Source
of EMF, ?

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 RI and the other through R2. At the
lower connection point these two currents again
combine; the total is the same as the current that
flowed into the upper common connection. In this
case the two resistors are connected in parallel.

Resistors in Series

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



Series and Parallel Resistances

where the dots indicate that as many resistors as
necessary may be added.

E le: Suppose that three d to
a source of emf as shown in Fig. 2-5. Theemfn 250 volts.
Rl is 5000 ohms, R2 is 20,000 ohms, and R3 is 8000
ohms. The total resistance is then
R = RI + R2 + R3 = 5000 + 20,000 + 8000
= 33,000 ohms

The current flowing in the citcuit is then

-£- = 7380 = 0.00757 amp. = 7.57 maA.

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

Voltage Drop

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

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

El =IR1 = 0.00757 X 5000 = 37.9 volts
E2 =|R2 = 0.00757 X 20,000 = 151.4 volts
E3 =1IR3 =0.00757 X 8000 = 60.6 voits
The applied voltage must equal the sum of the individual
voltage drops:

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

= 2499 volts

The answer would have been more nearly exact if the
current had been cal d 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
directly in Ohm’s Law the current will be
milliamperes if the emf is in volts.

AAA

3000 Fig. 2.6 — An ex-
ample of resistors in
=, R,» series. The solution
—Ee250% 20000  of the circuit is
worked out in the
8000 text.
A A
3
Resistors in Parallel

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

RIR2
R1+R2

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

= RIR2 . = 600,000
R = RIRZ; - S50%iE88

1700
=353 ohms

It is probably easier to solve practical problems
by a different method than the ‘“reciprocal of
reciprocals” formula. Suppose the three resistors of
the previous example are connected in parallel as
shown in Fig. 2-6. The same emf, 250 volts, is
applied to all three of the resistors. The current in
each can be found from Ohm’s Law as shown
below, 71, being the current through R1, 12 the
current through R2 and /3 the current through R3.

For j the will be d in kilohms
so the current will be in milliamperes.

R=

=E - 250
11 RI™S =50 mA

12= é-%ﬂ- 12,5 mA
132K 2503125 ma
The total current is
I=114124]13=50+12.5+31.25
=93.75 mA
The total resistance of the circuit is therefore

=E= 250 = =
R L 9373 2.66 kilohms (= 2660 ohms)

R, Ra<
" 8000 20.000<

Ry

—E'ZSOV 8000

vVY

Fig. 246 — An example of resistors in parallel. The
solution is worked out in the text.

Resistors in Series-Parallel

An actual circuit may have resistances both in
parallel and in series. To illustrate, we use the same
three resistances again, but now connected as in
Fig. 2-7. The method of solving a circuit such as
Fig. 2-7 is as follows: Consider R2 and R3 in
parallel as through they formed a single resistor.
Find their equivalent resistance. Then this
resistance in series with R/ forms a simple series
circuit, as shown at the right in Fig. 2-7. An
example of the arithmetic is given under the
illustration.

Using the same principles, and staying within
the practical limits, a value for R2 can be
computed that will provide a given voltage drop
across R3 or a given current through R/7. 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,

= _R2R3 . 20X8.
Rea. = gR283, - 208 - 150
= 5.71 kilohms
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Ry R
5000
Re
R R . g
—E230v 2 33 =250\ S (Equivalent R
go.oom, 80003 $ of Ry ond Ry
4[— in porollel)

Fig. 2-7 — An exampile of resistors in series-paraliel.
The equivalent circuit is at the right. The solution
is worked out in the text.

The total resistance in the circuit is then
R=R1+ Req =5+5.71 kilohms

= 10.71 kilohms
The current is

l-g-l-g%oi-zs.sm

The voltage drops across R1 and Req are

El =1R1 =23.3 X 5§ =117 volts
E2 = 1Req= 23.3 X 5.71 = 133 volts

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

=E2.133,
12= k& = Lid = 6.65 mA

=E2.133
13 B " 16.6 mA
where 12 = Current through R2
I3 = Current through R3

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

POWER AND ENERGY

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

P=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 one thousand watts.

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

P = El = 2000 X 0.35 = 700 watts

By substituting the Ohm’s Law equivalent for E
and I, the following formulas are obtained for
power:

=L2

i R

These formulas are useful in power calculations

when the resistance and either the current or vol-
tage (but not both) are known,

P=I2R

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

P-ﬁ—z-(}%l-%%-&)m- 10 watts

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

P = ]2R = (0.02)2 X 300 = 0.0004 X 300

= 0.12 watt
Note that the was changed from milliamp to
P before substi in the formula.

ELECTRICAL LAWS AND CIRCUITS

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

Generalized Definition of Resistance

Electrical power is not always turned into heat.
The power used in running a motor, for example, is
converted to mechanical motion. The power
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 resistance, $o it can be said that
any device that dissipates power has a definite
value of “resistance.” This concept of resistance as
something that absorbs power at a definite
voltage/current ratio is very useful, since it permits
substituting a simple resistance for the load or
powerconsuming part of the device receiving
power, often with considerable simplification of
calculations. Of course, every electrical device has
some resistance of its own in the more narrow
sense, so a part of the power supplied to it is
dissipated in that resistance and hence appears as
heat even though the major part of the power may
be converted to another form.

Efficiency

In devices such as motors and 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 usefu/
power. The efficiency of a device is the useful
power output (in its converted form) divided by
the power input to the device. In a vacuum-tube
transmitter, for example, the object is to convert
power from a dc source into ac power at some
radio frequency. The ratio of the rf power output
to the dc input is the efficiency of the tube. That
is,

b -fe

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

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

=Pa. 0.
Eff. F,l 100 0.6

Effici is usually exp d asap age; that ls, it
tells what percent of the input power will be available as use-
ful output. The efficiency in the above example is 60 per-
cent.

Energy
In residences, the powef company’s bill is for
electrical energy, not for power. What you pay for

'\World Radio History]



Capacitance

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 watt-hour, which means that a power of
one watt has been used for one hour. That is,
w=PT where W = Energy in watt-hours
P =Power in watts
T = Time in hours
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Other energy units are the kilowatt-hour and
the watt-second. These units should be self-explan-
atory.

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.

CAPACITANCE

Suppose two flat metal plates are placed close
to each other (but not touching) and are connected
to a battery through a switch, as shown in Fig. 2-8.
At the instant the switch is closed, electrons will be
attracted from the upper plate to the positive
terminal of the battery, and the same number will
be repelled into the lower plate from the negative
battery terminal. Enough electrons move into one
plate and out of the other to make the emf
between them the same as the emf of the battery.

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

—o
Fig. 2-8 —
—  capacitor.

The two plates constitute an electrical capaci-
tor; a capacitor possesses the property 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 curmrent 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 between the plates;
it is smallest with air insulation, but substitution of
other insulating materials for air may increase the

Metal Plates

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 2-III.
If a sheet of polystyrene is substituted for air
between the plates of a capacitor, for example, the
capacitance will be increased 2.6 times.

Units

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

TABLE 2-1i}
Dielectric Constants and Breakdown Voltages
Dielectric Puncture
Material Constant* Voltage**
Air 1.0
Alsimag 196 5.7 240
Bakelite 44-54 300
Bakelite, mica-filled 4.7 325-375
Cellulose acetate 3.3-39 250-600
Fiber 5-1.5 150-180
Formica 4.6-4.9 450
Glass, window 7.6-8 200-250
Glass, Pyrex 4.8 335
Mica, ruby 54 3800-5600
Mycalex 7.4 250
Paper, Royalgrey 3.0 200
Plexiglass .8 990
Polyethylene 23 1200
Polystyrene 2.6 500-700
Porcelain 5.1-5.9 40-100
Quartz, fuxed 3.8 1000
Steatite, low-loss 58 150-315
Teflon 2.1 1000-2000
* At 1 MHz ** In volts per mil (0.001 inch)
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Fig. 29 — A multiple-plate capacitor. Alternate
plates are connected together,

stacked to form the equivalent of a single large
plate of the same total area. Also, all plates, except
the two on the ends, are exposed to plates of the
other group on both sides, and so are twice as
effective in increasing the capacitance.

The formula for calculating capacitance is:

c=o.224KdA (n-1)

where C = Capacitance in pF.
K = Dielectric constant of material between
plates
A = Area of one side of one plate in square
inches
d = Separation of plate surfaces in 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 representative types are
shown in the photograph. In variable capacitors
(almost always constructed withe air for the
dielectric) one set of plates is made movable with
respect to the other set so that the capacitance can
be varied. Fixed capacitors — that is, assemblies
having a single, non-adjustable value of capacitance
— 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 sandwiched in between, so that a
relatively large capacitance can be secured in a
small unit. The solid dielectrics commonly used are
mica, paper and special ceramics. An example of a

ELECTRICAL LAWS AND CIRCUITS

liquid dielectric is mineral oil. The electrolytic
capacitor uses aluminum-foil plates with a
semiliquid conducting chemical compound be-
tween them; the actual dielectric is a very thin film
of insulating 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
having other dielectrics, because the film is so thin
— much less than any thickness that is practicable
with a solid dielectric.

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

Voltage Breakdown

When a’ high voltage is applied to the plates of a
capacitor, a considerable force is exerted on the
electrons and nuclei of the dielectric. Because the
dielectric is an insulator the electrons do not
become detached from atoms the way they 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 2-III. 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 phys-
ically large.

Fixed and variable capacitors. The
large unit at the left is a
transmitting-type variable capaci-
tor for rf tank circuits. To its
right are other air-dielectric vari-
ables of different sizes ranging
from the midget "air padder”’ to
the medium-power tank capacitor
at the top center. The cased
capacitors in the top row are for
powersupply filters, the cylindri-
cal-can unit being an electrolytic
and the rectangular one a paper-
dielectric capacitor. Various types
of mica, ceramic, and paper-
dielectric capacitors are in the
foreground.

Radio History|



Inductance
.CAPACITORS IN SERIES AND
PARALLEL
The terms ‘‘parallel” and “‘series’’ when used

with reference to capacitors have the same circuit
meaning as with resistances. When a number of
capacitors are connected in parallel, as in Fig. 2-10,
the total capacitance of the group is equal to the
sum of the individual capacitances, so
C(total)=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
resistors. That is,

Cl C2 C3 C4
and, for only two capacitors in series,
= _CIC2
C (total) CI+Ca
& A
Source _]_ _I_

o EnE c.T BE= c,,l_
° Fig. 210 — Ca-

PaRALLEL pacitors in paral-
lel and in series.

l ¢, Il
of ENE &

[
SeRiES

The same units must be used throughout; that
is, all capacitances must be expressed in either uF
or pF; both kinds of units cannot be used in the
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.
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Fig. 2-11 — An example of capacitors connected in
series. The solution to this arrangement is worked
out in the text.

E=2000%

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

E ple: Three cap having cap of 1,2
and 4 uF, ively, are d in series as shown in

Fig. 2-11. The total capacitance is

“haERT
GG 1t g
=0.571 uF
The voltage across each capacitor is proportional to the fotal
capacitance divided by the capacitance of the capacitor in
question, so the voltage across Cl is

El -Mlllx 2000 = 1142 volits

~3le

Similarly, the voltages across C2 and C3 are
E2 -Qai?llx 2000 = 571 volts

E3 =571 x 2000 = 286 volts
totaling approximately 2000 volts, the applied voltage.

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

INDUCTANCE

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

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 constant the in-
duced 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 induc-
tance of the circuit.
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Inductance depends on the physical characteris-
tics 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 on an
iron core its inductance will be greater than it was
without the magnetic core.

The polarity of an induced emf is always such
as to oppose any change in the current in the
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 re-
quired 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 mea-
sured in millihenrys (a mH, one one-thousandth of
a henry) at low frequencies, and in microhenrys
(uH, one one-millionth of a henry) at medium
frequencies and higher. Although coils for radio
frequencies may be wound on special iron cores
(ordinary iron is not suitable) most rf coils made
and used by amateurs are of the “‘air-core” type;
that is, wound on an insulating support consisting
of nonmagnetic material.

Every conductor has inductance, even though
the conductor is not formed into a coil. The
inductance of a short length of straight wire is
small, but it may not be negligible 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

ELECTRICAL LAWS AND CIRCUITS

Fig. 2-12 — Coil dimen-
sions used in the in-
ductance formula. The
wire diameter does not
enter into the formula.

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

Calculating Inductance

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

S L L
L) = 5 05
where L = Inductance in microhenrys
a = Coil radius in inches
b =Coil length in inches
n = Number of turns

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

Example: Assume a coil having 48 turns wound 32 tums
per inch and a dismeter of 3/4 inch. Thus @ = 0,75 +2 =
0.375.b = 48 + 32 = 1.5, and n = 48, Substituting,

=13 X JISXABXAY . g6y
(9 X 375+ (10 X 1.5)

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

n= o LL%a+10b)

a2

Example: Suppose an inductance of 10 uH i required.
The form on which the coil v to be wound has s diameter
of onc inch and is long cnoughto accommodate a coil of
11/4 inches. Then @ = 0.5 b = 125, and L = 10,
Substituting,

n= 'fm—‘isﬁugﬂ=m= 26.1 turns

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

A 26-turn coil would be close enough in practical work.
Since the coil will be 1.25 inches long, the number of tums
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 tums on the form and then
adjusting the ing 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
thickness is no longer negligible in comparison with
the size of the coil. Fig. 2-13 shows the measured
inductance of vhf coils, and may be used as a basis
for circuit design. Two curves are given: curve A is
for coils wound to an inside diameter of 1/2 inch;
curve B is for coils of 3/4-inch inside diameter. In
both curves the wire size is No. 12, winding pitch 8
turns to the inch (1/8 inch center-to-center turn
spacing). The inductance values given include leads
1/2 inch long.

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

Example: A coil 1 inch in diameter is ! 1/4 inches long
and has 20 tums. Therefore it has 16 tums per inch, and
from the table under Fig. 2-15 it is found that the reference
inductance for a coil of this diameter and number of tums

per inch is 16.8 uH. From curve B in the figure the
multiplying factor is 0.35, so the inductance is

16.8 X 0.35 = 5.9 uH

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

Example: A coil having an inductance of 12 uH is
required. It is to be wound on a form having a diameter of
1 inch, the length available for the winding being not more
than 1 1/4 inches. From Fig. 2-15, the multiplying factor
for a l-inch diameter coil (curve B) having the maximum
possible length of 1 1/4 inches is 0.35. Hence the number
of tums per inch must be chosen for a reference inductance
of at least 12/0.35, or 34 uH. From the Table under Fig.
2-15 it is seen that 16 tums per inch (reference inductance
16.8 wH) is too small.: Using 32 turns per inch, the
multiplying factor is 12/68, or 0.177, and from curve B this
comesponds to a coil length of 3/4 inch. There will be 24
tums in this length, since the winding "'pitch™ is 32 tums
perinch.

Machine-wound coils with the diameters and
turns per inch given in the tables are available in

many radio stores, under the trade names of *‘B&W
Miniductor” and *“Illumitronic Air Dux.”

IRON-CORE COILS
Permeability

Suppose that the coil in Fig. 2-16 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 2 square
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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 inductance of the coil is
increased 800 times by inserting the iron core
since, other things being equal, the inductance will
be proportional to the magnetic flux through the
coil.

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
independent of current because air does not
saturate.

Iron core coils such as the one sketched in Fig.
2-16 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
inductance, but makes it practically constant re-
gardless of the value of the current.

L1

1
A/

-

gee

X[

™

INDuCTANCE—ph.
>
N

§ i
2
g

oo

N

1] 1] »
NO. OF TURNS

Fig. 2-13 — Measured inductance of coils wound
with No. 12 bare wire, 8 turns to the inch. The
values include half-inch leads.
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Fig. 2-14 — Factor to be applied to the inductance
of coils listed in the table below, for coil lengths up
to 5 inches.

Eddy Currents and Hysteresis

When alternating current flows through a coil
wound on an iron core an emf will be induced, as
previously explained, and since iron is a conductor
a current will flow in the core. Such 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 lamina-
tions must be insulated from each other by
painting them with some insulating material such
as varnish or shellac.

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

Eddy-current and hysteresis losses in iron in-
crease rapidly as the frequency of the alternating
current is increased. For this reason, ordinary iron
cores can be used only at power and audio
frequencies — up to, say, 15,000 cycles. Even so, a
very good grade of iron or steel is necessary if the
core is to perform well at the higher audio
frequencies. Iron cores of this type are completely
useless at radio frequencies.
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Fig. 2-15 — Factor to be applied to the inductance
of coils listed in the table below, as a function of
coil length. Use curve A for coils marked 4, and

curve B for coils marked B.
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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 perme-
ability of the iron is low compared with the values



Time Constant

Air gap

Fig. 2-16 — Typical con-
struction of an iron-core
inductor. The small air gap
prevents magnetic satura-
tion of the iron and thus
maintains the inductance
at high currents.

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

INDUCTANCES IN SERIES AND
PARALLEL

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

That is,

Ligta=L1+12+4L3+L4+. .. ........

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

Ligtal = 1
s 1le 1,1
T R % 7

and for two inductances in parallel,

L= _u.ﬁ_
L1+L2
Ly
Fig. 217 — In-
L. . L, ductances in ser-
2 ies and parallel.
Ls

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

Fig. 2-18 -
Mutual in-
ductance.
When the
switch, S, is
closed cur-
rent flows
through coil
No. 1, setting
up a mag-
netic field
that induces
an emf in the
turns of coil
No. 2.

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

MUTUAL INDUCTANCE

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

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

The ratio of actual mutual inductance to the
maximum possible value that could theoretically
be obtained with two given coils is called the
coefficient of coupling between the coils. It is
frequently expressed as a percentage. Coils that
have nearly the maximum possible (coefficient = 1
or 100%) mutual inductance are said to be closely,
or tightly, 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.

TIME CONSTANT

Capacitance and Resistance

Connecting a source of emf to a capacitor
causes the capacitor to become charged to the full
emf practically instantaneously, if there is no

resistance in the circuit. However, if the circuit
contains resistance, as in Fig. 2-19A, the resistance
limits the current flow and an appreciable length of
time is required for the emf between the capacitor
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Fig. 2-19 — lllustratmg the time constant of an RC
circuit.

plates to build up to the same value as the emf of
the source. During this ‘“‘building-up” period the
current gradually decreases from its initial value,
because the increasing emf stored on the capacitor
offers increasing opposition to the steady emf of
the source.

Theoretically, the charging process is never
really finished, but eventually the charging current
drops to a value that is smaller than anything that
can be measured. The time constant of such a
circuit is the length of time, in seconds, required
for the voltage across the capacitor to reach 63 per
cent of the applied emf (this figure is chosen for
mathematical reasons). The voltage across the
capacitor rises with time as shown by Fig. 2-20.

The formula for time constant is

T=RC
where T = Time constant in seconds
C =Capacitance in farads
R =Resistance in ochms
Example: The time of a 2-uF capacit
250,000-ohm (0.25 megohm) resistor is
T=RC=0.25X 2=0.5 second

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

and a

If C is in microfarads and R in megohms, 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. 2-19B, the same time
constant applies. If there were no resistance, the
capacitor would discharge instantly when S was
closed. However, since R limits the current flow
the capacitor voltage cannot instantly go to zero,
but it will decrease just as rapidly as the capacitor
can rid itself of its charge through R. When the
capacitor i8 discharging through a resistance, the
time constant (calculated in the same way as
above) is the time, in seconds, that it takes for the
capacitor to lose 63 percent of its voltage; that is,
for the voltage to drop to 37 percent of its initial
value.

E ple: If the cap of the example above is
charged to 1000 volts, it will discharge to 370 volts in 1/2
second through the 250,000-0hm resistor.

Inductance and Resistance

A comparable situation exists when resistance
and inductance are in series. In Fig. 2-21, first
consider L to have no resistance and also assume
that R is zero. Then closing S would tend to send a
current through the circuit. However, the instanta-
neous transition from no current to a finite value,

ELECTRICAL LAWS AND CIRCUITS
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Fig. 2-20 — How the voltage across a capacitor
rises, with time, when charged through a resistor.
The lower curve shows the way in which the
voltage decreases across the capacitor terminals on
discharging through the same resistor,

however small, represents a very rapid change in
current, and a back emf is developed by the
seif-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
currtent 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 seif-induction equal to
the applied emf.

When resistance is in series, Ohm’s Law sets a
limit to the value that the current can reach. The
back emf generated in L has only to equal the
difference between E and the drop across R,
because that difference is the voltage actually
applied to L. This difference becomes smaller as
the current approaches the final Ohm’s Law value.
Theoretically, the back emf never quite disappears
and so the current never quite reaches the Ohm’s
Law value, but practically the differences becomes
unmeasurable after a time. The time constant of an
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Fig. 2-21 — Time constant of an LR circuit.



Alternating Currents

inductive circuit is the time in seconds required for
the current to reach 63 percent of its final value.
The formula is

=L
TR

where 7= Time constant in seconds
L = Inductance in Henrys
R = 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

T-%-%-O.Zsecond

if there is no other resistance in the circuit. 1f a dc emf of
10 volts is applied to such a coil, the final current, by
Ohm's Law, is

£.10.
I-R 00 0.1 amp. or 100 mA

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

An inductor cannot be ‘‘discharged” in the
same way as a capacitor, because the magnetic field
disappears as soon as current flow ceases. Opening
S does not leave the inductor ‘‘charged.” The
energy stored in the magnetic field instantly
returns to the circuit when S is opened. The rapid
disappearance of the field causes a very large
voltage to be induced in the coil — ordinarily many
times larger than the voltage applied, because the
induced voltage is proportional to the speed with
which the field changes. The common result of
opening the switch in a circuit such as the one
shown is that a spark or arc forms at the switch
contacts at the instant of opening. If the induct-
ance is large and the current in the circuit is high, a
great deal of energy is released in a very short
period of time. It is not at all unusual for the
switch contacts to burn or melt under such
circumstances. The spark or arc at the opened
switch can be reduced or suppressed by connecting
a suitable capacitor and resistor in series across the
contacts.
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Fig. 2-22 — Voltage across capacitor 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.

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

Example: A 0.01uF capacitor is charged to 150 volts

and then allowed to discharge through a 0.1 h

resistor. How long will it take the voltage to fall to 10

volts? In percentage, 10/150 = 6.7%. From the chart, the

factor corresponding to 6.7% is 2.7. The time constant of

the circuit is equal to RC=0.1 X .01 = .001. The time is
therefore 2.7 X 0.001 = .0027 second, or 2.7 milliseconds.

ALTERNATING CURRENTS

PHASE

The term phase essentially means ‘“‘time,” or
the time interval between the instant when one
thing occurs and the instant when a second related
thing takes place. The later event is said to lag the
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 specification or measurement
of phase independent of the frequency of the
current, so long as only one frequency is under
consideration at a time. When two or more

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

The time interval or ‘“‘phase difference” under
consideration usually will be less than one cycle.
Phase difference could be measured in decimal
parts of a cycle, but it is more convenient to divide
the cycle into 360 parts or degrees. A phase degree
is therefore 1/360 of a cycle. The reason for this
choice is that with sine-wave alternating current
the value of the current at any instant is propor-
tional to the sine of the angle that corresponds to
the number of degrees — that is, length of time —
from the instant the cycle began. There is no actual
*‘angle” associated with an alternating current. Fig.
2-23 should help make this method of measure-
ment clear.
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Fig. 223 — An ac cycle is divided off into 360
degrees that are used as a measure of time or phase.

Measuring Phase

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

Two important special cases are shown in Fig.
2-2S. In the upper drawing B lags 90 degrees
behind A4; that is, its cycle begins just one-quarter
cycle later than that of 4. 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 4 is negative, and vice versa. The two waves
are thus completely out of phase.

The waves shown in Figs. 2-24 and 2-25 could
represent current, voltage, or both. 4 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

| A

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

ELECTRICAL LAWS AND CIRCUITS

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. 2-26 a sine-wave ac voltage having a
maximum value of 100 volts is applied to a
capacitor. In the period OA, the applied voltage
increases from zero to 38 volts; at the end of this
period the capacitor is charged to that voltage. In
interval AB the voltage increases to 71 volts; that
is, 33 volts additional. In this interval a smaller
quantity of charge has been added than in OA,
because the voltage rise during interval AB is
smaller. Consequently the average current during
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Fig. 2-25 — 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 difference is 180 degrees.

AB is smaller than during OA. In the third interval,
BC, the voltage rises from 71 to 92 volts, an
increase of 21 volts. This is less than the voltage
increase during AB, so the quantity of electricity
added is less; in other words, the average current
during interval BC is still smaller. In the fourth
interval, CB, the voltage increases only 8 volts; the
charge added is smaller than in any preceding
interval and therefore the current also is smaller.

By dividing the first quarter cycle into a very
large number of intervals it could be shown that
the current charging the capacitor has the shape of
a sine wave, just as the applied voltage does. The
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 current is positive, as
indicated by the dashed line in Fig. 2-26.



ouc%u
\ [}
\
\ ’
\

AN/

(a])

AMPLITUDE
PEEIE
145
&
L &
---
\r‘

Fig. 2-26 — Voltage and current phase relationship:

when an alternating voltage is applied to a

capacitor,

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

capacitor decreases. During this time the capacito:
loses its charge. Applying the same reasoning, it i

plain that the current is small in interval DE and
continues to increase during each succeeding inter-
val. However, the current is flowing against the
applied voltage because the capacitor is discharging
into the circuit. The current flows in the negative

direction during this quarter cycle.

]" 5 L_,—'hr
9
, 330 Ny

E P The of a capaci of 470 pF ~
(0.00047 4F) at a frequency of 7150 kHz (7.15 MHz) is
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When an alternating voltage is applied to a pure J
inductance (one with no resistance — all practical
inductors have resistance) the current is again 90 -
degrees out of phase with the applied voltage.
However, in this case the current lags 90 degrees

s  behind the voltage ~ the opposite of the capacitor
current-voltage relationship,

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

[
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The third and fourth quarter cycles repeat the The combined effect of inductance and fre- ' :
events of the first and second, respectively, with quency is called inductive reactance, also expressed ]
this difference — the polarity of the applied voltage jn ohms, and the formula for it is <
has reversed, and the current changes to corres- <
pond. In other words, an alternating current flows Xy, =2mfL !
in the circuit because of the alternate charging and *

discharging of the capacitance. As shown by Fig.
2-26, the current starts its cycle 90 degrees before
the voltage, so the cutrent 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 current — is proportional to voltage,
capacitance and frequency. If the effects of capaci
tance and frequency are lumped together, they

form a quantity that plays a part similar to that of

resistance in Ohm’s Law. This quantity is called
reactance, and the unit for it is the ohm, just as in
the case of resistance. The formula for it is

XC:ﬁ}i‘—

where X¢ = Capacitive reactance in ohms
f =Frequency in cycles per second
C = Capacitance in farads
m=3.14
Although the unit of reactance is the ohm,
there is no power dissipation in reactance. The
energy stored in the capacitor in one quarter of the
cycle is simply returned to the circuit in the next.
The fundamental units (cycles per second,
farads) are too large for practical use in radio
circuits. However, if the capacitance is in micro-
farads and the frequency is in megacycles, the
reactance will come out in ohms in the formula.'
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where X1, = Inductive reactance in ohms

f= Frequency in cycles per second :

L = Inductance in henrys »

m= 3.14 a

A

Example: The of a 1S-microhenry coil at 2 i

frequency of 14 MHz is f|

XL = 21fL = 6.28 X 14 X 15 = 1319 ohms -

In radio-frequency circuits the inductance “:;

values usually are small and the frequencies are ]

large. If the inductance is expressed in millihentys .

and the frequency in kilocycles, the conversion j

factors for the two units cancel, and the formula X

for reactance may be used without first converting ] 3,;!
to fundamental units, Similarly, no conversion is .

necessary if the inductance is in microhenrys and ‘j

the frequency is in megacycles.
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Fig. 2-28 — Inductive and capacitive reactance vs. frequency. Heavy lines represent multiples of 10,
intermediate light lines multiples of 5; e.g., the light line between 10 MH and100 H represents SOUH,
the light line between 0.1 UF and 1 MF represents 0.5 UF, etc. Intermediate values can beestimated
with the help of the interpolation scale. !

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

Example: The reactance of a coil having an inductance where E = Emf in volts
of 8 henrys, at a frequency of 120 cycles, is I =Current in amperes
Xy, = 2nfL = 6.28 X 120 X 8 = 6029 ohms X = Reactance in ohms

The reactance in the circuit may, of course, be
The resistance of the wire of which the coil is either inductive or capacitive.

wound has no .effect on the reactance, but simply Example: If a of 2 amperes is flowing through
acts as though it were a separate resistor connected the capacitor of the earlier example (reactance = 47.4
in series with the coil. ohms) at 7150 kHz, the voltage drop across the capacitor is
E=I[X=2X474=948volts
Ohm’s Law for Reactance If 400 volts at 120 hertz is applied to the 8-henry
) . L. inductor of the earlier example, the current through the
Ohm’s Law for an ac circuit containing only coil will be
reactance is 1=£- 5022% = 0.0663 amp. (66.3 mA)
I= % Reactance Chart
The accompanying chart, Fig. 2-28, shows the
E=IX reactance of capacitances from 1 pF to 100 pF,
and the reactance of inductances from 0.1 uH to
x=E 10 henrys, for frequencies between 100 hertz and
I 100 megahertz per second. The approximate value

World Radio Histo )



Impedance

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

X=X1+X2+X3+X4

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

X= » -

1.1 1
i1'x2'xtxa
or for two in parallel,

><|,_.

X=_X1X2
X1+X2

The situation is different when reactances of
opposite kinds are combined. Since the current in a
capacitance leads the applied voltage by 90 degrees
and the current in an inductance lags the applied
voltage by 90 degrees, the voltages at the terminals
of opposite types of reactance are 180 degrees out
of phase in a series circuit (in which the current has
to be the same through all elements), and the
currents in reactances of opposite types are 180
degrees out of phase in a parallel circuit (in which
the same voltage is applied to all elements). The
180-degree phase relationship means that the cur-
rents or voltages are of opposite polarity, so in the
series circuit of Fig. 2-29A the voltage EL across
the inductive reactance XL is of opposite polarity
to the voltage EC across the capacitive reactance
XC. Thus if we call XL “positive” and XC
“negative” (a common convention) the applied
voltage EAC is EL — EC. In the parallel circuit at B
the total current, /, is equal to /L — IC, since the
currents are 180 degrees out of phase.

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

X=X, —Xc
and in the parallel case
X= —X1Xc
XL —Xc
1 —+ 1
x3 E Lo L
Erc _1_ e X =X
X¢ 2
(a) ®

Fig. 2-29 — Series and parallel circuits containing
opposite kinds of reactance.
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Note that in the series circuit the total react-
ance is negative if XC is larger than XL; this
indicates that the total reactance is capacitive in
such a case. The resultant reactance in a series
circuit is always smaller than the larger of the two
individual reactances.

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

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

Reactive Power

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

In a resistance the flow of current causes
heating and a power loss equal to J2R. The power
in a reactance is equal to J2X, but is not a “loss”; it
is simply power that is transferred back and forth
between the field and the circuit but not used up
in heating anything. To distinguish this “nondis-
sipated” power from the power which is actually
consumed, the unit of reactive power is called the
volt-ampere-reactive, or var, instead of the watt.
Reactive power is sometimes called “wattless”
power.

IMPEDANCE

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

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

Since in a resistance the current is in phase with
the applied voltage while in a reactance it is 90
degrees out of phase with the voltage, the phase
relationship between 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.
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Fig. 2-30 — Series and parallel circuits containing
resistance and reactance.

Series Circuits

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

Z=97YR2+ X2

where Z = Impedance in ohms
R = Resistance in chms
X = Reactance in chms

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

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 hypothenuse of a right-angled
triangle when the base and altitude are known.

Parallel Circuits

With resistance and reactance in parallel, as in
Fig. 2-30B, the impedance is

Z=
?RZ,«-XZ

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
formal above; similarly for a number of resistances
in parallel.

Equivalent Series and Parallel Circuits

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

Transformations of this type often lead to
simplification in the solution of complicated
circuits. However, from the standpoint of practical
work the usefulness of such transformations lies in
the fact that the impedance of a circuit may be
modified by the addition of either series or parallel
elements, depending on which happens to be most
convenient in the particular case. Typical applica-
tions are considered later in connection with tuned
circuits and transmission lines.

ELECTRICAL LAWS AND CIRCUITS

Ohm’s Law for Impedance

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

=.E_
IZ

E=1Z
=E
27
where E = Emf in volts
I =Current in amperes
Z = Impedance in chms
Fig. 2-31 shows a simple cireuit consisting of a

resistance of 75 ohms and a reactance of 100 ohms in
series. From the formula previously given, the impedance is

Z=yRZ+XL2=7(75)2+(100)2 = 125
If the applied voltage is 250 volts, then
-E-230-
I 7713 2 amperes
This current flows through both the resistance and reac-

tanee, so the voltage drops are

ER=IR =2X75=150volts

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

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

Power Factor

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

P =12R = (2)2 X 75 = 300 watts

The ratio of the power consumed to the apparent
power is called the power factor of the circuit, and
in this example the power factor would be
300/500 = 0.6. Power factor is frequently ex-
pressed as a percentage; 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
relationship to the power actually used up or
dissipated unless the power factor of the circuit is
known. The power factor of a purely resistive
circuit is 100 percent or 1, while the power factor
of a pure reactance is zero. In this illustration, the
reactive power is VAR = 12X = (2)2 X 100 = 400
volt-amperes.

Re75 chms

X, =100 ohms

Fig. 2-31 — Circuit used as an example for

impedance calculations.



Transformers for Audio Frequencies

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
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depends upon the values of resistance and reac-
tance involved and how the circuit is arranged. In a
simple circuit with resistance and inductive reac-
tance in series, the amplitudes of the harmonic
currents will be reduced because the inductive
reactance increases in proportion to frequency.
When capacitance and resistance are in series, the
harmonic current is likely to be accentuated
because the capacitive reactance becomes lower as
the frequency is raised. When both inductive and
capacitive reactance are present the shape of 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 harmonics is an ex-
tremely useful one. It is the basis of ““filtering,” or
the suppression of undesired frequencies in fayor
of a single desired frequency or group of such
frequencies.

TRANSFORMERS FOR AUDIO FREQUENCIES

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

The usefulness of the transformer lies in the
fact that electrical energy can be transferred from
one circuit to another without direct connection,
and in the process can be readily changed from one
voltage level to another. Thus, if a device to be
operated requires, for example, 115 volts ac and
only a 440«olt source is available, a transformer
can be used to change the source voltage to that
required. A transformer can be used only with ac,
since no voltage will be induced in the secondary if
the magnetic field is not changing. If dc is applied
to the 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.

THE IRON-CORE TRANSFORMER

As shown in Fig. 2-32, the primary and
secondary coils of a transformer may be wound on
a core of magnetic material. This increases the
inductance of the coils so that a relatively small
number of turns may be used to induce a given
value of voltage with a small current. A closed core
(one having a continuous magnetic path) such as

IRON CORE 3"%
[

PRIMARY 1~} - SECONDARY
L

Fig. 2-32 — The transformer. Power is transferred
from the primary coil to the secondary by means
of the magnetic field. The upper symbol at right
indicates an iron-core transformer, the lower one
an air-core transformer.

that shown in Fig. 2-32 also tends to insure that
practically all of the field set up by the current in
the primary coil will cut the turns of the 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 frequencies. 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,

Ny
Eszﬁ; Ep

where Kg = Secondary voltage
E,, = Primary applied voltage
= Number of turns on secondary
np = Number of turns on primary

The ratio, ns/np 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 11S volts is
applied to the primary.

n,
E,-;:E,-%X 15=7X 115

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

Either wmdmg of a tnmfon'ner can be used as the
primary, p g the g has gh turns (
inductance) to inducg a volu.e equal to the applied voluge
without requiring an flow.

[ —



38

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 delivering power — is only the amount
necessary to supply the losses in the iron core and
in the resistance of the wire with which the
primary is wound.

When power is taken from the secondary
winding, the secondary current sets up a magnetic
field that opposes the field set up by the primary
current. But if the induced voltage in the primary
is to 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 transformers it may
be assumed that the entire primary current is
caused by the secondary “load.” This is justifiable
because the magnetizing current should be very
small in comparison with the primary “load”
current at rated power output.

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

_n
Ip= ;: Ig
where I, = Primary current
): = Secondary current
np = Number of turns on primary

ng = Number of turns on secondary

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

n
l,s’tl,=%xo.2=7xo.z=l.nmp.

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. Hénce, the power
taken from the secondary cannot exceed that
taken by the primary from the source of applied
emf. There is always some power loss in the
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 seconda'ry. Thus,

Po S nPi
where P, = Power output from secondary
P; = Power input to primary
n = Efficiency factor
The efficiency, n, always is Iess than 1. It is usually
expressed as a percentage; if n is 0.65, for
instances, the efficiency is 65 percent.

Example: A transformer has an efficiency of 85 percent

at its full-doad output of 150 watts. The power input to the
primary at full secondary load will be

Py 329 = 01%2: 176.5 watts

ELECTRICAL LAWS AND CIRCUITS

A transformer is usually designed to have its
highest efficiency at the power output for which it
is rated. The efficiency decreases with either lower
or higher outputs. On the other hand, the losses in
the transformer are relatively small at low output
but increase as more power is taken. 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
too-high temperature either will melt the wire or
cause the insulation to break down. A transformer
can be operated a reduced output, even though the
efficiency is low,because the actual loss will be low
under such conditions.

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

Leakage Reactance

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

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

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

Impedance Ratio

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

N,
Zy= zs[N_f]z



The Iron-Core Transformer

where Z = Impedance looking into primary  ter-
minals from source of power
Zg Impedance of load connected to sec-
ondary
N‘,/Ns = Turns ratio, primary to secondary

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

Example: A transformer has a primary-to-secondary
turns ratio of 0.6 (primary has 6/10 as many tumns 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,[%"!]e 3000 X (0.6)2 = 3000 X 0.36
= 1080 ohms

By choosing the proper turns ratio, the imped-
ance of a fixed load can be transformed to any
desired value, within practical limits. If transformer
losses can be neglected, the transformed or
“reflected” impedance has the same phase angle as
the actual load impedance; thus if the load is a
pure resistance the load presented by the primary
to the source of power also 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 require-
ments of reasonably low internal losses and low
leakage reactance, the only requirement is that the
primary have enough inductance to operate with
low magnetizing current at the voltage applied to
the primary.

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

Impedance Matching

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

X Rg
SEC. Es

)

Fig. 2-33 — The equivalent circuit of a transformer
includes the effects of leakage inductance and
resistance of both primary and secondary windings.
The resistance Rc is an equivalent resistance
representing the core losses, which are essentially
constant for any given applied voltage and
frequency. Since these are comparatively small,
their effect may be neglected in many approximate
calculations,
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CORE TYPE

Fig. 2-34 — Two common types of transformer
construction, Core pieces are interleaved to provide
a continuous magnetic path.

The impedance of the actual load that is to
dissipate the power may differ widely from this
value, so a transformer is used to change the actual
load into an impedance of the desired value. This is
called impedance matching. From the preceding,
Np_ /%p
NS ZS
where Np/Ns = Required turns ratio, primary to
secondary
Zp = Primary impedance required
Z = Impedance of load connected to
secondary
Example: A vacuum-tube af amplifier requires a load of
S000 ohms for optimum performance, and is to be
d to a loud-spcaker having an imped of 10
ohms. The turns ratio, primary to secondary, required in
the coupling transformer is

The primary thereforc must have 22.4 times as many tums

as the secondary.

Impedance matching means, in general, adjust-
ing the load impedance — by means of a trans-
former 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. 2-34. In the shell type both windings are
placed on the inner leg, while in the core type the



/ron. Core

line
T
A

Load

Fig. 2-35 — The autotransformer is based on the
transformer principle, but uses only one winding.
The line and load currents in the common winding
(A) fiow in opposite directions, so that the
resultant current is the difference between them.
The voltage across A is proportional to the turns
ratio.

primary and secondary 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 windings 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 laminations
are interleaved at the ends to make the magnetic
path as continuous as possible and thus reduce flux
leakage.

The number of turns required in the primary
for a given applied emf is determined by the size,
shape and type of core material used, and the
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frequency. The number of turns required is in-
versely proportional to the cross-sectional area of
the core. As a rough indication, windings of small
power transformers frequently have about six to
eight turns per volt on a core of 1-square-inch cross
section and have a magnetic path 10 or 12 inches
in length. A longer path or smaller cross section
requires more turns per volt, and vice versa.

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

Autotransformers

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

THE DECIBEL

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

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

dB =10 log —;1
1
Common logarithms (base 10) are used.

Voltage and Current Ratios

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

voltage, or current. The gain of an amplifier cannot
be expressed correctly in dB if it is based on the
ratio of the output voltage to the input voltage
unless both voltages are measured across the same
value of impedance. When the impedance at both
points of measurement is the same, the following
formula may be used for voltage or current ratios:

dB =20 logyyl or 20 log%z-
1 1
L] ,/
Y
; &7
X e‘ ¢ prd
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Fig. 2-36 — Decibel chart for power, voltage and
current ratios for power ratios of 1:1 and 10:1. in
determining decibels for current or voltage ratios
the currents {or voltages) being compared must be
referred to the same value of impedance.
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Decibel Chart

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

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

RADIO-FREQUENCY CIRCUITS

RESONANCE IN SERIES CIRCUITS

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

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

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

Resonant Frequency

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

L

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

is “resonant” at the applied frequency when the
reactance of C is equal to the reactance of L.

the formulas for inductive and capacitive reactance
gives

f:-;
2nyLC

where f= Frequency in cycles per second
L = Inductance in henrys
C = Capacitance in farads
m= 3.14

These units are inconveniently largé for radio-
frequency circuits. A formula using more appro-

priate units is
6
f:
LC

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

E ple: The freq: of a series circuit
containing a S-uH inductor and a 35-pF capacitor is

[-—108 108

2mT 6.28 X S X 35
o108

628X 13.2

108,
37 = 12,050 kHz
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Fig. 2-38 — Current in a series-resonant circuit with
various values of series resistance. The values are
arbitrary and would not apply to all circuits, but
represent a typical case, It is assumed that the
reactances (at the resonant frequency) are 1000
ohms. Note that at frequencies more than plus or
minus ten percent away from the resonant
frequency the current is substantially unaffected
by the resistance in the circuit.
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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. 2-37 as the frequency is varied (the
applied voltage being constant) it would look like
one of the curves in Fig. 2-38. The shape of the
resonance curve at frequencies near resonance is
determined by the ratio of reactance to resistance.

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

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

Q

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

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

=X
Q=

where Q = Quality factor
X = Reactance of either coil or capacitor in

ohms
r = Series resistance in chms
E le: The ind and in a serics circuit

each have a reactance of 350 ohms at the resonant
frequency. The resistance is S ohms. Then the Q is

=X =
0--32-10

The effect of Q on the sharpness of resonance
of a circuit is shown by the curves of Fig. 2-39. In
these curves the frequency change is shown in
percentage above and below the resonant fre-
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Fig. 2-39 — Current in series-resonant circuits
having different QOs. 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.

quency. 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 components.

Voltage Rise at Resonance

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

RESONANCE IN PARALLEL CIRCUITS

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

World Radio History



Resonance in Parallel Circuits

Eac CII RS <L

Fig. 2-40 — Circuit illustrating parallel resonance.

v

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

Parallel and series resonant circuits are quite
alike in some respects. For instance, the circuits
given at A and B in Fig. 241 will behave
identically, when an external voltage is applied, if
(1) L and C are the same in both cases; and (2) R
multiplied by 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. 241A has an
equivalent parallel impedance (at resonance)

of R=X—2.'
r

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

X is the reactance of either the

where Z, = Resistive impedance at resonance
Q= Quality factor of inductor
X = Reactance (in ohms) of either the in-
ductor or capacitor

[+ L H=C 2R
]

(A) B)

Fig. 2-41 — Series and parallel equivalents when
the two circuits are resonant. The series resistance,
r, in A is replaced in B by the equivalent parallel
resistance (R = XZ/r = X2L/r) and vice versa.
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Fig. 2-42 — Relative impedance of parallel-resonant
circuits with different Os. These curves are similar
to those in Fig. 2-39 for current in a series-resonant
circuit. The effect of Q on impedance is most
marked near the resonant frequency.

E ple: The parallel imped. of a circuit with a coil
@ of 50 and having inductive and capacitive reactance of
300 ohms will be

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

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

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

Bandwidth -3 dB = f,/Q

where fo is the resonant frequency and @ the
circuit Q. It is also called the ‘half-power”
bandwidth, for ease of recollection.

Parallel Resonance in Low-Q Circuits

The preceding discussion is accurate only for Qs
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. 241A, 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
“resonance,” so with low-Q circuits it is necessary
to distinguish between maximum impedance and
resistive impedance parallel resonance. The differ-
ence between these L and C values and the equal
reactances of a series-resonant circuit is appreciable
when the Q is in the vicinity of S, and becomes
more marked with still lower Q values.
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Fig. 243 — The equivalent circuit of a resonant
circuit delivering power to a load. The resistor R
represents the load resistance. At B the load is
tapped across part of L, which by transformer
action is equivalent to using a higher load
resistance across the whole circuit.

Q of Loaded Circuits

In many applications of resonant circuits the
only power lost is that dissipated in the resistance
of the circuit itself. At frequencies below 30 MHz
most of this resistance is in the coil. Within limits,
increasing the number of turns in the coil increases
the reactance faster than it raises the resistance, so
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
consumed by the load. The equivalent of such a
circuit is shown in Fig. 243A, 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 lest in the
inductor and capacitor, the parallel impedance of
the resonant circuit itself will be so high compared
with the resistance of the load that for all practical
purposes the impedance of the combined circuit is
equal to the load resistance. Under these condi-
tions the Q of a parallel resonant circuit loaded by
a resistive impedance is

o-&

where R = Parallel load resistance (ohms)
X = Reactance (ohms)
Example: A resistive load of 3000 ohms is connected

across a resonant circuit in which the inductive and
capacitive reactances are cach 250 ohms. The circuit Q is

then B.3000
Q= x=2s0 " 12

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

Impedance Transformation

An important application of the parallel-
resonant circuit is as an impedance-matching device
in the output circuit of a vacuum-tube rf power
amplifier. As described in the chapter on vacuum
tubes, there is an optimum value of load resistance
for each type of tube and set of operating
conditions. However, the resistance of the load to
which the tube is to deliver power usually is
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considerably lower than the value required for
proper tube operation. To transform the actual
load resistance to the desired value the load may be
tapped across part of the coil, as shown in Fig.
2-43B. This is equivalent to connecting a higher
value of load resistance across the whole circuit,
and is similar in principle to impedance transforma-
tion with an iron-core transformer. In high-
frequency resonant circuits the impedance ratio
does not vary exactly as the square of the turns
ratio, because all the magnetic flux lines do not cut
every turn of the coil. A desired reflected im-
pedance usually must be obtained by experimental
adjustment.

When the load resistance has a very low value
(say below 100 ohms) it may be connected in
series in the resonant circuit (as in Fig. 2-41A, for
example), in which case it is transformed to an
equivalent parallel impedance as previously de-
scribed. If the Q is at least 10, the equivalent
parallel impedance is

2
Z,=Xr—-

where Z, = Resistive parallel impedance at reso-
nance
X = Reactance (in ohms) of either the coil
or capacitor
r = Load resistance inserted in series

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

While the circuit shown in Fig. 2-43B will
usually provide an impedance step-up as with an
iron-core transformer, the network 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 prefer-
able. 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 applica-
tions 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 reactive
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 broad-
band 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 winding them in a
parallel fashion. The latter configuration is some-
times called a bifiliar winding.
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COUPLED CIRCUITS AND FILTERS

Simple Ladder Networks

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 undesirable effects pro-
duced. 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.

Any two circuits that are coupled can be drawn
schematically as shown in Fig. 1A. A voltage
source represented by £, with a source resistance
Ry, and a source reactance Xy, is connected to the
input of the coupling network, thus forming the
primary circuit. At the output, a load reactance X
and a loadresistance Ry are connected as shown to
form the secondary circuit. The circuit in the box
could consist of an infinite variety of resistors,
capacitors, inductors, and even transmission 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 capac-
itors as indicated by the circuit shown in Fig.‘1B.
For obvious reasons, the circuit is often called a
ladder network. In addition, if there are no
resistive elements present, or if such elements can
be neglected, the network is said to be dis-
sipationless.

If a network is dissipationless, all the power
delivered to the input of the network will be
dissipated in the load resistance Rg. This effect
leads to important simplifications in computations
involved in coupled networks. The assumption of a
dissipationless network is usually valid with trans-
mitting 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 can be compensated by additional am-
plification in another stage. However, such devices
form a relatively small minority of coupled net-
works commonly encountered and only the dis-
sipationless 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, R, from the source, E,.,
with the network present. Rather than specify the
source voltage each time, a comparison is made
with the maximum avajlable power from any
source with a given primary mesistanee,Rp. The

value of Ry might be considered as the impedance
level associated with a complex combination of
sources, transmission lines, coupled networks, and
even antennas. Typicalvalues of Rpare 520,759,
3002, and 600%2. The maximum available power is
given by:

Eqc?

Pmaxzr
p

If the network is also dissipationless, the power
delivered to the load resistance, Rg, is just the
power “dissipated” in R;,. This power is related to
the input current by:
Py =Iin2Rjn
and the current in terms of the other variables is:
EIC

i vV Rp * Rin)2 + (Xp + Xin)?

Iin

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:

PO
Attn= —10log P =
in

-1 Ol
( p "l) ( p mn J

and is sometimes called the effective attenuation.

In the special case where Xy, and X, are either
zero or can be combined into a coupling network,
and where R, is equal to Rg, the effective

COUPLING
NETWORK

L — P&

T

Fig. 1 — A representative coupling circuit {(A) and
ladder network (B).
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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
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 Ry isnot equal to Ry
or if X, and X are not zero, In effect, the insertion
loss would represent a power gain under these
conditions. The intepretation 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 reac-
tances 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 networks. 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 frequencics. 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 Xj, of Fig. 1A can be de-
termined, 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 assumption that the
load resistance is constant with frequency. In the
case of many circuits, this assumption is not true.
However, if the value of R and X, at any
particular frequency is known, the attenuation 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 difficulties are encountered as the net-
work complexity 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 in-
cluding the usc of an inexpensive pocket cal-
culator.

Susceptance and Admittance
The respective reactances of an inductor and a

capacitor are given by:

1
= [ XeE® ——
Xy =2nfl C* 3 c
In a simple series circuit, the total resistance is just
the sum of the individual resistances in the network
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GT « Gt + G2
87 Bci 4+ Be2~Bu

RT- RI+R2
X7+ Xu—(Xcr+ Xc2)

Fig. 2 — Resistances and reactances add in series
circuits while conductances and susceptances add
in parallel circuits. (Formulas shown are for
numerical values of X and B.)

and the total reactance is the sum of the reac-
tances. However, it is important to note the sign of
the reactance. Since capacitive reactance 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.Ilna
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 con-
venient to introduce the concepts of admittance ,
conductance, and susceptance. In the case of a
simple resistance, the conductance is just the
reciprocal. That is, the conductance of a 50-Q
resistance is 1/50 or 2 X 10°? . The reciprocal unit
of the ohm is the mho. For simple inductances and
capacitances, the formulas for the respective recip-
rocal entities are:

B = Be =
L " onfL c=2n/C

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 respective
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. 2. An entity
called admittance can be defined in terms of the
total conductance and total susceptance by the
formula:

and is often denoted by the symbol Y. If the
impedance of a circuit is known, the admittance is
just the reciprocal. Likewise, 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
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6.8—

(8)

(a)

Fig. 3 — Application of conversion formulas can be
used to transform a shunt conductance and suscep-
tance to a series equivalent circuit. The converse is
illustrated at (B).

susceptance of the circuit are related to the latter
by the formulas:

Rt

-X
G=— ' T
RT2 + XT2

B= ——
RT2 +XT2

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

Gt

-B
R= ——— . T
GT2 +BT2

X ——mM8M ——
GT2 +BT2

These relations are illustrated in Fig. 3A and Fig.
3B respectively. While the derivation of the math-
ematical expressions will not be given, the im-
portance of the change of sign cannot be stressed
too highly. Solving network problems with a
calculator is merely a matter of bookkeeping, 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 example illustrates the manner in
which the foregoing theory can be applied to a
practical problem. A filter with the schematic
diagram shown in Fig. 4A is supposed to have an
insertion loss at 6 MHz of 3 decibels when
connected between a 52-2 load and a source with
a 52- primary resistance (both Xp and Xg are
zero). Since this is a case where the effective
attenuation is equal to the insertion loss, the
previous formula for effective attenuation applies.
Therefore, it is required to find R;, and Xj;.

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 522 and the previous
formula for capacitive susceptance gives the value
shown in parentheses in Fig. 4A. (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-Q resistance in series with a
—26-0 capacitive reactance as indicated in Fig. 4B.
The reactance of the inductor can now be added to
give a total reactance of 78.0152. The conductance
and susceptance formulas can now be applied and
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the results of both of these operations is shown in
Fig. 4C. Finally, adding the susceptance of the
510.1-pF capacitor (Fig. 4D) gives the circuit at
Fig. 4E and applying the formulas once more gives
the value of Ry, and Xj, (Fig. 4F). If the latter
values are substituted into the effective attenuation
formula, the insertion loss and effective atten-
uation are 3.01 dB, which is very closs to the value
specified. The reader might verify that the in-
sertion 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 this would give
the frequency response of the filter. '

Frequency Sealing and Normalized Impedance

Quite often, it is desirable to be able to change
a coupling network at one frequency and im-
pedance level to another one. For example, sup-
pose 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 multiplying 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. 4A 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.

(10400
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Fig. 4 — Problem illustrating network reduction to
find insertion loss.
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Fig. 5 — ldeal filter response curves are shown at
(A) and characteristics of practical filters are
shown at (B).

It is common practice with many filter tables
especially, to present all the circuit components
for a number of designs at some convenient
frequgncy. 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 frequency of 1.0 and corresponds to 0.1592
Hz. To change a ‘‘one-radian™ filter to a new
frequency fo (in Hz), all that is necessaty 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 reac-
tances (or susceptances) must be multiplied by the
same factor in order to preserve the network
characteristics. For instance, if the secondary
resistance, Rg is multiplied by n, all circuit in-
ductances must be multiplied by n and the circuit
capacitances divided by n (since capacitive reac-
tance varies as the inverse of C). If, in addition to
converting the filter of Fig. 4A to 7 MHz from 6
MHz, it was also desired to change the impedance
level from 52 to 60052, 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 nomenclature for
this sort of process is network synthesis. Fre-
quency responses can be ‘“cataloged™ and, if a
suitable one can be found, the corresponding
network elements can be determined from an
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associated 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 cate-
gories as illustrated in Fig. SA. Low-pass filters
have zero insertion loss up to some critical fre-
quency (f.) or cutoff frequency and then provide
high rejection above this frequency. (The latter
condition is indicated by the shaded lines in Fig.
5A.) 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 frequencies
below some cutoff frequency.

The attenuation shapes shown in Fig. 5A are
ideal and can only be approached or approximated
in practice. 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
desired. While insertion loss at 3.5 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 ¥ frequency and is some-
times called a maximally flat response. A formula
for the frequency response curve is given by:

2k
A = 10log 1o [1+(f7f) ]

where f. is the frequency for an insertion loss of
3,01 dB, and k is the number of circuit elements.
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Fig. 6 — Schematic diagram of a Butterworth
low-pass filter. (See Table | for element values.)
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. Table |
Fig. 6A Cl1 L2 C3 L4 Cs L6 (oY) L8 C9 L10
Fig. 6B L1 C2 L3 C4 LS C6 L7 C8 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 20000 1.6180 0.6180
6 0.5176 1.4142 1.9319 19319 14142 05176
7 0.4450 1.2470 1.8019 20000 1.8019 1.2470 0.4450
8 0.3902 L1111 1.6629 19616 19616 1.6629 1.1111 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

The shape of a Butterworth low-pass filter is shown
in the left-hand portion of Fig. SB. (Another type
that is similar in nature, only one that allows some
“ripple” in the passband, is also shown in Fig. 5B.
Here, a high-pass characteristic illustrates a
Chebyshev response.)

As can be seen from the formula, increasing the
number of elements will result in a filter that
approaches the ‘ideal” low-pass shape. For
instance, a 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 compromises 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
insertion loss is found, the filter is then fabricated
around the corresponding value of k.) Table 1 gives
normalized element values for values of k from 1
to 10. This table is for a 1-Q 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. 6. Here, a 5-element filter is given
as an example with either a shunt element next to
the load (Fig. 6A) or a series element next to the
load (Fig. 6B). Either filter will have the same
response.

After the values for the 1-§2, l-radian/second
“prototype” filter are found, the corresponding
values for the actual frequency/impedance level
can be determined (see the section on frequency
and impedance scaling). The prototype inductance
and capacitance values are multiplied by the ratio
(0.1592/f.) where f, is the actual 3.01-dB cutoff
frequency. Next, this number is multiplied 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 3-element design (k
equal to 3) and the reader might verify the values
for the components for an f, of 6 MHz and load
resistance of 5292. )

High-Pass Butterworth Filters

The formulas for change of impedance and
frequency from the 1-Q, 1-radian/second proto-
type to some desired level can also be conveniently
written as: . .

R 1
L= —— L B5—— (4
PET prototype C 2nfR prototype

where R is the load resistance in ohms, f; is 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 1.

However, the usefulness of the low-pass proto-
type 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
filter is shown in Fig. 7A and Fig. 7B which
correspond to Fig. 6A and Fig. 6B in table 1. The
equations for the actual high-pass circuit values in
terms of the low-pass prototype are given by

= l L =] _R—
Rz"fccprot. 2"chprot.

and the frequency response curve can be obtained

from:
fc) 2"]
A =10k 1 —
* [ +(f

For instance, a high-pass filter with 3 elements, a
3.01-dB f, of 6 MHz and 5212, 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 145 dB
respectively.

c
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Fig. 7 — Network configuration of a Butterworth
highpass filter. The low-pass prototype can be
transformed as described in the text.

Butterworth Band-Pass Filters

Band-pass filters can also be designed through
the use of Table I. Unfortunately, the process is
not as straightforward as it is for low-pass and
high-pass filters if a practical 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 bandwidth to center
frequency must be relatively large otherwise com-
ponent values tend to become unmanageable,

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

fo=V1if, BW=f-fi

If the bandwidth specified is not the 3.01-dB
bandwidth (BW.), the latter can be determined
from:

BW

A
1010 — | | 2K

in the case of a Butterworth response or from
tables of curves. 4 is the required attenuation at
the cutoff frequencies. The upper and lower cutoff
frequencies (f.y and fj) are then given by:

~BW¢ + J(BW,)Z + 4[,2

2
Seu = fa + BW,

BW, =

fcl

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

. r_ %
fc [+] f
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
3-pole filter (k of 3), the insertion loss will be
12.79 and 11.3 dB at 14 and 28 MHz respectively.

C1, 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. 8A. The
response shape is plotted in Fig. 8B 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 frequency.”

If the response is plotted against a logarithmic
frequency scale, the symmetry will become ap-
parent. 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 advisable. En-
countering difficulty of this sort is typical of most
filter designs, consequently, some tradeoffs be-
tween performance, complexity, and ease of con-
struction are usually required.

fo
BW,

Coupled Resonators

A problem frequently encountered in rf circuits
is that of a coupled resonator. Applications include
simple filters, oscillator tuned circuits, and even
antennas. The circuit shown in Fig. 9A is il-
lustrative of the basic principles involved. A series
RLC circuit and the external terminals ab are
“coupled” through a common capacitance, Cm.
Applying the formulas for conductance and sus-
ceptance in terms of series reactance and resistance
gives the following set of formulas:

Ry
T RZ+ X2
_ X
cm er + X2

Gab

Bap= B

The significance of these equations can be seen
with the aid of Fig. 9B. At some point, the series
inductive reactance will cancel the series capacitive
reactance (at a point slightly below f, where the
conductance curve reaches a peak). Depending
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Fig. 8 — A Butterworth Bandpass filter. (Capaci-
tance values are in picofarads.)

upon the value of the coupling susceptance, Bm, it
is possible that another point can be found where
the total input susceptance is zero. The input
conductance at this frequency, f, is then Go.

Since G, is less than the conductance at the
peak of the curve, 1/G,, or R, 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
practical value. Suppose R; and C; in Fig. 9A are
1022 and 21 pF respectively, and represent the
equivalent circuit of a mobile antenna. Find the
value of Ly and Cp;, which will match this antenna
toa 52-Q feed line at a frequency of 3900 kHz.
Substituting the foregoing values into the formulas
for input conductance gives:

SO
52 102+ X2

Solving for X (which is the rotal series reactance)
gives a value of 20.49Q. The reactance of a 21-pF
capacitor at 3900 kHz is 1943.3Q so the inductive
reactance must be 1963.7Q2. (While either a pos-
itive or negative reactance will satisfy the equation
for G,p, 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 L, will be 80.1 uH. In order to obtain a
perfect match, the input susceptance must be zero
and the value of B, can be found from the
equation:
20.49
0% Bem = 102 + (20492

giving a susceptance value of .04 mhos which
corresponds to a capacitance of 1608 pF.

Piezoelectric Crystals

A somewhat different form of resonator con-
sists of a quartz crystal between two conducting
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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 me-
chanical vibration is to simulate a series RLC
circuit as in Fig. 9A. There is a capacitance
associated with the crystal plates which appears
across the terminals (Cp, in Fig. 9A). Conse-
quently, this circuit can also be analyzed with the
aid of Fig. 9B. At some f{requency (f) in Fig. 10),
the series reactance is zero and Gg,p in the
preceding formula will just be 1/R;. Typical values
for R, range from 10 k2 and higher. However, the
equivalent inductance of the mechanical circuit is
normally extremely high (over 10,000 henries 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 suscep-
tance of the series resonator is just equal to the
susceptance of the crystal holder, B.y,. Here, the
total susceptance is zero. Since B¢y, 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 consequently
Gap will be small, which corresponds to a high
input resistance. A plot of the magnitude of the
impedance is shown in Fig. 10. The dip at f) is
called the series-resonant mode and the peak at f3
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 external capacitance across the
holder or type oscillator circuit to be used.
Otherwise, considerable difference in actual oscil-

e

(8)

Fig. 9 — A capacitively coupled resonator is shown
at )(A). See text for explanation of figure shown at
(B).
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Fig. 10 — Frequency response of a quartz-crystal
resonator. The minimum value is only approximate
since holder capacitance is neglected.

lator 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
element or even frequency modulated with a
device that converts voltage or current fluctuations
into changes in reactance.

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 Cp
results in an input load that appears as a pure
resistance. While such a condition might be defined
as resonance, the resistance value obtained is not
necessarily the one required for maximum transfer
of power.

A definition that is helpful in determining 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
disconnected). Applying this definition to the
circuit of Fig. 9A, the coefficient of coupling, k, is

given by:
k= /—C‘
Ce +Cpy

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

A calculated plot of k versus input resistance,
Rjy, is shown in Fig. 11. Note the unusually high
change in k when going from resistance values near
1082 to slightly higher ones.

Similar networks can be designed to work with
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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, Cy,, might consist
of switchable fixed capacitors with C; being
variable. With a given load resistance, Cy, essen-
tially sets the value of the reactance and thus the
input resistance while C; 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 atten-
uation can be computed directly for any fre-
quency. On the other hand, circuit information
might be obscured or even lost by attempting to
attach too much importance to an arbitrary de-
finition. For example, the plot in Fig. 11 merely
indicates Cp, and C; are changing with respect to
one another. But it doesn’t illustrate how they are
changing. Such information is important in prac-
tical applications and even a simple table of Cp,
and C; vs. Rj, for a particular Ry 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-oss 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” elements. The method is called pre-
distortion 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 @ that is quite
useful in this instance is that it is equal to the ratio

Ikl
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Fig. 11 — Variation of k with input resistance for
circuit of Fig. 9.



Matching Networks

+ar¥My

] < +
L L2 L] W
1) d +
+

Fig. 12 — Two types of magnetically
coupled circuits. At (A), only mutual
magnetic coupling exists while the cir-
cuit at (B) contains a common induc-
tance also. Equivalents of both circuits
are shown at the right which permit the
application of the ladder-network analy-
sis discussed in this section. (If the sign
of voltage is unimportant, T1 can be
eliminated.) N

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 in-
stances 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 inductance 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 illustrated with
the aid of Fig. 12A. An exact circuit for the two
mutually coupled coils on the left is shown on the
right. Tl is an “ideal” transformer that provides
the “‘isolation’’ between terminals ab and cd. If the
polarity of the voltages between these terminals
can be neglected, the transformer can be elim-
inated and just the circuit before terminals c¢'d’
substituted. A second circuit is shown in Fig. 12B.
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. 12B can be substituted for the
tapped coil shown at the left.

Coefficients of coupling for the circuits in Figs.
12A and 12B are given by:

k= M

VLy Ly
VL@ + L + 2

If L1 and L2 do not have the same value, an
interesting phenonemon takes place as the coupling
is increased. A point is reached where the mutual
inductance exceeds the inductance of the smaller
coil. The interpretation of this effect can be
illustrated with the aid of Fig. 13. While all of 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,

L2-M

\M L1+M
¥

8)

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. 13), the
network begins to behave more like a transformer
and for a k of 1, the equivalent circuit of Fig. 12A
yields the transformer equations of a previous
section. On the other hand, for small values of k,
the network becomes merely three coils arranged
in a “T” fashion. One advantage of the circuit of
Fig. 12A 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 aften re-
sponsible for RFI difficulties.

Matching Networks

In addition to filters, ladder networks are
frequently used to match one impedance value to
another one. While there are many such circuits, a
few of them offer particular advantages such as
simplicity of design formulas or minimum number
of elements. Some of the more popular ones are
shown in Fig. 14. Shown at Fig. 14A and 14B, are
two variations of an “‘L” network. These networks
are relatively simple to design.

The situation is somewhat more complicated
for the circuits shown at'14C and 14D. For a given
value of input and output resistance, there are
many networks that satisfy the conditions for a
perfect match. The difficulty can be resolved by
introducing the “dummy variable” labeled N.

Fig. 13 — 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.
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Fig. 14 — 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.)

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 Cop in Fig. 14C is set to some
particular value. The parallel combination of Cp
and R can then be transformed to a series
equivalent (see Fig. 15). Then, L could be f9und
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. 14A and the other com-
ponent (L') of L along with the value for C could
be determined from formulas (Fig. 14A). Adding
the two inductive components would give the
actual inductive reactance required for match in
the circuit of Fig. 14C.

As mentioned before, it is evident an infinite
number of networks of the form shown in Fig. 14C
exist since Cp can be assigned any value. Either a
set of tables or a family of curves for €y and L in
terms of Cp could then be determined from the
foregoing method and as illustrated in Fig. 1S.
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However, similar data along with other information
can be obtained 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. 14C and Fig. 14D is labeled N. All three
reactances are then expressed in terms of the
variable V.

The manner in which the reactances change
with variation in N for two representative circuits
of the type shown in Fig. 14C is shown in Fig. 16.
The solid curve is for an Ry of 3000§2 and Ry
equal to 52 The dashed curve is for the same Ro
(52£) but with Ry equal to 75§ For values of N
very close to the minimum specified by the
inequality (Fig. 14C), X becomes infinite which
means Cyp approaches zero. As might be expected,
the values of Xy, and Xgp at this point are
approximately those of an L network (Fig. 14A)
and could be determined by means of the formulas
in Fig. 14A for the corresponding values of Ry and
Rs.
The plots shown in Fig. 16 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 capac-
itance values become large without producing any
particular advantage either. A good design choice is
an NV a few percent 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 amateur trans-
mitters, it is the inductor that remains fixed (at
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Fig. 15 — lllustration of the manner in which the
network of Fig. 14C can be reduced to the one of
Fig. 14A assuming C5 is assigned some arbitrary
value. (The formulas shown are for numerical
reactance values.)
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Frequency Response

8 9 10 1
1.0 2.0 30 40
N
Fig. 16 — 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 300092 and an output resistance of 52Q. The
dashed curves are for a similar network with an
input and output resistance of 75 and 520,
respectively. Values of N from 1 to 4 are for the
latter curves.

least for a given band) while C; and Cy (Fig. 14C)
are made variable. While this system limits the
bandwidth and matching capability somewhat, it is
still a very useful approach. For instance, the plot
shown in Fig. 17 indicates the range of input
resistance values that can be matched for an Ry of
522 The graph is for an inductive reactance of
21982 Xy varies from 196 to 206§2 over the
entire range of Ry (or approximately 20 percent).
However, X¢g varies from 15 to almost 10052 as
can be seen from the graph.

Since Cy more or less sets the transformed
gesistance, it is often referred to as the “loading”
control on transmitters using the network of Fig.

14C, with C; usually labeled ““Tune.” While the’

meaning of the latter term should be clear, the idea
of loading in a matching application perhaps needs
some explanation. For small values of Xco (very
large Cy), the transformed resistance is very high.
Consequently, 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. 14C also exist for the
circuit of Fig. 14D. Only the limiting L network
for the latter is the one shown in Fig. 14B. The
circuit of Fig. 14C is usually called a pi network
and as pointed out, it is used extensively in the
output stage of transmitters. The circuit of Fig.
14D has never been given any special name but it is
quite popular in both antenna and transistor
matching applications.

The plot shown in Fig. 16 is for fixed input and
output resistances with the reactances variable.

World
oria

55

Similar figures can be plotted for other combina-
tions of fixed and variable elements. An interesting
case is for Xy, and Ry fixed with Ry, X¢q, and
X2 variable. A lower limit for N also exists for
this plot only instead of an L network, 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 situation 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. 14C 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 per-
forms a dual role in transforming a resistance value
while providing frequency rejection. Usually,
matching versatility, component values, and num-
ber of elements are the most important considera-
tions. But a matching network might also be able
to provide sufficient selectivity for some applica-
tion, 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. 14
are approximately related in this manner. For
values of N much greater than the minimum speci-
fied by the inequality N and Q can be considered
to mean the same thing for all practical purposes.
However, the frequency response of networks that
are more complex than simple RLC types is usually
more complicated also. Consequently, some care is
required in the interpretation of N or Q in regard

2000}

1000L -
10

Xcp

Fig. 17 — Input resistance vs output reactance for
an output resistance of 52Q. The curve is for a
fixed inductor of 2199 (Fig. 14C). Xgp varies
from 196 to 2069.
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Fig. 18 — Frequency response of the network of

Fig. 14C for two values of

to frequency rejection. For instance, a simple
circuit has a frequency response that results in
increasing attenuation for increasing excursions
from resonance. This is not true for the pi network
as can be seen from Fig. 18. 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 effect on

N.

response for frequencies much farther away.

A somewhat different situation exists for the
circuit of Fig. 14D. At frequencies far from
resonance, cither a series capacitance provides
decoupling at the lower frequencies 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 @ and b 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.

ATTN. {(aB)

Fig. 19 — Frequency re
14D (see text).

10
2art (H2)

sponse of the circuit of Fig.
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Chapter 3

Radio Design Technique

and Methods

Many amateurs desire to construct their own
radio equipment and some knowledge of certain
design procedures becomes important. Even when
commercially manufactured equipment is mostly
used, these techniques may still be required in
setting up peripheral equipment such as antennas.
Also, an applicant for an amateur radio license
might be tested on material in this area.

“PURE" VS “UNPURE” COMPONENTS

In the chapter on Electrical Laws and Circuits,
it was usually assumed that the components in an
electrical circuit consisted solely of elements that
could 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 approximated 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 very difficult to remove but will
affect circuit operation adversely as well. In fact,
such considerations often set a limit on how

(A) (8)

Fig. 1 — Equivalent circuit of a capacitor is shown
at A, and for an inductor in B,

STANO-OF F
INSULATOR

ELECTROLYTIC
CAPACITOR

Fig. 2 — A bypassing arrangement that affords
some measure of isolation (with the equivalent
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 require-
ments are necessary. (Lg and R in the inset
represent the equivalent circuit of the ferrite bead.

stringent a design criteria can be tolerated. For
instance, it is a common practice to connect
small-valued capacitors in various parts of a com-
plex 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 pro-
viding a low reactance to ground,

An equivalent circuit of a capacitor is shown in
Fig. 1A. Normally, the series resistance, R, can be
neglected. On the other hand, the upper frequency
limit of the capacitor is limited by the series
inductance, Lg. In fact, above the point where L,
and Cp, 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 superfluous duplication, But
the ‘“‘self-resonant” frequency of a capacitor is
lower for high-capacitance units than it is for
smaller valued ones. Thus, Cy in Fig. 2 provides a
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low reactance for low frequencies such as those in
the audio range while Co acts as a bypass for
frequencies above the self-resonant frequency of
Cy.

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
from reaching point 2 that travels along the
conductor from point 1. At dc and low-frequency
applications, a circuit must always form a closed
path in order for a current to flow. Consequently,
two conductors 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 constitutes 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 highcr
frequencies, the conductivity of the earth is such
to attenuate ground-wave propagation.

A mode similar to ground-wave propagation
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 conducting boundary will cause attenuation.
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 (particularly in the vhf range), the high
permeability of the ferrite introduces a series-

(8)

(A)

Fig. 3 — A superior type of bypassing arrangement
to that shown in Fig. 2, Concentric conductors
provide a lowinductance path to ground and
better rejection of unwanted single-wire wave
modes.
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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 suppres-
sion 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 1f energy in the If
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 isa
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. Unfortunately, this is not
the case normally and stringent measures are
required to isolate the sensitive circuits from the
strong source.

A different type of bypass-capacitor configura-
tion is often used with associated 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 1 and 2,
either a disk-type (Fig. 3A) or a coaxial configura-
tion (Fig. 3B) is employed. The circuit diagram for
either configuration is shown in the inset. While
such ‘feedthrough’ capacitors are always con-
nected to ground through the shield, this connec-
tion is often omitted on drawings. Only a connec-
tion to ground is shown as in the inset at the right
in Fig. 3B.

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 addi-
tion, most capacitors 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 extreme-
ly small. Secondly, any heat generated by currents
on the surface of the conducting plates is either
conducted away by air currents or through the
mass of the metal.

The dielectric loss in a capacitor can be
represented by Ry, 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
I b
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Rf Transformers

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 dis-
placed 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 voltage should be such
that rf-current ratings are not exceeded for the
particular frequency of operation. This is illus-
trated in Fig. 4. A parallel-resonant circuit con-
sisting of Ly, Cp, and Ry, is connected to a voltage
source, Vg, through a coupling capacitor, C,. It is
also assumed that Ry, is much greater than either
the inductive or capacitive reactance taken alone.
This condition would be typical of that found in
most rf-power amplifier circuits employing vacuum
tubes.

Since the inductive and capacitive reactance of
Ly, and C;, cancel at resonance, the load presented
to the source would be just Ry,. This would mean
the current through C, would be much less than
the current through either C, or Ly,. 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 C¢ then, would be rather
easy to satisfy in regards to current rating and
power dissipation. On the other hand, C, would
ordinarily be restricted to air-variable types al-
though some experiments have been successful
using Teflon as a dielectric.* Generally speaking,
the coupling capacitor should have a low reactance
(at the lowest frequency of operation) in com-
parison 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 discussed 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 com-
ponent is represented by R (Fig. 1B). In addition,
there is always a capacitance associated with
conductors in proximity as illustrated in Fig. S.
While such capacitance is distributed throughout
the coil, it is a convenient approximation to
consider an equivalent capacitance, Cp. exists
between the terminals (Fig. 1 B). 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 materials

1peMaw and Dorbuck, ‘“Transmitting Vari-
ables,” QST for February, 1975, p. 37.
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Fig. 4 — Consideration of capacitor voitage and
current ratings should be kept in mind in
moderate-power applications.

presently available have considerable loss in the
presence of an rf field. 1t 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 Ry,. (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 “transformed” 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, broadband trans-
formers, and certain antenna matching networks.
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 advantages over other
types in many common applications. A principal
advantage is that there is no direct connection
between the input and output terminals. Con-
sequently, dc and ac components 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 sensitive af circuits. In
such cases, complicated filters sometimes prove
ineffective while a simple tuned rf transformer
clears up the problem completely. This is because
the unwanted bc components are prevented from

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



Fig. 6 — Basic magnetically coupled circuit.

flowing on the receiver chassis along with being
rejected by the tuned-transformer filter charac-
teristic.

A second advantage of coupled circuits using
mutual magnetic coupling exclusively is that anal-
ysis 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 rejec-
tion characteristics when compared to networks
incorporating other forms. (A term sometimes
applied to transformer or mutual-magnetic cou-
pling 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 instance,
relatively simple band-pass filters are possible with
mutual-magnetic coupling and are highly recom-
mended for vhf-transmitter multiplier chains. For
receiving, such filters are often the main source of
selectivity. Standard a-m and fm broadcast receiv-
ers would be examples where intermediate-
frequency (i-f) transformers derive their band-pass
characteristics from mutually coupled inductors.

A third advantage of mutually coupled net-
works is that practical circuits with great flexibility
particularly in regard to matching capabilities are
possible. For this reason, variable-coupling match-
ing 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

o—fYYY\—I
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Fig. 7 — Equivalent single-mesh network of the
two-mesh circuit of Fig. 6.

RADIO DESIGN TECHNIQUES

arbitrary and could be either inductive or capaci-
tive. However, it is convenient to combine it with
the secondary reactance (X,g) since this makes the
equations somewhat more compact. Hence, the
total secondary reactance is defined by

X,=2nfLg+ X

The primary reactance and mutual reactance are
also defined respectively as

Xp=2nfLy, X = 2nfM

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

R:. = __ZRSX_mzz_
" RS +XS
Xm 2XS
Xin=Xp~———
Rsz + st

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 Xj is zero.
This could be accomplished easily by tuning out
the inductive reactance of the secondary with an
appropriate capacitor or by varying the frequency
until a fixed capacitor and the secondary induc-
tance resonated. Under these conditions, the input
resistance and reactance would be

X. 2
Rin= s
RS

» Xin=Xp

Then, in order to make the input impedance purely
resistive, a second series capacitor could be used to
cancel the reactance of X,. The completed net-
work is shown in Fig. 8 with C; and Cj being the
primary and secondary series capacitors.

If X, could be varied, it is evident that the
secondary resistance could be transformed to
almost any value of input resistance. Usually, the
desired resistance would be made equal to the
generator resistance, Ry, for maximum power
transfer. It might also be selected to satisfy some

i

Fig. 8 — Double-tuned series circuits with magnetic
coupling.




Coefficient of Coupling

design goal, not necessarily related to maximum
power transfer. This brings up a minor point but
one that can cause considerable confusion. Nor-
mally, in transmitting circuits, the ‘“‘unloaded Q"
of the reactive components would be very high and
the series parasitic resistances (discussed in a
previous section) could be neglected. However, if it
is not desired to do so, how should these resis-
tances 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, Ry, and the transformed secondary
resistance would be made equal to this sum.

On the other hand, a more common case
requires the total input resistance to be equal to
some desired value. For instance, an amplifier
might provide optimum efficiency or harmonic
suppression when terminated in a particular load
resistance. Transmission lines also require a given
load resistance in order to be “matched.” In such
cases, the series resistance of the primary coil
would be subtracted from the actual resistance
desired and the transformed resistance made equal
to this difference. As an example, suppose an
amplifier required a load resistance of 3000 ochms,
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 Rg.)

Coefficient of Coupling

Although the equations for the input imped-
ance can be solved in terms of the mutual
reactance, the transforming mechanism involved
becomes somewhat clearer if the coefficient of
coupling is used instead. The coefficient of cou-
pling, k, in terms of the corresponding reactances
or inductances is

= A’m
VXpXs

L m
VLoL,
Then, the input resistance becomes

k2X, X,
in = T

The primary and secondary Qs are defined as

Q =ﬁ =X—s
|4 R‘ s Rs

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

The coefficient of coupling under these condi-
tions reduces to a rather simple formula

1

kc Seo———-—
V00,
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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
kc = Rin - Rp
v XpQs

If the primary ‘loss” resistance is zero, both
formulas are identical.

At values of k less than k., the input resistance
is lower than either the prescribed value or for
conditions of maximum power transfer. Higher
values of k result in a higher input resistance. For
this reason, k. is called the critical coefficient of
coupling. If k is less than k., the circuit is said to
be undercoupled and for k greater than ke, an
overcoupled condition results. A plot of attenua-
tion vs frequency for the three cases is shown in
Fig. 9. Critical coupling gives the flatest response
although greater bandwidth can be obtained by
increasing k to approximately 1.5k.. 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 trans-
ferred 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 identical which also means the trans-
formed resistance, R,, must equal Rg.

The behavior of the circuit under these condi-
tions can be analyzed with the aid of Fig. 7.
Assuming the Q of both circuits is high enough, the
reactance, Xg, increases very rapidly on either side
of resonance. If this variation is much greater than
the variation of Xy, with frequency, a frequency
exists on each side of resonance where the ratio of
Xm2 and Rs2 + st is 1.0. Consequently, R;, is
equal to Rg and the transformed reactance is —Xj.
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 occurs but the points where the
transformed resistance is equal to the desired value,
the reactances are not the same numerically.
Consequently, there is attenuation 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 en-
countered in actual circuits. As the resistance levels
are increased, the corresponding reactances become
very large also. In transmitting circuits, extremely
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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.

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 matching 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 equiva-
lents. (It should be emphasized that this trans-
formation 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

Ry
Req(S) = T+—72_

__Rs7
XeaCs) =777
=RS
Y /Xc

A similar set of transformations exists for the
primary circuit also. In most instances, where one
high-impedance load is matched to another one, Rg

E'Ag}

Fig. 10 — Coupled network with parallel-tuned
circuits or “‘i-f”’ transformer.
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Lower values give a single response peak (but less
than maximum power transfer) while “tighter”
coupling results in a double-peak response.

in Fig. 10 is much greater than the reactance of Cg
and Cp. This simplifies the transformations and
approximate relations are given by .

2
Req($) = Xe /R,
Xeq(Cs) = X,

As an example, suppose it was desired to match
a 3-k2 load to a 5-k2 source using a coupled
inductor with a 250-92 (reactance) primary and
secondary coil. Assume the coupling can be varied.
Determine the circuit configuration 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 —2502. Since both Rg and Ry are
known, the exact formulas could be solved for ¥
and Req. However, because the respective resis-
tances are much greater than the reactance, the
simplified approximate formulas can be used. This
means the primary and secondary equivalent capaci-

XealCr) Xeo(Cs)
L
o—t/7N
Reatn) Le [ Reqts

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.
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tive reactances are -250. The equivalent
secondary resistance is (250)2/3000 or 20.83Q
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 pri-
mary resistance and Q are 12.592 and 20, respec-
tively. Substituting the values for @ into the
formula for the critical coefficient of coupling
gives 1/5/ (20)(12) or .065.

Double-tuned coupled circuits of the 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
communications 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
number of stages), a single filter with quartz-crystal
resonators is used instead. (The subject of receivers
will be taken up in greater detail 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 wind-
ings. However, examination of the ‘equivalent
circuit of the coupled coil shown in Fig. 7 suggests
an alternative. Instead of a separate capacitor, why
not “detune” a resonant circuit slightly and ‘“re-
flect” a reactance of the proper sign into the
primary in order to tune out the primary induc-
tance. Since the transformation function (shown in
the box in Fig. 7) reverses the sign of the
secondary reactance, it is evident Xg must be
inductive in order to tune out the primary induc-
tance.

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 reactance. However, if the positive
sign is chosen, the transformed resistance would be
negative. But from a physical point of view, this is
a violation of the conservation 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 negative resis-
tance does not result in a physically realizable
network.

Fig. 12 —

A coil
"shorted’’ turn provides insight to coils near solid
shield walls.

coupled magnetically to a
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Fig. 13 — "Link’’ coupling can be used to analyze a
number of important circuits.

The foregoing phenomenon has implications 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, otherwise 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 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 partic-
ular method is seldom. used nowadays, the term is
still applied to the basic configuration shown in
Fig. 13. Applications would be antenna-matching
networks, output stages for amplifiers and, espe-
cially important, many circuits used at vhf that
have no direct hf equivalent.

The cavity resonators used in repeater duplex-
ers 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 capacitors, 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
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Fig. 14 — A vhf/uhf circuit which can be approxi-
mated by a link-coupted network using *conven-
tional’’ components.

(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 reso-
nator 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 fre-
quencies not close to the resonant frequency, the
mathematical laws governing 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, Xg, in
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 Ly, Cg, and perhaps the load,
Rg, can be constructed first and tuned to the
“natural” resonant frequency

1

f He—<
° 2ny/LC,

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 usual-
ly shift upward. For instance, a coil and capacitor
combination was tuned to resonance by means of a
grid-dip oscillator (see the chapter on measure-
ments) at a frequency of 1.8 MHz. When a
two-turn link was wound over the coil, and
coupled to the GDO the resonant frequency had

RADIO DESIGN TECHNIQUES
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Fig. 15 — Equivalent low-frequency analog of the
circuit shown in Fig. 14,

Lin

Fig. 16 — The network of Fig. 15 can be reduced
with the transformation shown in Fig. 7.

increased to 1.9 MHz. A three-tumn 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, Rg (Fig.
7) and the input resistance are specified with the
reactive components being the variables. Unfor-
tunately, 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
reactance. Otherwise, even though the proper
resistance transformation is obtainable, a reactive
component would always be present. A plot of the
reflected reactance as a function of X 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 X;,2/2R,. Consequently, this value must
be greater than or equal to X, in order that a value
of X, exists such that the reflected reactance will

+xut —xw? X3
FLD Ao+ xof
xXs o Xs
Fig. 17 — "Reflected’ reactance into the primary

of a single-tuned circuit places restraints on resis-
tances 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.
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Fig. 18 — Single-tuned circuit with a parallel RC
secondary.
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Fig. 19 — Text example.

cancel Xp. In the usual case where X,2/2R; is
greater than X, it is interesting to note that two
values of X; exist where X[ and the reflected
reactance cancel. This means there are two cases
where the input impedance is purely resistive and
Rg could be matched to either one of two source
resistances if so desired. The value of X; at these
points is designated as Xg3 and Xgo.

On the other hand, a high value of R requires
X'm to be large also. This could be accomplished by
increasing the coefficient of coupling or by in-
creasing the turns on the secondary-coil. Increasing
the turns on the primary also will cause X,,, to be
higher but X\, will increase also. This is somewhat
self defeating since X2 is proportional to Xy,

An alternate approach is to use the parallel
configuration of Fig. 18. The approximate equiva-
lent series resistance of the parallel combination is
then X(Cy)%/R; and the reactance is approxi-
mately X(C;). (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. 18 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 1-22 load to a 50-Q source as

1 200

RESISTANCE

0.95 0 108 1
21 (H2)

Fig. 20 — Input resistance of the circuit of Fig. 19
as a function of frequency,
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Fig. 21 — Input reactance of the network of Fig.
19. Note two “resonant’’ frequencies (where reac-
tance is zero).

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 discussed
in Chapter 2). For instance, the circuit of Fig. 19
could be scaled in order to match a 50-§2 load to a
2500-2 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 1-Q load to
either a 50-2 or 155-Q source. Assuming a 50-9
source was being used, the attenuation plot as a
function of frequency would be given by the solid
curve in Fig. 22.

BRI CH)

ATTENUATION (d8)

Fig. 22 — Response of the circuit shown in Fig. 19.
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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 resistance
and reactance is shown in Fig. 23B.

In a lossless transformer, the maximum avail-
able 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 a 1-Q resistance (shown as a
dashed line in Fig. 23B) must be the same as that
delivered to a 50-Q 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 re-
sponse 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 transfor-
mation 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 character-
istic of the transformation shown in Fig. 7 depends
mostly on the ratio of Xg to Rg. However, if X is

much greater than Rg, the transformed reactance
can be approximated by

—Xm2Xs —Xm2
R82 W st - Xs .
and the resistance becomes

RXm? o X2
REI+XZ =~ *}T

3

Applying this approximation to the general cou-
pled circuit shown in Fig. 24A results in the
transformed network of Fig. 24B. The coefficient
of coupling for the circuit of Fig. 24A is

k= g

VX1 X2
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

X1 L Ny \?

where Ny and N 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
Ny
€= —— e
2 Ny 1

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

gXI and X are assumed to be 100 and 10Q,
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 equalto 1.0).The ideal-transformer
representation can be modified slightly to approxi-
mate the curve of Fig. 25 as shown in Fig. 26. The
shunt reactance, Xp,ag is called the magnetizing
reactance and Xj, 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 suppres-
sed causes difficulties in eliminating the effects of
the other reactance. For instance, increasing X,
Xm, and Xg will increase X0 which is desirable.
However, examination of Fig. 24C reveals that the
coefficient of coupling, k, will have to be made
closer to 1.0. Otherwise, the leakage reactance
increases since it is proportional to X7.

High-Permeability Cores

As a consequence of the interaction between
the leakage reactance and the magnetizing reac-
tance, 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,

A
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R 104
e TRANSFORMER
Xuae R
'oon S '

Fig. 26 — Approximate network for the curves of
Fig. 25.
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Fig. 25 — Input resistance and
reactance as a function of output
load resistance for X; and Xgp
equal to 10092 and 1092 respec-
tively (Fig. 24).

100 1000

ideal-transformer conditions have to be approached
quite closely. Otherwise, considerable inductive
reactance will exist along with the resistive com-
ponent 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 configura-
tion contains materials of more than one perme-
ability, 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 transformers
work is very useful.

First, consider the coupled coils shown in Fig.
27. For a given current, /7, a number of “flux
lines” are generated that link both coil 1 and coil
2. Note that in coil 1, not all 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

_ AroTaL
I
where for the example shown in Fig. 27, ArorAL
is given by
ATOTAL A1t A2t Ag+AgtAg

L

-

Fig. 27 — Coupled coils showing magnetic flux
lines.



Fig. 28 — Toroidal Transformer.

Counting up the number of flux linkages in coil 1
BYS  AToTAL = S*S+T+7+5=29
If all the flux lines linked all the turns, AToTAL
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
28. Since only three lines link coil 2, the mutual
inductance is 3 X 4/28 or 43 percent of maximum.
Assuming both coils are “perfect,” if a current
I produced 7 flux lines in a five-turn coil, then the
same current in a four-turn coil would produce
(4/5)(7) flux lines, since the flux is proportional to
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Fig. 29 — Effect of a high-permeability core on
transformer equivalent circuit.
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the magnetizing current times the number of turns.
Consequently, the maximum flux linkages in coil 1
from a current of the same value as /3 but in coil 2
instead would be (4/5)(7)(5) or 28. Therefore, it
can be seen that the mutual inductance is indepen-
dent 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 number of previous
occasions without proof.) In addition, the maxi-
mum flux linkages in coil 2 produced by a current,
I, would be (4/5)(7)@). As an exercise, substitute
the maximum inductance values into the formula
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 perme-
ability 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
configuration 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, [, is

ATOTAL = Aair + Acore
and dividing both sides of the equation by /; gives

Ly = Lajr + Leoye

Consequently, the circuit of Fig. 24 can be
represented as shown in Fig. 29A. For X 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 con-
sidered 1.0 for all practical purposes. This is
especially true at af and power frequencies with
transformers using iron cores where the perme-
ability is extremely high. This means the mag-
netizing 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 approxi-
mated by the one shown in Fig. 29C.

Bifilar and Twisted-Pair Windings

Although the core helps alleviate some of the
problems with leakage and magnetizing reactance,
the residual parasitic elements must still be made as
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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 19 and 0.1,
respectively, with a coefficient of coupling of 1.0
in the core. X; and X are 100092 and 100%2.

A plot similar to the one of Fig. 25 is shown in
Fig. 30 along with a curve for 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 182 or so. Curve 4 (Fig. 30) only includes the
effect of the secondary reactance and illustrates
the manner in which the reactance is transformed.
Curve B is the total input reactance which merely
requires the addition of 1Q. The VSWR curve
includes the effect of the latter. Useful range of the
transformer is between 1 and 1092 with “rapid
deterioration in VSWR outside of these values.
(The VSWR curve is for a characteristic impedance
equal to 10 times the secondary resistance. For
instance, the transformer would be useful in
matching a 5-Q2 load to a 50-92 line.)

As mentioned previously, these difficulties are
less pronounced at audio frequencies since the
permeabilities normally encountered in iron-core
transformers are so high, the actual inductance of
the winding itself is small in comparison 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 applications 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
transformer 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
approach to achieve the same purpose is to 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

Fig. 31 — Bifilar-wound transformer on toroidal
core.
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Fig. 30 — Curve for transformer problem discussed
in the text.

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 be-
tween 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 accordingly. How-
ever, the coupling between both coils is increased
because of the bifilar winding (flux line 4) in Fig.
31) which also tends to reduce the leakage induc-
tance 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 /
in conductor 1 will induce a current I, in
conductor 2 because of magnetic coupling. The
actual value of the current will depend upon the
external circuitry attached to the conductors but it

INDUCED
WAVE
OIRECTION

Fig. 32 — Effect of distributed capacitance on
transformer action.




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

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 7 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 coupling 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 anten-
na, it is desirable to insure that energy is not
reflected back to the transmitter. Otherwise, the
impedance presented to the transmitter output
may not be within range of permissable values. A
directional coupler is useful in determining how
much power is reflected as indicated in Fig. 33.
Energy originating from the transmitter and flow-
ing 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 reflected-power is taken up in more
detail in the chapter on transmission lines.)

In some situations, the coupling described can
be very undesirable. For instance, the lines shown
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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 conventional methods. Therefore, it
is good design practice to use *“doubled-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 in-
stance, 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 transmission line. As
another example of directional effects, the net-
work shown in Fig. 34 can be used to couple two
sources to a common load without ‘‘cross cou-
pling” 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 @ to d.) Such a
configuration is called a hybrid combiner and is
often used to combine the outputs of two solid-
state amplifiers in order to increase the power-
handling capability. This permits the use of less
expensive low-power devices rather than very
expensive 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 resis-
tance 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 affect-
ing 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 depen-
dent on dimensions such as conductor spacing and
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Fig. 35 — Transmission-line transformers with
ferrite cores.

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 iliustrates 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 com-
binations of two series inductances. One induc-
tance represents the path in air while the other one
includes the effects of the flux in the core. As
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 in-
creased considerably. The equivalent circuit show-
ing 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.

*QOliver,
plers,” Proceedings of the I.
1686-1692; November, 1954,

“Directional Electromagnetic Cou-
R.E., Vol. 42, p.

4

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 will be such that dotted end
of the "secondary’’ coil will be positive. (See text
for crossed-arrow symbol in the middle of the
parallel lines.)

Therefore, the circuit can be represented by the set
of coupled coils shown in Figs. 37 and 38.

For a current I o flowing from source 1 over to
the mesh that includes source 2, the mutual-
reactance components add to the self inductance
of each coil. Consequently, 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 phase, currents /1 and /o must
be identical because of the symmetry involved.
However, if the coefficient of coupling is 1.0, the
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Fig. 37 — Low-frequency equivalent circuit of
hybrid combiner showing isolation of sources.

14XL=12XM 12XL=-14 XM

vi

Fig. 38 —
combiner.

Desired coupling mode of hybrid
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Fig. 39 — Other applications of transmission-line
transformers.

self and mutual reactance must be equal. There-
fore, 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 Typest

The hybrid combiner is only one application of
a combination transmission-line or directional-
coupler transformer and conventional coupled-coil
arrangement. With other variations, the low-
frequency isolation is accomplished in the same
manner. Mutual-reactance terms add to the self
reactance to provide isolation for some purpose
with cancellation of reactive components in the
path for the desired coupling. Very good band-
width is possible with a range from bc 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

{Ruthroff, “Some Broad-Band Transformers,”
Proceedings of the L.R.E., Vol. 97, pp. 1337-1342;
August, 1959,
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improper transforming ratio. However, when
applied properly, the transformers discussed in the
previous sections can provide bandwidth character-
istics 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
(XL) of the coil connected between pointsa and c.
But there would be no induced voltage to counter
the voltage drop across this coil. Therefore, if X7, is
large, very little current would flow in the imped-
ance 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 froma
to ¢ would then be equal to V;. However, the
induced voltage in the coil connected between
points b and d would also be V; assuming unity
coupling (k equal to 1.0). Although the voltage
drop produced by the inductors around the mesh
through which /3 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. 39B is called a phase-reversal transformer.

Baluns

The circuit shown in Fig. 39A is useful in iso-
lating a load from a grounded source. This is often
required in many applications and the device that
accomplishes 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 original 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 @ and ¢. 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 V;/2. Consequently,
the end of the load connected to points ¢ and e is
at a potential of +V;/2 with respect to ground
while point d is —V1/2 with respect to ground
when the input voltage has the polarity shown.
Therefore, this circuit not only isolates the load
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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 @ and f must be very high
throughout the frequency range of the trans-
former. With both transformers, the coefficient of

73

coupling must also be very close to 1.0 in order to
prevent undesirable reactance in series with the
load. This problem can be offset somewhat by
reducing X, slightly (by using fewer turns) but this
is counter to the requirement of large Xy, in the
circuit of Fig. 39C. Isolation is reduced in both
cases although no detrimental effect on input
impedance results in the transformer of Fig. 39A
by reducing Xy,

NONLINEAR AND ACTIVE NETWORKS

Almost all the theory in previous sections has
dealt with so-called passive components. Passive
networks and components 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 con-
nected 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 output, it is convenient to consider
certain elements as controllable sources of power.
Such devices are called amplifiers and are part of a
more general class of circuits called active net-
works. 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 generators.

NONLINEARITY

Two other important attributes of passive RLC
elements are that they are linear and bilateral. A
two-terminal 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, dicdes, tran-
sistors 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 Understanding Amateur
Radio. Both publications 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 instance, 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 1/2 or 3 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 requirements of a bilateral ele-
ment 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 properties over
part of their operating range or may satisfy some
but not all of the requirements of linear circuits.
Such devices 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 propor-
tion 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 components, the
only frequenciés present are those generated by the
sources themselves. However, this is not true with

-nonlinear elements. One of the properties of

nonlinear networks mentioned earlier is that ener-
gy 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 have energy at frequencies that
could cause interference to nearby receiving equip-
ment. Filters and similar devices must be used to
suppress this energy as much as possible.

The manner in which this energy is produced is



74

vin / vour
o—
& , vour
B e &
[~ . ! _
' = T
o T T2 !

w4

yBe
B

1

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

shown in Fig. 40. A sine-wave at the input of a
nonlinear network (Vi) is “transformed” into the
output voltage waveform (Vout) illustrated. If the
actual device characteristic is known, the waveform
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 ¢ 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. Therefore, 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 “funda-
mental” frequency, w where w is 2nf (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 funda-
mental. Even multiples would produce 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 definition) with the second, third
and fourth multiples designated as the second,
third and fourth harmonics. Thus the dashed curve
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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 dis-
played on an instrument called a spectrum ana-
lyzer. If the mathematical equation or other data
for the curve is known, the harmonics can also be
determined by means of a process called 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 -non-

linear characteristics which simplifies analysis con-
siderably.

The following example illustrates how this is
accomplished and although a vacuum-tube applica-
tion is considered, a similar process is employed in
solving semiconductor problems as well. However,
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Fig. 41 — Harmonic analysis and spectrum.
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The Triode Amplifier

there 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 transistors al-
though this is much less of a problem 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 problems
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 elements built in and there is no need to
determine 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 charac-
teristic curves is illustrated in Fig. 43A. The first
chore in finding 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 Fig. 43A. (Other areas are often picked
for power-amplifier operation but the goal here is
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Fig. 42 — Basic triode amplifier and equivalent
circuit.
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Fig. 43 — Triode characteristics and derivation of
small-signal parameters.

to find a point where the maximum voltage swing
is possible without entering regions where the
nonlinearities affect the linear approximation.)

In the particular operating point chosen, 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 (e,) for a constant
plate current. Assuming that tge characteristic
curves were completely linear, this would permit
evaluation of an equivalent ac voltage generator as
shown in Fig. 42B. For a constant plate current of
10 mA, the plate voltage changes from 32$ (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

e 325 - 230

-9-(-2)
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 (e,,), the controlled generator de-
creases in voltage. Consequently, there is a 180-

=475
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Fig. 44 — Network illustrating voltage feedback.

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 com-
puted. This is accomplished by determining how
the plate voltage varies with plate current at
constant grid voltage as shown in Fig. 43B. The
plate resistance is then

325 - 240
% @sosx 103 200
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
constant current? Unfortunately, the mathematics
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. How-
ever, 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 equivalent of the change in voltage
represented by the line cd divided by —2. However,
since the length of c¢d 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 resis-
tance, rp. 1t 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 approxi-
mately the same. Entities such as 4 and rj are
often called incremental or small-signal parameters.
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 resis-
tance could be defined as the ratio of plate voltage
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to plate current. For the —3-V operating point
chosen, the static plate resistance would be 280
divided by 10 X 1073 or 280 k. This is
considerably different from the small-signal plate
resistance determined previously which was 8500
Q.

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

en
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

) 47.5ein
" 100+8.5
The output voltage is then
eo =ip 100

and combining the two foregoing equations gives

A= 43.8

€in 100+ 8.5

It is somewhat inconvenient to have the input
and output voltages defined with opposite polari-
ties 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
representing an amplifier stage in “block-diagram”’
form. The amplifier gain depends of course on the
load resistance, Ry,, and a general formula for the
gain of the circuit of Fig. 42B is

FEEDBACK

Being able to eliminate the equivalent circuit
and use only one parameter such as the gain
permits analysis of more complicated networks. A
very important application occurs when part of the
output energy of an amplifier is returned to the
input circuit and gets amplified again. Since energy
is being “fed back™ into the input, the general
phenomenon is called feedback. The manner in
which feedback problems are analyzed is illustrated
in Fig. 44. The output voltage is “sampled” by a
network in the box marked g and multiplied by
this term. This transformed voltage then appears in
series with the input voltage, e;, which is applied
to the input terminals of the amplifier (triangle
with 4,). A, is defined as the open-loop gain. 1t 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

Histon
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holds for networks incorporating current feedback.

The closed-loop gain, A, can then be found by
inspection of Fig. 44. From the diagram, the
output voltage must be

€0 = Aolein *+ Beo)
rearranging terms gives
eo(l — fAo) =Aoin

and the closed-loop gain is defined by

A= Ao _¢
© 1-84, e
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-loop gain and the value of g.

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

. ~He12
The open-loop gain can then be determined and is
€, _ ~-uRy,
ch rp+ Ry +R¢

Next, § is determined from the expression for
output voltage

€o =ipRy,
and the feedback voltage which is
et=ipR,
g is then
8= . ﬂ R

€ ipRy1, Ry

Note that g is positive since if the path 1 to 2 is
considered, the feedback voltage is added to the
input signal. Substituting the values of g8 and A,
into the feedback equation gives

Ao

A S
’ 1-Re
R,"°
which after some manipulation becomes
. R
€ rp+Rp+(1+uR,

Comparison of this equation with the one for the
previous circuit with no cathode resistor reveals

(A)

o
kS

1:)]

Fig. 45 — Feedback example of an amplifier with
cathode bias.

that the gain has decreased because of the term (1
+ w)R. in the denominator. Such an effect is
called negative or 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
study of feedback is an important one in elec-
tronics. For instance, frequency generation is
possible in a circuit called an oscillator. But on the
other hand, unwanted oscillation or instability in
an amplifier is very undesirable.

OSCILLATORS

A special case of feedback occurs if the term

1 -84,

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 limitations 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 A, would decrease. )

Tuned-Plate Tuned-Grid Oscillator

It should be stressed that it is the product of 8
A, that must be 1.0 for oscillations to occur. In
the general case, both g and 4, may be complex
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Fig. 46 — Tuned-plate tuned-grid oscillator.

numbers unlike those of the cathode-bias problem
just discussed. That is, there is a phase shift
associated with A, and g with the phase shift of
the product being equal to the sum of the
individual phase shifts associated 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 normally 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 cir-
cuit consisting of Ly and Cy is tuned to a
frequency f,, with the output circuit (L9, C)
tuned to the same frequency, a high impedance to
ground will exist at the input and output of the
amplifier. Consequently, a small capacitance value
represented by Cj is capable of supplying 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 imped-
ance in series with the relatively high reactance of
Cy. The voltage divider this formed will result in a
small-valued g8 and the conditions for oscillations
will not be fulfilled. However, for conditions near
fo, both the amplitude and phase of the A,
product will be correct 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 Cy. During the rest
of the rf cycle, Cy will discharge through Rg
causing a negative bias voltage to be applied to the
grid. This bias voltage sets the operating point of
the oscillator and prevents excessive current flow.

Miscellaneous Oscillator 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
Jange. However, at higher frequencies and for
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Fig. 47 — Hartley and Colpitts oscillators.

higher power levels in the uhf range, physical
restrictions on the size of such components makes
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 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

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.



Miscellaneous Oscillator Circuits

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.
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Similar effects are employed in other micro-
wave 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.



Chapter 4

Solid-State Fundamentals

The electrical characteristics of solid-state de-
vices such as diodes and transistors are dependent
upon phenomena that take place at the atomic
level. While semiconductors can be employed
without a complete knowledge of these effects,
some understanding is helpful in various applica-
tions. 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 electron attached
to an atom has many properties similar to those of
if energy in tuned circuits. 1t has a frequency and
wavelength that depend upon atomic parameters
just as the frequency associated 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(oules)
2 = 626 x 103%

where the constant in the denominator is called
Planck’s constant. This equation is 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 charac-
teristic glow to neon tubes, mercury-vapor recti-
fiers, and even light-emitting diodes. The frequency
of the emitted radiation is given by the foregoing
formula where E is the difference in energy.
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Fig. 1 — Energy-level diagram of a single atom is
shown at A. In Fig. 1B, the levels split when two
atoms are in close proximity.

However, if an electron 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 10719 coulombs), the equivalent
in voltage is obtained.

A common way of illustrating these energy
transistions is by means of the energy-level diagram
shown in Fig. 1A. 1t 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 characteristic 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 analogy 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. Nor-
mally, energy initially stored in C; would oscillate
back and forth between Ly and C; at a single

Fig. 2 — Electrical-circuit analog
of coupled atoms.




The PN Junction
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Fig. 3 — Energy-level diagram of a conductor is
shown at A and a similar one for an insulator is
shown in Fig. 3B.

frequency after the switch was closed. However,
the presence of the second circuit consisting of Lo
and Cq (assume Ly equals Ly and C, equals Cy)
results in the waveform shown in Fig~ 2B. Energy
also oscillates back and forth between the two
circuits and the current then consists of com-
ponents at two slightly different frequencies. The
effect is similar to the splitting of electron energy
levels when two atoms are close enough to interact.

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 com-
ponent 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 permitted
states in upper level of Fig. 3A that are both
unoccupied and close together, electrons in this
level are relatively free to move about. Conse-
quently, 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 representation gives an
insight into the phenomena of breakdown. If the
force on an electron in an insulator becomes high

Fig. 4 — Energy-level diagram of a semiconductor.
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Fig. 5 — The effects on the energy-level diagram if
impurity atoms are introduced.

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 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). How-
ever, 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 W¢ represents a statistical entity
related to the “average” energy of electrons in the
material and is called the Fermi Level. At absolute
zero (no thermal motion), Wy is just at the top of
the lower energy level. As electrons attain enough
energy to move to the upper level, W¢ is approxi-
mately 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
themselves. However, if certain elements are mixed
into the intrinsic semiconductor in trace amounts,
a mechanism for rectification exists. This is shown
in Fig. SA. If an element with an occupied energy
level such as arsenic is introduced into germanium,
a transformation in conductivity takes place. Elec-
trons 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 thermal energy is
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. 5B. Electrons from the lower level
can move into the new unoccupied level if the
thermal energy is sufficient. This means there is an
excess of unoccupied states in the germanium



82

p

xzfgz ==

(8}

Fig. 6 — N- and p-type semiconductors.

lower energy level. Germanium treated this way is
called a p-type semiconductor. A

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 exists called a hole. It
would seem as though a dislocation in the crystal-
lattice structure was moving about and contri-
buting to the total current.

If a section of n-type material is joined 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
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Fig. 7 — Elementary illustration of current flow in
a semiconductor diode.

SOLID-STATE FUNDAMENTALS

Fig. 8 — Potential diagram of an electron in an
atomic orbit.

p-type end into the n-type electrode are attracted
to the negative 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 doesn’'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. However, such
recombination degrades the performance of transis-
tors considerably and will be discussed shortly.

If a voltage of the opposite polarity to that of
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 S, 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=(-1.6X 1019y

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 lower value,
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Fig. 9 — Energy-level diagrams in terms of

potential.
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The PN Junction

vt

(A)

N P
(it T
+ 4
o = ettt
T b SRy
_____ LA
A L
T | T
*h
. 5
Vx
(c)

Fig. 10 — Energy-level diagrams for unbiased (A),
forward-biased (B}, and reversed-biased (C) diode.

this confusion can be avoided. As an illustration,
suppose an electron is moved from an atomic orbit
indicated by 1 in Fig. 8 to orbit Il. 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 1l is at a higher
energy level than orbit 1.) However, note that the
electrostatic potential around the nucleus decreases
with distance and that orbit 1l is at a lower
potential than orbit 1.

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 considered 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 occu-
pied is one half. For n-type material, the Fermi
Level is shifted upward toward the ‘“‘conduction
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Resultant diode characteristics are shown in Fig.
10D.

band” (Fig. SA). 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 /p
(Fig. 10). But a paradox results because of this
current. If Sy is opened so that /p 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
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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 Vg 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 semi-
conductor 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 gener-
ated. On the other hand, if acceptor atoms
represent the impurities, fewer electrons are gener-
ated 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 are 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 /q. Such a
current is called a drift current as compared to the
diffusion current, /p. Under equilibrium con-
ditions, the two currents are equal and just cancel
each other. This is consistent with the assumption
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

SOLID-STATE FUNDAMENTALS

signs, the currents add.
The Forward-Biased Diode

If an external emf is applied to the diode
terminals as shown in Fig. 10B, the equilibrium
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
considerable numbers of carriers may now diffuse
across the junction. Consequently, Ip becomes
very large while /1 decreases in value because of
the decrease in barrier voltage. The total current
under ‘‘forward-bias’’ conditions then becomes

eVx
I=1I,e¥T - 1)
At room temperature, the ratio kT/e is approxi-
mately .026 volts and so for an external voltage,
Vx that exceeds this value, the current increases
very rapidly.

The Reversed-Biased Diode

If the source, V,, is reversed as shown in Fig.
10C, the barrier voltage is increased. Consequently,
charge carriers must overcome a large “potential
hill” and the diffusion current becomes very small.
However, the drift current caused by the thermally
generated carriers returns to the value it had under
equilibrium conditions. For large values of ¥, the
current approaches /g, defined as the reverse satura-
tion current, /g is the sum of /- and its counterpart
in the lower or “‘valence” band, Finally, the charac-
teristic 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 break-
down occurs as indicated 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.

BARRIER RECTIFICATION

The pn junction is involved in just about every
modern semiconductor device that is likely to be
encountered, such as bipolar transistors, field-
effect transistors (FETs), integrated circuits (1Cs),
and various other components. Although such
junctions are common, and the theory behind
them is well understood, they are difficult to
construct. Very pure germanium or silicon is
required and special equipment must be used to
diffuse in the impurity elements that result in
either p- or n-type material. 1t is not likely there
will ever be a ‘‘do-it-yourself” repair kit for the
experimenter that will allow him to rebuild faulty
pn-junction devices.

On the other hand, rectification of another

form exists and components such as the “‘cat’s-
whisker” detector, copper-oxide rectifier, and
more recently, Schottky barrier diodes operate on
principles that are somewhat different from those
involved in the pn junction. Except for the latter,
these devices are very easy to construct (sometimes
undesirably so as in the case of unwanted rectifica-
tion in downspouts and other structures that may
cause TVI), but the theory is rather complicated
and not completely understood in regard to some
aspects.

Fermi Level in Conductors

It will be recalled from previous sections that
the Fermi Level represented a sort of statistical
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average separating energy levels or states populated
by electrons from empty states. This entity also
played an important role in the theory of the pn
junction. 1t is also involved in the rectifiers under
discussion.

Before proceeding, some comment in regard to
the units associated with electron-energy considera-
tions would be helpful. Because of its extremely
small charge (—1.6 X 10712 coulombs), an electron
doesn’t acquire much energy when it is moved
through a potential of one volt under the influence
of an electnc field. The energy so acquired would
be 1.6 X 1019 joules and it is convenient to define
this quantity as one electron volt.

In terms of thermal energy, an electron volt
represents an extremely high temperature. For
instance, room temperature is approximately 273
degrees on the Kelvin scale while 1 electron volt
would be equivalent to 11,606 degrees Kelvin! In
copper, electrons occupy orbits out to 7 electron
volts (7 eV) which would correspond to a tempera-
ture of 82,000 degrees Kelvin. As might be
expected, variations at room temperature are not
likely to have much effect on the electron distribu-
tion which tends to remain as it was at 0 degrees K.
At zero degrees Kelvin (or “absolute’ zero), the
Fermi Level (Wg) forms a sharp dividing line
between the occupied and unoccupied states in the
upper end of the conduction band as illustrated in
Fig. 11. For all practical purposes, the Fermi Level
in a conductor is independent of temperature.

As a comparison, the difference in energy levels
between an arsenic donor impurity in germanium
and the bottom of the conduction band is .0127
eV. This corresponds to a temperature of 147°K or
—126°C. Consequently, many of the donor atoms
are ‘“‘ionized” and contribute electrons to the
conduction band. On the other hand, the gap
between the valance and conduction bands in
germanium is 0.7 eV. One might expect that
carriers generated in the intrinsic crystal do not
have a significant effect until much higher tempera-
tures are reached than normally encountered since
this gap represents a temperature of over 7800
degrees. However, the thermally generated carriers
in the intrinsic semiconductor are still important as
indicated in the discussion on the pn junction. This
is because even small numbers of thermally gener-
ated carriers affect operation of the device.

One might think of the Fermi Level as corres-
ponding to the surface of the water in the ocean.
On calm days, the surface is smooth and the
average and actual water levels are almost the same.
On the other hand, during rough weather, peaks
and valleys formed by the waves may differ
considerably from the average. The former condi-
tion is representative of the energy *‘surface™ of a
conductor while the latter one is typical of the
distribution of energy states in a semiconductor
caused by the “thermal wind.”

Work Function

While the Fermi Level imore or less defines the
upper limit of the occupied bands in a conductor
(Fig. 11) in the interior regions, conditions on the
surface are of interest. An important consideration
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Fig. 11 — Energy-level diagram of metal showing
work function.

is how much energy is required to remove com-
pletely an electron from the conductor. This
energy is indicated by the symbol ¢ in Fig. 11 and
is called the work function of the material. Factors
that contribute to the work function are uncon-
nected atomic bonds (because of the discontinuity
at the surface) which attract the electron as it is
pulled away from the boundary. Also, the “'image”
of the electron itself can be considered to be a
positive charge moving into the metal thus causing
an attractive force.

The work function is of importance in many
devices, the most common example being the
vacuum tube. A formula for the emission of
electrons from the cathode in a vacuum tube is
given by

]'=AT2ekT

known as the Richardson-Dushman equation. A4 is
a constant, T is the temperature in degxees Kelvin,
k is Boltzman’s constant (1.38 X 10~ 23 joules/
degree) and ¢ is the work function in joules (or ¢
in electron volts multiplied by 1.6 X 10°19),
Typical work functions range from 1 to 5 eV. For
instance, thoriated tungsten has a work functlon of
2.7 eV with a value of .04 A/cm2 (K)2 for A.
Operating at  1600°C, this would result in a
current density of 7.7 mA for every square
centimeter of cathode area. However, applying a
field at the cathode that tends to pull the electrons
away (such as that caused by the positive voltage
of the plate) also reduces the work function. This
is known as the Schottky effect and the resultant
current density increases as the plate voltage is
increased.

THE BARRIER DIODE

One possible explanation of the rectification
effects found naturally in many devices is illus-
trated in Fig. 12A.* A metal with a work function
¢m is brought into contact with an n-type semi-
conductor with a work function ¢g. Much of the
difficulty between theory and experiment is con-
cerned with the latter entity. Conditions on the
surface of the semiconductor affect the work
function greatly. In the present discussion, it is
assumed these effects can be neglected.

*C. Kittel, Introduction to Solid State Physics,
John Wiley & Sons, New York, 1956.
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After contact, some of the electrons from
donor atoms in the semiconductor move into the
metal along with those that move up into the
conduction band of the semiconductor. This leaves
a positive charge near the junction in the semi-
conductor (Fig. 12B). The electrons migrate until
an equilibrium is reached and the Fermi Levels
align. A corresponding negative charge exists on
the junction with the metal but because of the high
conductivity, it is confined to a very narrow
region. A charge distribution in the interior of a
metal implies the existence of an electric field.
Such a field is inconsistent with high conductivity
since a high current would flow. Consequently, all
the charge must reside on the surface of the metal.

On the other hand, because of the lower
conductivity of the semiconductor, the charge
distribution can penetrate into the n-type region
for a considerable distance. This distribution is
known as a barrier layer. It is also sometimes
referred to as the space-charge region. (The condi-
tions in the pn junction are somewhat more
complicated because of the presence of two kinds
of charge carriers. For instance, in a region in the

Fig. 12 — Energy-level diagrams of a metal and a
semiconductor before contact are shown at A.
After the metal and semiconductor are joined, a
charged layer is ‘formed as shown at B. The
energy-level diagram (in terms of the voltage) of
the metal/semiconductor junction is shown at C.
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vicinity of the middle of the junction, the charge is
neutralized and the region behaves much like an
intrinsic semiconductor. This area is called the
depletion layer.)

The resultant energy-level diagram in terms of
the voltage is shown in Fig. 12C. Note that since
the charge on the electron.is negative, the diagram
becomes inverted because of considerations dis-
cussed earlier (Figs. 8 and 9). Electrons to the right
of the barrier that might tend to diffuse over to the
metal now experience an energy barrier that must
be surmounted. The barrier voltage is denoted by
Vg (Fig. 12C) and is the difference between the
values of the two work functions divided by the
electronic charge (-1.6 X 10-19 coulombs). It will
also be recalled from an earlier discussion that
moving an electron from a point to one that is
more negative required a positive expenditure of
energy. Therefore, an electron ‘‘falls up” a potens
tial “hill” but must *‘climb down” a potential
‘“valley.” This means expenditure of energy in
moving an electron from point @ to b (Fig. 12C)
which would be returned in going from & to a.

Diode Operation

If a voltage is applied to the terminals of the
configuration shown in Fig. 13A, the rectifying
properties can be illustrated in the following
manner. A negative voltage at the semiconductor
end will shift the Fermi “‘voltage” downward and-
the barrier will decrease. Consequently, electrons
will migrate easily across the barrier and the
current will increase exponentially with the applied
voltage as was the case with the forward-biased pn
junction. An interesting feature of this diode
action is that electrons entering the metal do so at
energy levels that exceed the Fermi Level. They
remain at higher levels than the rest of the
electrons in the metal for some time and conse-
quently are called hot carriers.

Another difference between this type of diode
and the pn junction is that the current is caused by
majority carriers. It will be recalled in the pn
junction that holes were injected into the n region
and electrons injected into the p region where they
either recombined or migrated to the opposite
electrode. Although an electron is the majority
carrier in the n region, it becomes a minority
carrier in the adjacent p region. Only dc effects
have been considered so far, but slow recombina-
tion of the injected carriers degrades the high-
frequency characteristics of the pn-junction diodes.
The problem arises when the diode is “‘switched”
from the forward conducting state into the
reverse-biased condition. Injected minority carriers
are indistinguishable from those generated ther-
mally. Consequently, instead of the ‘‘normal”
reverse saturation current, a much larger current
flows because of this ‘‘stored charge.” The effect is
to increase the junction capacitance of the diode
when it is in a reverse-biased condition. (In some
pn-junction diodes, this action is used to advan-
tage. A reverse current flows until all the stored
charge is used up. At this time, the diode goes from
a conducting state into ponconduction during an
extremely short period. Such diodes are called
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“snap’” diodes or step-recovery diodes and are
useful in frequency-multiplier applications because
of the short pulse generated when the switching
action occurs.)

If the n-type region is made positive with
respect to the metal, the condition in Fig. 13C
results. Because of its lower conductivity, most of
the voltage drop appears across the semiconductor.
The effect is to widen the barrier layer and increase
the barrier voltage as shown. This means fewer
electrons to the right of the barrier will have
sufficient energy to reach the metal and the
current is reduced considerably.

Electrons in the metal with sufficient energy to
overcome the barrier in the metal side will migrate
toward the y terminal and a reverse current, /, will
flow (Fig. 13C). However, few electrons will have
sufficient energy and the reverse current of the
barrier diode is similar to that of the pn-junction
diode. Note that barrier voltage on the metal side
of the metalsemiconductor boundary stays the
same for either forward, reverse, or equilibrium
conditions. The validity of this assumption is
illustrated in Fig. 13D. Assume that the Fermi
Level in the semiconductor remained constant
while the Fermi Level in the metal was allowed to
vary as indicated in Fig. 13D. An immediate
implication is that the barrier-layer voltage, Vg,
and the voltage distribution would also remain the
same under all conditions, However, this is a
contradiction to the assumption that the greatest
percentage of the voltage drop appeared in the
semiconductor region because of its lower conduc-
tivity. Consequently, the conditions illustrated in
Fig. 12C, and Figs. 13B and 13C must be correct
while the condition of Fig. 13D cannot exist fora
metal with a much higher conductivity than the
adjacent semiconductor.

This leads to an important conclusion that two
dissimilar metals joined together do not result in
rectification even though the work functions are
different and a ‘‘contact potential’’ exists. On the
other hand, many metal oxides have low conduc-
tivity and exhibit semiconducting properties which
should be kept in mind in the construction of
antennas and similar hardware exposed to the
elements. Corroded connections or intermittent
contacts are often the cause of harmonic problems
generated by stray rectification.

THE FIELD-EFFECT TRANSISTOR

It was indicated in the previous section that the
width of the barrier layer in the metal-
semiconductor diode was dependent upon the
applied voltage. Similar effects also occur with the
pn junction. In the case of a reverse-biased diode,
the width is proportional to the square root of the
voltage for either case.

This effect is used in a device known as the
field-effect transistor (FET). Historically, FETs
came much later than the bipolar transistor (which
will be discussed presently), but the mechanism for
amplification is somewhat easier to visualize with
the FET. A simplified diagram of the FET is shown
in Fig. 14A. A wafer of n-type semiconducting
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material is sandwiched between two p-type elec-
trodes. The combination of the latter two elements
is called the gate with the top of the n-type wafer
designated as the drain. The bottom electrode is
called the source.

A positive voltage applied to the drain-source
terminals results in a current Ipg (Fig. 14A). If the
gate-to-source voltage is zero, this current is limited
only by the resistance of the n region. However, if
a bias is applied (Vgg not zero), the junctions-are
reverse-biased and a space-charge extends into the
n wafer as shown in Fig. 14C. The crosshatched
area indicates the “intrinsic™ or neutral region.

Because this area is one of low conductivity,
the current is restricted to the middle or is
‘“‘channeled” between the two p-type electrodes.
Finally, if the gate voltage is made great enough,
the channel width is zero and little current flows.
Such a condition is referred to as a pinch off.

Fig. 13 — Energy-level diagrams (voltage} for
forward and reversed-biased metal/semiconductor
junction are shown at B and C.
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Typical characteristic curves for a field-effect
transistor are illustrated in Fig. 14D.

Since the input of the FET is basically a
reverse-biased diode, the gate-to-source impedance
is very high. A similar condition exists with the
vacuum tube and both devices might be described
as being voltage controlled. Except for the voltage
levels, an FET and a pentode vacuum tube have
almost identical characteristics.

Devices such as the FET that operate with
reverse-biased junctions are less common than
those with diodes biased in the forward-conducting
state. However, the variation in junction width as a
function of voltage of the reverse-biased diode is
used in another device. The semiconducting regions
outside of the junction act as capacitor plates and
the diode can be used as a voltage-variable capaci-
tor. Such diodes (sometimes called Varicaps) are
used in voltage-controlled oscillators and similar
applications. Either special diodes or ordinary
“switching” diodes can be used for this purpose.

THE BIPOLAR TRANSISTOR

Next, consider the configuration illustrated in
Fig. 15. Two pn junctions are connected back to
back and voltages with the polarities shown are
applied. Note that the junction on the left is
forward biased and electrons migrate easily into
the adjoining p region from the n region. Holes also
migrate from the center p region into the left-hand
n region where they either recombine or reach the
terminal marked “E.”

Some of the electrons injected into the p region
also recombine and thus cause a current to flow in
terminal *“B” ( in addition to that caused by the
migration of holes into the left-hand n region).
Others reach the right-hand n region and contri-
bute to the current at terminal “C.” Since ter-
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Fig. 14 — The field-effect transistor.
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minals “B” and *“C” form a back-biased diode,
practically all of the curment i. results from
electrons injected into the middle p region from
the left-hand n region.

Since the power gain of any device is defined as
the ratio of output power across some load to
input power consumed, it can be shown that the
device of Fig. 8 is capable of power amplification.
The input power is the square of the input current
times the input resistance. However, the pn junc-
tion between terminals “E” and *“B” is forward
biased and hence the input resistance will be very
low. On the other hand, there are no restrictions
on the value of Ry, (Fig. 15) and it can be made
much higher than the equivalent input resistance.
Since the current i, is only slightly higher than i,
by an amount equal to i, the input and output
currents are approximately the same. Conse-
quently, the power gain is approximately

Ry,
P= lOIogIoR—
e

where R, is the equivalent input resistance. Since
Ry, is assumed to be much larger than R, the
device has a positive power gain. Note that the
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Fig. 15 — The bipolar transistor.



Transistor Nomenclature

power gain is accomplished by means of a
transferred resistance hence the name transistor,

TRANSISTOR NOMENCLATURE

As pointed out, it is possible to fabricate a
device such that almost all of the current injected
into the middle p region (i) reaches the load (i,).
Because of the similarity of the left-hand n region
to the cathode of a vacuum tube (which emits
electrons), the terminal marked “E” is referred to
as the emitter. The electrode at the right-hand end
is somewhat analogous to the plate of a vacuum
tube (which collects electrons) and is called the
collector. In transistor construction, the collector
and emitter electrodes may be *“‘cat-whisker™ wires
attached to base of n-type germanium (point-
contact transistor) or small pellets of metal fused
onto a base of n- or p-type semiconducting
material (fused- or alloy-junction transistor). In
either case, since the electrode marked “B™ is a
block or base of semiconductor material, it is
labeled the base.

Point-contact transistors were the first type to
be made but are seldom used anymore. Most
transistors encountered are fabricated by more
complex processes. The general method is to take a
block of either p- or n-type semiconducting
material which forms the base and diffuse in
impurities of the opposite type to form the
collector and emitter electrodes. Such devices are
usually referred to as junction transistors regardless
of the actual process used. Both point-contact and
junction transistor come under a more general
category called bipolar transistors.

Transistor Parameters

Since the power gain depends upon the effi-
ciency with which current is transferred from the
emitter to collector, the common-base forward
current-transfer ratio is an important parameter in
determining transistor-amplifier performance. This
ratio is defined by

ic
a = —

Ie

and in high-quality transistors, attains a value very
close to 1.0.

The difference between the emitter current and
the collector current of the transistor ‘‘model”
shown in Fig. 1§ is caused only by recombination
of carriers in the base region. Therefore, by making
the base region very narrow, more carriers have a

(]

(13
£ge 5
RL ™™
4
.3
4 lo et
! le=0
(1c80) 0.5 =
N
€cc

Fig. 16 — Bipolar-transistor characteristics.
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Fig. 17 — Equivalent circuit of a bipolar transistor.

chance of getting across resulting in higher values
of alpha. However, another factor is present that
causes an additional contribution to collector
current.

It will be recalled from previous discussions
that even in an intrinsic semiconductor, some
electrons attain enough energy from thermal
motion to go from the lower energy level to the
higher one. The electrons and holes generated
thermally in the intrinsic semiconductor are indis-
tinguishable from those generated thermally by the
impurity atoms. However, the latter far outnumber
the former even for very low impurity concentra-
tions. Also, at room temperature, almost all of the
impurity holes and electrons have been generated.
This is not true for the ones from the intrinsic
semiconductor,

In a p-type semiconductor, the holes are called
the majority carriers since they far outnumber the
electrons which in this instance would be the
minority carriers. The presence of minority carriers
may be caused purposely as in the case of electrons
injected into the base p region of the transistor
shown in Fig. 15. But there are also thermally
generated holes from the intrinsic semiconductor
in the collector n region and likewise for electrons
in the base p region. Consequently, there is an
additional current component labeled /cgo with
the direction indicated by the dashed arrow in Fig.
15. Thus, even with the emitter open-circuited, the
collector current will not be zero as shown on the
set of somewhat idealized transistor curves of Fig.
16. Such a current is called a reverse-saturation
current and is typical of any back-biased pn
junction. A more accurate model of the transistor
can be derived by including a reverse-biased diode
as in the equivalent circuit of Fig. 17.

Since the reverse-saturation current is caused by
the generation of minority carriers in the intrinsic
semiconductor and since the latter effect is highly
dependent upon temperature, the current is sensi-
tive to temperature also. An equation for this
current is given by

Icpo = CeX(T —To)

where C is a constant measured at some arbitrary
temperature, T,. With silicon transistors, the value
of C is usually quite low and such units are
superior to germanium types in this respect.
However, with either variety, caution must be
taken to insure temperature effects do not inter-
fere with the operation of the device (or even cause
damage) as illustrated in Fig. 18.
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transistor as a function of temperature.
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In Fig. 16, the operating point P of a transistor
is shown for a forward-biased emitter current of 2
units and a collector load Ry,. Note that Icgo is
0.5 units originally. However, because of a tem-
perature rise, /cgo has increased to a value slightly
over S units as shown in Fig. 18. This means the
entire set of curves will be shifted up and, as a
consequence, the quiescent current of the operat-
ing point will also be increased. In the case of a
power device, Ry, is usually very low in value and
the new current is likely to be outside of safe
operating limits. Consequent permanent damage
will result and the effect is called thermal runaway.

There are two possible solutions to the prob-
lem. One would be to employ a temperature-
sensitive or current-sensitive feedback system that
lowers the forward bias as the temperature and
current increases. However, a better approach is to
conduct heat away by means of heat sinks or
similar cooling devices. This is why solid-state
equipment must be provided with adequate ventila-
tion especially in high-power applications such as
power inverters or rf amplifiers. Since heat rise is
proportional to the time that power is consumed,
strict adherence to duty cycles is required also.

Transistor parameters are also sensitive to fre-
quency since it takes time for charge carriers to
traverse the base region. Rf-power devices are now
frequently optimized for a certain frequency range.
Thus, while a vhf transistor would work at hf, it is

(A)

(8}

Fig. 19 — Pnp and npn bipolar transistors.
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better to employ devices designed for this range.
This represents a departure from older vacuum-
tube conditions where there was only an upper
frequency limit to be concerned about.

So-called small-signal (low-power) transistors
can be usually used at low frequencies and up to a
limit called the alpha-cutoff frequency which is
related to a by

)

1+ L)z

ab

a=

However, it is wise to restrict operation to a range
considerably below this value. (In the foregoing
equation, a,, is the current gain at low frequencies.
Note that when f approaches fg1, the a is reduced
by a factor 1/{/2 which corresponds to a decrease
of 3 dB. Consequently, fyy, is sometimes called the
3-dB cutoff frequency.)

COMMON—EMITTER CONNECTION

Although the configuration of Fig. 19 is cap-
able of power gain, it is somewhat inconvenient to
use in many applications. In addition to the
transistor type shown in Fig. 19, a second type is
possible and is illustrated in Fig. 19A. Instead of a
middle p region, an n-type semiconductor wafer is
used while the emitter and collector are made from
p-type material. The transistor shown in Fig. 19A
is called a pnp type while the illustration and
schematic diagram shown in Fig. 19B is for an npn
transistor.

The schematic diagram shown in Fig. 20 is for
the configuration illustrated in Fig. 19 and is
referred to as the common-base connection (and is
for an npn transistor). A corresponding common-
emitter connection is shown in Fig. 20B. It will be
recalled that a, the common-base current gain is
given by . .

e = @le
and from current-flow conservation considerations
fe =iy + iy

R

(A)

Ecc

(8)

Fig. 20 — Grounded-base and grounded-emitter
circuit arrangements.
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Combining the two equations gives
ale =ig + iy
and with some rearranging, the common-emitter
current gain g, is then determined by
ic 1

a=i—b=l—a

Since a is very close to 1.0 in a good transistor,
B is greater than 1.0 and in fact, is usually quite
high. Frequency considerations such as those for a
exist for the common-emitter current gain also.
The cutoff frequency f, is the frequency where
the value of g is down by 3 dB from its
low-frequency value. A somewhat more useful
term is the gain-bandwidth product, fy. This is the
frequency where the value of g is equal to 1.0.
Consequently, above fr the transistor gain is less
than 1.0. '

CHARACTERISTIC CURVES

The application of semiconductors differs
somewhat from methods used with vacuum tubes.
Only a few parameters are required to characterize
a vacuum tube and testing is relatively simple.
While many semiconductor devices can be similarly
employed using only the data supplied in specifica-
tion tables, more information is desirable on
occasion, For instance, a transistor may supposed
to be a substitute for another one. However,
experience indicates considerable differences often
exist and some circuit “tailoring” required. If the
exact characteristics are known, matters are simpli-
fied considerably,

A number of transistor parameters can be
determined simultaneously from a set of charac-
teristic curves as shown in Fig. 21. This informa-
tion can be obtained from a data sheet, or better
still, by means of a curve tracer. A curve tracer
applies a fixed control current or voltage to the
device to be tested and displays another parameter
(such as collector current) on the screen of an
oscilloscope. Then the control parameter is in-
cremented or “stepped” to a new value. The entire
process is performed quickly enough so that the
display appears as a family of curves as shown in
Fig. 21. Curve tracers are available commercially.
However, there are also models in kit form! and
designs have been published in QST.2

Interpretation of the Curves

Some of the constants associated with a partic-
ular transistor that can be obtained from sets of
curves are: dc beta (hpg), ac beta (hg,), reverse-
saturation or “leakage™ current (/cgo), linearity,
and breakdown voltage. Other characteristics such
as fr or input/output impedances have to be
determined by different means.

;See ST for November, 1974, pp. 44-47.
Ulrich, “A Semiconductor Curve Tracer for
the Amateur,” QST for August, 1971 (pp. 24-28)
and September, 1971 (pp. 14-18, 31).
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Fig. 21 — Curve-tracer plot of a medium-power
pnp switching transistor.

Referring to Fig. 21, hpg can be determined as
follows. At —10 V, the collector current is —150
mA for a base current of —1 mA giving a dc beta
(hpg) of 150. However, if the base current is
increased to —4 mA, the collector current is 400
mA and the ratio of collector current to base
current (hpg) is 100. On the other hand, at a
collector voltage of —40, hpg for a base current of
1 mA is 200.

The variations in hpg illustrate one of the
difficulties mentioned earlier. It would be impos-
sible to specify any single value of hpg for this
particular transistor and some sort of ‘‘average™
might be listed. However, a substitute model would
likely have entirely different characteristics even
though the specified hApg might be the same.
Similar considerations hold for the ac beta (hge)
which is the change in collector current s a
corresponding change in base current. However,
the variations are not as great as for hpg. At —30
V, the collector current changes approximately
100 mA when the base current is changed from —1
to —2 mA. The corresponding value of h¢e would
then be 100. Since the curves are more or less
parallel over the useful operating range of the
transistor, this means the value of h¢, remains the
same.

Note that for zero base current, the collector
current is not. zero. The collector current for the
zero base current curve is then equal to the leakage
or reverse-saturation current. For the transistor
under test, /cgo varies from 50 to over 100 mA.
However, during this test, the transistor was
allowed to heat up and Icgo was much smaller
initially. This is why proper heat sinks are required
with transistors designed to provide moderate to
large amounts of power.

For values of collector voltage above 40, the
collector current begins to increase rapidly. This
indicates the breakdown voltage for the transistor
is being approached and operation should be kept
to within 30 volts or so. Although the transistor
curves shown in Fig. 21 are for a switching type,
the linearity would be acceptable for power-
amplifier operation also. The linearity can be
evaluated by noting the spacing between curves
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Fig. 22 — Curve-tracer plots for an npn small-signal
bipolar transistor (A), a junction FET (B), and two
Zener diodes (C).
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and their straightness, Curves that change a great
deal for equal increments in base current or ones
that are not straight indicate poor linearity.

Other Devices

The curves shown in Fig. 21 are for a pnp
power switching transistor, A similar curve is
shown in Fig. 22A for a small-signal npn transistor
of the 2N222 class. Judging from the curves for the
latter, linearity should be very good for this
particular model.

In Fig. 22B, a set of curves for a field-effect
transistor (FET) is illustrated. While the horizontal
and vertical axes are the same as for the bipolar
types (current vs voltage), each curve is for a
corresponding value of gate volrage.

The curve of Fig. 22B is for a n-channel
junction FET, This type of FET has a characteris-
tic curve very similar to the pentode vacuum tube.
The curve at the top of the display is for zero gate
voltage and the ones below represent the current-
voltage characteristics for corresponding negative
values of gate voltage. In the case of a pentode, a
similar set of curves would be obtained for negative
values of grid voltage.

Another common type of field-effect transistor
is the MOSFET (Metal-Oxidized Semiconductor
FET) and a schematic diagram of a typical model is
shown in Fig. 24. The version shown is a dual-gate
MOSFET with gate protection in the form of
back-to-back Zener diodes. (Since the oxide film is
so thin, very small static charges are capable of
puncturing this insulator. The diodes limit the
voltage buildup by conducting if a rating value is
exceeded, Below this value, the diodes do not
affect circuit operation.) Under normal operating
conditions, one gate is used as a gain-control
electrode with the other one constituting the signal
input,

Diodes can also be checked on a curve tracer
and a double-exposure display for two different
Zener diodes is shown in Fig. 22C. These curves

‘illustrate a point often overlooked with Zener

diodes used in regulator applications. The curve at
the left is for a diode in the 4-volt class. The *“‘soft”
knee indicates considerable current must flow
before the diode approaches a constant-voltage
characteristic. On the other hand, the curve at the
right has a very sharp tumn-on and is for a 10-volt
Zener diode. As the voltage rating on such diodes
increases, the device characteristic approaches one
that is ideal for regulation purposes.

40673
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Fig. 23 — Schematic diagram of a gate-protected
MOSFET. Back-to-back Zener diodes are bridged
internally from gates 1 and 2 to the source/substrate
element.
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A collection of modern ICs. Various case styles of
metal and epoxy materials are illustrated.

INTEGRATED CIRCUITS

Just as the term implies, integrated circuits
(ICs) contain numerous components which are
manufactured in such a way as to be suitably
interconnected for a particular application, and on
one piece of semiconductor base material. The
various elements of the IC are comprised of
bi-polar transistors, MOSFETs, diodes, resistances,
and capacitances. There are often as many as ten or
more transistors on a single IC chip, and frequently
their respective bias resistors are formed on the
chip. Generally speaking, ICs fall into four basic
categories — differential amplifiers, operational
amplifiers, diode or transistor arrays, and logic ICs.

IC Structures

The basic IC is formed on a uniform chip of
n-type or p-type silicon. Impurities are introduced
into the chip, their depth into it being determined
by the diffusion temperature and time. The
geometry of the plane surface of the chip is
determined by masking off certain areas, applying
photochemical techniques, and applying a coating
of insulating oxide. Certain areas of the oxide
coating are then opened up to allow the formation
of interconnecting leads between sections of the
IC. When capacitors are formed on the chip, the
oxide serves as the dielectric material. Fig, 4-23
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shows a representative three-component IC in both
pictorial and schematic form. Most integrated
circuits are housed in TO-5 type cases, or in
flat-pack epoxy blocks. ICs may have as many as
12 or more leads which connect to the various
elements on the chip.

Types of IC Amplifiers

Some ICs are called differential amplifiers and
others are known as operational amplifiers. The
basic differential-amplifier IC consists of a pair of
transistors that have similar input circuits. The
inputs can be connected so as to enable the
transistors to respond to the difference between
two voltages or currents. During this function, the
circuit effectively suppresses like voltages or
currents. For the sake of simplicity we may think
of the differential pair of transistors as a push-pull
amplifier stage. Ordinarily, the differential pair of
transistors are fed from a controlled, constant-
current source (Q3 in Fig. 4-24A. Q1 and Q2 are
the differential pair in this instance). Q3 is
commonly called a transistor current sink.
Excellent balance exists between the input
terminals of differential amplifiers because the
base-to-emitter voltages and current gains (beta) of
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Fig. 4-23 — Pictorial and schematic illustrations of
a simple |C device.
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Fig. 4-25 — Some typical circuit applications for a
differential amplifier 1C. The internal circuit of the
CA3028A IC is given in Fig, 4-24 at A.
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the two transistors are closely matched. The match
results from the fact that the transistors are formed
next to one another on the same silicon chip.

Differential ICs are useful as linear amplifiers
from dc to the vhf spectrum, and can be employed
in such circuits as limiters, product detectors,
frequency multipliers, mixers, amplitude modula-
tors, squelch, rf and i-f amplifiers, and even in
signal-generating applications. Although they are
designed to be used as differential amplifiers, they
can be used in other types of circuits as well,
treating the various IC components as discrete
units,

Operational-amplifier ICs are basically very-
high-gain direct-coupled amplifiers that rely on
feedback for control of their response characteris-
tics. They contain cascaded differential amplifiers
of the type shown in Fig. 4-24A. A separate output
stage, Q6-Q7, Fig. 4-24B, is contained on the
chip. Although operational ICs can be successfully
operated under open-loop conditions, they are
generally controlled by externally applied negative
feedback. Operational amplifiers are most often
used for audio amplification, as frequency-shaping
(peaking, notching, or bandpass) amplifiers, or as
integrator, differentiator, or comparator amplifiers.

Diode-ICs are also being manufactured in the
same manner as outlined in the foregoing section.
Several diodes can be contained on a single silicon
wafer to provide a near-perfect match between
diode characteristics. The diode arrangement can
take the form of a bridge circuit, series-connected
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groups, or as separate components. Diode ICs of
this kind are useful in balanced-modulator circuits,
or to any application requiring closely matched
diodes.

Fig. 4-25 demonstrates the versatility of just
one type of IC, an RCA CA3028A differential
amplifier. Its internal workings are shown in Fig.
4-24 A, permitting a comparison of the schematic
diagram and the block representations of Fig. 4-25.
The circuit at B in Fig. 4-25 is characterized by its
high input and output impedances (several
thousand ohms), its high gain, and its stability.
This circuit can be adapted as an audio amplifier
by using transformer or RC coupling. In the
circuits of B and C terminal 7 is used to manually
control the rf gain, but agc can be applied to that
terminal instead. In the circuit at D the CA3028A
provides low-noise operation and exhibits good
conversion gain as a product detector. The
CA3028A offers good performance from dc to 100
MHz,

PRACTICAL CONSIDERATIONS

Some modern-day ICs are designed to replace
nearly all of the discrete components used in
earlier composite equipment. One example can be
seen in the RCA CA3089E flat-pack IC which
contains nearly the entire circuit for an fm
receiver. The IC contains 63 bipolar transistors, 16
diodes, and 32 resistors. The CA3089E is designed
for an i-f of 10.7 MHz and requires but one
outboard tuned circuit, The chip consists of an i-f



Transistor Arrays

Fig. 4-26 — The circuit at A shows practical
component values for use with the CA3089E fm
subsystem IC. A COS/MOS array IC is illustrated at
B in schematic-diagram form. It consists of three
complementary-symmetry MOSFET pairs. The
itlustration at C shows how the CA3600E can be
connected in cascade to provide at least 100 dB of
audio amplification.

amplifier, quadrature detector, audio preamplifier,
agc, afc, squelch, and a tuning-meter circuit.
Limiting of -3 .dB takes place at the 12-uV input
level. When using an IC of this kind it is necessary
only to provide a front-end converter for the
desired frequency of reception, an audio amplifier,
and a power supply (plus speaker, level controls,
and meter).

There are two 1C subsystem units designed for
a-m receiver use. Each is similar in complexity to
the CA3089E illustrated in Fig: 4-26. These com-
ponents are identified as CA3088E and CA3123E.
The latter is described in RCA Data File No. 631.
Both ICs are readily adaptable to communications
receiver use and should become popular building
blocks for amateurs who desire compact, portable
receiving equipment.

TRANSISTOR ARRAYS

Amateur designers should not overlook the
usefulness of transistor- and diode-array 1Cs. These
devices contain numerous bipolar or MOSFET
transistors on a common substrate. In most in-
stances the transistors can be employed as one
would treat discrete npn devices. An entire receiver
can be made from one transistor-array IC if one
wishes to construct a compact assembly. The
CA3049 is a dual independent differential rf/i-f
amplifier chip with an fp of 1.3 GHz. It is
especially well suited to applications which call for
double-balanced mixers, detectors, and modu-
lators. Another device of similar usefulness is the
CA3018A. The CA3045 should also be of interest
to the amateur. Matched electrical characteristics
of the transistors in these 1Cs offer many ad-
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Fig. 4-27 — Transistor arrays offer unlimited
application because several circuit combinations
are possible. The CA3018A IC at A has a
Darlingtonconnected peir plus two separate
trensistors, At B, two transistors are intermaliv
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vantages not available when using discrete tran-
sistors. Fig. 4-27 shows the internal workings of
the CA3018A and CA3045 ICs.

COS/MOS (complementary-symmetry metal-
oxide silicon) ICs are becoming increasingly
popular, and one RCA part, the CA3600E, con-
tains an array of complementary-symmetry
MOSFET pairs (three) which can be used in-
dividually or in cascade, as shown in Fig. 4-26 at B.
Detailed information is given in RCA File No. 619.
The CA3600E is a high-input impedance, micro-
power component which is suitable for use as a
preamplifier, differential amplifier, op amp, com-
parator, timer, mixer, chopper, or oscillator.
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connected in a differential amplifier fashion. Three
separate transistors are available for use in other
functions. The arreys shown here are useful into
the vhf spectrum,
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One of the more interesting and useful array of
ICs is the RCA CA3102E. It contains two differ-
ential pairs and two current-source transistors. The
device is ideally suited for use in doubly balanced
mixers, modulators, and product detectors. The
CA3102E is excellent for use in the following
additional applications: vhf amplifiers, vhf mixers,
rf amp./mixer/oscillator combinations, i-f ampli-
fiers (differential and/or cascode mode), synchro-
nous detectors, and sense amplifiers. This IC is
similar in configuration to the CA3049T array, but
has an independent substrate connection which is
common to an internal shield that separates the

DIGITAL-LOGIC

Digital logic is the term used to describe an
overall design procedure for electronic systems in
which “on™ and “off™ are the important words,
not “amplification,” ‘‘detection,” and other terms
commonly applied to most amateur equipment. It
is “digital” because it deals with discrete events
that can be characterized by digits or integers, in
contrast with linear systems in which an infinite
number of levels may be encountered. It is *“‘logic™
because it follows mathematical laws, in which
“effect” predictably follows “cause.”

Just like linear integrated circuits, digitat 1Cs
are manufactured in such a way that the internal
components are interconnected for particular
applications. Packaging of the digital 1Cs is the
same for their linear counterparts, with the full
package range pictured earlier being used. From
outward appearances, it would be impossible to tell
the difference between the two types of ICs except
from the identification numbers.

Linear ICs are constructed to respond to
continuously variable or analog signals, such as in
an amplifier. Digital devices, on the other hand,
generally have active components operating only in
either of two conditions — cutoff or saturation.
Digital ICs find much application in on-off
switching circuits, as well as in counting,
computation, memory-storage, and display circuits.
Operation of these circuits is based on binary
mathematics, so words such as *“‘one” and ‘“‘zero”
have come into frequent use in digital-logic
terminology. These terms refer to specific voltage

SEMICONDUCTOR DEVICES

two differential amplifiers. The shield helps assure
good isolation in applications where that feature is
required.

Fr for CA3102E is in excess of 1000 MHz.
Noise figure at 100 MHz single transistor is 1.5
dB, Rg = 500 ohms. Noise figure at 200 MHz
cascode mode is 4.6 dB. Additional specifications
can be found in RCA Data File No. 611. The
CA3102E offers almost limitless possibilities for
applications in amateur radio design work. The
chip is manufactured in a 14-lead DIP package. The
CA3049T comes encased in a standard TO-5
package.

INTEGRATED CIRCUITS

levels, and vary between manufacturers and
devices. Nearly always, a *‘0” means a voltage near
ground, while “1”” means whatever the manufactur-
er specifies. One must distinguish between
“positive logic™ and “‘negative logic.” In positive
logic, a 1 is more positive than a 0, though both
may be negative voltages. In negative logic, the
reverse is true. Often the terms “high” and “low™
are used in reference to these voltage levels. The
definitions of these terms are the same for both
positive and negative logic. A *‘high™ is the most
positive or least negative potential, while a *‘low” is
the least positive or most negative.

For practical use in somec applications it is
desirable to convert binary data into decimal
equivalents, such as in electronic counting and
display systems. In other applications, such as for
the graphic recording or metering of summations
or products of integers, it is convenient to convert
the digital data into analog equivalents. Specialized
integrated circuits designed to perform these
functions are also considered to be included in the
digital-1C category.

LOGIC SYMBOLS

With modern microcircuit technology, hun-
dreds of components can be packaged in a single
case. Rather than showing a forest of transistors,
resistors, and diodes, logic diagrams show symbols
based on the four distinctive shapes given in Fig.
4.28 at A through D. These shapes may. be
“modified” or altered slightly, according to

From outward appearances, these three |Cs appear
to be identical. Although each is a J-K flip-flop,
there are differences in their characteristics. Pic-
tured at the left is a Texas Instruments SN74H72N
integrated circuit, called a J- K master-slave flip-
flop. Shown in the center is a Motorola MC1927P
IC, which is a 120-MHz ac-coupled J-K flip-flop.
Both of these ICs might be considered *‘universal”’
flip-flops, for they may be used in a variety of
ways. Shown at the right is a Motorola MC726P, a
simple J-K flip-flop.
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specific functions performed. Examples are shown
at E through H of Fig. 4-28.

The square, Fig. 4-28D and H, may appear on
logic diagrams as a rectangle. This symbol is a
somewhat universal one, and thus must be
identified with supplemental information to
indicate the exact function. Internal labels are
usually used. Common identification labels are:

FF — Flip-flop

FL - Flip-flop latch
SS — Single shot

ST - Schmitt trigger.

Other logic functions may also be represented by
the square or rectangle, and the label should
adequately identify the function performed.
Unique identifying shapes are used for gates and
inverters, so these need no labels to identify the
function. Hardware- or package-identification in-
formation may appear inside any of the symbols
on logic diagrams.

TYPES OF DIGITAL ICs

Digital integrated circuits perform a variety of
functions, but these functions can generally be
cataloged into just a few categories: gates,
inverters, flip-flops, drivers and buffers, adders and
subtractors, registers, and memories, plus the
special-purpose ICs as mentioned earlier -
decoders and converters. Some of these types, such
as adders and subtractors, registers, and memories,
find use primarily in computer systems. More
universally used types of ICs are the inverters, gates
and flip-flops.

Inverters

A single chip in one IC package may be
designed to perform several functions, and these
functions can be independent of each other. One
example of an IC of this type is Motorola’s
MC789P, which bears the name, “‘hex inverter.”
This IC contains six identical inverter sections. The
schematic diagram of one section is shown in Fig.
4-29A. In operation, 3.0 to 3.6 volts are applied
between +Vcc and ground. For this device in
positive-logic applications, a 0 is defined as any
potential less than approximately 0.6 volt, and a 1
is any voltage greater than about 0.8. With a logic 0
applied at the input, the transistor will be at or
near cutoff. Its output will be a potential near
+Vcc, or a logic 1. If the O at the input is replaced
by a 1, the transistor goes into saturation and its
output drops nearly to ground potential; a 0
appears at the output. The output of this device is
always the opposite or complement of the input
logic level. This is sometimes called a NOT gate,
because the input and output logic levels are not
the same, under any conditions of operation.

Shown at the right in Fig. 4-29A is the logic
symbol for the inverter. In all logic symbols, the
connections for +Vcc and the ground retumn are
omitted, although they are understood to be made.
The proper connections are given in the manufac-
turer’s data sheets, and, of course, must be made
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Fig. 4-28 — Distinctive symbols for digital logic
diagrams. At A is shown an inverter, at B an AND
gate, at C an OR gate, and at D a flip-flop.
Additions to these basic symbols indicate specific
functions performed. A small circle, for example,
placed at the output point of the symbol, denotes
that inversion occurs at the output of the device.
Shown at E is an inverting AND or NAND gate,
and at F is an inverting OR or NOR gate. At G is
the symbol for an exclusive OR gate. The symbol
at H represents a J-K flip-flop.

before the device will operate properly. In the case
of all multiple-function ICs, such as the hex
inverter, a single ground connection and a single
+Vce connection suffice for all sections contained
in the package.

Gates

Another example of an IC containing several
independent functions in one package is Motorola’s
MC724P, a quad 2-input gate. Four gates are
contained in one chip. The schematic diagram and
logic symbols for a gate section are shown at B in
Fig. 4-29. As with the MC789P, a supply of 3.0 to
3.6 volts is used; for positive logic a 0 is a potential
less than 0.6 volt, and a 1 is a potential greater
than 0.8 volt. It may be seen from the schematic
diagram that the two transistors have an
independent input to each base, but they share a
common collecfor resistor. Either transistor will be
saturated with a logic 1 applied at its input, and a 0
output will result. A O at the input of either
transistor will cause that transistor to be cut off,
but a 1 at the opposite input will hold the output
at 0. Thus, a 1 at either Input 1 or Input 2 will
cause a 0 (or a NOT 1) to appear at the output,
The NOT functions are usually written with a bar
over them, so 1 means the same thing‘as NOT 1,
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Fig. 4-29 — Digital circuits and their equivalent
logic symbols. See text. Indicated resistor values
are typical.

and is expressed as NOT 1 when reading the term.
Logic-circuit operation can be expressed with
equations. Boolean algebra, a form of binary
mathematics, is used. These equations should not
be confused with ordinary algebraic equations. The
logic equation for the operation of the circuit in
Fig. 4-28A is 1 v 1 = 1, The little v means OR.
Sometimes “+” is used instead of “‘v.” In plain
words, the equation says that a 1 at Input 1 or
Input 2 will yield a NOT 1 at the output. This is
equivalent of saying the circuit is an inverting OR
gate, or a NOT OR gate. This latter name is usually
contracted to NOR gate, the name by which the
circuit is known.

If the circuit of Fig. 4-29B is used with negative
logic, circuit operation remains the same; only the
definitions of terms are changed. A logic 1, now, is
a voltage level less than 0.6, and a 0 is a level
greater than 0.8 volt. If a logic 1 is applied at both
inputs, 1 and 2, both transistors will be cut off.
The output is near +Vcc, which is a logic 0 or NOT
1. The equation for this operation is 1°1 = 1,
where the dot means AND. In this way, with
negative logic, the circuit becomes an inverting
AND gate, or a NOT AND gate or, more
commonly, a NAND gate. Manufacturers’ literature
frequently refers to this type of device as a
NAND/NOR gate, because it performs either
function.

Flip-Flops

It is not necessary for the various functions on
a single chip to be identical. Motorola’s MC780P
IC, a decade up-counter, contains four flip-flops,
an inverter, and a 2-input gate. These functions are
interconnected to provide divide-by-10 operation,
with ten input pulses required for every output
pulse which appears. Intermediate outputs are also
provided (in binarycoded form) so that the

SEMICONDUCTOR DEVICES

number of pulses which have entered the input can
be determined at all times. These binary-coded
decimal (BCD) outputs, after decoding, may be
used to operate decimal-readout indicators.

The term, medium-scale integration (MSI) is
frequently applied to ICs such as this decade
up-counter, which contains the equivalent of 15 or
more gates on a single chip. Large-scale integration
(LSI) describes ICs containing the equivalent of
100 or more gates on a single chip. These terms,
when applied to a particular IC, convey an idea of
the complexity of the circuitry.

A flip-flop is a device which has two outputs °
that can be placed in various 1 and 0 combinations
by various input schemes. Basically, one output is a
1 when the other is a 0, although situations do
occur (sometimes on purpose) where both outputs
are alike. One output is called the Q output, or
“set” output, while the other is the Q (NOT @) or
“reset” output. If Q0 = 1 and @ = 0, the flip-flop is
said to be “set” or in the “‘1 state,” while for the
reverse, the flip-flop is “‘reset,” or “cleared,” or in
the ‘0 state.” A variety of inputs exist, from which
the flip-flops derive their names.

The R-S flip-flop is the simplest type. Its
outputs change directly as a result of changes at its
inputs. The type T flip-flop “toggles,” “flips,” or
changes its state during the occurrence of a T
pulse, called a clock pulse. The T flip-flop can be
considered as a special case of the J-K flip-flop
described later. The type D flip-flop acts as a
storage element. When a clock pulse occurs, the
complementary status of the D input is transferred
to the Q output. The flip-flop remains in this state
even though the input may change, as it can change
states only when a clock pulse occurs.

Although there is some disagreement in the
nomenclature, a J-K flip-flop is generally consi-
dered to be a toggled or clocked R-S flip-flop. It
may also be used as a storage element. The J input
is frequently called the “set” or S input; the K is
called the “clear” or C input (not to be confused
with the clock input). The clock input is called T,
as in the type T flip-flop. A clear-direct or Cp
input which overrides all other inputs to clear the
flip-flop to O is provided in most J-K flip-flop
packages. The logic symbol for the J-K flip-flop is
shown in Fig. 4-28H. A simple J-X flip-flop circuit
contains 13 or 14 transistors and 16 or 18 resistors.

There are essentially two types of flip-flop
inputs, the dc or level-sensitive type, and the “ac”
or transistion-sensitive type. It should not be
concluded that an ac input is capacitively coupled.
This was true for the discrete-component flip-flops,
but capacitors just do not fit into microcircuit
dimensions. The construction of an ac input uses
the “master-slave” principle, where the actions of a
master flip-flop driving a slave flip-flop are
combined to produce a shift in the output level
during a transit of the input.

DIGITAL-LOGIC IC FAMILIES

There are seven categories or families of which
nearly all semiconductor digital ICs are members.



Digital-Logic IC Families

Each family has its own inherent advantages and
disadvantages. Each is geared to its own particular
market, meeting a specific set of needs.

Resistor-Transistor Logic — RTL

RTL is known primarily for its economy. It is
well named, since it contains resistors and
transistors exclusively. The circuits of Fig. 4-29 are
RTL. Advantages of the RTL family are economy,
ease of use in system designs, ease of interface with
discrete components, and high speed—power
product. There are a wide number of functions
available in this family. Disadvantages are low
immunity to voltage noise (transients, rf pickup,
and the like), and relatively low fanout (the
number of loads that may be connected to an
output before performance is degraded). The RTL
family requires a supply of 3.0 to 3.6 volts.

Diode-Transistor Logic — DTL

DTL ICs contain diodes, as well as resistors and
transistors. Early DTL ICs used design criteria
carried over from the use of discrete components,
where diodes were inexpensive compared to
transistors. These ICs required negative and
positive voltage sources. Later DTL ICs are of a
modified design which lends itself more easily to
IC processing. Performance characteristics are also
enhanced, with less input current being required,
and only a single voltage source needed. Members
of the DTL faniily are limited generally to gates.
Advantages of this family are low power
dissipation, compatibility with TTL (see later
section), low cost, ease of use in system design,
case of interface with discrete circuits, and
relatively high fanout. DTL disadvantages are low
noise immunity, especially in the high state where
the input impedance is relatively high, rapid change
in voltage thresholds with temperature, speed
slowdown with capacitive loading, and lower speed
capabilities than some other families. The DTL
family requires a supply voltage of 5.

High-Threshold Logic — HTL

HTL devices are designed for high noise
immunity. The circuit form is the same as DTL
except that breakdown (Zener) diodes are used at
the inputs. Higher supply voltages and higher
power dissipations accompany the HTL family.
These ICs find applications in industrial environ-
ments and locations likely to have high electrical
noise levels. Advantages are high noise immunity,
stable operation over very large temperature
ranges, interfaces easily with discrete components,
electromechanical components, and linear func-
tions (operational amplifiers and multipliers), and a
constant threshold-versus-temperature characteris-
tic. Disadvantages are higher cost than other
families, and relatively high power dissipation. The
HTL family requires a supply voltage of 15.

Transistor-Transistor Logic —TTL

TTL has characteristics that are similar to DTL,
and is noted for many complex functions and the
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highest available speed of any saturated logic. TTL
may be thought of as a DTL modification that
results in higher speed and driving capability. It is
noted for better noise immunity than that offered
by DTL, and is more effective for driving
high-capacitance loads because of its low output
impedance in both logic states. TTL ICs fall into
two major categories — medium speed and high
speed. Various manufacturing techniques are used
to increase the speed, including gold doping and
incorporation of high-speed Schottky diodes on
the chip. Another advantage of TTL is that it is
compatible with various other families. Multiple
sources and extensive competition have resulted in
low prices for TTL devices. Disadvantages are that
more care is required in the layout and mechanical
design of syStems because of its high speed, and
additional capacitors are required for bypassing
because of switching transients. The TTL family
requires a supply of § volts.

Emitter-Coupled Logic — ECL

ECL has the highest speed of any of the logic
forms. It is sometimes called current-mode logic.
This family is different from standard saturating
logic in that circuit operation is analogous to that
of some linear devices. In this case, the transistors
do not saturate and the logic swings are reduced in
amplitude. Very high speeds can be attained
because of the small voltage swings and the use of
nonsaturating transistors. The input circuitry of
ECL devices is of the nature of a differential
amplifier, resulting in much higher input impe-
dances than saturated-logic devices. Emitter-fol-
lower outputs are of low impedance with high
fanout capabilities, and are suited for driving
50-ohm transmission lines directly. Disadvantages
are higher power dissipation, less noise immunity
than some saturated logic, translators are required
for interfacing with saturated logic, and slowed-
down operation with heavy capacitive loading. The
ECL family requires a supply of -5.2 volts.

Metal-Oxide Semiconductor (MOS)

Digital MOS devices are gaining significance in
industrial applications, with p-channel or P-MOS
ICs being the most popular. Large, complex
repetitive functions, such as long shift registers and
high-capacity memories, have proved very practi-
cal. Gates and basic logic circuits have not become
as popular, because they exhibit lower drive
capability than other IC families. Input impedances
to these devices are essentially capacitive (an open
circuit for dc). This feature allows very high fanout
where speed is not a consideration. Bidirectional
devices give more flexibility to the circuit designer.
P-MOS technology results in the lowest cost per bit
for memories and long shift registers, because
many more functions can be contained on a given
chip size than in bipolar devices. Disadvantages are
that devices must be handled more carefully than
bipolar ICs because excessive static electricity can
destroy the narrow gate oxide, even with internal
breakdown-diode input protection. Drive capabili-
ty is limited because of the high output




100

impedances characteristic of these devices. Two
power supplies are usually required. The P-MOS
family requires supplies of -13 and -27 volts.

Complementary Metal-Oxide
Semiconductor — CMOS

CMOS technology employs both p-channel and
nchannel devices on the same silicon substrate.
Both types are enhancement-mode devices; that is,
gate voltage must be increased in the direction that
inverts the surface in order for the device to
conduct. Only one of the two complementary
devices of a circuit section is turned on at a time,
resulting in extremely low power dissipation.
Dissipation is primarily from the switching of
devices through the active region and the charging
and discharging of capacitances. Advantages are
low power dissipation, good noise immunity, very
wide power supply voltage variations allowed, high
fanout to other CMOS devices, and full tempera-
ture-range capabilities. Disadvantages are restricted
interfacing capabilities because of high output
impedance, and medium to high cost. The CMOS
family requires a supply of 1.5 to 16 volts, 10 volts
being nominal.

IC Family Groups

The popular digital-logic families have several
groups where basic designs have been modified
for medium speed, high speed, or low power
consumption. The TTL family ICs have single-
letter designators added to the part number to
identify the group: S — Schottky high speed, H
— medium speed, L — low power. ECL logic, as
yet, has no such simple identification system.
Manufacturers group their ECL products by pro-
pagation delay, an expression of the maximum
speed at which the logic device will operate.
Motorola, for example, calls the ECL group
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with 8ns delay MECL. MECL II has a speed of
4 ns; MECL 10,000, 2 ns; and MECL III, 1.1
ns. With a propagation delay of 1 ns, operation
at 300 MHz is possible.

Special Digitat ICs

In addition to the logic families, many
special-purpose digital ICs are available to ac-
complish specific tasks. A divide-by-10 circuit,
such as the Fairchild U6B9SH905S9X, operates
up to 320 MHz and is used as a prescaler to
extend the range of a frequency counter. This
IC has been designed to operate with low-evel
input signals, typically 100 mV at 150 MHz.

Large MOS arrays are being used for a num-
ber of applications which require the storage of
logic instructions. These ICs are called memo-
ries. Instructions are stored in the memory by a
process named programming. Some memories
can be programmed only once; they are called
ROMs (Read-Only Memory). ROMs must be
read in sequence, but another group of devices
callld RAMs (Random-Access Memory) can be
used a section at a time. Both ROMs and RAMs
are also made in reprogrammable versions, where
the information stored in the memory can be
changed as desired. These models are named
PROMs and PRAMs, respectively. ]

Large memory arrays are often used for the
generation and conversion of information codes.
One IC can be programmed to convert the S-
level RTTY code to the 8-level ASCII code
popular in computer devices. National Semicon-
ductor manufactures a single IC which generates
the entire S6-character 8-level code. Several ICs
are now available for character generation where
letters and numerals are produced for display on
an oscillograph screen.

OTHER DEVICES

THE UNIJUNCTION TRANSISTOR

Unijunction transistors (UJT) are being used by
amateurs for such applications as side-tone
oscillators, sawtooth generators, pulse generators,
and timers.

Structurally, the UJT is built on an n-type
silicon bar which has ohmic contacts — base one
(B1) and base two (B2) — at opposite ends of the
bar. A rectifying contact, the emitter, is attached
between Bl and B2 on the bar. During normal
operation Bl is grounded and a positive bias is
supplied to B2. When the emitter is forward biased,
emitter current will flow and the device will
conduct. The symbol for a UJT is given in Fig.
4-30 at C. A circuit showing a typical application
in which a UJT is employed is shown in Fig. 4-30.

SILICON CONTROLLED RECTIFIERS

The silicon controlled rectifier, also known as a
Thyristor, is a fourlayer (pn-pn or n-p-n-p)
three-electrode semiconductor rectifier. The three

terminals are called anode, cathode and gate, Fig.
4-28B.

The SCR differs from the silicon rectifier in
that it will not conduct until the voltage exceeds
the forward breakover voltage. The value of this
voltage can be controlled by the gate current. As
the gate current is increased, the value of the
forward breakover voltage is decreased. Once the
rectifier conducts in the forward direction, the gate
current no longer has any control, and the rectifier
behaves as a low-forward-resistance diode. The gate
regains controls when the current through the
rectifier is cut off, as during the other half cycle.

The SCR finds wide use in power-control
applications and in time-delay circuits. SCRs are
available in various voltage and wattage ratings.

TRIACS

The triac, similar to the SCR, has three
electrodes — the main terminal (No. 1), another
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Fig. 4-30 Unijunction transistor and SCR
symbols are given at B and C. A neon lamp is used
to trigger an SCR in the circuit at D. A UWJT
triggers the SCR in example E.
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main terminal (No. 2), and a gate. The triac
performs in the same manner as the SCR, but for
either polarity of voltage applied to its main
terminals. The SCR, as mentioned in the foregoing,
conducts only during one half the sine-wave cycle.
When an SCR is used in a motor-speed control,
therefore, the motor cannot be brought up to full
speed. The triac, however, does trigger on both
halves of the cycle. Therefore, triacs are preferred
to SCRs in many control circuits. The triac can be
regarded as a device in which two SCRs are
employed in parallel and oriented in opposite
directions as shown in the drawing of Fig. 4-30. An
example of a motorspeed control which uses a
triac is given in the construction chapter of this
book.

>39K
4700
TEAM 2
2
TRIAC SCR SCR
GATE
1
TERM 1 GATE
(A)
(8)
Fig. 4-31 — The symbol for a triac is given at A,

The illustration at B shows how a triac compares to
two SCRs connected for the same performance
offered by a triac, thus permitting conduction
during both halves of the cycle.

OPERATIONAL AMPLIFIERS

Early analog computers used amplifier blocks
which became known as operational amplifiers, or
simply op amps. Operational amplifiers can be
constructed using tubes or transistors, and as
hybrid or monolithic integrated circuits. The
monolithic IC has become the most popular type
of op amp. Today op-amp ICs cost approximately
one dollar for the preferred types. They are used as
building blocks in many circuit applications.

The op amp is a dc-coupled multistage linear
amplifier which, in an ideal device, would have
infinite input impedance and infinite gain. While
the ideal op amp remains an uncbtainable goal,
voltage gains of 100,000 or more can be achieved.
FET-input op amps have sufficiently high input
impedance that the current required from the
driving source is measured in pA (UA).

Gain and Feedback

The internal circuit of a popular op-amp IC, the
Fairchild (A741 (also produced by most other

semiconductor manufacturers) is shown in Fig.
4-32. Two inputs are provided, one the comple-
ment or inverse of the other. An amplifier with
two such inputs is known as a differential ampli-
fier. If a small positive voltage is applied to the
noninverting (+) terminal, it will produce a positive
output. The same positive voltage applied to the
inverting (—) terminal will result in a negative
output. If the same voltage was applied to both
terminals, the output would be zero. Both inputs
can be used, called the differential connection, or
one can be returned to ground for single-ended
operation. In practical ICs, the output may not be
exactly zero when both inputs are at zero poten-
tial. Any output under these conditions is called
offset — some op. amps have provision for con-
nections to an external control which compensates
for any offset voltage by applying bias current to
the input transistors. The offset congections for
the MA741 are shown in Fig. 4-32. Op amps are
available in all of the popular IC packages; consult
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the manufacturer’s literature for pin connections.
Usually the pin connections are not the same for a
particular device when it is made up in different
package styles.

For most applications the full gain of the op
amp is not used. Feedback is employed, as shown
in Figs.4-34A and B.. The addition of a resistive
divider network, Ro-Ri, causes negative feedback
by allowing part of the output voltage to be
applied to the inverting input. The gain of the
device will be equal to the sum of Ro and Ri,
divided by the value of Ri. Feedback can be
applied in a similar manner for a noninverting
amplifier, Fig. 4-33B.. The voltage summer, Fig.
4-33C, provides an output voltage which is the sum
of all input voltages multiplied by the gain of the

INVERTING AMPLIFIER
1 GAIN = Rot Ry
Ry

RotRy
Ry Ry [cam-=d
EQN_ (®) Eour
r, VOLTAGE SUMMER
1
£t Eour= Ro (FI4E2+£3)
Ry Ro Ry
Ry
® PR §
COMMON (C) ?UI’
o
VOLTAGE FOLLOWER
EwzEqur
g ©) Eour
£ 4

operational amplifier. This circuit is often em-
ployed as an audio mixer. Fig. 4-33D shows the
voltage-follower connections. The load at the
output of this circuit can draw a large current
while the input draws almost no current. The
output voltage follows the level of the input
potential almost exactly, The output of the differ-
entiator (Fig. 4-33E) is proportional to the rate of
change of the input voltage, while the integrator
(Fig. 4-33F) averages the level of a voltage that
varies over a short period of time. A differential
connection of a single op amp is shown at G.

Stability
Because op amps are high-gain devices with
frequency response from dc to several megahertz,
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Fig. 4-33 — Basic op-amp circuits.
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oscillation can occur. In any op-amp circuit layout,
the inputs should be well isolated from the output.
Input leads should be kept as short as possible.
Supply-voltage terminals should be bypassed with
0.1- or .01-MF capacitors. As the frequency is
increased, the stages within an op amp will
introduce phase shift. If the phase shift in the
amplifier reaches 180 degrees before the gain has
decreased to unity, the amplifier will be unstable.
Some op amps, such as the uA709 of Fig. 4-34A.
require an external compensation network, R1-C1,
to reduce the gain of the device at hf. Others, the
MA741 of Fig. 4-34R for example, contain internal
compensation and, thus, require no additional
components to assure stability.

Applications

Most monolithic op-amp ICs require supply
voltages of plus S to 15 and minus 5 to 15.
Practical examples of an audio amplifier and audio
mixer are given in Fig. 4-33A and B, respectively.
In some amateur applications, the dual-polarity
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COMPARATOR
+12v

INPUT
0
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Fig. 4-34 — Some typical applications of opera-
tional amplifiers. The pin numbers shown are all
for the metal can (TO-99) package.

requirement can be eliminated by~using a resistive
divider to bias the noninverting input as indicated
in Fig. 4-34C. If the amplifier is intended to be used
as a limiting device (the input stage of an RTTY
demodulator is an example) an offset control
should be added to allow adjustment for equal
clipping of the negative and positive peaks (Fig.
4-34D).

Another popular use for the op amp is as a
comparator — see Fig. 4-34E. A comparator is used
to indicate when a difference exists between a
reference voltage and an input voltage. The output
of the comparator will swing from its maximum
positive voltage to maximum negative when the
input exceeds the reference (zero voltage if the
reference is zero). A number of op amps optimized
for comparator service are available; they are often
used as interface devices between linear and digital
circuits. The operational amplifier is often em-
ployed inactive filters, which use RC components
to provide low-pass, high-pass, and bandpass char-
acteristics. A simple illustration, an RC filter
network tuned to 1200 Hz connected in parallel
with the feedback resistor, is given in Fig. 4-34F.
This design is for low Q giving a characteristic
suitable for a cw receiver. The gain at resonance is
approximately 40. Additional information about
active filters and other op-amp circuits is available
in the publications listed in the bibliography at the
end of this chapter.
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ABBREVIATED SEMICONDUCTOR SYMBOL LIST

BIPOLAR TRANSISTOR SYMBOLS

_ i ircui Vce — Collector-supply voltage
e l('ég‘,’nt,ﬁf,‘,’,aﬁ:,?:;ce' open circuit VCE — Collector-to-emitter voltage
Cieo — Input capacitance, open circuit Veeo - Sgg:‘): tor-to-emitter voltage (base
common emitter . .
Cobo = (()utput capaciw,c)e, open circuit VCE(saty — Collector-to-emitter saturation volt-
(common base) age
— i ircui VEB — Emitter-to-base voltage
Coeo %ﬁﬁ:ﬂ%ﬁ%ﬁ;‘ﬁe' open circuit VEBO — Emitter-to-base voltage (collector
f — Cutoff frequency open)
ffr — Gain-bandwidth product (frequen- VEE - Emltter&sur’ply vo:itastean
cy at which small-signal forward Yte - I °1'W3; dtr@:lscon uctance
current-transfer ratio, common ;ie = 6‘9“‘ A'(Ti“ t?nta‘;le
emitter, is unity, or 1) oe — Output Admittance
&me — Small-signal transconductance FIELD-EFFECT TRANSFER SYMBOLS
(common emitter) . .
hFB — Static forward-current transfer A ~ Voltage amhphﬁclatlon tan
ratio (common base) Ce — Intrinsic channel capacitance
h — Small-signal forward-current trans- Cas — Drain-to-source cap‘l“:“ia“‘r:fé;".'
fer ratio, short circuit (common cludes aPPJ?":";latedy “P. cita:::n-)
Suse) Cgd é}oaf:-st%-a;rail:cipggit::g: (inclufies
— i g = n
hFE f:t’it;c(igrn?;rg: :nr:fi't':xt)msre‘ 0.1-pF interlead capacitance)
hte — Small-signal forward-current trans- Cgs — Gate-to-source interlead and case
i ircui capacitance
if,ﬁi'{ig,‘)" QGG (EDITIEn Ciss — Small-signal input capacitance,
ic i i short circuit
hiE = Etﬁua't:‘t:elrr;pm resistance (common Cres _ Smallsignal reverse transfer capack-
— i i imped , short tance, short circuit
e Eﬂﬁ?iﬂﬂmgﬂtem‘&f“ snot £fs — Forward transconductance
Iy — Base current 8is — Input conductance
Ie — Collector current ;Os - g“tcll’r“? conducttance
- i D — Dc drain curren
Ico gngre‘ctor-cutoff current, emitter IDS(OFFy— Drain-to-source OFF current
_ IGgss — Gate leakage current
;gEo — g?,ﬂffetf zf}’,f::ff current, base open re — Effective gate series res?stance
MAG — Maximum available amplifier gain TDS(ON) — Drain-to-source ON resistance
Pce — Total dc or average power input to red — Gate-to-drain leakage resistance
collector (common emitter) r’? - gatg-ttt)ﬂout;:te‘;iakagle tax:eslstance
= ignal output mmon DB — Drain-to-su € VO
Fox m)gn output power (co VDs — Drain-to-source voltage
RL — Load resistance VGB — Dc gate-to-substrate voltage
Rsg — Source resistance VGB — Peak gate-to-substrate voltage
VBB — Base-supply voltage VaGs — Dc gate-to-source voltage
VBC — Base-to-collector voltage Vas — Peak gate-to-source voltage
VBE — Base-to-emitter voltage VGS(OFF)- Gate-to-source cutoff voltage
Vce — Collector-to-base voltage Yts — Forward transadmittance 5gts
VcBo  — Collector-to-base voltage (emitter Yos — Output admittance
open) YL — Load admittance
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Chapter 5

Power Supplies

Powerline voltages bave been ‘“‘stan-
dardized’ througbout the U.S. at 115
— 230 V in residential areas where a
single voltage pbase is supplied. These
figures represent nominal voltages,
bowever. “Normal” line voltage in a
particular area may be between ap-
proximately 110 and 125 volts, but
generally will be above 115 volts. In
many states, the service is governed by
the state’s public utilities commission.
The voltage average across the country
is approximately 117 volts. Source of
information: Edison Electric Company
(an association of power companies),
New York, NY,

The electrical power required to operate
amateur radio equipment is usually taken from the
ac lines when the equipment is operated where this
power is available; in mobile operation the prime
source of power is usually the storage battery.

The high-voltage dc for the plates of vacuum
tubes used in receivers and transmitters is derived
from the commercial ac lines by the use of a
transformer-rectifier-filter system. The transformer
changes the voltage of the ac to a suitable value,
and the rectifier converts it to pulsating dc. The
filter reduces the pulsations to a suitably low level,

and may have either a capacitor input or a choke
input, depending on whether a shunt capacitor or a
series inductor is the first filter element. Essentially
pure direct current is required to prevent hum in
the output of receivers, speech amplifiers, modula-
tors and transmitters. In the case of transmitters, a
pure dc plate supply is also dictated by government
regulations. If a constant supply voltage is required
under conditions of changing load or ac line
voltage, a regulator is used following the filter.

When the prime power source is dc (a battery),
the dc is first changed to ac, and is then followed
by the transformer-rectifier-filter system. Addi-
tional information on this type of supply is
contained in Chapter 10.

The cathode-heating power can be ac or dc in
the case of indirectly heated cathode tubes, and ac
or dc for filament-type tubes if the tubes are
operated at a high power level (high-powered audio
and rf applications). Low-level operation of
filament-type tubes generally requires dc on the
filaments if undue hum is to be avoided.

Occasionally transformerless power supplies are
used in some applications (notably in the ac-dc
type of broadcast receiver). Such supplies operate
directly from the power line, and it is necessary 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 an extreme shock
hazard when the equipment is interconnected with
other apparatus in the amateur station, or when
the chassis is exposed. For safety reasons, an
isolation transformer should be used with such
equiprment when it is present in an amateur station.

POWER-LINE CONSIDERATIONS

POWER LINE CONNECTIONS

In most residential systems, three wires are
brought in from the outside to the distribution
board, while in other systems there are only two
wires. In the three-wire system, the third wire is
the neutral which is grounded. The voltage
between the other two wires normally is 230, while
half of this voltage (115) appears between each of
these wires and neutral, as indicated in Fig. 5-1A.
In systems of this type, usually it will be found
that the 115-volt household load is divided as
evenly as possible between the two sides of the
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, normally are designed for 230-volt
operation and therefore are connected across the
two ungrounded wires. While both ungrounded
wires should be fused, a fuse should never be used
in the wire to the neutral, nor should a switch be
used in this side of the line. The reason for this is
that opening the neutral wire does not disconnect
the equipment. It simply leaves the equipment on
one side .of the 230-volt circuit in series with
whatever load may be across the other side of the
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Fig. 5-1 — Three-wire power-line circuits. A — Normal 3-wire-line termination. No fuse should be used in
the grounded (neutral} line. B — Showing that a switch in the neutral does not remove voltage from
either side of the line. C — Connections for both 115- and 230-volt transformers. D — Operating a
115volt plate transformer from the 230-volt line to avoid light blinking. T1 is a 2-to-1 step-down

transformer.

circuit, as shown in Fig. 5-1B. Furthermore, with
the neutral open, the voltage will then be divided
between the two sides in inverse proportion to the
load resistance, the voltage on one side dropping
below normal, while it soars on the other side,
unless the loads happen to be equal.

The usual line running to baseboard outlets is
rated at 15 amperes. Considering the power
consumed by filaments, lamps, transmitter, re-
ceiver and other auxiliary equipment, it is not
unusual to find this 15-A rating exceeded by the
requirements of a station of only moderate power.
It must also be kept in mind that the same branch
may be in use for other household purposes
through another outlet. For this reason, and to
minimize light blinking when keying or modulating
the transmitter, a separate heavier line should be
run from the distribution board to the station
whenever possible. (A three-volt drop in line
voltage will cause noticeable light blinking.)

If the system is of the three-wire 230-V type,
the three wires should be brought into the station
so that the load can be distributed to keep the line
balanced. The voltage across a fixed load on one
side of the circuit will increase as the load current
on the other side is increased. The rate of increase
will depend upon the resistance introduced by the
neutral wire. If the resistance of the neutral is low,
the increase will be correspondingly small. When
the currents in the two circuits are balanced, no
current flows in the neutral wire and the system is
operating at maximum efficiency.

Light blinking can be minimized by using
transformers with 230-volt primaries in the power
supplies for the keyed or intermittent part of the
load, connecting them across the two ungrounded
wires with no connection to the neutral, as shown
in Fig. 5-1C. The same can be accomplished by the
insertion of a step-down transformer with its
primary operating at 230 volts and secondary
delivering 115 volts. Conventional 115-volt trans-
formers may be operated from the secondary of
the step-down transformer (see Fig. 5-1D).

When a special heavy-duty line is to be
installed, the local power company should be
consulted as to local requirements. In some
localities it is necessary to have such a job done by
a licensed electrician, and there may be special

requirements to be met. Some amateurs terminate
the special line to the station at a switch box, while
others may use electric-stove receptacles as the
termination. The power is then distributed around
the station by means of conventional outlets at
convenient points. All circuits should be properly
fused.

Three-Wire 115-V Power Cords

To meet the requirements of state and national
codes, electrical tools, appliances and many items
of electronic equipment now being manufactured
to operate from the 115-volt line must be equipped
with a 3-conductor power cord. Two of the
conductors carry power to the device in the usual
fashion, while the third conductor is connected to
the case or frame.

When plugged into a properly wired mating
receptacle, the 3-contact polarized plug connects
this third conductor to an earth ground, thereby
grounding the chassis or frame of the appliance and
preventing the possibility of electrical shock to the
user. All commercially manufactured items of
electronic test equipment and most ac-operated
amateur equipments are being supplied with these
3-wire cords. Adapters are available for use where
older electrical installations do not have mating
receptacles. For proper grounding, the lug of the
green wire protruding from the adapter must be
attached underneath the screw securing the cover
plate of the outlet box where connection is made,
and the outlet box itself must be grounded.

Fusing

All transformer primary circuits should be
properly fused. To determine the approximate
current rating of the fuse to be used, multiply each
current being drawn from the supply in amperes by
the voltage at which the current is being drawn.
Include the current taken by bleeder resistances
and voltage dividers. In the case of series resistors,
use the source voltage, not the voltage at the
equipment end of the resistor. Include filament
power if the transformer is supplying filaments.
After multiplying the various voltages and currents,
add the individual products. Then divide by the
line voltage and add 10 or 20 percent. Use a fuse
with the nearest larger current rating.
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Fig. 5-2 — Two methods of transformer primary
control. At A is a tapped toy transformer which
may be connected so as to boost or buck the line
voltage as required. At B is indicated a variable
transformer or autotransformer (Variac) which
feeds the transformer primaries.

LINE-VOLTAGE ADJUSTMENT

In certain communities trouble is sometimes
experienced from fluctuations in line voltage.
Usually these fluctuations are caused by a variation
in the load on the line. Since most of the variation
comes at certain fixed times of the day or night,
such as the times when lights are turned on at
evening, they may be taken care of by the use of a
manually operated compensating device. A simple
arrangement is shown in Fig. S§-2A. A toy
transformer is used to boost or buck the line
voltage as required. The transformer should have a
tapped secondary varying between 6 and 20 volts
in steps of 2 or 3 volts and its secondary should be
capable of carrying the full load current.

The secondary is connected in series with the
line voltage and, if the phasing of the windings is
correct, the voltage applied to the primaries of the
transmitter transformers can be brought up to the
rated 115 volts by setting the toy-transformer tap
switch on the right tap. If the phasing of the two
windings of the toy transformer happens to be
reversed, the voltage will be reduced instead of
increased. This connection may be used in cases
where the line voltage may be above 115 volts.
This method is preferable to using a resistor in the
primary of a power transformer since it does not
affect the voltage regulation as seriously. The
circuit of §-2B illustrates the use of a variable
autotransformer (Variac) for adjusting line voltage.

Constant-Voltage Transformers

Although comparatively expensive, special
transformers called constant-voltage transformers
are available for use in cases where it is necessary
to hold line voltage and/or filament voltage
constant with fluctuating supply-line voltage.
These are static-magnetic voltage regulating trans-
formers operating on principles of ferroresonance.
They have no tubes or moving parts, and require
no manual adjustments. These transformers are
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rated over a range of less than one VA at § volts
output up to several thousand VA at 115 or 230
volts. On the average they will hold their output
voltages within one percent under an input voltage
variation of 1S5 percent.

SAFETY PRECAUTIONS

All power supplies in an installation should be
fed through a single main powerdine 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.
5-3. The arrangements shown in Fig. 5-3A and B
are similar circuits for two-wire (115-volt) and
three-wire (230-volt) systems. S is an enclosed
double-throw switch of the sort usually used as the
entrance switch in house installations. J is a
standard ac outlet and P a shorted plug to fit the
outlet. The switch should be located prominently
in plain sight, and members of the household
should be instructed in its location and use. I is a
red lamp located alongside the switch. Its purpose
is not so much to serve as a warning that the power
is on as it is to help in identifying and quickly
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Fig. 5-3 — Reliable arrangements for cutting off all
power to the transmitter. S is an enclosed
double-pole power switch, J a standard ac outlet, P
a shorted plug to fit the outlet and | a red lamp.

A is for a two-wire 115-volt line, B for a
three-wire 230-volt system, and C a simplified
arrangement for low-power stations.
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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 comer
out of sight where it will not be a temptation for
children or others to play with. The shorting plug
can be removed to open the power circuit if there
are others around who might inadvertently throw
the switch while the operator is working on the rig.
If the operator takes the plug with him, it will
prevent someone from turning on the power in his
absence and either hurting themselves or the
equipment or perhaps starting a fire. Of utmost
-importance is the fact that the outlet J must be
placed in the ungrounded side of the line.

POWER SUPPLIES

Those who are operating low power and feel
that the expense or complication of the switch
isn’t warranted can use the shorted-plug idea as the
main power switch. In this case, the outlet should
be located prominently and identified by a signal
light, as shown in Fig. 5-3C.

The test bench should be fed through the main
power switch, or a similar arrangement at the
bench, if the bench is located remotely from the
transmitter.

A bleeder resistor with a power 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.

PLATE AND FILAMENT TRANSFORMERS

Output Voltage

The output voltage which the plate transformer
must deliver depends upon the required dc load
voltage and the type of filter circuit.

With a choke-input filter (see Fig. 54), the
required rms secondary voltage (each side of
center-tap for a center-tap rectifier) can be
calculated by the equation:

E¢=1.1 [E°+I(R1 +R2 +Rs)]

where E, is the required dc output voltage, / is the
load current (including bleeder current) in
amperes, R1 and R2 are the dc resistances of the
chokes, and Rg is the series resistance (transformer
and rectifier). £y is the open-circuit rms voltage.
With a capacitive-input filter system, the
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Fig. 54 — Diagram showing various voltage drops
that must be taken into consideration in determin-
ing the required transformer voltage to deliver the
desired output voltage.

Series resistance — S ohms

Load resistance = (% = 50 ohms

RC = 50 x 1000 = 50,000

RyJR =5/50=0.1
Fig. 5-5 shows that the ratio of dc volts to the required
transformer rms voltage is 1.07.

approximate transformer output voltage required q mer terminal voltage under foad is
to give a desired dc output voltage with a given Eac=ERC+IX R,
load can be calculated with the aid of Fig. 5-5. 107
where / is the load current in amperes.
Example: +
Required dc output volts — 25 Exc= 1.07
Load current to be drawn — 500 mA (0.5 ampere) 278
Input capacitor — 1000 uF = 1.07 = 257 volts
1.4
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Rewinding Transformers

The required transformer is one having a
51.4-V center-tapped secondary. A 50-or 55-V
secondary would be entirely satisfactory. Should
the filter section contain one or more filter chokes
connected between the input capacitor and the
load, the dc-resistance values of the chokes are
added to the value of Ry in the equation before
multiplying by the load-current value.

Volt-Ampere Rating

The number of volt-amperes delivered by a
transformer depends upon the type of filter
(capacitor or choke input) used, and upon the type
of rectifier used (full-wave center tap, or full-wave
bridge). With a capacitive-input filter the heating
effect in the secondary is higher because of the
high ratio of peak-to-average current. The volt-
amperes handled by the transformer may be several
times the watts delivered to the load. With a
choke-input filter, provided the input choke has at
least the critical inductance, the secondary
volt-amperes can be calculated quite closely by the
equation:

’ - 107 EI
(Full-wave ct) Sec. VA 1000

ET

(Full-wave bridge) Sec. VA = 1000

where E is the rotal rms voltage of the secondary
(between the outside ends in the case of a
center-tapped winding) and /7 is the dc output
current in milliamperes (load current plus bleeder
current). The primary volt-amperes will be
somewhat higher because of transformer losses.

BROADCAST & TELEVISION
REPLACEMENT TRANSFORMERS

Small power transformers of the type sold for
replacement in broadcast and television receivers
are usually designed for service in terms of use for
several hours continuously with capacitor-input
filters. In the usual type of amateur transmitter
service, where most of the power is drawn
intermittently for periods of several minutes with
equivalent intervals in between, the published
ratings can be exceeded without excessive trans-
former heating.

With a capacitor-input filter, it should be safe
to draw 20 to 30 percent more current than the
rated value. With a choke-input filter, an increase
in current of about 50 percent is permissible. If a
bridge rectifier is used, the output voltage will be
approximately doubled. In this case, it should be
possible in amateur transmitter service to draw the
rated current, thus obtaining about twice the rated
output power from the transformer.

This does not apply, of course, to amateur
transmitter plate transformers, which usually are
already rated for intermittent service.

REWINDING POWER TRANSFORMERS

Although the home winding of power trans-
formers is a task that few amateurs undertake, the
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Core
CROSS-SECTIONAL AREA =
WIDTH x HEIGHT (WX H) OF CORE
Fig. 56 — Cross-sectional drawing of a typical

power transformer. Multiplying the height (or
thickness of the laminations) times the width of
the central core area in inches gives the value to be
applied to Fig. 5-7.

rewinding of a transformer secondary to give some
desired voltage for powering filaments or a
solid-state device is not difficult. It involves a
matter of only a small number of turns and the
wire is large enough to be handled easily. Often a
receiver power transformer with a bumned-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
transformer.

The primary volt-ampere rating of the trans-
former to be rewound, if known, can be used to
determine its power-handling capability. The
secondary volt-ampere rating will be ten to twenty
percent less than the primary rating. The power
rating may also be determined approximately from
the cross-sectional area of the core which is inside
the windings. Fig. 5-6 shows the method of
determining the area, and Fig. 5-7 may be used to
convert this information into a power rating.

Before disconnecting the winding leads from
their terminals, each should be marked for
identification. In removing the core laminations,
care should be taken to note the manner in which
the core is assembled, so that the reassembling will
be done in the same manner. Most transformers
have secondaries wound over the primary, while in
some the order is reversed. In case the secondaries
are on the inside, the 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.
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POWER RATING OF TRANSFORMER IN WATTS

Fig. 57 - Power-handling capability of a
transformer versus cross-sectional area of core.

old filament winding was rated at § volts and had
15 turns, this is 15/5 = 3 tums per volt. If the new
secondary is to deliver 18 volts, the required
number of tums on the new winding will be
18 X 3 = 54 tums.

In winding a transformer, the size of wire is an
important factor in the heat developed in
operation. A cross-sectional area of 1000 circular
mils per ampere is conservative. A value commonly
used in amateurservice transformers is 700 cmil/A.
The larger the cmil/A figure, the cooler the

400 450 500
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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 removed, there should be plenty of room
for a size of wire that will conservatively handle
the required current.

After the first layer of tums is put on during
rewinding, secure the ends with cellulose tape.
Each layer should be insulated from the next;
ordinary household waxed paper can be used for
the purpose, a single layer being adequate. Sheets
cut to size beforehand may be secured over each
layer with tape. Be sure to bring all leads out the
same side of the core so the covers will go in place
when the unit is completed. When the last layer of
the winding is put on, use two sheets of waxed
paper, and then cover those with vinyl electrical
tape, keeping the tape as taut as possible. This will
add mechanical strength to the assembly.

The laminations and housing are assembled in
just the opposite sequence to that followed in
disassembly. Use a light coating of shellac between
each lamination. During reassembly, the lamination
stack may be compressed by clamping in a vise. If
the last few lamination strips cannot be replaced, it
is better to omit them than to force the unit
together.

RECTIFIER CIRCUITS

Half-Wave Rectifier

Fig. 5-8 shows three rectifier circuits covering
most of the common applications in amateur
equipment. Fig. 5-8A is the circuit of a half-wave
rectifier. The rectifier is a device that will conduct
current in one direction but not in the other.
During one half of the ac cycle the rectifier will
conduct and current will flow through the rectifier
to the load. During the other half of the cycle the
rectifier does not conduct and no current flows to
the load. The shape of the output wave is shown in
(A) at the right. It shows that the current always
flows in the same direction but that the flow of
current is not continuous and is pulsating in
amplitude.

The average output voltage — the voltage read
by the usual dc voltmeter — with this circuit (no
filter connected) is 0.45 times the rms value of the
ac voltage delivered by the transformer secondary.
Because the frequency of the pulses is relatively
low (one pulsation per cycle), considerable filtering
is required to provide adequately smooth dc
output, and for this reason this circuit is usually
limited to applications where the current involved
is small, such as supplies for cathode-ray tubes and
for protective bias in a transmitter.

The peak reverse voltage (PRV), the voltage 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 Egyg) but with a capacitor

load drawing little or no current it can rise to 2.8
Erms.

Another disadvantage of the half-wave rectifier
circuit is that the transformer must have a
considerably higher primary volt-ampere rating
(approximately 40 percent greater), for the same
dc power output, than in other rectifier circuits.

Full-Wave Center-Tap Rectifier

A commonly used rectifier circuit is shown in
Fig. 5-8B. Essentially an arrangement in which the
outputs of two half-wave rectifiers are combined, it
makes use of both halves of the ac cycle. A
transformer with a center-tapped secondary is
required with the circuit.

The average output voltage is 0.9 times the rms
voltage of half the transformer secondary; this is
the maximum voltage 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 (at little or no load).

The peak reverse voltage across a rectifier unit
is 2.8 times the rms voltage of half the transformer
secondary.

As can be seen from the sketches of the output
wave form in (B) to the right, the frequency of the
output pulses is twice that of the half-wave
rectifier. Therefore much less filtering is required.
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Epgax * 14 Equg

Since the rectifiers work alternately, each handles
half of the load current, and the load-current rating
of each rectifier need be only half the total load
current drawn from the supply.

LINE ;“E Epms nu’:n

. L Euy  "O045Emus
Two separate transformers, w1t}} their primaries HALF - WAVE Epay = 14-2.8 Enus
connected in parallel and secondaries connected in RIPPLE = 121%6
series (with the proper polarity) may be used in
this circuit. However, if this substitution is made, — e
the primary volt-ampere rating must be reduced to Enus TO FILTER /\/\/\/\/\
about 40 percent less than twice the rating of one  A.C. “ —o —
transformer. Epzax * 14 Enng
‘ Eav  * 09 Epus
Full-Wave Bridge Rectifier FULL - WAVE Epny  ° 2.8 Epus
Another full-wave rectifier circuit is shown in RIERLESRSEL
Fig. S-8C. In this arrangement, two rectifiers
operate in series on each half of the cycle, one /V\/\/\/\
rectifier being in the lead to the load, the other awc. Enus -
being in the return lead. The current flows through LI T0 Epgax * |4 Equs
two rectifiers during one half of the cycle and FILTER ey = 0.9Emus
through the other two rectifiers during the other - °° Esny * 4Epus
half of the cycle. The output wave shape (C), to  {C) BRIDGE RIPPLE = 48%
the right, is the same as that from the simple
center-tap rectifier circuit. The maximum output
voltage into a resistive load or a properly designed Fig. 58 — Fundamental rectifier circuits, A —

choke-input filter is 0.9 times the rms voltage
delivered by the transformer secondary; with a
capacitor-input filter and a very light load the
output voltage is 1.4 times the secondary rms
voltage. The peak reverse voltage per rectifier is 1.4
times the secondary rms voltage. Each rectifier in a
bridge circuit should have a minimum load-current
rating of one-half the total load current to be
drawn from the supply.

RECTIFIER RATINGS

All rectifiers are subject to limitations as to
breakdown voltage and current-handling capability.
Some tube types are rated in terms of the
maximum rms voltage that should be applied to
the rectifier plate. This is sometimes dependent on
whether a choke- or capacitive-input filter is used.
Others, particularly mercury-vapor and semicon-
ductor types, are rated according to maximum
peak reverse voltage.

Rectifiers are rated also as to maximum dc load
current, and some may carry peak-current ratings
in addition. To assure normal life, all ratings should
be carefully observed.

HIGH-VACUUM RECTIFIERS

High-vacuum rectifiers depend entirely upon
the thermionic emission from a-heated filament

Half-wave (Epry = 1.4 EjMg with resistive load,
= 2.8 Egys with capacitor-input filter). B —
Full-wave. % — Full-wave bridge. Output voltage
values do not include rectifier voltage drops.

and are characterized by a relatively high internal
resistance. For this reason, their application usually
is limited to low power, although there are a few
types designed for medium and high power in cases
where the relatively high internal voltage drop may
be tolerated. This high internal resistance makes
them less susceptible to damage from temporary
overload and they are free from the bothersome
electrical noise sometimes associated with other
types of rectifiers.

Some rectifiers of the high-vacuum full-wave
type in the so-called receiver-tube class will handle
up to 275 mA at 400- to 500-volts dc output.
Those in the higher power class can be used to
handle up to 500 mA at 2000 volts dc in full-wave
circuits. Most low-power high-vacuum rectifiers are
produced in the full-wave type, while those for
greater power are invariably of the half-wave type,
two tubes being required for a full-wave rectifier
circuit, A few of the lower voltage types have
indirectly heated cathodes, but are limited in
heater-to-cathode voltage rating.

SEMICONDUCTOR RECTIFIERS

Silicon rectifiers are being used almost exclu-
sively 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
current-handling capability. Also, no filament
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 1.5 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
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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 SILICON
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) Irgp, the peak repetitive forward current,
and

4) IsyrGEg, the peak onecycle 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 conducts
much less than half the time, so that when it does
conduct, it may pass as much as ten to twenty
times the average dc current, under certain
conditions. This peak current is /grEgp, the peak
repetitive forward current.

Also, 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
IsyrgEe- The maximum ISyRGE rating is usually
for a duration 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 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 /ggp rating can be
assumed to be approximately four times the
maximum /, rating.

Rule 2) The maximum /gyrGEg rating can be
assumed to be approximately twelve times the
maximum [, 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 /gyrgE and not on /,
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.
Nommally, this is not a prime consideration in
high-voltage, low-current supplies. When using
high-current rectifiers at or near their maximum
ratings (usually 2-ampere or larger stud-mount
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rectifiers), some form of heat sinking is necessary.
Frequently, mounting the rectifier on the main
chassis — directly, or by means of thin mica
insulating 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 insulator and the chassis to assure
good heat conduction. Large high-current rectifiers
often require special heat sinks to maintain a safe
operating temperature. Forced-air cooling is
sometimes used as a further aid. Safe case
temperatures are usually given in the manufac-
turer’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 activated,
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
transformer 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 suitable. Series resistors can be installed
between the secondary and the rectifier strings as
illustrated in Fig. 5-4, but are a deterrent to good

TI
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Fig. 5-9 — The primary circuit of T1 shows how a
115-volt ac retay and a series dropping resistor, Rg.
can provide surge protection while C charges. When
silicon rectifiers are connected in series for
high-vottage 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 .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, CR1 through CR4, should be the same
type (same type number and ratings).

o My
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Fig. 5-10 — Methods of suppressing line transients.
See text.

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. 5-9. The resistor, Rq introduces a
voltage drop in the primary feed to T1 until C is
nearly charged. Then, after C becomes partially
charged, the voltage drop across Rg lessens and
allows K1 to pull in, thus applying full primary
power to T1 as K1A shorts out Rg.Rg isusually a
25-watt resistor whose resistance is somewhere
between 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. 5-10A shows one way.
C1 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 .O1uF for transformer
voltages of 100 or less, and .001UF for high-voltage
transformers.

Fig. 5-10B shows another transient-suppression
method using selenium suppressor diodes. The
diodes do not conduct unless the peak voltage
becomes abnormally high. Then they clip the
transient peaks. General Electric sells protective
diodes under the trade name, ‘‘Thyrector.”
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Sarkes-Tarzian uses the descriptive name, “‘Klip-
volt.”

Transient voltages can go as high as twice the
normal line voltage before the suppressor diodes
clip the peaks. Capacitors cannot give perfect
suppression either. Thus, itis 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 SO0-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. 5-9. 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. 5-9, 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
PRV rating of the diode by 500 ohms. For
example, a S00-PRV diode should be shunted by
500 X 500, or 250,000 ohms.

The shift from forward conduction to high
back resistance does not take place instantly in a
silicon dicde. 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 .01-UF capacitor should be
placed across each diode. Fig. 5-9 shows the
complete series-diode circuit. The capacitors
should be noninductive, ceramic disk, for example,
and should be well matched. Use 10-percent-toler-
ance 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. 5-11. Without the
resistors, one diode may take most of the current.
The resistors should be selected to have about a
1-volt drop at the expected peak current.

al
™
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Fig. 5-11 — Diodes in parallel should have

equalizing resistors. See text for appropriate value.
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FILTERING

The pulsating dc waves from the rectifiers are
not sufficiently constant in amplitude to prevent
hum corresponding to the pulsations. Filters are
required between the rectifier and the load to
smooth out the pulsations into an essentially
constant dc voltage. Also, upon the design of the
filter depends to a large extent 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 =100 tgé - E2)

Example: No-load voltage = E1 = 1550 volts.
Fulldoad voltage = E2 = 1230 volts.

Percentage regulation = lm_l.l..'iﬁz%_g_um
= 1125%9-‘26 percent

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 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 resis-
tance than with short temporary changes. The

" regulation with long-term changes is often called

the static regulation, to distinguish it from the
dynamic regulation (short temporary load
changes). A load that varies at a syllabic or keyed
rated, as represented by some audio and 1f

amplifiers, usually requires good dynamic regula-
tion (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.

When essentially constant voltage regardless of
current variation is required (for stabilizing an
oscillator, for example), special voltage-regulating
circuits described elsewhere 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 providing 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 rating 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

The pulsations in the output of the rectifier can
be considered to be the resultant of an alternating
current superimposed upon a steady direct current.
From this viewpoint, the filter may be considered
to consist of shunting capacitors which short-
circuit the ac component while not interfering with
the flow of the dc component, and series chokes
which pass dc readily but which impede the flow
of the ac component.

The alternating component is called the 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. Any multiplier or amplifier supply in a
code transmitter should have less than S percent
ripple. A linear amplifier can tolerate about 3
percent ripple on the plate voltage. Bias supplies
for linear amplifiers, and modulator and modu-
lated-amplifier plate supplies, should have less than
1 percent ripple. VFOs, speech amplifiers and
receivers may require a ripple reduction to .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.
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Capacitive-Input Filters

Type of Filter

Power-supply filters fall into two classifications,
capacitor input and choke input. Capacitor-input
filters are characterized by relatively high output
voltage in respect to the transformer voltage.
Advantage of this can be taken when silicon
rectifiers are used or with any rectifier when the
load resistance is high. Silicon rectifiers have a
higher allowable peak-to-dc ratio than do ther-
mionic rectifiers. This permits the use of
capacitor-input filters at ratios of input capacitor
to load resistance 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 regulation of a
capacitor-input power supply 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.

CAPACITIVE-INPUT FILTERS

Capacitive-input filter systems are shown in Fig.
$-12. Disregarding voltage drops in the chokes, all
have the same characteristics except in respect to
ripple. Better ripple reduction will be obtained
when LC sections are added, as shown in Figs.
5-12B and C.

Output Voltage

To determine the approximate dc voltage
output when a capacitive-input filter is used,
reference should be made to the graph of Fig. 5-5.

Example:

Transformer rms voltage — 350
Load resistance — 2000 ohms

+ 0 J- -
FROM o.C.

(A) geer. TC' R outpur

Lo —0 -

-0 +

+
= 1
(8) Reey TCI
- O *

Fig. 5-12 — Capacitive-input filter circuits. A —
Simple capacitive. B — Single-section. C —
Double-section.
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Fig. 513 — Graph showing the relationship

between the dc load current and the rectifier peak
current with capacitive input for various values
of load and input resistance.

Series resistance - 200 ohms
200 + 2000 = 0.1

Input capacitor C = 20 uF

RC = 4
1000 1000 0
From curve 0.1 and RC = 40, dc voltage = 350 X 1.06
=370.
Regulation

If a bleeder resistance of 20,000 ohms is used in
the example above, when the load is removed and
R becomes 20,000, the dc voltage will rise to 470.
For minimum regulation with a capacitorinput
filter, the bleeder resistance should be as high as
possible, or the series resistance should be low and
the filter capacitance high, without exceeding the
transformer or rectifier ratings.

Maximum Rectifier Current

The maximum current that can be drawn from
a supply with a capacitive-input filter without
exceeding the peak-current rating of the rectifier
may be estimated from the graph of Fig. 5-13.
Using values from the preceding example, the ratio
of peak rectifier current to dc load current for
2000 ohms, as shown in Fig. 5-13, is 3. Therefore,
the maximum load current that can be drawn
without exceeding the rectifier rating is 1/3 the
peak rating of the rectifier. For a load current of
185 mA, as above (370 V + 2000 §2), the rectifier
peak current rating should be at least
3 X 185 =555 mA.
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With bleeder current only, Fig. 5-13 shows that
the ratio will increase to 6.5. But since the bleeder
draws 23.5 mA dc, the rectifier peak current will
be only 153 mA.

CHOKE-INPUT FILTERS

With thermionic rectifiers better voltage regula-
tions results when a choke-input filter, as shown in
Fig. 54, is used. Choke input permits better
utilization of the thermionic rectifier, since a
higher load current usually 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 (volts)
L ¢cyit (henrys) 7(mA)

where £ is the output voltage of the supply, and /
is 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 (see
Fig. 5-8) 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 inductance,
it is obvious that if no current is drawn from the
supply, the critical inductance 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

1(mA) = Eolts)
cn

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 inductance becomes smaller as the
load current 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 load current of 200 mA is
drawn from the supply, the inductance will drop to
S 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
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current rating of 200 mA. At all load currents
between 40 mA and 200 mA, the choke will adjust
its inductance 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 close by the following equation:

Eo=0.9E, — (I + IL) (R1 + R2) — E,

where Ej is the output voltage; Ey is the rms
voltage applied to the rectifier (rms voltage between
center-tap and one end of the secondary in the case
of the center-tap rectifier); /g and Iy, are the
bleeder and load currents, respectively, in amperes;
R; and Rg are the resistances of the first and
second filter chokes; and E, is the voltage drop
across the rectifier. The various voltage drops are
shown in Fig. 5-4. At no load Iy, 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 formula 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
MF 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 dynamic regulation of the supply.
However, a region of diminishing returns can be
reached, and 20 to 30 uF 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 frequency will be 120 Hz for a 60-Hz
supply, and resonance will occur when the product
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.

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 nine-tenths of the ac rms voltage. Neverthe-
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less, 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 capacitive-input filter, the capacitors
should have a workingvoltage 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
delivering 550 volts each side of the center tap, the
minimum safe capacitor voltage rating will be
550X 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 connected in series
for higher voltages, although the filtering capaci-
tance will be reduced to the resultant of the two
capacitances in series. If this arrangement is used, it
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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 inductance 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 flowing.

NEGATIVE-LEAD FILTERING

For many years it has been almost 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. 5-14. With this
connection, the capacitance of the transformer
secondary 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 applica-
tions, there is no reason why the filter chokes
should not be placed in the negative lead to reduce

i

Fig. 5-14 — 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.

o+

insulation requirements. Choke terminals, negative
capacitor terminals and the transformer center-tap
terminal should be well protected against acci-
dental 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. 5-15, it is a combination of the
full-wave and bridge-rectifier circuits. The voltage
at E1 is the normal voltage obtained with the
full-wave circuit, and the voltage at E2 is that
obtained with the bridge circuit (see Fig. 5-8). The
total 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,
additional power can usually be drawn without
excessive heating, especially if the transformer has
a rectifier filament winding that isn’t being used.

v

AC.
LINE

Fig. 5-15 — The ‘‘economy’’ power supply circuit
is a combination of the full-wave and bridge-recti-
fier circuits.

I\World Radio History]
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VOLTAGE-MULTIPLYING CIRCUITS

Although vacuum-tube rectifiers can be used in
voltage-multiplying circuits, semiconductor rectifi-
ers are recommended.

A simple half-wave rectifier circuit is shown in
Fig. §-16. Strictly speaking this is not a
voltage-multiplying circuit. However, if the current
demand is low (a milliampere or less), the dc
output voltage will be close to the peak voltage of
the source, or 1.4E,,,. A typical application of
the circuit would be to obtain a low bias voltage
from a heater winding; the + side of the output can
be grounded by reversing the polarity of the
rectifier and capacitor. As with all half-wave
rectifiers, the output voltage drops quickly with
increased current demand.

The resistor R1 in Fig. 5-16 is included to limit
the current through the rectifier, in accordance
with the manufacturer’s rating for the diode. If the
resistance of the transformer winding is sufficient,
R1 can be omitted.

—o-

Fig. 5-16 — If the current demand is low, a simple
half-wave rectifier will deliver a voltage increase.
Typical values, for ERys = 117 and a load current
of 1 mA:

C1 — 50-uF, 250-V electrolytic.

Eoutput — 160 voits.

R1 — 32 ohms.

VOLTAGE DOUBLERS

Several types of voltage-doubling circuits are in
common use. Where it is not necessary that one
side of the transformer secondary be at ground
potential, the voltage-doubling circuit of Fig. 5-17
is used. This circuit has several advantages over the
voltage-doubling circuit to be described later. For a
given output voltage, compared to the full-wave
rectifier circuit (Fig. 5-8B), this full-wave doubler
circuit requires rectifiers having only half the PRV
rating. Again for a given output voltage, compared
to a full-wave bridge circuit (Fig. 5-8C) only half as
many rectifiers (of the same PRV rating) are
required.
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Resistors R1 in Fig. 5-17 are used to limit the
surge currents through the rectifiers. Their values
are based on the transformer voltage and the
rectifier surge-current rating, since at the instant
the power supply 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 of Fig. 5-17. Fig. 5-18
shows how the voltage depends upon the ratio of
the series resistance to the load resistance, and the
product of the load resistance times the filter
capacitance.

When one side of the transformer secondary
must be at ground potential, as when the ac is
derived from a heater winding, the voltage-multi-
plying circuits of Fig. 5-19 can be used. In the
voltage-doubling circuit at A, C1 charges through
the left-hand rectifier during one half of the ac
cyle; the other rectifier is nonconductive during
this time. During the other half of the cycle the
right-hand rectifier conducts and C2 becomes
charged; they sece as the source the transformer
plus the voltage in C1. By reversing the polarities
of the capacitors and rectifiers, the + side of the
output can be grounded.

VOLTAGE TRIPLING AND
QUADRUPLING

A voltage-tripling circuit is shown in Fig. 5-19B.
On one half of the ac cycle C1 is charged to the
source voltage through the left-hand rectifier. On
the opposite half of the cycle the middle rectifier
conducts and C2 is charged to twice the source
voltage, because it sees the transformer plus the
charge in C1 as its source. (The left-hand rectifier is
cut off on this half cycle.) At the same time the
right-hand rectifier conducts and, with the
transformer and the charge in C2 as the source, C3
is charged to three times the transformer voltage.
The + side of the output can be grounded if the
polarities of all of the capacitors and rectifiers are
reversed.

The voltage-quadrupling circuit of Fig. 5-19C
works in substantially similar fashion.

In any of the circuits of Fig. 5-19, the output
voltage will approach an exact multiple (2, 3 or 4,
depending upon the circuit) of the peak ac voltage
when the output current drain is low and the
capacitance values are high.

Fig. 5-17 — Full-wave vol-
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tage-doubling circuit,
Values of limiting resistors,
R1, depend upon allowable
surge currents of rectifiers.
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Fig. 5-18 —~ Dc output voltages from a full-wave voltage-doubling circuit as a function of the filter
capacitances and load resistance. For the ratio Rs/R and for the RC product, resistances are in ohms and
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Fig. 5-19 — Voltage-multiplying circuits with one
side of transformer secondary grounded. (A)
Voltage doubler (B) Voltage tripler (C) Voltage
quadrupler,

Capacitances are typically 20 to 50 MF
depending upon output current demand. D¢ ratings
of capacitors are related t0 Epe,y (1.4 E,p):

C1 — Greater than Epeac
C2 — Greater than 28

C3 — Greater than 3Epeak
C4 — Greater than 4Epeak

VOLTAGE DROPPING

Series 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.
5-20A. The value of the series, resistor, R1, may be
obtained from Ohm’s Law,

where Eq is the voltage drop required from the
supply voltage to the desired voltage and / is the
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 voltage is 400
and the total of the rated plate and screen currents is 75
mA. The required resistance is

n-mﬁm--{g%-zoooom

The power rating of the resistor is obtained from P
(watts) = /2R = (0.075)2 X (2000) = 11.2 watts. A 20-watt
fesistor is the nearest safe rating to be used.
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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. 5-20B.
Such an arrangement constitutes a 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
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Fig. 5-20 — A — Series voltage-dropping resistor.
B — Simple voltage divider.

R2-E' g1 E-E1
12 n+12
12 must be assumed.
C — Multiple divider circuit.
R3 - £2 pp- E1EZ2py . E_ET
I3 12+13 Inn+n2+1I3

I3 must be assumed.

shown in Fig. 5-20C. The terminal voltage is E, and
two taps are provided to give lower voltages, E1
and E2, at currents I1 and I2 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 I3; R1 carries I1, I2 and I3. 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 so0). Then the required values can be calculated
as shown in the caption of Fig. 5-20, 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 / 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 constant value, regardless of the
voltage regulation of the power supply or
variations in load current. In such applications,
gaseous regulator tubes (0B2/VR105, 0A2/VR150,
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. 5-21. 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 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 permissible tube current when there is
no load current. The latter value is generally used.
It is given by the equation:



Voltage Regulation
R= (E!l— Ey)

where R is the limiting resistance in ohms, Ej is the
voltage of the source across which the tube and
resistor are connected, E, is the rated voltage drop
across the regulator tube, and 7 is the maximum
tube current in amperes (usually 40 mA, or .04 A).

Two tubes may be used in series to give a higher
regulated voltage than is obtainable with one, and
also to give two values of regulated voltage.
Regulation of the order of 1 percent can be
obtained with these regulator tubes when they are
operated within their proper current range. The
capacitance in shunt with a VR tube should be
limited to 0.1 UF or less. Larger values may cause
the tube drop to oscillate 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. §-22A.
Note that the cathode side of the diode is
connected to the positive side of the supply. The
electrical 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 2 to a few hundred, while the power
ratings (power the diode can dissipate) run from
less than 0.25 watt to 50 watts. The ability of the
Zener diode to stabilize a voltage is dependent
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, depending upon the power
ratings of each of the diodes. The power dissipated
in a diode is the product of the voltage across 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
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Fig. 5-21 — Voltage stabilization circuit usinga VR
tube. A negative-supply output may be regulated
by reversing the polarity of the powersupply
connections and the VR-tube connections from
those shown here.

121

UNREG.
——o+

()

G

UNREG
- o+

%,
[ Re6.cuom)

™ D i,
®

- O -

pe

(8)

Fig. 5-22 — Zener-diode voltage regulation. The
voltage from a negative supply may be regulated by
reversing the power-supply connections and the
diode polarities.

operated at its maximum dissipation rating, would
conduct 5 amperes of current. A 10-V 1-W diode,
on the other hand, could safely conduct no more
than 0.1 A, or 100 mA. The conducting 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 degrees C, or approximately
room temperature. If the diode is 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 degrees C.

Limiting Resistance

The value of R4 in Fig. 5-22 is determined by
the load requirements. If Ry is too large the diode
will be unable to regulate at large values of I, the
current through Ry,. If R is too small, the diode
dissipation rating may be exceeded at low values of
Iy,. The optimum value for Ry can be calculated
by:

_ Epc (min) — E5
Rs 1.1 11, (max)

When Rg isknown, the maximum dissipation
of the diode, Pp), may be determined by:

Pp= [EDL(%BSL)—_EZ -1 (min):l Eq

In the first equation, conditions are set up for
the Zener diode to draw 1/10 the maximum load
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current. This assures diode regulation under
maximum load.

Example: A 12-volt source is to supply a circuit requir-
ing 9 volts. The load current varies between 200 and 350
mA.

Ez=9.1 V (nearest available value).
12-9.1 2.9
Rs = rTx03s 0385~ /= °hm

pD.[lZﬂ.!J_o.zl 9.1= .I85X9.1=L7IW

The nearest available dissipation rating above
1.7 W is §; 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

[ Iy, (min)=0).

Obtaining Other Voltages

Fig. 5-22B 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 account. The limiting
resistor may be calculated as above, taking the sum
of the diode voltages as Ez, and the sum of the
load currents as /.

ELECTRONIC VOLTAGE REGULATION

Several circuits have been developed for
regulating the voltage output of a power supply
electronically. While more complicated 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.

POWER SUPPLIES

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
voltage down to a lower value through a dropping
“resistor.” Regulation is accomplished by varying
either the current through a fixed dropping resis-
tance as changes in input voltage or load currents
occur (as in the VR-tube and Zener-diode regulator
circuits), or by varying the equivalent resistive
value of the dropping element with such changes.
This latter technique is used in electronic regula-
tors where the voltage-dropping element is a
vacuum tube or a transistor, rather than an actual
resistor. By varying the dc voltage at the grid or
current at the base of these elements, the con-
ductivity 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
proportional 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 frequen-
cies 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 essentially to
voltage regulators. A circuit can also be con-
structed to provide current regulation. Such regula-
tion 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,

2%5.2v CRy-CR¢

1A T
DS1 i
Hiv AC
o—e
S

Fig. 523 — Schematic diagram of the power DS1 — Neon lamp assembly with resistor (Leecraft
supply. Capacitances are in MF; capacitors marked 32-2111).
with a polarity are electrolytic. Resistances are in Q1 — 2N1970.

ohms; R1 and R2 are composition.

C1 - 2000-uF 50 volts dc electrolytic (Mallory
CG23USs0C1).

C2 — .01-uF disk ceramic.

CR1-CR4, incl. — 50 PRV 3-A silicon diode
(Motorola 1N4719).

S1 — Spst toggle switch.

S§2 — Phenolic rotary, 1 section, 2-pole (1 used),
6-position, shorting (Mallory 3126J).

T1. — Filament transformer, 25.2 V, 2 A (Knight
54 D 4140 or similar),

VR1 — Voltage regulator diode.

~ — Wi
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can be used to provide current limiting only.
Current limiting circuitry may also be used in
conjunction with voltage regulators.

Solid-State Regulators

One of the simplest forms of solid-state regula-
tion is shown at Fig. 5-23. A bridge rectifier
supplies 25 volts dc to a series regulator transistor,
Ql, whose base bias is established by means of a
Zener diode, VR1, providing a voltage reference of
a fixed level. Cl is the input capacitor for the
filter. R1 is chosen to establish a safe Zener-diode
current, which is dependent upon the wattage
rating of the diode. A 1-watt Zener diode is
adequate for the circuit of Fig. 5-23. R2 is a
bleeder resistor and C2 is an rf bypass. If several
output voltages are desired, say from 6 to 18 volts,
Zener diodes from 6 to 18 volts can be wired to S2
as shown. When a 2N1970 is used at Q1, the value
of R1 will be 680 ohms. This value offers a
compromise for the 5 reference diodes used
(6,9,12,15, and 18 volts).

The output of the supply is equal to the Zener
voltage minus the emitter-to-base bias voltage of
Q1. Both the Zener voltage and bias voltage will be
approximately zero with only R2 as a load, but
will rise to roughly 0.3 volt with a 1-A load
connected to the output. An increase in load
current lowers the unregulated dc input voltage
which appears across VR1 and R1. Zener current is
reduced, decreasing the voltage at which the diode
regulates. How much the voltage drops depends
upon the characteristics of the particular Zener
employed.

This power supply has very low output ripple.
The main limitation of the circuit is the possibility
of destroying Ql, the series-regulator transistor,
when a dead short or heavy overload is connected
across the output of the supply. To protect Q1
during normal operation, it should be mounted on
a fairly large heat sink which is thermally coupled
to the main chassis of the supply. The transistor
should be insulated from the sink by means of a
mica spacer and a thin layer of silicone grease. The
sink can then be bolted directly to the chassis.

IC Regulators

The solid-state regulator described above pro-
vides only fixed voltages. Regulator circuits with
the output voltage continuously variable over a
wide range and with a very high degree of
regulation can be built, but the number of circuit
components is comparatively large when discrete
components are used. Integrated-circuit devices can
be used in a solid-state regulator circuit to replace
many or all of the discrete components, depending
on the output requirements. The voltage reference,
control, shut-down (for current limiting) and pass-
transistor driver elements are contained on a single
silicon chip. The construction of a regulated power
supply is simplified to a few interconnections if an
IC regulator is used.

Fig. §-24 is the diagram of a regulator using an
IC and a single pass transistor. With a dc potential

EXCEPT AS INDICATED, DECIMAL VALUES OF
CAPACITANCE ARE IN MICROFARADS ( yF ) ;
OTHERS ARE IN PICOFARADS (pF OR »yF),
RESISTANCES ARE IN OWMS |

%1000, M¢1000 000,

Fig. 5-24 — Schematic diagram of 15.-V 5-A

regulator (W1KLK, OST for November, 1971).

Q1 — Motorola power transistor; 30-cubic-inch
heat sink required {Delco 7281366 radiator or
equiv.).

R1 — 0.1-ohm resistor, made from 8 feet of No. 22
enam. copper wire.

R2, R4 — For text reference.

R3 — Linear taper.

U1 — Signetics IC.

of 24 to 30 volts applied at EIN the circuit as
shown will provide an adjustable output voltage
between § and 1S. The circuit will handle up to §
amperes of current, provided, of course, that the
dc source will deliver this amount. If the load
requires no more than 150 mA of current the pass
transistor may be eliminated from the circuit
altogether; in this case pins 2 and 10 of the IC
should be interconnected.

The NESSO regulator will safely accept input
voltages as high as 50, and output voltages may be
adjusted by appropriate resistance values for R2,
R3, and R4 from 2 to 40 volts. The value of R1
determines the shut-down current (maximum cur-

Table 5-1

Voltage Divider Current Limit

Vour Ra Rp IMmax Ry
36 6135 2967 .05 12
5 4417 3654 0.1 6
9 11,043 2442 0.5 1.2
12 14,724 2314 1.0 0.6
136 16,687 2272 15 04
15 18405 2243 2 0.3
20 24540 2177 25 0.24
28 34,356 2122 3.0 0.20
5 0.12
10 .006

Table 5-1 — Resistance values for various voltage
and current outputs from the regulator of Fig.
5-24. These values were determined by mathe-
matical calculation and are not necessarily available
from stock supplies. The figures given do indicate
the practical values which may be used along with
an appropriate-value control for R2 in the circuit
of Fig. 5-24.

RA — R2 plus top portion of R3.
RB — R4 plus bottom portion of R3.
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rent which the circuit will deliver into a short
circuit) and is usually selected to protect either the
pass transistor or the power supply transformer,
whichever has the lower current rating. Table S-1
gives resistance values for various levels of voltage
and current from the regulator.

The use of a high-gain pass device improves the
output regulation, and a Darlington-connected pair
is frequently employed. Of course it is easy to
purchase a ready-made Darlington transistor, but
the enterprising amateur can make his own, as
shown in Fig. 5-25A. However, some of the IC
regulators which are available on the market have
so much internal gain that it is difficult to avoid
oscillation with a high-gain pass transistor.

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 tran-
sistors in parallel. The circuits at B and C of Fig.
§-25 show the method of connection. The resis-
tances in the emitter leads of each transistor are
necessary to equalize the currents.

Q2
4 E
150
(A) o 10K
8
O——g
C

(®)

.45

Qs

Q6 .45

P . .

Y

Fig. 5-256 — 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 or more
transistors in parallel for high current output.
Resistances are in ohms. The circuit at A may be
used for load currents from 100 mA to 5 A, at B
for currents from 6 to 10 A, and at C for currents
from 9 to 15 A.

Q1 — Motorola MJE 340 or equivalent.

Q2-Q7, incl. — Power transistor such as 2N3055 or

2N3772.

©
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Fixed-Voltage IC Regulators

I1C regulators with all circuitry contained on a
single silicon chip are becoming available for
different values of fixed-voltage outputs. The
LM309 five-volt regulator, manufactured by
Nationial Semiconductor and others, is one type of
such ICs. These regulators are three-terminal de-
vices, for making connections to the positive
unregulated input, positive regulated output, and
ground. They are designed for local regulation on
digital-logic circuit-board cards to eliminate the
distribution problems associated with single-point
regulation. For this reason they are frequently
called on-card regulators.

The LM309 is available in two common tran-
sistor packages. The LM309H in a TO-S package
can deliver output currents in excess of 200 mA if
adequate heat sinking is provided, and the
LM309K in the TO-3 power package can provide
an output current greater than 1 A. The regulator
is essentially blow-out proof, with current limiting
included in the circuit. In addition, thermal shut-
down is provided to keep the IC from overheating.
If internal dissipation becomes too great, the
regulator will shut down to prevent excessive
heating.

It is not necessary to bypass the output of the
LM309, although bypassing does improve immun-
ity from transient responses. Input bypassing is
needed, however, if the regulator is located very far
from the filter capacitor of the power supply.
Typical values of input bypass capacitance are 0.15
and 0.22 uF. Although designed primarily as a
fixed-voltage regulator, the LM309 can be used to
obtain a regulated output at voltages higher than
five. This is done by returning the ‘‘ground”
connection of the IC to a tap point on a voltage
divider which is connected between the regulated
output and a true circuit ground. An adjustable
output regulator for voltages above five can be had
if the “‘ground” pin is connected to the junction of
a 300-ohm fixed resistor and one end of a
1000-ohm linear control. The opposite end of the
300-ohm resistor should be connected to the
output pin, and the wiper contact and third lug of
the control to a true circuit ground.

Switching Regulator

Switching regulators are used when it is neces-
sary or desired to minimize power losses which
would otherwise occur in the series pass transistor
(or transistors) with large variations in input or
output voltages. The basic operation of the switch-
ing regulator, known as the flyback type, may be
understood by referring to Fig. 5-26A. Assume
that the switch is closed and the circuit has been in
operation long enough to stabilize. The voltage
across the load, Ry, is zero, and the current
through L is limited only by Rj, the internal
resistance of the inductor. At the instant the
switch is opened, the voltage across the load goes
to a value higher than the source voltage, E,
because of the series-aiding or *‘flyback’ effect of
the inductor. When the magnetic lines of flux
about the inductor collapse completely, the voltage
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across Rp, will be equal to that of the source
(minus the small voltage drop across Rp). Each
time the switch is closed and then opened, the
process .is repeater. By opening and closing the
switch rapidly, voltage pulses may be applied
across Rp, which are higher than the dc input
voltage. A capacitor may be connected across R,
to produce a dc output voltage. To keep the
capacitor from discharging when the switch is
closed, a diode can be connected in series with the
load and its parallel-connected capacitor.

In a practical switching-regulator circuit the
switching is performed by a transistor, as shown at
B of Fig. 5-26. The transistor may be driven by any
number of circuits. In the practical circuit shown
later (Fig. 5-27) four sections make up the driving
circuit, as shown in block diagram form in Fig.
5-26B. The oscillator triggers the monostable mul-
tivibrator and determines the frequency of opera-
tion. The sensor measures the output voltage and
controls the pulse width of the multivibrator
accordingly. The monostable multivibrator com-
bines the signals from the oscillator and sensor to
produce the correct pulse width. The driver re-
ceives the multivibrator output and drives the
power transistor, Q1.

The voltage step-up capability of the inductor
has been mentioned briefly. However, in choosing
the value of the inductor, energy is an important
consideration. During the time the transistor is
turned on, the inductor stores energy. This energy
is added to the supply and delivered to the load
when the transistor tums off. The total energy
must be enough to supply the load and maintain
output voltage. As the load is increased, the
transistor must remain on longer in order to store
more energy in the inductor. The required value of
inductance depends on frequency of operation,
duty cycle, and load. A linear change in current
through the inductor is a desirable condition and
indicates operation is over a small segment of the
inductor’s charging and discharging curve. A
powdered-iron-core inductor is normally used to
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Ri

10eAL E

Ry (A)

DRIVER

Fig. 5-26 — At A, the fundamental circuit of a
flyback switching regulator, and at B, the elements
of a practical circuit.

prevent a large inductance change with increased
current.

Efficiency of the circuit depends mainly upon
the switching and saturation losses of the power
transistor. The peak current through the transistor
is considerably greater than the input current. The
flyback diode must have a fast reverse recovery
time and low forward drop. There will be a large
current spike through the transistor if the diode is
slow.

The complete circuit of a switching regulator is
given in Fig. §-27. This regulator will handle 100
watts of power efficiently, at output voltages as
much as 6 volts above the input voltage. The
switching rate of the regulator is 9 kHz, and it
operates with an input of 22 to 28 volts. Regula-

Lt
IN3879 OUTPUT
+ 400uH N mvt:c
EXCEPT AS INDICATED, DECIMAL VALUES OF UAANS "IeRi :
CAPACITANCE ARE IN MICROFARADS ( 4F ) ; a 200
OTHERS ARE IN PICOFARADS { pF OR pyF),  22V.28V DC + VOLTAGE
RESISTANCES ARE IN OHMS | INPUT 22000uf == S 500404,
¥+ 1000, M*1000 000, ( ] 4
N b:
-0
220
1500;

Fig. 5-27 — A 100-W 28-V switching

regulator (circuit design courtesy of

Delco Electronics, Kokomo, iInd.).

All resistors are 1/2 W.

CR1 — Motorola rectifier mounted
on Delco heat sink 7281352.

2N16718
[3

L1 — 124 turns No. 18 wire wound
on Arnold B0O79024-3 powdered-
iron core.

Q1 - Darlington power transistor

< 18v
Se2K 69

—

{Delco DTS 1020 or equiv.).
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Fig. 5-28 — Two-terminal current limiter. See text
for discussion of component values and types.

tion and ripple are less than 1 percent at full
output. The switching device, Q1, is a commer-
cially available Darlington transistor.

The efficiency of the circuit drops off at low
power levels. This is because the losses of the
circuit are not proportional to the output power.
Maximum efficiency occurs at about 80 watts
because the duty cycle of the transistor is an
optimum for the chosen value of the inductor.
Whenever the input voltage increases above 28
volts, the output voltage tracks the input. The
difference between the two voltages is the drop in
the flyback diode.

Output voltage variations resulting from
changes in ambient temperature are caused by two
major factors; positive temperature coefficient of
the Zener diode, and the negative temperature
coefficient of the emitter-base junctions of the
transistors. One way to compensate partially for

POWER SUPPLIES

temperature is to connect diodes that have negative
temperature coefficients in series with the Zener
diode.

Two-Terminal Current Limiter

The simple circuit of Fig. 5-28 performs the
current limiting function of fuses or circuit break-
ers, The circuit uses only two transistors and
two resistors. The necessary supply voltage for
operation is obtained from the power source being
protected, with the load functioning as the return
to the power source. QI is a series element which
allows current, up to a desired maximum, to flow
to the load. R1 provides a suitable bias for Q1 to
permit such current to flow. R2 is a sensing resistor
interposed between the series transistor and the
load, and provides bias for Q2. Normally this bias
is low enough to prevent Q2 from conducting. Q2
controls the bias applied to Q1. When excess
current flows through R2 as a result of a circuit
malfunction or a short across the load, the voltage
drop across R2 rises, biasing Q2 into conduction.
When Q2 turns on, it reduces the bias on Q1 and
limits the amount of current flow. The maximum
amount of current flow can be varied by changing
the value of R2. If an adjustable limiting level is
desired, R2 may be a variable resistor. The limiting
level is an inverse function of the resistance value.

0-25 VOLT ADJUSTABLE POWER SUPPLY

For most amateur work the voltages needed
from transistorized power supplies fall into two
general ranges; S volts for digital circuits and 12
volts. On occasion there is the need for other
values and this power supply is capable of pro-
viding voltages from 1.3 to 25.4. The heart of the
supply is the National LM317K adjustable voltage
regulator. In the following configuration the
supply is capable of 3 amperes output current
throughout its voltage range.

Circuit Description

The LM317K, available in three case styles, is a
completely self-contained adjustable regulator. The
basic, adjustable, regulated supply requires no
more than a dc source, the regulator and two
resistors (Fig. 1). In the basic configuration the
regulator is capable of supplying up to 1.5 A
output current. To provide higher-output currents,
an external pass transistor has been added (Fig. 2).
Cl and C2 (Fig. 2) are the usual capacitors to

Fig. 1 — Schematic diagram of the basic regulator.

improve transient response and reduce the noise on
the output voltage. Cl may be eliminated if the
regulator is located physically close to the filter
capacitor. The 5600-ohm resistor was added in
paralle! with the potentiometer to limit the output
voltage to approximately 25. The ripple on the
output voltage is decreased by the addition of C3
to the adjustment lead. If the regulator is going to
be used over 25 volts, a diode (CRS) should be
connected for protection if the input or output is
shorted.

Depending upon the builder’s preferences,
meters may be added to the power supply. A shunt
resistor was added to the meter reading the output
current. The method for determining the value of
the shunt resistor is discussed in the Test Equip-
ment and Measurements section of this book.

Construction

The transformer secondary voltage should be in
the range of 20 to 24 V ac when drawing slightly
more than the desired load current. In addition to
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Fig. 2 — Schematic diagram of the complete power
supply. All resistors are 1/2 watt composition. C1
through C3 are solid tantalum capacitors. T1 and
CR1 through CR4 are discussed in the text. R1is a
panel-mounted linear-taper potentiometer. S1 and

the load current, the transformer must supply a
small amount of power to the regulator. The
rectifier can be four individual diodes or an
encapsulated bridge module. If individual diodes
are used their rating should be at least SO PRV and
1.5 amperes (3 A or more if pass transistors are
used). An encapsulated bridge must have the same
minimum ratings. A Radio Shack 276-1146
encapsulated bridge will be more than adequate.

The 2N30S5 and the regulator will both require
a heat sink which can be homemade. A suitable
commercially made heat sink would be the Radio
Shack 276-1360. Due to the different transformer
and heat sink sizes the cabinet can be any type that
the builder desires.

The template (Fig. 3) is the etching pattern for
a pc board that will hold all the components
external to the regulator. This pc board could be
etched and then mounted above the regulator. If it
is not desired to use a pc board, all the components

can be mounted on terminal strips.
One point that should be noted is the proper

wire size for the interconnecting wiring. The load
regulation is a function of the resistance of the
wiring. A value as small as 0.05 ohm can decrease
the regulation by as much as a factor of eleven.

Adjustment and Operation

The value of the 5600-ochm resistor may be
changed to suit the builder. Lowering its value will

S2 are spst toggle switches. The meters are Calectro
DI-916 and DI-923. If the pass transistors are not
be used, the 22-ohm resistor between C1 and the
regulator input to be omitted.

2N 3055
Collogtor

Emitter

2N 305
Base

Fig. 3 — Template for pc board. View from the foil
side.

decrease the maximum output voltage available.
No other adjustment is necessary for operation of
this power supply.

A POWER SUPPLY WITH A REBUILT TRANSFORMER

The circuit for the supply is shown in Fig. 1.
The power transformer T1 provides approximately
18-volts ac which is rectified via Ul and then
regulated at 12 volts, The regulator is a National
Semiconductor LM340K-12. A pnp pass transistor
is used to increasc the current capabilities of the
supply. With this supply we have used up to 10
amperes to power an fm transceiver, All of the

components were obtained as surplus, with the
exception of the power transformer.

Rewinding Power Transformers

The newcomer to ham radic may feel that
rewinding a power transformer is an impossible
task. However, let us reassure you, it is a very
simple process and the only major expenditure is



time. We found that the old tube-type TV sets that
are now common at garage and tag sales are almost
tailor-made junk boxes for the enterprising ama-
teur. For the type of pawer supply we describe
here, practically any TV transformer has the
necessary power capabilities. Twelve volts at 10
amperes equals 120 watts, and even with a 100-
percent excess rating (240 watts) such transformers
are common in TV sets.

Taking the Transformer Apart

The first step in the rebuilding process is to
remove the transformer from the TV chassis. Then,
label the windings. The primary or input winding
will be connected to the ac line, probably through
a switch on the front of the chassis and a fuse or
fuse holder on the rear. The S-volt winding will be
connected to the fllament terminals (2 and 8) on
the rectifier socket, which is usually a 5U4G. Two
of the leads from the high-veltage winding will be
connected to the plate terminals (4 and 6) on the
rectifier-tube socket. The center-tap lead of the
high-voltage winding probably will be grounded to
the chassis, There will probably be two 6.3-volt

POWER SUPPLY

nTvaC

Fig. 1 — Circuit diagram of the power supply.
Circuit designations not listed below are for text
references.

C1 — 2000 uF {or more), 50-V electrolytic.

CR1 — Silican diode, 3A 35 PRV.

POWER SUPPLIES

windings. The leads from one of these will go into
the shielded compartment on top of the TV chassis
and be connected to a tube socket in the compart-
ment. The other 6.3-volt winding supplies all the
other tube heaters in the set. Tag all leads before
removing the transformer,

After identifying the windings, remove the four
nuts and bolts that hold the transformer together
and also take off the metal covers, assuming the
unit has them. Don’t worry about the transformer
falling apart when you remove the bolts; it won’t,
Look the unit over carefully and try to determine
which layers of windings are which. In most cases
the winding nearest the core will be the primary.
Usually the order will be something like this: first,
the primary; next, the high voltage; then, the S-
and 6.3-volt low-current filament windings; and
last, the heavier-current 6.3-volt winding,

Examine the lamination arrangement. Note that
the laminations are probably inserted in groups. On
one side of the stack there may be three 1 units and
below that three E units, alternating through the
entire stack. Note how the top and bottom of the
stack are assembled so that you’ll be able to put it
back in this same order when you complete the
winding job.

Getting the laminations apart is not a difficult
job, but it should be done carefully. Insert a thin
knife blade between the end piece and the rest of
the core to break the varnish seal, so the end piece
will be loose, Using a block of wood butted against
the edge of the piece, drive it out of the core with
light taps of a hammer. Alternate between the two
ends so the piece will come out straight. Continue
by breaking the next group of laminations free
with the knife blade, then carefully driving them
out. After a few groups have been removed the
hammer won’t be needed, as the broken-loose
laminations can be pulled out by hand. Be careful
not to bend the laminations when removing them.
If the edges get nicked in hammering, file them
smooth before reassembling the core after the new
windings are finished.

Once the laminations are finished, remove the

1 msao-z |2 ;c —O+

+
A 3

Q1 — Motorola HEP233, 237 or similar.

U1 - 100 V PRV, 25 A,

U2 - National Semiconductor
regulator.

LM340K-12




A “’Sanitary’’ High-Voltage Supply

high-voltage winding by pulling out the wire. If
you are lucky you can start it just by pulling on
one of the high-voltage leads. However, it is more
than likely that the end of the winding will break
off, because the wire size will be rather small. If it
breaks you'll have to dig in with a knife or probe
to get at the wire. Once you get it started the
layers come out rather easily. When you get most
of the high-voltage winding out you’'ll see that you
can separate the primary winding section from the
outer windings. Be careful not to disturb the
insulation around the primary winding. Inciden-
tally, in the unit we took apart, and this will
probably hold true for most TV transformers, the
wire size on the primary was No. 18 enameled.

After you've cleared away the high-voltage
winding, remove the 5-volt rectifier-filament wind-
ing and most carefully count the number of turns.
There will probably be approximately 10 turns,
but count them to make sure. The number of turns
on this winding will tell you how many turns you
need for each volt you expect to get with the new
windings you will put on. For example, if there are
10 turns on the 5-volt winding, the transformer is
wound on the basis of two turns per volt. It
doesn’t make any difference whether the windings
are near the center of the core or at the side; the
turns per volt will be the same.

Putting on the New Winding

For this supply, the current rating is 10
amperes, so a wire size that will carry this current
is required. No. 12 solid, enamel-covered wire
handles our requirements. The transformer used in
this supply required two turns per volt, and
18-volts ac was needed. This works out to a total
of 36 turns of No. 12. To calculate how much wire
you need, take a scrap length of wire or string,
make a full turn around the core containing the
primary winding, then measure how long the piece
of wire or string is. Multiply this by 38, then add
about three feet for lead lengths and slop.
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Clamp one end of the wire in a vise and making
sure there are no kinks, start winding the wire over
the section that had the primary winding. Start as
close to the edge as possible and keep the wire taut
as you wind on the turns. The reason for starting
close to the edge is that as you put layers on, each
layer has to be progressively narrower, otherwise
the end turns may slip off. After the first layer is
wound, hold the ends in place with Scotch tape.
Ordinary household waxed paper can be used
between the layers. A single layer or sheet of paper
is adequate insulation between layers. Wrap a sheet
tightly around the first layer of winding and fasten
the end of the paper with small pieces of Scotch
tape. Try to keep the starting point for the next
layer as close to the outside turns of the previous
layer as possible and always wind in the same
direction.

Be sure to bring all leads and taps out on the
same side of the core so the transformer covers will
go back in place without interference.

Once all of the turns are on, cover the windings
with a couple of layers of electrician’s tape
(enough to secure the windings). The transformer
can now be put back together. If there is too'much
open area between the top and bottom of the
windings and the iron core, make up some smooth
wooden wedges and gently drive them between fhe
windings and the iron core. This will help prevent
transformer hum or rattle. In our transformer we
slipped some tubing insulation over the leads,
where they came through the transformer housing,
just to prevent chafing of the wire enamel covering,

The rest of the power supply follows conven-
tional practice and additional details can be found
in QST for November, 1976 (pp. 29-31). Other
components are usually obtainable through dealers
(such as those listed in QST or in the construction
chapter of this handbook). Don’t overlook the flea
markets at hamfests and other amateur activities.
This is perhaps the best place for finding a variety
of components at low cost.

A “SANITARY’ HIGH-VOLTAGE SUPPLY

Power supplies aren’t usually noted for adding
decor to the shack. Most hams would rather hide
them so that non-ham visitors won't ask, “What'’s
that ugly looking thing?” However, an attempt was
made to improve the appearance of this model
along with the function of providing high voltage
for general amplifier purposes. Not all the addi-
tions are frivolous. For instance, the use of “‘rug
runners” instead of the usual sharp corners on the
bottom of the unit. prevents gouging an easily
damaged surface such as a bench or floor.

The diode bridge rectifier is mounted on a
separate pc board that can be removed easily.
Accidental contact is prevented by a Plexiglas sheet
which also permits viewing of the circuit board
while it is still in the power supply. Although a
sheet-metal cutter and bender were used to fabri-
cate the sides, a “‘cut-and-file” method could result
in a similar job if the builder were willing to spend
the time. Either that, or angle brackets (such as

those on the front of the unit) could be used inside
of the top and bottom covers in order to form an
overlap surface for the covers.

[World Radio History
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Circuit Details

The power supply employs a full-wave bridge
reftifier and is capable of 1-A output at 3400 V dc.
Primary-circuit and surge censiderations are simpli-
fied by the use of 234 V ac instead of 117 V. While

POWER SUPPLIES

Interior view of the supply.

the addition of a 234-V line might seem like an
unjustified inconvenience, experience has proven
this appreach to be the most acceptable method.
However, additional surge protection is afforded
by the use of the 10-52, 10-watt resistors in the
secondary of T1.

CIRCUIT T3

HANMMONDS
.IIAKEE 10927

g

234y vuuzoo 210
zsov

CAPACITORS - 0.02
OODES *1000PIV/2,5A
RESISTORS » 390k

0-300mA

Fig. 1 — Schematic diagram of the power supply
showing suggested component values. The paral-
leled 33-Q resistors {R1) are for metering purposes

-

using the B— lead. They can be omitted and the
minus lead tied to ground if a different system is to
be used.

'World Radio History!



EXCEPT AS INDICATED, DECIMAL VALUES OF Fig. 2 — Circuit diagram for the Universal Power Supply. Component
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Fig. 3 — Bottom view of the Universal Power
Supply.

from the panel of the station transmitting gear. But
what happens if an instance arises where a par-
ticular voltage (or combination of voltages) is
needed for an experimental project? Can that
“black box™ in the corner be pressed readily into
service? And what about the amateur who buys
two power supplies for his station because his
mobile transceiver cannot be plugged directly into
his home-station transmitter power supply? This
supply is designed to fill all these needs.

Many of today’s commercially available ac
supplies are not equipped for 220-volt operation. If
the station includes a two-kilowatt amplifier, a
separate 220-volt line should be available in the
shack. Blinking house lights are not always a-result
of running a high-powered amplifier. It could be
caused by the intermittent 400- or 500-watt load
presented by an exciter power supply to the
117-volt source. Connecting the exciter supply to a
220-volt outlet (providing a dual-primary trans-
former is used) can be helpful in this regard.

Circuit Details

The supply is shown in Figs. 1 through 3.
Primary power may be applied to the supply in
two ways. First, terminals 6 and 8 of J3 may be
shorted together; this is normally the function of
the station transmitting equipment on-off switch
(see Fig. 2). On the other hand, S1 may be
actuated when the supply is used independently.
Transient voltages on the ac line are eliminated by
Thyrector assemblies VR1 and VR2.

Full-wave rectification is employed in the
secondary circuit of each power transformer to
develop the three dc operating voltages. Choke-
input filtering provides adequate regulation of both
the .300- and 800-volt outputs. Both L1 and L2 are
shunted with suitable resistors to reduce the
possibility of diode damage when primary power
to the supply is removed. !

The bias voltage is adjustable and may be set to
any value between —40 and —80. Should a range

e e RS A A S N B At

POWER SUPPLIES

between —80 and —130 volts be required, R1 may
be interchanged with R3. Likewise, if a range from
0 to —40 volts is needed, R1 may be swapped with
R2.

Metering

A six-position switch and a 0-1-mA meter
allows monitoring of high and low voltages, the
current for each of these, and the bias voltage. The
sixth position permits the meter to be disabled.
The meter shunts for both current positions of S2
are homemade and provide a full-scale reading of
500 mA on each range. The proper resistance for
the shunts is determined by dividing the meter
internal resistance (approximately 100 ohms in this
case) by 500, and is equal to 0.2 chm. No. 30
enameled copper wire has a resistance of 105 chms
per 1000 feet, or 0.105 ohm per foot. Extending
the division another step, one inch of wire has a
resistance of .008 ohm. Approximately 23 inches
of wire provided the correct value for the shunts.
Each 23-inch length of wire is wound on a
100,000-ohm, two-watt composition resistor which
serves as a form.

Construction

The supply is builtona 10X 8 x 3-inch
aluminum chassis. The spot welds at the four
comners are reinforced with No. 6 hardware since
the transformers are quite heavy. The total weight
of the completed supply is slightly more than 40
pounds. Several one-inch-diameter holes are cut in
the chassis bottom plate to allow adequate air
circulation.

All of the power-supply output voltages are
present on a l2-connection terminal block. The
end of the cable used to interconnect the supply to
the station transceiver is equipped with a 12-lug
fanning strip, providing a convenient means to
disconnect it.

One special wiring precaution is necessary; the
bleeder resistors for both the high anditow-voltage
circuits should be mounted in the clear to allow
plenty of air circulation around them. Perforated
aluminum stock is placed over a 1 X 3-inch cut in
the chassis which is directly above the mounting
position for the 800-volt bleeder network.

Operation

Two jumper plugs are mounted “back-to-back”,
making the change from 117-volt operation to 220
volts a simple matter of reversing P1. P2 performs
an identical function to select 6 or 12 volts for the
filament line.

The cost for this project should be under $100,
even if all of the parts are purchased new. The
price of the two power transformers and two filter
chokes comprises approximately 60 percent of the
total cost.1

1A package including the two power trans-
formers and the two filter chokes is available from
Hammond Manufacturing Company, Inc., 1061
Clinton Street, Buffalo, NY 14240, for approx-
imately $60. In Canada, the address is Hammond
Mfg. Co., Ltd., 394 Edinburgh Rd., North Guelph,
Ontario. Catalog available,

i al



3000-Volt Power Supply
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A 3000-VOLT POWER SUPPLY

This high-voltage power supply may be used
with lincar amplifiers that arc capable of operating
at maximum legal input power levels. It was
designed for use with a one-kilowatt 3-500Z
amplitier, but with minor modifications 10 the
control circuitry to suit individual circumstances it
van be used with amplitiers having a pair of 3-500Z
tubes. a single 3-1000Z. 4-1000A, or any tube or
tubes calling tor 2500 to 3000 volts at up to 700
mA. Examples of such ampliticrs may be found in
Chapter 6.

‘The Circuit

A voltage-doubler circuit connected to the
secondary of T1 provides approximately 3000
volts dc. See Fig. 3, The primary of Tl can be
operated from either a 117-volt line or a 220-volt
source: the latter voltage is preferred. VR and
VR?2 are suppressors included to prevent transients
from damaging the high-voltage capacitor bank or
the rectifier diodes. Since Tl has two 117-volt
primary windings, a suppressor is connected across
each. The windings and suppressors are connected
in parallel for 117-volt operation, and they are
series connected tor a 220-volt line.

A relay (K1) is necessary to switch the high-
current inrush when the supply is activated. Ordin-
ary toggle switches cannot be used to activate the
power supply directly. Surge protection is accom-
plished by placing R1 in scries with one lead of the
ac line. K2B shorts out this resistor a few seconds
after the main power switch (S1, located on the
amplifier front panel) is actuated. A separate line
cord for the power supply allows this section to be
operated on 220 volts while permitting other
circuits in the amplitier to operate on 117 volts.
The 120 volts needed to energize the coil of K2 are
taken from a half-wave rectified dc supply located
on the amplifier chassis. Note that the B-minus
terminal is held a few volts above ground by the
15-ohm, 2-watt resistor, for metering purposes in
the companion amplifier.

Construction

The power supply is built on a standard
10 X 12 x 3-inch aluminum chassis. Construction
is straightforward, as can be seen from Figs. | and
2. The front and rear pancls are made from 9 x
10-inch picces of 1/16-inch thick aluminum, and
the bottom plate und the U-shaped top cover are
made out of perforated aluminum stock.

The primary and control-circuit components, as
well as the rectitier board and capacitor bank. are

Fig.2 — The primary and control-circuit com-
ponents are grouped at the bottom, with the
high-voltage capacitor bank and rectifier board
occupying the upper portion of this bottom chassis
view of the power supply. R1 is visible in the lower
right-hand corner.

Fig. 1 — Top chassis view of the 3000-volt power
supply as constructed by WA1JZC. The circuit
board in the foreground holds the bleeder resistors,
which are spaced apart and supported a short
distance above the board for proper cooling. The
large transformer is for the high-voltage supply,
and the small transformer provides filament power
for the amplifier.

mounted underneath the chassis. Reasonable care
must be taken to prevent any part of the primary
or control wiring from coming into contact with
the high-voltage components. Each of the 100-uF
capacitors in the capacitor bank is shunted by a
25,000-0hm, 20-watt wirewound resistor. Thesc
resistors  equalize the vollage drops across the
series-connected capacitors, and also serve as the
bleeder resistance. Since these resistors get quite
hot during normal operation, they are mounted
away from the electrolytic capacitors on a separate
circuit board above the chassis, to allow for
adequate ventilation. The other large heat-
generating components are the power and filament

‘3 w.-wwnA.
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ALT. CONNECTION FOR 220V AC

POWER SUPPLIES

01 0t .01 .01 .01
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K2A DS:@ "“[:] 3 Fig. 3 — Schematic dis-
gram of the 3000-volt
PRI. 117V AC 2 power supply.
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CR1 — CR10, inc. — 1000-PRV, 2.5-A (Mallory
M2 5A or equiv.}.

DS1 — 117-volt ac neon pilot lamp assembly.

J1, J2 — High-voltage chassis connector {Millen
37001). K1 — Power relay, dpdt, 117-volt coil
{Potter and Brumfeld PR-11AY or equiv.).

K2 — Dpdt 10 A contacts, 120-V dc coil (Potter
and Brumfeld KA11DG or equiv.).

— Cable-mounted 11-pin power connector.

transformers (T1 and T2), which are also mounted
above chassis.

A small etched circuit board supports CR1
through CR10 and their associated equalizing
resistors and transient-suppressing disk capacitors.
In actual operation, the filament voltage measured
at the amplifier tube socket exceeded the maxi-

2)P2

P2 — Cable-mounted 2-pin power connector.

R2 — 8 feet No. 14 enam. wire wound on 3-inch
tong, 3/4-inch dia Plexiglas rod.

T1 — Dual 117-volt primary, 1100-V secondary,
600 VA (Berkshire 6181 or equiv.).

T2 - 117-volt primary; secondary 5.0 voits at 15 A
{Stancor P6433 or equiv.).

VR1, VR2 - Transient-voitage suppressor, 120-
volt {General Electric 6RS20SP484 or equiv.).

mum voltage recommended by the tube manu-
facturer slightly, so R2 was included to reduce the
voltage to a suitable value. To avoid excessive
voltage drop in the cable connecting T2 with the
amplifier, it is recommended that the cable be
made of No. 10 wire or larger (in many cases, R2
will not be necessary).

NICKEL-CADMIUM BATTERY CHARGER

Any advantage that a NiCad (nickel-cadmium)
battery may have over other types can be lost
through improper charging. This information con-
cerning NiCad charging techniques was contributed
by WAQUZO. NiCads can even be ruined on the
first recharging cycle. If connected to a constant-
voltage source, initial current may be quite high.
Normally, no damage would result unless the
battery voltage is low (fully discharged). Using a

constant current for battery charging is permissible
at the start of the charging cycle, however, as the
battery reaches full charge, the voltage may rise to
an excessive value.

The correct solution is a combination of the
two methods. Any circuit used forcharging NiCads
should limit both the current and voltage, such as
the one described here.



Nickel-Cadmium Battery Charger

1A
nrv
AC
$1
Fig. 1 — Schematic diagram of the 117-V ac
charger.

C1 — Electrolytic.

CR1, CR2 — Silicon diodes, 100 PRV, 3 A,

DS1 — See text.

T1 — Primary 117 V ac, secondary 25.6 V at 500
mA, Calectro D1-752 { or equiv.).

VR1 — See text.

Some other precautions which should be ob-
served while charging NiCads are:

1) Battery temperature should be between 400
and 809F. 1t should never exceed 100°F.

2) Two or more batteries with the same voltage
rating may be charged in parallel, but be sure that
the charger has sufficient current capability.

3) Check the manufacturer’s data sheet for the
maximum allowable charging rate. A typical figure
would be ten percent of the ampere-hour rating (a
10-ampere-hour battery would require a current of
1A).

4) Do not attempt to charge two batteries in
series with a constant current unless the batteries
are of the same type and capacity, and are in the
same state of charge (voltage on one may be
excessive).

5) To determine the approximate charging
time, divide the ampere-hour rating by the charging
current used, and multiply the resulting time by
1.25.

Suitable Charging Circuits

Figs. 1 and 2 show two versions of the same
basic charging circuit. The circuit shown in Fig. 1 is
used with 117 V ac, and the one in Fig. 2 can be
used with the car battery. The latter circuit could

DS

From * o
VERICLE BATTERY

BATTER!j VR1 ’-E_( -

i

Fig. 2 — Schematic diagram of NiCad battery
charger suitable for mobile use. See text for
explanation of DS1 and VR1. CR2 protects the
components in the event of accidental reversal of
input leads. See Fig. 1 for CR2.
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DS

- CR1

TO
BATTERY

CR2

be connected to the cigarette lighter, and is
suitable for battery packs of up to 14 volts.

The dial lamp (DS1) is used to limit the
current. One with a rating of 100 to 150 mA
should work fine with most batteries. The voltage
rating should be approximately that of the
charging source (for example, two 12-V bulbs in
series may be necessary if a 26-V supply is used).

The voltage regulator shown in Fig. 3 is based
on the fact that a forward-biased diode will not
conduct until approximately 0.75 V dc is applied.
By adding a suitable number of diodes in series as
shown, a voltage regulator for the maximum
battery voltage can be built easily. The circuit
shown in Fig. 3 can be used in either Fig. 1 or 2,
for VRI. It will draw little current until the

VR2 VR3 VR4 VRIN#H1)
~at. —lat, —1at ~lat
O —te e s O+
2 TOTAL VOLTAGE
FOR VR1 1S:0.75N
(N- NUMBER OF
SILICON DIODES)

Fig. 3 — Schematic diagram of the voltage reg-
ulator (VR1, Figs. 1 and 2}.

battery voltage reaches a permissible value during
charge. Once the voltage reaches a preset level, the
diodes start to conduct and limit any further
increases.

Initial Testing

After the circuit is wired and checked, apply
power (without a battery connected for charging).
The bulb should light to less than full brilliance.
Measure the voltage across the regulator. 1t should
be 3 to 8 percent above the rated voltage of the
batteries to be charged. Adding or removing some
diodes in VR1 may be necessary. Connect the
discharged batteries and measure the charging
current (either a built-in meter could be used, or a
temporary one could be connected in series with
the battery). The current should be typically 100
mA with partially discharged batteries. The current
will decrease as the charging time increases, and a
value of 5 mA indicates a fully charged condition.
No damage will result if the batteries are left on
charge continuously.



HF Transmitting

Regardless of the transmission mode — code,
a-m, fm, single sideband, radioteletype, amateur
TV — vacuum tubes and semiconductors are
common elements in all transmitters. They are
used as oscillators, amplifiers, frequency multi-
pliers and frequency converters. These four
building blocks, plus suitable power supplies, are
basically all that is required to make any of the
popular transmission systems.

The simplest code transmitter is a keyed
oscillator working directly into the antenna; a
more elaborate (and practical) code transmitter,
the type popular with many beginners, will include
one or more frequency-multiplication stages and
one or more power-amplifier stages. Any code
transmitter will obviously require a means for
keying it. The bare skeleton is shown in Figs. 6-2A
and B. The 1f generating and amplifying sections of
a double-sideband phone transmitter (a-m or fm)
are similar to those of a code transmitter.

The overall design depends primarily upon the
bands in which operation is desired and the power
output. A simple oscillator with satisfactory
frequency stability may be used as a transmitter at
the lower frequencies, but the power output
obtainable is small. As a general rule, the output of
the oscillator is fed into one or more amplifiers to
bring the power fed to the antenna up to the
desired level.

An amplifier whose output frequency is the
same as the input frequency is called a straight
amplifier. A buffer amplifier is the term sometimes
applied to an amplifier stage to indicate that its

Chapter 6

primary purpose is one of isolation, rather than
power gain.

Because it becomes increasingly difficult to
maintain oscillator frequency stability as the
frequency is increased, it is most usual practice in
working at the higher frequencies to operate the
oscillator at a low frequency and follow it with one
or more frequency multipliers as required to arrive
at the desired output frequency. A frequency
multiplier is an amplifier that delivers output at a
multiple of the exciting frequency. A doubler is a
multiplier that gives output at twice the exciting
frequency; a tripler multiplies the exciting
frequency by three, etc. From the viewpoint of
any particular stage in a transmitter, the preceding
stage is its driver.

As a general rule, frequency multipliers should
not be used to feed the antenna system directly,
but should feed a straight amplifier which, in turn,
feeds the antenna system.

Good frequency stability is most easily
obtained through the use of a crystal-controlled
oscillator, although a different crystal is needed for
eich frequency desired (or multiples of that
frequency). A self-controlled oscillator or VFO
(variable-frequency oscillator) may be tuned to any
frequency with a dial in the manner of a receiver,
but requires great care in design and construction if
its stability is to compare with that of a crystal
oscillator.

Many transmitters use tubes, but for low-power
hf and channelized vhf fm transmitters, transistors
are dominant. New solid-state devices are being
developed which allow dc inputs of 100 watts or
more with a low-level of IM distortion products. As
the cost of these transistors is reduced it can be
assumed that at some point in the future tubes will
be used only for high-power amplification.

The best stage or stages to key in a code
transmitter is a matter which is discussed in a later
chapter. The oscillator/multiplier/amplifier type of
transmitter (Fig. 6-2B) has long been popular.
However, the excellent frequency stability and the
advantages of grid-block keying (which are
explained in the Code Transmission chapter) have

Fig. 6-1 — An amateur’s transmitter is his
on-the-air voice. He is judged by the quality of that
*voice,”” whatever the mode that he chooses to
operate. '

World Radio Histol



Crystal Oscillators
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XTAL ~
0SC. i
Fig. 6-2 — Block diagrams of the three basic types
of transmitters. (A) _Y
VARIABLE |
. 0SC. BUFFER MULT. PA
(8) j7
VARIABLE XTAL
0SC. 0SC. MIXER PA

[

made the heterodyne exciter of Fig. 6-2C
increasingly popular, in spite of the slightly more
complex circuitry required.

An fm transmitter can only be modulated in or
following the oscillator stage. An a-m phone
transmitter can only be modulated in the output
stage, unless the modulated stage is followed by a
linear amplifier. However, following an amplitude-
modulated stage by a linear amplifier is an:
inefficient process, convenient as an expedient, but
not recommended for best efficiency.

Following the generation of a single-sideband
phone signal, its frequency can be changed only by
frequency conversion (not multiplication), in
exactly the same manner that signals in a receiver
are heterodyned to a different frequency. Com-
plete details of ssb transmitter design and
construction are given in Chapter 13.

CRYSTAL OSCILLATORS

The frequency of a crystal-controlled oscillator
is held constant to a high degree of accuracy by the
use of a quartz crystal. The frequency depends
almost entirely on the dimensions of the crystal
(essentially its thickness); other circuit values have
comparatively negligible effect. However, the
power obtainable is limited by the heat the crystal
will stand without fracturing. The amount of
heating is dependent upon the rf cyrstal current

#* = GATE PROTECTED

(©)

which, in turn, is a function of the amount of
feedback required to provide proper excitation.
Crystal heating short of the danger point results in
frequency drift to an extent depending upon the
way the crystal is cut. Excitation should always be
adjusted to the minimum necessary for proper
operation.

The most stable type of crystal oscillator is that
which provides only a small voltage output (lightly
loaded), and which operates the crystal at a low
drive level. Such oscillators are widely used in
receivers and heterodyne transmitters. The oscilla-
tor/multiplier/amplifier type of transmitter usually
requires some power from the oscillator stage. For
either type of crystal oscillator, the active element
may be a tube or a transistor.

Oscillator Circuits

The simplest crystal-oscillator circuit is shown
in Fig. 6-3A. Feedback in this circuit is provided
by the gate-source and drain-source capacitance.
The circuit shown at B is the equivalent of the
tuned-grid, tuned-plate circuit discussed in the
chapter on vacuum-tube principles, using the
crystal to replace the tuned grid circuit. Although
JFETs are shown in the sample circuits at A and B,
MOSFETs or triodes may also be employed, using
the connections shown in 6-3C through F.

For applications where some power is required
from the crystal oscillator, the circuits shown in

b b

100 oyTPUT 40673
o o L 6C4
a
% R A
() °¢
I-O' anzs b
a
6

(0)

Fig. 6-3 — Simple crystal oscillator circuits. (A) Pierce, (B} FET, (C-F) other devices that can also be
used in the circuits of A and B with appropriate changes in supply voltage.
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HF TRANSMITTING

270 QUTPUT
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BIPOLAR TRANSISTOR
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ELECTRON COUPLED
(GRID-PLATE)

Fig. 64 — Crystal-oscillator circuits that are designed to deliver power. L1/C1 resonate at the crystal
frequency, or a multiple thereof if the second, third, or fourth harmonic is the desired output frequency.

Fig. 64 may be employed. At A, a bipolar
transistor is used, while the tube circuits (B, C) are
somewhat more complicated. They combine the
functions of oscillator and amplifier or frequency
multiplier in a single tube. In these circuits, the
screen of a tetrode or pentode is used as the plate
in a triode oscillator. Power output is taken from a
separate tuned tank circuit in the actual plate
circuit. Although the oscillator itself is not entirely
independent of adjustments made in the plate tank
circuit when the latter is tuned near the
fundamental frequency of the crystal, the effects
can be satisfactorily minimized by proper choice of
the oscillator tube.

The oscillators of Fig. 64B and 64C arc a
modification of the grid-plate circuit of Fig. 6-3B.
In Fig. 64C the ground point has been moved
from the cathode to the plate of the oscillator (in
other words, to the screen of the tube). Excitation
is adjusted by proper proportioning of 22- and
100-pF fecdback capacitors.

When some types of tubes are used in the
circuits of Fig. 6-4B, oscillation will stop when the
output plate circuit is tuned to the crystal
frequency, and it is necessary to operate with the
plate tank circuit critically detuned for maximum
output with stability. However, when the 6GK6,
12BY7A, 5763, or the lower-power 6AH6 is used
with proper adjustment of excitation, it is possible
to tune to the crystal frequency without stopping
oscillation. These tubes also operate with less
crystal current than most other types for a given

+12v

+12v FOR Y1

ouTPUT

power output, and less frequency change occurs
when the plate circuit is tuned through the cyrstal
frequency (less than 25 Hertz at 3.5 MHz).

Crystal current may be estimated by observing
relative brilliance of a 60-mA dial lamp connected
in series with the crystal. Current should be held to
the minimum for satisfactory output by careful
adjustment of excitation. With the operating
voltages shown, satisfactory output should be
obtained with crystal currents of 40 mA or less.

In these tube circuits, output may be obtained
at multiples of the crystal frequency by tuning the
plate tank circuit to the desired harmonic, the
output dropping off, of course, at the higher
harmonics. Especially for harmonic operation, a
low-C plate tank circuit is desirable.

Practical Considerations

The operation of a crystal oscillator is often
hampered because vhf parasitic oscillations also
occur in the circuit. An effective way of killing
parasitics is the use of a low-value composition
resistor or ferrite bead, as shown in Fig. 6-5. The
parasitic stopper can be located on the gate (grid or
base) lead, and it should be placed as close as
possible to the transistor. The circuit at A may be
used for low-power applications. If a crystal above
1 MHz is to be used it may be advisable to include
a trimmer capacitor across the crystal to allow the
crystal frequency to be set exactly.

It is often desirable in fm and ssb gear to use
several crystals, switch-selected in a single oscilla-

22K

L2 oyteut
MEP53
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Fig. 6-5 — Two practical crystai-oscillator designs. (A) For low-power output applications such as a
conversion oscillator or BFO, {B) an example of diode switching of crystals. The rf choke on the base lead
of the transistor is a ferrite bead which prevents vhf parasitic oscillation.
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Fig. 66 — VFO circuits. The devices shown in Fig
component.

tor. If manual switching is used, the leads to the
switch may introduce sufficient additional capaci-
tance to upset the operation of the circuit.
Therefore, the use of diode switching, such as
shown in Fig. 6-5B, is now popular. Any
high-speed switching diode may be employed. The
use of diode switching for low-level tank circuits,
especially in receivers, has gained wide acceptance.
A special diode known as the PIN has been
developed for this purpose. In any diode-switching
circuit it is important to insure that the switching
bias is many times larger than the peak rf voltage
present.

VARIABLE-FREQUENCY
OSCILLATORS

The frequency of a VFO depends entirely on
the values of inductance and capacitance in the
circuit. Therefore, it is necessary to take careful
steps to minimize changes in these values not under
the control of the operator. As examples, even the
minute changes of dimensions with temperature,
particularly those of the coil, may result in a slow
but noticeable change in frequency called drift.
The effective input capacitance of the oscillator
tube, which must be connected across the circuit,
changes with variations in electrode voltages. This,
in turn, causes a change in the frequency of the
oscillator. To make use of the power from the
oscillator, a load, usually in the form of an
amplifier, must be coupled to the oscillator, and

HARTLEY
(GROUNDED CATHODE)

PENTODE
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. 6-2C through F may ailso be employed as the active

variations in the load may reflect on the frequency.
Very slight mechanical movement of the compon-
ents may result in a shift in frequency, and
vibration can cause modulation.

In the past different techniques have been used
to design the VFOs for transmitters and receivers.
However, today the same circuits may be used for
either application. In receivers the VFO is usually
called an HFO.

VFO Circuits

Fig. 6-6 shows the most commonly used
circuits. They are all designed to minimize the
effects mentioned above. The oscillating circuits in
Figs. 6-6A and B are the Hartley type; those in C
and D are Colpitts circuits. (See chapter on
vacuum-tube principles.) In the circuits of A, B and
C, all of the above-mentioned effects, except
changes in inductance, are minimized by the use of
a high-Q tank circuit obtained through the use of
large tank capacitances. Any uncontrolled changes
in capacitance thus become a very small percentage
of the total circuit capacitance.

In the series-tuned Colpitts circuit of Fig. 6-6D
(sometimes called the Clapp circuit), a high-Q
circuit is obtained in a different manner. The tube
is tapped across only a small portion of the
oscillating tank circuit, resulting in very loose
coupling between tube and circuit. The taps are
provided by a series of three capacitors across the
coil. In addition, the tube capacitances are shunted
by large capacitors, so the effects of the tube —
changes in electrode voltages and loading — are still
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Fig. 6-7 — Isolating stages to be used between a
VFO and the following amplifier or mixer stage.

further reduced. In contrast to the preceding
circuits, the resulting tank circuit has a high L/C
ratio and therefore the tank current is much lower
than in the circuits using high-C tanks. As a result,
it will usually be found that, other things being
equal, drift will be less with the low-C circuit.

For best stability, the ratio of C2 to C4 should
be as high as possible without stopping oscillation.
The permissible ratio will be higher the higher the
Q of the coil and the mutual conductance of the
tube. If the circuit does not oscillate over the
desired range, a coil of higher Q must be used or
the capacitance of C2 and C3 reduced.

The pentode tube of 6-6E or any of the active
devices shown in Fig. 6-3 may be used in either the
Hartley or Colpitts circuits. Good results can be
obtained with both tubes and transistors, so the
choice of the active device is often a matter of
personal preference.

Load Isolation

In spite of the precautions already discussed,
the tuning of later stages in the transmitter may
cause a noticeable change in frequency. This effect
can be reduced considerably by designing a
pentode oscillator for half the desired frequency
and doubling frequency in the output circuit.

It is desirable, although not a strict necessity if
detuning is recognized and taken into account, to
approach as closely as possible the condition where
the adjustment of tuning controls in the
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transmitter, beyond the VFO frequency control,
will have negligible effect on the frequency. This
can be done by adding isolating stage or stages
whose tuning is fixed between the oscillator and
the first tunable amplifier stage in the transmitter.

Fig. 6-7A shows such an arrangement that gives
good isolation. A pentode tube is operated with a
low-impedance resistive load, and regulated screen
voltage. At B a simple follower circuit is used. The
disadvantage of this circuit is that the level of the
output will be quite low, usually less than one volt.
Bipolar transistors are used in a direct-coupled
follower arrangement in Fig. 6-7C, providing a
higher level of output (above 3 V) than was
possible with the design shown at B. The ability of
a buffer stage to isolate the VFQ from the load can
be tested simply. Use a receiver to monitor the
VFO, and listen as the buffer output is first left
open and then shorted. A good buffer will hold the
frequency change to less than 100 Hz. Often the
frequency change may be in the order of several
kHz when this test is made, an indication that the
buffer is not doing its job.

Chirp, Pulling and Drift

Any oscillator will change frequency with an
extreme change in plate screen voltages, and the
use of stabilized sources for both is good practice.
But steady source voltages cannot alter the fact of
the extreme voltage changes that take place when
an oscillator is keyed or heavily amplitude-
modulated. Consequently some chirp or fm is the
inescapable result of oscillator keying or heavy
amplitude modulation.

A keyed or amplitude-modulated amplifier
presents a variable load to the driving stage. If the
driving stage is an oscillator, the keyed or
modulated stage (the variable load) may ““pull” the
oscillator frequency during keying or modula-
tion. This may cause a *““chirp” on cw or incidental
fm on a-m phone. In either case the cure is to
provide one or more “buffer” or isolating stages
between the oscillator stage and the varying load.
If this is not done, the keying or modulation may
be little better than when the oscillator itself is
keyed or modulated.

Frequency drift is minimized by limiting the
temperature excursions of the frequency-determin-
ing components to a minimum. This calls for good
ventilation and a minimum of heat-generating
components.

Variable capacitors should have ceramic insula-
tion, good bearing contacts and should preferably
be of the double bearing type. Fixed capacitors
should have zero-temperature coefficients. The
tube socket should have ceramic insulation.

Temperature Compensation

If, despite the observance of good oscillator
construction practice, the warm-up drift of an
oscillator is too high, it is caused by high-tempera-
ture operation of the oscillator. If the ventilation
cannot be improved (to reduce the ultimate
temperature), the frequency drift of the oscillator
can be reduced by the addition of a “temperature-
coefficient capacitor.”” These are available in
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negative and positive coefficients, in contrast to
the zero-coefficient “NP0O™ types.

Oscillator Coils and Vibration

The Q of inductors either in the VFO circuitry
proper or in a succeeding stage should be as high as
possible. The coil should be well spaced from
shields and other conducting surfaces in order to
reduce undesirable eddy-current effects. A heavy-
gauge solid wire is recommended for inter-
connecting leads and lengths should be kept short.

While heating generally produces long-term
drift, this is usually not as serious as sudden
frequency changes caused by vibration. All
components should be securely fastened to the
VFO chassis and circuit board with the entire
assembly shock mounted on rubber grommet
cushions. Care should also be taken concerning the
method of coupling the VFO capacitor to the VFO
dial. Vibration of the panel on which the dial is
mounted should not be transferred to the capacitor
shaft.

Filtering

The output of oscillators, mixers and similar
stages usually has harmonic and other spurious-
frequency energy along with some desired signal.
Depending upon the application, such components
may result in undesirable effects and require
filtering. The circuits shown in Fig. 6-8 can be
employed where either a high-pass or low-pass
filter characteristic is sufficient. (In some instances,
a band-pass filter may be required.)

These filters are based on a Chebyshev design
and component values are given in Table 1. The
filters are ‘“‘normalized™ to a frequency of 1 MHz
and an input and output impedance of 52 ohms. In
order to translate the designs to other frequencies,
all that is necessary is to divide the component
values by the new frequency in MHz. (The 1-MHz
value represents a “‘cutoff” frequency. That is, the
attenuation increases rapidly above this frequency
in the low-pass case or below f, in the high-pass
application. This effect should not be confused
with the variations in attenuation in the passband.)
For instance, if it was desired to eliminate har-
monics from a VFO at frequencies above 5 MHz,
the inductance and capacitance values would be
divided by 5.0.

Other impedance levels can also be used by
multiplying the inductors by the ratio Z,/52 and
the capacitors by 52/Z, where Z, is the new
mmpedance. This factor should be applied in addi-

TABLE 1

Component values for filters shown in Fig. 6-8.
Inductances are in microhenriesand capacitances
are in picofarads.

Fig. 68A(LP) Ly C, Ly C4 Lg
Fig. 68B(HP) C; L, C3 L, Cs
0.1dBLP 949 4197 16.4 4197 9.49
3dB LP 28.8 2332 37.6 2332 28.6
0.1dBHP 2669 6.04 1550 6.04 2669
3dB HP 879 109 675 109 879
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Fig. 68 — Low-pass and high-pass Chebyshev
filters normalized to a frequency of 1 MHz and
input/output impedance terminations of 52 ohms.
Component values for 0.1- and 3-dB ripple-factor
filters are given in Table 1.-Passband frequency
response for the 0.1-dB low-pass model is shown in
Fig. 6-8C. Curve is similar in shape for the 3-dB
model except for scale factor. Response for the
high-pass designs can be determined by substituting
1/f (MHz) for f in Fig. 6-8C.

tion to the ones for frequency translation.
Examination of the component values in Table 1
indicates changing the impedance level to a some-
what higher one is advisable if practical. This
would avoid having very small inductance values
and high capacitance values which might be
unhandy in constructing a filter.

The choice of filter model depends mostly on
the power level involved. In low-level stages, the
effects of variation in insertion loss in the passband
usually can be neglected in amateur applications.
Consequently, the filter with a 3-dB ripple can be
used. However, VSWR is closely related to inser-
tion loss and the 0.1-dB filter should be selected in
power-amplifier stages where VSWR could cause
harmful effects. The 0.1-dB filter should have a
maximum VSWR of approximately 1.4:1. Unfor-
tunately, the 0.1-dB design doesn’t have the rapid
rolloff that the 3-dB model possesses as can be seen
by the tabulated data in Fig. 6-8C. While other
filters are possible with different ripple factors, the
ones shown in Fig. 6-8 should cover a wide variety
of applications.

A PRACTICAL VFO CIRCUIT

The circuit shown in Fig. 6-9 is for a solid-state
VFO covering 3.5 to 4 MHz. A number of
measures have been taken to prevent harmonic and
spurious outputs that so often plague transistor
designs. Examination of Fig. 6-9 will show that a
diode, CR2 is conuccted between the signal gate
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Fig. 69 — A typical VFO
design showing extensive
use of buffering and filter-
ing to achieve a highly sta-
ble output with low spuri-
ous-frequency content.

of Q1 and ground. This diode should be designed
for high-speed switching — a 1N914 is suitable —
and should be connected with its anode toward
gate 1. It clamps on the positive-going half of the
cycle to prevent Ql from reaching high peak
transconductance, the time period when the
output from the oscillator is rich in harmonic
energy. This technique should be applied to any
JFET or MOSFET oscillator, but does not work
with bipolar-transistor oscillators. CR2 does not
impair the performance of the VFO. Additional
harmonics can be generated at Q2 and Q3, so
attention must be given to that part of the circuit
as well. Note that the collector of Q3 is tapped
well down on L3. The tap provides an impedance
match for the circuit, but still represents a high
impedance at the harmonic frequencies, if not
located too near the cold end of L3, thus
contributing to a cleaner output signal. However,
even though these precautions are taken, it is not
uncommon to find that the second and third
harmonics from a transistor output stage are only
down some 10 to 15 decibels in level from the
fundamental signal. By taking the VFO output at
low impedance, L4, a low-pass, double-section
filter can be used to diminish the harmonic to a
level that is some 30 decibels or more below that
of the desired output signal. FL1 is designed for
3.5 to 4-MHz use, and assures a clean output signal
from the VFO.

VFO Output Level and Impedance

One of the things that perplexes many
first-time users of transistorized VFOs is the matter

of sufficient signal output to properly excite a '

transmitter input stage, or to supply adequate
injection voltage to a receiver or transmitter mixer.
The rms output of a solid-state VFO is limited by
its low-impedance output port. In the circuits of
Fig. 6-9 the output would usually be taken across
the emitter resistor of Q2, the buffer. Typically,
the ms output voltage at that point in the cir-
cuit will be on the order of 0.5 to 2 volts.
Tube mixers can require up to several volts of
oscillator signal in order to function properly. Most

solid-state transmitters need from 3 to 10 volts of
drive on the base of the first power stage, and a
reasonable amount of driving power is needed to
satisfy this requirement. Driving power is generally
required by the grid of the first stage of a tube
transmitter. The VFO should, therefore, be capable
of supplying from 0.5 to 1 watt of power output.
The Class-C amplifier, Q3, provides the needed
power output. Should the driven stage present a
low-impedance to the VFO, output can be taken
directly from the side of FL1 opposite Q3. If,
however, the driven stage of the transmitter or
receiver has a high input impedance, some method
must be used to provide the required impedance
transformation, low to high. A broad-band toroidal
step-up transformer, T1, is used for this purpose in
Fig. 6-9. The secondary of the transformer is
resonant somewhere in the operating range of the
VFO, and takes advantage of the stray circuit
capacitance, normally around 10 pF, to establish
resonance. The impedance-transformation ratio is
set by adjusting the number of turns on the
primary winding. Alternatively, T1 can be replaced
by a tuned circuit of conventional design. It can be
equipped with a fixed-value capacitor and a
slug-tuned inductor, or a fixed-value inductor can
be used with a variable capacitor to permit peaking
the output at the operating frequency. The use of a
tuned circuit will assure somewhat better efficien-
cy than will the broadband transformer, T1. Thus,
it can be seen that the circuit must be tailored to
the need.

Checking VFO Stability

A VFO should be checked thoroughly before it
is placed in regular operation on the air. Since
succeeding amplifier stages may affect the signal
characteristics, final tests should be made with the
complete transmitter in operation. Almost any
VFO will show signals of good quality and stability
when it is running free and not connected to a
load. A well-isolated monitor is a necessity.
Perhaps the most convenient, as well as one of the
most satisfactory, well-shielded monitoring ar-
rangements is a receiver combined with a harmonic
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from a frequency standard. (See the Measurements
chapter for suitable circuits.) The receiver BFO is
turned off and the VFO signal is tuned to beat
with the signal from the crystal oscillator instead.
In this way any receiver instability caused by
overloading the input circuits, which may result in
“pulling” of the hf oscillator in the receiver, or by
a change in line voltage to the receiver when the
transmitter is keyed, will not affect the reliability
of the check. Most crystals have a sufficiently low
temperature coefficient to give a check on drift as
well as on chirp and signal quality if they are not
overloaded.

Harmonics of the crystal may be used to beat
with the transmitter signal when monitoring at the
higher frequencies. Since any chirp at the lower
frequencies will be magnified at the higher
frequencies, accurate checking can best be done by
monitoring at a harmonic.

The distance between the crystal oscillator and
receiver should be adjusted to give a good beat
between the crystal oscillator and the transmitter
signal. When using harmonics of the crystal
oscillator, it may be necessary to attach a piece of
wire to the oscillator as an antenna to give
sufficient signal in the receiver. Checks may show
that the stability is sufficiently good to permit
oscillator keying at the lower frequencies, where
break-in operation is of greater value, but that
chirp becomes objectionable at the higher frequen-
cies. If further improvement does not seem
possible, it would be logical in this case to use
oscillator keying at the lower frequencies and
amplifier keying at the higher frequencies.

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. 6-10A, 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
within the desired output range. A bandpass filter
at the mixer output attenuates any out-of-band
spurious energy. The charts given in Chapter 8 can
be used to choose oscillator combinations which
will have a minimum of spurious outputs. Also,
Chapter 8 contains a discussion of mixer-circuit
design.

PLL

Receivers and transmitters of advanced design
are now using phase-locked loops (PLLs) to
generate highly stable local oscillator energy up
into 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 Galaxy R-530,
the Collins 651S-1, and the National HRO-600
currently use PLL high-frequency oscillator sys-
tems,

The basic diagram of a PLL is shown in Fig.
6-10B. Output from a voltage-controlled oscillator
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Fig. 6-10 — Block diagrams of the {A) premixing
and (B) phasedock-loop schemes.

(VCO) and a frequency standard 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, filtered, 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
determines the frequency range over which the
system will remain in phase lock.

Three types of phasedocked loops are now in
use. The simplest type uses harmonics of a crystal
standard to phase-lock an HFO, providing the
injection for the first mixer in a double-conversion
receiver. A typical circuit is given in Fig. 6-11.
Complete construction details on this PLL were
given in QST for January, 1972, A second type of
phase-locked loop uses a stable mf VFO as the
standard which stabilizes the frequency of an hf or
vhf VCO. This approach is used in the receiver
described by Fischer in ST, March, 1970.

The other PLL system also uses a crystal-
controlled standard, but with programmable
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 dividers; steps of 100 Hz are usually
employed for hf receivers while 10-kHz increments
are popular in vhf gear. The use of a PLL for fm
demodulation is covered separately in Chapter 14.

VFO DIALS

One of the tasks facing an amateur builder is
the difficulty 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 —
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 homemade amateur
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Fig. 6-11 — A practical phase-locked oscillator
intended for application as the crystal-controlied
HFO in a transmitter or receiver. The crystal
frequency should be chosen so that the harmonic
content of the standard is sufficient at the desired

equipment. Several of the construction projects
described elsewhere in this book employ this type
of dial. The Eddystone 898 precision dial has long
been a favorite with amateurs, although the need
to elevate the VFO far above the chassis introduces
some mechanical-stability problems. If a permea-
bility tuned oscillator (PTO) is used, one of the
many types of turn counters made for vacuum
variable capacitors or rotary 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. Capacitors 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

A

-~ =
Fig. 6-12 — A 5-digit readout using light-emitting
diodes.
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output frequency. A 200-kHz crystal is good to 40
MHz, 500-kHz crystal to 60 MHz, and 1-MHz
crystal to 80 MHz. L1 and L3 are chosen to
resonate at the desired output frequency.

final adjustment, the plates of the capacitor must
be filed until 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 QST for July, 1964. A different
approach was employed by Lee (QST, November,
1970), 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 simplified
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 one 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 incandes-
cent lamps, filament wires in a vacuum tube, or
LEDs (light-emitting diodes). A typical LED
display is shown in Fig. 6-12. 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.

YT YT T T y—
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Multiplications of four or five sometimes are
ELECTRONIC DIAL used to reach the bands above 28 MHz from a
':?::z — lower-frequency crystal, but in the majority of

»— DIVIDER lower-frequency transmitters, multiplication in a

AN LIMITER X o R ’
asai single stage is limited to a factor of two or three.
‘—‘_J Screen-grid tubes make the best multipliers because
DIVIDER their high power-sensitivity makes them easier to

RESET STORAGE paliug drive properly than triodes.
GATE -
DiSPLAY DRIVER Since the input and output circuits are not

__f tuned close to the same frequency, neutralization
usually will not be required. Instances may be
encountered with tubes of high transconductance,

however, when a doubler will oscillate in t.g.t.p.
fashion.

Frequency multipliers using tubes are operated
Class C, with the bias and drive levels adjusted for
plate<current conduction of less than 180 degrees.

y

Fig. 6-13 — Biock diagram of a frequency counter.

A typical counter circuit is given in Fig. 6-13. :
The accuracy of the counter is determined by a MULTIPLIER 100
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
this type of high-accuracy crystal exhibits the best
temperature stability. The clock output energy is
divided in decade<counter ICs to provide the pulse LS
which opens the input gate of the counter for a e
preset time. The number of rf cycles which pass BIAS
through the gate while it is open are counted and TRIPLER
stored. Storage is used so that the readout does not
blink. At the end of each counting cycle the
information that has been stored activates the
display LEDs, which present the numbers counted F RFC 3F  ourPUT
until another count cycle is complete. A complete ¢ 4.7
electronic dial arranged to be combined with an  INPUT 5&-
existing transmitter or receiver was described in C 4.7
QST for October 1970. Also, Macieish et al »—l RFC j
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reported an adapter which allows a commercially
made frequency counter to be mated with ham 100 ki3
gear so that the counter performs as an electronic ANA-

dial (QST, May, 1971). 560 T

(B) +v
FREQUENCY MULTIPLIERS
Single-Tube Muitiplier

Output at a multiple of the frequency at which DOUBLER
it is being driven may be obtained from an 820 1200
amplifier stage if the output circuit is tuned to a Wy —VW\/ o =+ 2V
harmonic of the exciting frequency instead of to 1000 j| _'L/J:J o 'OI
the fundamental. Thus, when the frequency at the
grid is 3.5 MHz, output at 7 MHz, 10.5 MHz, 14 L s F‘%ﬂ
MHz, etc., may be obtained by tuning the plate .01, o 215
tank circuit to one of these frequencies. The circuit ) MC14966 ouTPUT
otherwise remains the same as that for a straight [
amplifier, although some of the values and Jo ¢ 220
(C)

L

operating conditions may require change for
maximum multiplier efficiency.

A practical limit to efficiency and output
within normal tube ratings is reached when the
multiplier is operated at maximum permissible
plate voltage and maximum permissible grid
current. The plate current should be reduced as
necessary to limit the dissipation to the rated value
by increasing the bias and decreasing the loading. Fig. 6-14 — Frequency-multiplier circuits.

INPUT
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Fig. 6-15 — Driver stages using (A) a pentode tube and (B) a bipolar power transistor.

For maximum efficiency, a doubler requires a
plateconduction angle of about 110 degrees, while
a tripler needs 100 degrees, a quadrupler 80
degrees, and a quintupler 65 degrees. For higher
orders of multiplication increased bias and more
drive are needed.

A typical circuit using a 6CL6 pentode tube is
shown in Fig. 6-14A. The input circuit is tuned to
the driving frequency while the output tank is set
for the desired harmonic. If such a multiplier were
to be operated directly into an antenna, additional
selectivity would be necessary to prevent the
radiation of harmonic energy (other than the
desired frequency).

Push-Push Multipliers

A two-tube circuit which works well at even
harmonics, but not at the fundamental or odd
harmonics, is known as the push-push circuit. The
grids are connected in push-pull while the plates
are connected in parallel. The efficiency of a
doubler using this circuit approaches that of a
straight amplifier.

This arrangement has an advantage in some
applications. If the heater of one tube is turned
off, its grid-plate capacitance, being the same as
that of the remaining tube, serves to neutralize the
circuit. Thus provision is made for either straight
amplification at the fundamental with a single
tube, or doubling frequency with two tubes.

Push-Pull Multiplier

A single- or parallel-tube multiplier will deliver
output at either even or odd multiples of the
exciting frequency. A push-pull stage does not
work as a doubler or quadrupler but it will work as
a tripler.

Transistor Multipliers

A transistor develops harmonic energy with
good efficiency, often causing harmonic-output
problems in straight-through amplifiers. Two
harmonic-generating modes are present, parametric
multiplication and multiplication caused by the
nonlinear characteristic presented by the base-
collector junction. Transistors may be used in
single-ended, push-pull, or push-push circuits. A
typical push-pull tripler is shown in Fig. 6-14B. A
small amount of forward bias has been added to
the bases of the 2N2102s to reduce the amount of

drive required. If a high level of drive is available,
the bias circuit may be omitted.

A number of integrated circuits can be
employed as frequency multipliers. The circuit at C
uses a Motorola MC1496G (or the Signetics
85596, or Fairchild 4A796) as a doubler. The
input signal is balanced out in the IC, so only the
desired second harmonic of the input frequency
appears at the output. With suitable bypass
capacitors this doubler can be used from audio to
vhf.

DRIVERS

Pentode tubes are usually chosen for the driver
stages of tube transmitters because they provide
high amplification, often without requiring neutral-
ization. Many of the receiving-type pentodes and
smaller TV sweep tubes may be employed. The
6CL6, 6GK6, 12BY7A, 6BA6, 6AU6, and 6DC6
are often chosen. In cw and fm service the driver
stage is operated Class C, while for ssb operation
the Class-A mode is preferred to keep distortion to
a minimum (third-order products at least 50 dB
down). In ssb exciters alc voltage is often applied
to a driver stage, in which case a semiremote-cutoff
tube is desirable. Sharp-cutoff types are not
acceptable because of a rapid increase in distortion
as alc voltage drives the grid increasingly negative.

A typical tube driver stage is shown in Fig. 6-15
at A. The output load is a parallel-resonant circuit.
Often a bandpass network js used so that the stage
does not have to be tuned by a panel control. Also,
coupling with a bandpass transformer provides a
higher order of attenuation of harmonic and
spurious signals. At Fig. 6-15B, a 2N3632
medium-power transistor serves as a Class-C driver.
Note that this circuit is not suitable for ssb service.

Broadband Driver

Transistor circuits often require complex
interstage coupling networks, because of the low
input and output impedance characteristics of
bipolar devices. Designing a solid-state multiband
hf transmitter often requires some very complex
band-switch arrangements. To eliminate this
problem, the current trend is to use a broadband
multistage driver that covers 3.5 to 30 MHz, for
example, without switching or tuning adjustments.
A typical circuit, similar to that used in
Signal/One’s CX-7 transceiver, is shown in Fig.
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6-17. Only a few millivolts of ssb or cw drive will
provide sufficient output to drive a 4CX250B
operating Class ABj. Interstage coupling is
accomplished with broadband toroidal transform-
ers. Feedback is added from the collector to the
emitter of each bipolar-transistor stage to improve
linearity. Output impedance of the broadband
driver is approximately 390 ochms.

Interstage Coupling

To achieve the maximum transfer of power
between the driver and the succeeding amplifier
stage, the output impedance of the driver must be
matched to the input impedance of the following
amplifier. Some form of rf coupling or impedance-
matching network is needed. The capacitive system
of Fig. 6-16A is the simplest of all coupling
systems. In this circuit, the plate tank circuit of the
driver, C1L1, serves also as the grid tank of the
amplifier. Although it is used more frequently than
any other system, it is less flexible and has certain
limitations that must be taken into consideration.

The two stages cannot be separated physically
any appreciable distance without involving loss in
transferred power, radiation from the coupling lead
and the danger of feedback from this lead. Since
both the output capacitance of the driver tube and
the input capacitance of the amplifier are across
the single circuit, it is sometimes difficult to obtain
a tank circuit with a sufficiently low Q to provide
an efficient circuit at the higher frequencies. The
coupling can be varied by altering the capacitance
of the coupling capacitor, C2. The driver load
impedance is the sum of the amplifier grid
resistance and the reactance of the coupling
capacitor in series, the coupling capacitor serving
simply as a series reactor. The driver load resistance

increases with a decrease in the capacitance of the
coupling capacitor.

When the amplifier grid impedance is lower
than the optimum load resistance for the driver, a
transforming action is possible by tapping the grid
down on the tank coil, but this is not
recommended because it invariably causes an
increase in vhf harmonics and sometimes sets up a
parasitic circuit.

So far as coupling is concerned, the Q of the
circuit is of little significance. However, the other
considerations discussed earlier in connection with
tank-circuit Q should be observed.

Pi-Network Interstage Coupling

A pisection tank circuit, as shown in Fig.
6-16B, may be used as a coupling device between
screen-grid amplifier stages. The circuit can also be
considered a coupling arrangement with the grid of
the amplifier tapped down on the circuit by means
of a capacitive divider. In contrast to the
tapped-coil method mentioned previously, this
system will be very effective in reducing vhf
harmonics, because the output capacitor provides a
direct capacitive shunt for harmonics across the
amplifier grid circuit.

To be most effective in reducing vhf harmonics,
the output capacitor should be a mica capacitor
connected directly across the tube-socket ter-
minals. Tapping down on the circuit in this manner
also helps to stabilize the amplifier. Since the
coupling to the grid is comparatively loose under
any condition, it may be found that it is impossible
to utilize the full power capability of the driver
stage. If sufficient excitation cannot be obtained, it
may be necessary to raise the plate voltage of the
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Fig. 6-17 — A solid-state broadband driver for 3 to
30 MHz. The design of transformers T1, T2 and T3
is covered later in the chapter.

driver, if this is permissible. Otherwise a larger
driver tube may be required. As shown in Fig.
6-16B, parallel driver plate feed and amplifier grid
feed are necessary.

Coupling Transistor Stages

In stages using bipolar power transistors, the
input circuit must provide a match between the
driver collector and the PA base. The latter
exhibits a very low impedance. The input

HF TRANSMITTING

impedance of an rf power transistor is between
several tenths of an ohm and several ohms.
Generally, the higher the power rating of the
device, the lower the input impedance. The base
connection also has a reactive component which is
capacitive at low frequencies and inductive at
higher frequencies. At some frequency, usually
between 50 and 150 MHz, the base lead will be
self-resonant. The input impedance will vary with
drive lével, which makes a cut-and-try adjustment
of the interstage network necessary.

An interstage network must provide the proper
impedance transformation while tuning out reac-
tance in the transistors. The reactive components
of the base and collectors of power transistors are
of such magnitude that they must be included in
any network calculations. Fig. 6-16 shows several
networks capable of interstage matching in a
multistage transistor amplifier. At C, a T network
is pictured. The value of the inductor is chosen so
that its reactance is much greater than the
capacitive reactance of the second transistor’s base
circuit. The capacitive divider provides the
impedance match between the collector and the
base.

The circuit of 6-16D is also basically a T
network in which both the inductor and second
capacitor are chosen to have reactance of a greater
magnitude than the base-emitter capacitance of the
second transistor. The circuits of C and D require
that the collector of the driver transistor be shunt
fed through a high-impedance rf choke. Fig. 6-16E
shows a coupling network that eliminates the need
for a choke. Here the collector of the driver
transistor is parallel-tuned and the base-emitter
junction of the following stage is series-tuned.

The remaining circuit, Fig. 6-16F, shows the
pi-section network that is often used to match the
50-ohm output of an exciter to a grounded-grid
power amplifier. A Q of 1 or 2 is chosen so that
the circuit will be broad enough to operate across
an amateur band without retuning. The network is
designed for a S0-ohm input impedance and to
match an output load of 30 to 150 ohms (the
impedance range of the cathode of typical
grounded-grid stages). Typical LC values are given
in the construction projects presented later in this
chapter.

RF POWER AMPLIFIER CIRCUITRY

Tube Operating Conditions

In addition to proper tank and output-coupling
circuits, an rf amplifier must be provided with
suitable operating voltages and an rf driving or
excitation voltage. All rf amplifier tubes require a
voltage to operate the filament or heater (ac is
usually permissible), and a positive dc voltage
between the plate and filament or cathode (plate
voltage). Most tubes also require a negative dc
voltage (biasing voltage) between control grid (grid
No. 1) and filament or cathode. Screen-grid tubes
require in addition a positive voltage (screen
voltage or grid No. 2 voltage) between screen and
filament or cathode.

Biasing and plate voltages may be fed to the



“rorT

= AR A S -
Sources of Tube Electrode Voltages

tube either in series with or in parallel with the
associated rf tank circuit as discussed in the
chapter on electrical laws and circuits.

It is important to remember that true plate,
screen or biasing voltage is the voltage between the
particular electrode and filament or cathode. Only
when the cathode is directly grounded to the
chassis may the electrode-to-chassis voltage be
taken as the true voltage. The required rf driving
voltage is applied between grid and cathode.

Power Input and Plate Dissipation

Plate power input is the dc power input to the
plate circuit (dc plate voltage X dc plate current).
Screen power input likewise is the dc screen
voltage X the dc screen current.

Plate dissipation is the difference between the
rf power delivered by the tube to its loaded plate
tank circuit and the dc plate power input. The
screen, on the other hand, does not deliver any
output power, and therefore its dissipation is the
same as the screen power input.

TRANSMITTING-TUBE RATINGS

Tube manufacturers specify the maximum
values that should be applied to the tubes they
produce. They also publish sets of typical
operating values that should result in good
efficiency and normal tube life.

Maximum values for all of the most popular
transmitting tubes will be found in the tables of
transmitting tubes in the last chapter. Also
included are as many sets of typical operating
values as space permits. However, it is recommend-
ed that the amateur secure a transmitting-tube
manual from the manufacturer of the tube or tubes
he plans to use.

CCS and ICAS Ratings

The same transmitting tube may have different
ratings depending upon the manner in which the
tube is to be operated, and the service in which it is
to be used. These different ratings are based
primarily upon the heat that the tube can safely
dissipate. Some types of operation, such as with
grid or screen modulation, are less efficient than
others, meaning that the tube must dissipate more

NO OPERATING
PROTECTIVE S BIAS
BIAS
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heat. Other types of operation, such as cw or
single-sideband phone are intermittent in nature,
resulting in less average heating than in other
modes where there is a continuous power input to
the tube during transmissions. There are also
different ratings for tubes used in transmitters that
are in almost constant use (CCS — Continuous
Commercial Service), and for tubes that are to be
used in transmitters that average only a few hours
of daily operation (ICAS — Intermittent Commer-
cial and Amateur Service). The latter are the
ratings used by amateurs who wish to obtain
maximum output with reasonable tube life.

Maximum Ratipgs

Maximum ratings, where they differ from the
values given under typical operating values, are not
normally of significance to the amateur except in
special applications. No single maximum value
should be used unless all other ratings can
simultaneously be held within the maximum
values. As an example, a tube may have a
maximum plate-voltage rating of 2000, a maximum
platecurrent rating of 300 mA, and a maximum
plate-power-input rating of 400 watts. Therefore, if
the maximum plate voltage of 2000 is used, the
plate current should be limited to 200 mA (instead
of 300 mA) to stay within the maximum
power-input rating of 400 watts.

3

SOURCES OF TUBE ELECTRODE '
VOLTAGES

Filament or Heater Voltage

The heater voltage for the indirectly heated
cathode-type tubes found in low-power classifica-
tions may vary 10 percent above or below rating
without seriously reducing the life of the tube. But
the voltage of the higher-power filament-type tubes
should be held closely between the rated voltage as
a minimum and S percent above rating as a
maximum. Make sure that the plate power drawn
from the power line does not cause a drop in
filament voltage below the proper value when plate
power is applied.

Thoriated-type filaments lose emission when
the tube is overloaded appreciably. If the overload

T0 AMP.
screen RFS

Fig. 6-18 — (A-C) Various systems for obtaining protective and operating bias. (D) Screen clamper circuit

for protecting power tetrodes.

3 -~
- ~

D s B /e

PR M - r v



150

has not been too prolonged, emission sometimes
may be restored by operating the filament at rated
voltage with all other voltages removed for a period
of 10 minutes, or at 20 percent above rated voltage
for a few minutes.

Plate Voltage

Dc plate voltage for the operation of rf
amplifiers is most often obtained from a
transformer-rectifier-filter system (see power-
supply chapter) designed to deliver the required
plate voltage at the required current. However,
batteries or other dc-generating devices are
sometimes used in certain types of operation (see
portable-mobile chapter).

Bias and Tube Protection

Several methods of obtaining bias are shown in
Fig. 6-18. At A, bias is obtained by the voltage
drop across a resistor in the grid dc return circuit
when rectified grid current flows. The proper value
of resistance may be determined by dividing the
required biasing voltage by the dc grid current at
which the tube will be operated. Then, so long as
the rf driving voltage is adjusted so that the dc grid
current is the recommended value, the biasing
voltage will be the proper value. The tube is biased
only when excitation is applied, since the voltage
drop across the resistor depends upon grid-current
flow. When excitation is removed, the bias falls to
zero. At zero bias most tubes draw power far in
excess of the plate-dissipation rating. So it is
advisable to make provision for protecting the tube
when excitation fails by accident, or by intent as it
does when a preceding stage in a cw transmitter is
keyed.

If the maximum cw ratings shown in the tube
tables are to be used, the input should be cut to
zero when the key is open. Aside from this, it is
not necessary that plate current be cut off
completely but only to the point where the rated
dissipation is not exceeded. In this case plate-
modulated phone ratings should be used for cw
operation, however.

With triodes this protection can be supplied by
obtaining all bias from a source of fixed voltage, as
shown in Fig. 6-18B. It is preferable, however, to
use only sufficient fixed bias to protect the tube
and obtain the balance needed for operating bias
from a grid leak. The grid-leak resistance is
calculated as above, except that the fixed voltage is
subtracted first.

Fixed bias may be obtained from dry batteries
or from a power pack (see power-supply chapter).
If dry batteries are used, they should be checked
periodically, since even though they may show
normal voltage, they eventually develop a high
internal resistance.

In Fig. 16-8D, bias is obtained from the voltage
drop across a Zener diode in the cathode (or
filament center-tap) lead. Protective bias is
obtained by the voltage drop across VR1 as a result
of plate (and screen) current flow. Since plate
current must flow to obtain a voltage drop across
the resistor, it is obvious that cutoff protective bias
cannot be obtained.

HF TRANSMITTING

The voltage of the cathode biasing Zener
diode VR1 should bechosen for the value which
will give the correct operating bias voltage with
rated grid, plate and screen currents flowing with
the amplifier loaded to rated input. When
excitation is removed, the input to most types of
tubes will fall to a value that will prevent damage
to the tube, at least for the period of time required
to remove plate voltage. A disadvantage of this
biasing system is that the cathode rf connection to
ground depends upon a bypass capacitor.

Screen Voltage

For cw and fm operation, and under certain
conditions of phone operation (see amplitude-
modulation chapter), the screen may be operated
from a power supply of the same type used for
plate supply, except that voltage and current
ratings should be appropriate for screen require-
ments. The screen may also be operated through a
series resistor or voltage-divider from a source of
higher voltage, such as the plate-voltage supply,
thus making a separate supply for the screen
unnecessary. Certain precautions are necessary,
depending upon the method used.

It should be kept in mind that screen current
varies widely with both excitation and loading. If
the screen is operated from a fixed-voltage source,
the tube should never be operated without plate
voltage and load, otherwise the screen may be
damaged within a short time. Supplying the screen
through a series dropping resistor from a
higher-voltage source, such as the plate supply,
affords a measure of protection, since the resistor
causes the screen voltage to drop as the current
increases, thereby limiting the power drawn by the
screen. However, with a resistor, the screen voltage
may vary considerably with excitation, making it
necessary to check the voltage at the screen
terminal under actual operating conditions to make
sure that the screen voltage is normal. Reducing
excitation will cause the screen current to drop,
increasing the voltage; increasing excitation will
have the opposite effect. These changes are in
addition to those caused by changes in bias and
plate loading, so if a screengrid tube is operated
from a series resistor or a voltage divider, its
voltage should be checked as one of the final
adjustments after excitation and loading have been
set.

An approximate value for the screen-voltage
dropping resistor may be obtained by dividing the
voltage drop required from the supply voltage
(difference between the supply voltage and rated
screen voltage) by the rated screen current in
decimal parts of an ampere. Some further
adjustment may be necessary, as mentioned above,
so an adjustable resistor with a total resistance
above that calculated should be provided.

Protecting Screen-Grid Tubes

Considerably less grid bias is required to cut off
an amplifier that has a fixed-voltage screen supply
than one that derives the screen voltage through a
high value of dropping resistor. When a ‘“‘stiff”’
screen voltage supply is used, the necessary grid
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cutoff voltage may be determined from an
inspection of the tube curves or by experiment.

When the screen is supplied from a series
dropping resistor, the tube can be protected by the
use of a clamper tube, as shown in Fig. 6-18D. The
grid-leak bias of the amplifier tube with excitation
is supplied also to the grid of the clamper tube.
This is usually sufficient to cut off the clamper
tube. However, when excitation is removed, the
clamper-tube bias falls to zero and it draws enough
current through the screen dropping resistor
usually to limit the input to the amplifier to a safe
value. If complete screen-voltage cutoff is desired,
a Zener diode may be inserted in the screen lead.
The regulator diode voltage rating should be high
enough so that it will cease conducting when
excitation is removed.

Feeding Excitation to the Grid

The required rf driving voltage is supplied by an
oscillator generating a voltage at the desired
frequency, either directly or through intermediate
amplifiers, mixers, or frequency multipliers.

As explained in the chapter on vacuum-tube
fundamentals, the grid of an amplifier operating
under Class C conditions must have an exciting
voltage whose peak value exceeds the negative
biasing voltage over a portion of the excitation
cycle. During this portion of the cycle, current will
flow in the grid-cathode circuit as it does in a diode
circuit when the plate of the diode is positive in
respect to the cathode. This requires that the rf
driver supply power. The power required to
develop the required peak driving voltage across
the gridcathode impedance of the amplifier is the
rf driving power.

The tube tables give approximate figures for the
grid driving power required for each tube under
various operating conditions. These figures, how-
ever, do not include circuit losses. In general, the
driver stage for any Class C amplifier should be
capable of supplying at least three times the driving
power shown for typical operating conditions at
frequencies up to 30 MHz and from three to ten
times at higher frequencies.

Since the dc grid current relative to the biasing
voltage is related to the peak driving voltage, the dc
grid current is commonly used as a convenient
indicator of driving conditions. A driver adjust-
ment that results in rated dc grid current when the
dc bias is at its rated value, indicates proper
excitation to the amplifier when it is fully loaded.

In coupling the grid input circuit of an
amplifier to the output circuit of a driving stage
the objective is to load the driver plate circuit so
that the desired amplifier grid excitation is
obtained without exceeding the plate-input ratings
of the driver tube.

Driving Impedance

The grid-current flow that results when the grid
is driven positive in respect to the cathode over a
portion of the excitation cycle represents an
average resistance across which the exciting voltage
must be developed by the driver. In other words,
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this is the load resistance into which the driver
plate circuit must be coupled. The approximate
grid input resistance is given by:

Input impedance (ohms)

- driving power [watts)
dc grid current (mA)2

X 620,000

For normal operation, the driving power and grid
current may be taken from the tube tables. Since
the grid input resistance is a matter of a few
thousand ohms, an impedance step-up is necessary
if the grid is to be fed from a low-impedance
transmission line

TRANSISTOR RATINGS

Transistor ratings are similar in some respects to
the maximum limits given for tubes. However,
solid-state devices are generally not so forgiving of
overload; they can quickly be ruined if a voltage or
current parameter of the device is exceeded. All
semiconductors undergo irreversible changes if
their temperature is allowed to go above a critical
limit.

Voltage Rating

In general, the higher the collector-emitter
voltage rating of a transistor the less the chance of
damage when used as an 1f power amplifier. A
mismatched load, or the loss of the load entirely,
causes high voltages to appear between the
collector and emitter of the transistor. If the
maximum rating is exceeded, the transistor may
break down and pass reverse current. Transistor
manufacturers are now including a resistance in
series with the emitter lead of each of the many
junctions that make up the power transistor as
break-down protection. This technique is called
ballasting or balanced emitters. Another way to
protect a power transistor is to include a Zener
diode from collector to emitter. The break-down
voltage rating of the diode should be above the
peak rf voltage to be developed in the circuit, but
below the maximum rating of the power device.

Current and Heat

The current that a power device can stand is
related to its ability to dissipate heat. A transistor
is physically small, so high-power models must use
effective heat radiators, called heat sinks, to insure
that the operating temperature is kept to a
moderate value even when large currents are
flowing through the device.

Cooling considerations for practical solid-state
amplifiers are outlined below. Manufacturer’s
specification sheets describe a safe operating area
for an individual power transistor. Also, transistors
are rated in terms of power output, rather than
input, so it should be remembered that a device
specified to deliver 80 watts of output power will
protably be running 160 watts or more input.
Transistor amplifiers pass an appreciable amount of
driver power to the output, as do grounded-grid
tube stages, and this fact must also be taken into
account by the circuit designer.
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Device Case SW 10W 25W 50W 100w

TO-5 172 7.2 1.2 .71 35

TO-44 1.2 9.2 44 nfa n/a

| (B)

Fig. 6-19 — (A) Graph to determine the

thermal resistance of a heat sink of a giv-

en size. The heat sink volume may be

computed by multiplying cross-sectional

|
:

N

area by height. (B) Approximate thermal
| resistance needed for proper cooling of

|

two types of transistor cases when oper-
ated at the proper levels given.

J

2 8 45 8110
VOLUME IN CUBIC INCHES OF FINNED-TYPE HEAT SINK

(A)
COOLING
Tubes

Vacuum tubes must be operated within the
temperature range specified by the manufacturer if
long tube life is to be achieved. Tubes with glass
envelopes rated at up to 25 watts of plate
dissipation may be run without forced-air cooling,
if a moderate amount of cooling by convection can
be arranged. If a cane-metal enclosure is used, and
a ring of 1/4-inch diameter holes are placed around
the tube socket, normal air flow can be relied upon
to remove excess heat at room temperatures.

For tubes with greater plate dissipation, or
those operated with plate currents in excess of the
manufacturer’s ratings (often the case with TV
sweep tubes) forced air cooling with a fan or
blower is needed. Fans, especially those designed
for cooling hi-fi cabinets, are preferred because
they operate quietly. However, all fans lose their
ability to move air when excessive back pressure
exists. For gpplications where a stream of air must
be directed through a tube socket, a blower is
usually required. Blowers vary m their ability to
work against back pressure, so this specification
should be checked when selecting a particular
model. Some air will always leak around the socket
and through other holes in a chassis, so the blower
chosen should have a capacity which is 30 to S0
percent beyond that called for by the tube
manufacturer.

An efficient blower is required when'using the
external-anode tubes, such as the 4X150A. Such
tubes represent a trade-off which allows high-
power operation with a physically small device at
the expense of increased complexity in the cooling
system, Other types of external-anode tubes are
now being produced for conductive cooling. An
electrical insulator which is also an excellent
thermal conductor, such as AlSiMag, couples the
tube to a heat sink. Requirements for the heat
dissipator are calculated in the same way as for
power transistors, as outlined below. Similar tubes
are made with special anode structures for water or

20 30 50 8000 200 300 500
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vapor cooling, allowing high-power operation
without producing an objectionable noise level
from the cooling system.

Transistor Cooling

Bipolar power transistors usually have the
collector connected directly to the case of the
device, as the collector must dissipate most of the
heat generated when the transistor is in operation.
However, even the larger case designs cannot
conduct heat away fast enough to keep the
operating temperature of the device functioning
within the safe area, the maximum temperature
that a device can stand without damage. Safe area
is usually specified in a device data sheet, often in
graphical form. Germanium power transistors may
be operated at up to 100 degrees C while the
silicon types may be run at up to 200 degrees C.
Leakage currents in germanium devices can be very
high at elevated temperatures; thus, for power
applications silicon transistors are preferred.

A thermal sink, properly chosen, will remove
heat at a rate which keeps the transistor junction
temperature in the safe area. For low-power
applications a simple clip-on heat sink will suffice,
while for 100-watts of input power a massive
cast-aluminum finned radiator will be necessary. In
general, the case temperature of a power transistor
must be kept below the point at which it will
produce a burn when touched.

Heat-Sink Design

Simple heat sinks, made as described in the
Gonstruction Practices chapter, can be made more
effective (by 25 percent or more) by applying a
coat of flat-black paint. Finned radiators are most
effective when placed where maximum air flow can
be achieved — outside a case with the fins placed
vertically. The size of a finned heat sink required
to give a desired thermal resistance, a measure of
the ability to dissipate heat, is shown in Fig.
6-19A. Fig. 6-19B is a simplified chart of the
thermal resistance needed, in a heat sink for
transistors in TO-5 and TO-44 cases. These figures
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Fig. 6-20 — Typical {A) push-pull and (B) parallel amplitier circuits.

are based on several assumptions, so they can be
considered a worst-case situation. Smaller heat
sinks may be usable.

The thermal design of solid-state circuits has
been covered in QST for April, 1972. The
surface contact between the transistor case and the
heat sink is extremely important. To keep the sink
from being “hot™ with dc, a mica insulator is
usually employed between the transistor case and
the heat dissipator. Newer types of transistors have
a case mounting bolt insulated from the collector
so that it may be connected directly to the heat
sink. Whatever the arrangement, the use of a
conductive compound such as silicone grease
(Comning PC4) is recommended between the
transistor and the sink. For high-power designs, it
may be desirable to add a small cooling fan,
providing a stream of air across the heat sink, to
keep the size of the heat dissipator within
reasonable limits. Even a light air flow greatly
increases the radiator’s ability to dispose of excess
heat.

OUTPUT POWER FROM TRANSMITTERS

CWorFM: In a cw or fm transmitter, any
class of amplifier can be used as an output or
intermediate amplifier. (For reasonable efficiency,
a frequency multiplier must be operated Class C.)
Class-C operation of the amplifier gives the highest
efficiency (65 to 75 percent), but it is likely to be
accompanied by appreciable harmonics and conse-
quent TVI possibilities. If the excitation is keyed
in a cw transmitter, Class-C operation of
subsequent amplifiers will, under certain condi-
tions, introduce key clicks not present on the
keyed excitation (see chapter on Code Transmis-
sion). The peak envelope power (PEP) input or
output of any cw (or fm) transmitter is the
“key-down” input or output.

A-M: In an amplitude-modulated phone trans-
mitter, plate modulation of a Class-C output
amplifier results in the highest output for a given
input to the output stage. The efficiency is the
same as for cw or fm with the same amplifier, from
65 to 75 percent. (In most cases the manufacturer
rates the maximum allowable input on plate-

modulated phone at about 2/3 that of cw or fm.)
A plate-modulated stage running 100 watts input
will deliver a carrier output of from 65 to 75 watts,
depending upon the tube, frequency and circuit
factor. The PEP output of any a-m signal is four
times the carrier output power, or 260 to 300
watts for the 100-watt input example.

Grid- (control or screen) modulated output
amplifiers in a-m operation run at a carrier
efficiency of 30 to 35 percent, and a grid-modu-
lated stage with 100 watts input has a carrier
output of 30 to 35 watts. (The PEP output, four
times the carrier output, is 120 to 140 watts.)

Running the legal input limit in the United
States, a plate-modulated output stage can deliver a
carrier output of 650 to 750 watts, while a screen-
or control-grid-modulated output amplifier can
deliver only a carrier of 300 to 350 watts.

SSB: Only linear amplifiers can be used to
amplify ssb signals without distortion, and this
limits the choice of output amplifier operation to
Classes A, ABy, ABy, and B. The efficiency of
operation of these amplifiers runs from about 20
to 65 percent. In all but Class-A operation the
indicated (by plate-current meter) input will vary
with the signal, and it is not possible to talk about
relative inputs and outputs as readily as it is with
other modes. Therefore linear amplifiers are rated
by PEP (input or output) at a given distortion
level, which indicates not only how much ssb signal
they will deliver but also how effective they will be
in amplifying an a-m signal.

LINEAR AMPLIFIERS FOR A-M: In consider-
ing the practicality of adding a linear output
amplifier to an existing a-m transmitter, it is
necessary to know the carrier output of the a-m
transmitter and the PEP output rating of the linear
amplifier. Since the PEP output of an a-m signal is
four times the carrier output, it is obvious that a
linear with a PEP output rating of only four times
the carrier output of the a-m transmitter is no
amplifier at all. If the linear amplifier has a PEP
output rating of 8 times the a-m transmitter carrier
output, the output power will be doubled and a
3-dB improvement will be obtained. In most cases
a 3-dB change is just discernible by the receiving
operator,
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By comparison, a linear amplifier with a PEP
output rating of four times an existing ssb, cw or
fm transmitter will quadruple the output, a 6-dB
improvement, It should be noted that the linear
amplifier must be rated for the mode (ssb, cw or
fm) with which it is to be used.

GROUNDED-GRID AMPLIFIERS: The pre-
ceding discussion applies to vacuum-tube amplifiers
connected in a grounded-cathode or grounded-grid
circuit. However, there are a few points that apply
only to grounded-grid amplifiers.

A tube operated in a given class (ABy, B, C)
will require more driving power as a grounded-grid
amplifier than as a grounded-cathode amplifier.
This is not because the grid losses run higher in the
grounded-grid configuration but because some of
the driving power is coupled directly through the
tube and appears in the plate load circuit. Provided
enough driving power is available, this increased
requirement is of no concern in cw or linear
operation. In a-m operation, however, the fed-
through power prevents the grounded-grid ampli-
fier from being fully modulated (100 percent).

AMPLIFIER CIRCUITS
Parallel and Push-Pull Amplifiers

The circuits for parallel-tube amplifiers are the
same as for a single tube, similar terminals of the
tubes being connected together. The grid impe-
dance of two tubes in parallel is half that of a
single tube. This means that twice the grid tank
capacitance shown in Fig. 6-20B should be used for
the same Q. o

The plate load resistance is halved so that the
plate-tank capacitance for a single tube (Fig. 6-24)
also should be doubled. The total grid current will
be doubled, so to maintain the same grid bias, the
grid-leak resistance should be half that used for a
single tube. The required driving power is doubled.
The capacitance of a neutralizing capacitor should
be doubled and the value of the screen dropping
resistor should be cut in half.

In treating parasitic oscillation, it is often
necessary to use a choke in each plate lead, rather
than one in the common lead to avoid building in a
push-pull type of vhf circuit, a factor in obtaining
efficient operation at higher frequencies.

Two or more transistors are often operated in
parallel to achieve high output power, because
several medium-power devices often cost less than
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a single high-power type. When parallel operation is
used, precautions must be taken to insure that
equal drive is applied to each transistor. Otherwise,
one transistor may ‘‘hog” most of the drive and
exceed its safe ratings.

A basic push-pull circuit is shown in Fig. 6-20A.
Amplifiers using this circuit are cumbersome to
bandswitch and consequently are not very popular
below 30 MHz. However, since the push-pull
configuration places tube input and output
capacitances in series, the circuit is often used at
50 MHz and higher.

In the circuit shown at A two 813s are used.
Cross neutralization is employed, with C1 connect-
ed from the plate of one tube to the grid of the
second, while C2 is attached in the reverse order.

GROUNDED-GRID AMPLIFIERS

Fig. 6-21A shows the input circuit of a
grounded-grid triode amplifier. In configuration it
is similar to the conventional grounded-cathode
circuit except that the grid, instead of the cathode,
is at ground potential. An amplifier of this type is
characterized by a comparatively low input
impedance and a relatively high driver power
requirement. The additional driver power is not
consumed in the amplifier but is “‘fed through” to
the plate circuit where it combines with the normal
plate output power. The total rf power output is
the sum of the driver and amplifier output powers
less the power normally required to drive the tube
in a grounded-cathode circuit.

Positive feedback is from plate to cathode
through the plate-cathode capacitance of the tube.
Since the grounded-grid is interposed between the
plate and cathode, this capacitance is small, and
neutralization usually is not necessary.

In the grounded-grid circuit the cathode must
be isolated for rf from ground. This presents a
practical difficulty especially in the case of a
filament-type tube whose filament current is large.
In plate-modulated phone operation the driver
power fed through to the output is not modulated.

The chief application for grounded-grid ampli-
fiers in amateur work below 30 MHz is in the case
where the available driving power far exceeds the
power that can be used in driving a conventional
grounded-cathode amplifier.

Screen-grid tubes are also used sometimes in
grounded-grid amplifiers. In some cases, the screen

Fig. 6-21 — Input circuits for
triode or triode-connected
power tubes operated ground-
ed grid.
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Fig. 622 - A 30-A fitament choke for a
grounded-grid power amplifier consisting of 28
turns of No. 10 enam. wire on a 1/2-inch diameter
ferrite rod 7 inches long.

is simply connected in parallel with the grid, as in
Fig. 6-21B and the tube operates as a high-i triode.
In other cases, the screen is bypassed to ground
and operated at the usual dc potential, as shown at
C. Since the screen is still in parallel with the grid
for rf, operation is very much like that of a triode
except that the positive voltage on the screen
reduces driver-power requirements.

In indirectly-heated cathode tubes, the low
heater-to-cathade capacitance will often provide
enough isolation to keep rf out of the heater
transformer and the ac lines. If not, the heater
voltage must be applied through rf chokes.

In a directly-heated cathode tube, the filament
must be maintained above rf ground. This can be
done by using a pair of filament chokes or by using
the input tank circuit, as shown in Fig. 6-21C. In
the former method, a double solencid (often
wound on a ferrite core) is generally used, although
separate chokes can be used. When the tank circuit
is used, the tank inductor is wound from two
(insulated) conductors in parallel or from an
insulated conductor inside a tubing outer conduc-
tor. A typical filament choke is shown in Fig, 6-22.

The input impedance of a grounded-grid power
stage is usually between 30 and 150 ohms. For
circuits similar to those shown in Figs. 6-21A and
B some form of input tuning network is needed. A
high-C, low-Q parallel-resonant or pi-section
network will suffice. The input network provides
benefit other than impedance matching - a
reduction in the IM distortion produced by the
stage when amplifying an ssb signal. A typical
input circuit is shown in Fig. 6-16F. When an
amplifier is built for single-band operation, a tank
circuit similar to that shown in Fig. 6-21C may be
employed. Proper input matching is achieved by
tapping the input down on the coil.
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A transistor amplifier requires some means for
impedance matching at the input and output of the
stage. For conventional narrow-band amplifier
designs, impedance matching is achieved with
tuned networks (pi, L or T sections or
combinations thereof). To simplify band-switching
requirements, broadband amplifiers with four
octaves or more of bandwidth are desirable. Wide
bandwidths are achieved by using a special form of
transmission-line transformer for interstage and
output coupling that is described later in this
chapter.

Most solid-state Class-C amplifiers are operated
with both the base and emitter leads connected to
dc ground. Thus, the transistor is practically off
when no driving signal is present. The distortion of
the drive signal by such an amplifier is appreciable.
However, with cw, fm, or collector-modulated a-m,
the harmonics produced are removed from the
desired frequency by at least a factor of 2. Thus,
harmonic energy can be reduced or eliminated by
using appropriate filters.

Fig. 6-23A shows a basic Class-C transistor
amplifier. The base input is held at dc ground
through a radio-frequency choke. A second choke,
consisting of two ferrite beads (collector lead),
eliminates a tendency to vhf parasitic oscillation.
At B, parallel-connected transistors are operated
Class C. Adjustment of L1 and L2 provide equal
levels of drive. The devices chosen for this circuit
are designed for 30- to 50-MHz operation. Below
14 MHz some form of degenerative feedback will
be needed to prevent self oscillation, as the gain of
the transistors is quite high at lower frequencies.

For ssb operation transistors must be forward
biased at the base. The lowest distortion results
with Class-A operation, but, efficiency is poor. The
best trade off between low distortion and high
efficiency is- Class-B operation, even though
operation in this region introduces some severe
requirements for the bias circuit. Whenever a
transistor is forward biased, thermal runaway can
be a problem. Also, ssb drive varies in amplitude
causing large varations in the transistor base
current. For best linearity, the dc base-bias voltage
should remain constant as the rf drive level is
varied. This situation is in conflict with the
conditions needed to prevent thermal runaway.
Exotic schemes have been designed to provide the
proper base bias for Class-B ssb amplification.
However, a simple diode circuit such as shown in
Figs. 6-23C and D can provide the required dc
stability with protection against thermal damage.
The ballasted type of transistors are preferred for
these circuits. Typical choices for Class-B ssb
service are the 2NS§941, 2N2942, 2N337S,
2N5070, 2NS071, and the 2N5093. The design of
suitable broadband transformers for the circuits of
Fig. 6-29 is covered later in this chapter.

The circuits at 6-23C and D are similar except
for the choice of the active device. Both designs
were developed by K7QWR. The base-bias circuit
maintains a steady voltage while supplying current
that varies by a factor of 100 to 1 with drive. The

_gain versus frequency of both circuits follows the
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power-output curves of the transistors used,
changing from 25 dB at 2 MHz to 13 dB at 30
MHz. IMD is typically 30 dB or more down with
either circuit.

RF POWER-AMPLIFIER TANKS
AND COUPLING

TANK Q

Rf power amplifiers used in amateur transmit-
ters are operated under Class-C or -AB conditions
(see chapter on tube fundamentals). The main
objective, of course, is to deliver as much
fundamental power as possible into a load, R
without exceeding the tube ratings. The load
resistance R may be in the form of a transmission
line to an antenna, or the input circuit of another
amplifier. A further objective is to minimize the
harmonic energy (always generated by an ampli-
fier) fed into the load circuit. In attaining these
objectives, the Q of the tank circuit is of
importance. When a load is coupled inductively,

HF TRANSMITTING

28 MHz AMPLIFIER L3

Fig. 6-23 — Some typical trans-
istor power-amplifier circuits. At
C, R1 is adjusted for a collector
current of 40 mA with no drive,
while R2 at D is set for 20 mA
collector current with no input.
Broadband transformers used
consist of the following:
T1, T3, TS — 6 turns of 2 twisted
pairs of No. 26 enam. wire on
a Stackpole 579322 No. 11
toroid core, connected for
4:1, (See table 6-A.)
T2,T4 — 4 turns of 4 twisted pairs of
No. 26 enam. wire on a Stack-
pole 579322 No. 11 toroid

T,
1 core, connected for 4:1.

T6 — 10 turns of 3 twisted pairs
of No. 28 enam. wire on two
Stackpole 57-9074 No. 11
toroid cores, connected for
9:1

the Q of the tank circuit will have an effect on the
coefficient of coupling necessary for proper
loading of the amplifier. In respect to all of these
factors, a tank Q of 10 to 20 is usually considered
optimum. A much lower Q will result in less
efficient operation of the amplifier tube, greater
harmonic output, and greater difficulty in coupling
inductively to a load. A much higher Q will result
in higher tank curmrent with increased loss in the
tank coil. Efficiency of a tank circuit is determined
by the ratio of loaded Q to unloaded Q by the
relationship:

- _
Eff. =100 (1 - 5*)

where Qy, is the loaded Q and Qy is the unloaded

The Q is determined (see chapter on electrical
laws and circuits) by the L/C ratio and the load
resistance at which the tube is operated. The tube
load resistance is related, in approximation, to the
ratio of the dc plate voltage to dc plate current at
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which the tube is operated and can be computed
from:

Class-A Tube:

RL= T3 Plaie Cusent
Class-B Tube:

RL= 157 % Prate Current
Class-C Tube:

- Plate Volts
Ry 2 X Plate Current

Transistor:
Ry = (Collector Volts)2
L™ 23X Power Output (Watts)
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Fig. 6-24 — Chart showing plate tank capacitance
required for a Q of 10. Divide the tube plate
voltage by the plate current in milliamperes. Select
the vertical line corresponding to the answer
obtained. Follow this vertical line to the diagonal
line for the band in question, and thence
horizontally to the left to read the capacitance.
For a given ratio of plate voltage/plate current,
doubling the capacitance shown doubles the Q.
When a splitstator capacitor is used in a balanced
circuit, the capacitance of each section may be one
half the value given by the chart.
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Fig. 68-25 — Inductive-link output coupling circuits.

C1 — Plate tank capacitor — see text and Fig. 6-24
for capacitance.

L1 — To resonate at operating frequency with C1.
See LC chart and inductance formula in
electrical-Jaws chapter, or use ARRL Lightning
Calculator.

L2 — Reactance equal to line impedance. See
reactance chart and inductance formula in
electrical-laws chapter, or use ARRL Lightning
Calculator.

R — Representing load.

Parallel-Resonant Tank

The amount of C that will give a Q of 10 for
various ratios is shown in Fig. 6-24. For a given
plate-voltage/plate-current ratio, the Q will vary
directly as the tank capacitance, twice the
capacitance doubles the Q, etc. For the same Q,
the capacitance of each section of a split-stator
capacitor in a balanced circuit should be half the
value shown.

These values of capacitance include the output
capacitance of the amplifier tube, the input
capacitance of a following amplifier tube if it is
coupled capacitively, and all other stray capaci-
tances. At the higher plate-voltage/plate-current
ratios, the chart may show values of capacitance,
for the higher frequencies, smaller than those
attainable in practice. In such a case, a tank Q
higher than 10 is unavoidable.

INDUCTIVE-LINK COUPLING
Coupling to Flat Coaxial Lines

When the load R in Fig. 6-25 is located for
convenience at some distance from the amplifier,
or when maximum harmonic reduction is desired,
it is advisable to feed the power to the load
through a low-impedance coaxial cable. The
shielded construction of the cable prevents
radiation and makes it possible to install the line in
any convenient manner without danger of
unwanted coupling to other circuits.

If the line is more than a small fraction of a
wavelength long, the load resistance at its output
end should be adjusted, by a matching circuit if
necessary, to match the impedance of the cable.
This reduces losses in the cable and makes the
coupling adjustments at the transmitter independ-
ent of the cable length. Matching circuits for use
between the cable and another transmission line
are discussed in the chapter on transmission lines,
while the matching adjustments when the load is
the grid circuit of a following amplifier are
described elsewhere in this chapter.
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Fig. 6-26 — With flat transmission lines, power
transfer is obtained with looser coupling if the line
input is tuned to resonance. C1 and L1 should
resonate at the operating frequency. See table for
maximum usable value of C1. If circuit does not
resonate with maximum C1 or less, inductance of
L1 must be increased or added in series at L2.

Table 6-A

Capacitance in pF Required for Coupling to
Flat Coaxial Lines with Tuned Coupling Circuit!

Frequency Characteristic Impedance of Line

Band 52 75

MHz ohms ohms
3.5 450 300
7 230 150
14 115 15
21 80 50
28 60 40

1 Capacitance values are maximum usable,
Note: Inductance in circuit must be adjusted to
resonate at operating frequency.

Assuming that the cable is properly terminated,
proper loading of the amplifier will be assured,
using the circuit of Fig. 6-26A, if

1) The plate tank circuit has reasonably higher
value of Q. A value of 10 is usually sufficient.

2) The inductance of the pickup or link coil is
close to the optimum value for the frequency and
type of line used. The optimum coil is one whose
self-inductance is such that its reactance at the
operating frequency is equal to the characteristic
impedance, Zg, of the line.

3) It is possible to make the coupling between
the tank and pickup coils very tight.

The second in this list is often hard to meet.
Few manufactured link coils have adequate
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inductance even for coupling to a 50-ohm line at
low frequencies.

If the line is operating with a low SWR, the
system shown in Fig. 6-26A will require tight
coupling between the two coils. Since the
secondary (pickup coil) circuit is not resonant, the
leakage reactance of the pickup coil will cause
some detuning of the amplifier tank circuit. This
detuning effect increases with increasing coupling,
but is usually not serious. However, the amplifier
tuning must be adjusted to resonance, as indicated
by the plate-current dip, each time the coupling is
changed.

Tuned Coupling

The design difficulties of using “‘untuned”
pickup coils, mentioned above, can be avoided by
using a coupling circuit tuned to the operating
frequency. This contributes additional selectivity
as well, and hence aids in the suppression of
spurious radiations.

If the line is flat the input impedance will be
essentially resistive and equal to the Zg of the line.
With coaxial cable, a circuit of reasonable Q can be
obtained with practicable values of inductance and
capacitance connected in series with the line’s
input terminals. Suitable circuits are given in Fig.
6-26 at B and C. The Q of the coupling circuit
often may be as low as 2, without running into
difficulty in getting adequate coupling to a tank
circuit of proper design. Larger values of Q can be
used and will result in increased ease of coupling,
but as the Q is increased the frequency range over
which the circuit will operate without readjust-
ment becomes smaller. It is usually good practice,
therefore, to use a coupling-circuit Q just low
enough to permit operation, over as much of a
band as is normally used for a particular type of
communication, without requiring retuning.

Capacitance values for a Q of 2 and line
impedances of 52 and 75 ohms are given in the
accompanying table. These are the maximum
values that should be used. The inductance in the
circuit should be adjusted to give resonance at the

PI NETWORK
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Fig. 6-27 — Pi and pi-L output-coupling networks.
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operating frequency. If the link coil used for a
particular band does not have enough inductance
to resonate, the additional inductance may be
connected in series as shown in Fig. 6-26C.

Characteristics

In practice, the amount of inductance in the
circuit should be chosen so that, with somewhat
loose coupling between L1 and the amplifier tank
coil, the amplifier plate current will increase when
the variable capacitor, Cl, is tuned through the
value of capacitance given by the table. The
coupling between the two coils should then be
increased until the amplifier loads normally,
without changing the setting of Cl. If the
transmission line is flat over the entire frequency
band under consideration, it should not be
necessary to readjust C1 when changing frequency,
if the values given in the table are used. However, it
is unlikely that the line actually will be flat over
such a range, so some readjustment of C1 may be
needed to compensate for changes in the input
impedance of the line. If the input impedance
variations are not large, C1 may be used as a
loading control, no changes in the coupling
between L1 and the tank coil being necessary.

The degree of coupling between L1 and the
amplifier tank coil will depend on the coupling-
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circuit Q. With a Q of 2, the coupling should be
tight — comparable with the coupling that is
typical of ‘‘fixed-link™ manufactured coils. With a
swinging link it may be necessary to increase the Q
of the coupling circuit in order to get sufficient
power transfer. This can be done by increasing the
L/C ratio.

Pl AND PI-L OUTPUT TANKS

A pi-section and pi-L tank circuit may also be
used in coupling to an antenna or transmission line,
as shown in Fig. 6-27. The optimum values of
capacitance and inductance are dependent upon
values of amplifier power input and output load
resistance.

Values for L and C may be taken directly from
the charts of Fig. 6-28 if the output load resistance
is the usual 52 ohms. It should be bome in mind
that these values apply only where the output load
is resistive, i.e., where the antenna and line have
been matched. Fig. 6-28 and 6-28A were provided
by W6FFC.

Output-Capacitor Ratings

The voltage rating of the output capacitor will
depend upon the SWR. If the load is resistive,
receiving-type air capacitors should be adequate for
amplifier input powers up to 2 kW PEP when

TUBE LOAD IMPEDANCE (OPERATING Q)
MHz 1500(12) 2000(12) 2500(12)  3000(12) 2500(12) 4000(12) 5000(13)  6000(14) 8000(16)
C1 3.5 420 315 252 210 180 157 126 114 99
7 190 143 114 95 82 71 57 52 45
14 93 70 56 47 40 35 28 25 22
21 62 47 37 31 27 23 19 17 s
28 43 32 26 21 18 16 13 12 10
Cc2 35 2117 1776 1536 1352 1203 1079 875 862 862
7 942 783 670 583 512 451 348 341 341
14 460 382 326 283 247 217 165 162 162
21 305 253 216 187 164 144 109 107 107
28 210 174 148 128 111 97 72 70 70
L1 35 5.73 7.46 9.17 10.86 12.53 14.19 17.48 19.18 21.98
7 3.14 4.09 5.03 5.95 6.86 .77 9.5 10.48 12.02
14 1.60 2.08 2.56 3.03 3.49 3.95 4.85 5.33 6.11
21 1.07 1.39 1.71 2.02 2.34 2.64 3.25 3.56 4.09
28 0.77 1.01 1.24 1.46 1.69 1.91 2.34 2.57 2.95
TUBE LOAD IMPEDANCE (OPERATING Q)
MHz 1500(12) 2000(12) 2500(12)  3000(12) 3500(12) 4000(12) 5000(12) 6000(12 8000(12)
C3 3.5 406 305 244 203 174 152 122 102 76
7 188 141 13 94 81 T 56 47 35
14 92 69 55 46 40 35 28 23 17
21 62 46 37 31 26 23 18 15 12
28 43 32 26 21 18 16 13 [} 8
C4 3.5 998 859 764 693 638 593 523 472 397
7 430 370 329 298 274 255 225 203 171
14 208 179 159 144 133 123 109 98 83
21 139 119 106 96 89 82 73 65 $S
28 95 81 72 66 60 56 50 45 38
L2 3.5 7.06 9.05 10.99 12.90 14.79 16.67 20.37 24.03 31.25
7 3.89 497 6.03 7.07 8.10 9.12 1113 13.11 17.02
14 1.99 2.54 3.08 361 4.3 465 5.68 6.69 8.68
21 1.33 1.69 2.05 241 2.76 3.10 3.78 4.46 5.78
28 0.96 1.22 1.48 1.74 1.99 2.24 2.73 3.22 4.17
L3 3.5 445 4.45 4.45 445 4.45 445 4.45 445 445
7 244 244 244 244 244 244 244 244 244
14 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24
21 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83
28 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60

Fig. 6-28 — Chart to determine the values of L and C needed for a pi (A) and pi-L {B) network to match a

range of input impedances to a 50-ohm load.
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R1 F Ct Lt C2 R2 0
Ohms MH:z pF uH pF OhmsQual.
50 3.5 2600 0.94 4153 10 2.9
50 1.0 1179  0.49 1678 10 2.6
50 14.0 579 0.25 801 10 2.5
50 21.0 384 0.16 528 10 2.5
50 29.7 266 0.12 351 10 2.5
50 3.5 2098 1.27 2811 20 2.3
S0 7.0 952 0.67 1220 20 2.1
50 14.0 467 0.34 593 20 2.1
S0 21.0 310 0.23 393 20 2.0
50 29.7 214 0.16 268 20 2.0
S0 3.5 2098 1.43 2533 30 2.3
s0 1.0 952  0.76 1131 30 2.1
50 14.0 467 0.38 553 30 2.1
S50 21.0 310 0.26 367 30 2.0
50 29.7 214 0.8 253 30 2.0
50 3.5 2098 1.55 2290 40 2.3
50 7.0 952 0.83 1033 40 2.1
50 14.0 467 0.42 506 40 2.1
50 21.0 310 0.28 336 40 2.0
50 29.7 214 0.20 232 40 2.0
50 3.5 2098 1.66 2098 S0 2.3
50 1.0 952  0.88 952 50 2.1
50 14.0 467  0.45 467 50 2.1
50 21.0 310 0.30 310 50 2.0
50 29.7 214 0.21 214 50 2.0
50 3.5 2098 1.66 2098 50 2.3
50 1.0 952  0.88 952 50 2.1
50 14.0 467  0.45 467 50 2.1
50 21.0 310 0.30 310 50 2.0
50 29.7 214 0.21 214 50 2.0
75 3.5 1399  2.21 1630 50 2.3
75 1.0 634 1.17 731 50 2.1
75 14.0 311 0.59 358 50 2.1
75 21.0 207 0.40 238 50 2.0
75 29.7 143 0.28 164 50 2.0
100 3.5 1049  2.72 1337 50 2.3
100 7.0 476 1.43 591 50 2.1
100 14.0 234 0.72 288 50 2.1
100 21.0 155 0.48 191 50 2.0
100 29.7 107 0.35 131 50 2.0

Rl F Cl L1 C2 R2 Q
Ohms MHz pF uH pF Ohms Qual.
125 3.5 839 3.19 1124 50 2.3

125 1.0 381 1.67 488 50 2.1

125 14.0 187 0.84 237 50 2.1

125 21.0 124  0.56 157 50 2.0
125 29.7 86 0.40 107 S0 2.0
150 3.5 699  3.62 957 50 2.3
150 1.0 317 1.89 405 50 2.1

150 14.0 156 0.95 196 50 2.1

150 21.0 103 0.64 129 50 2.0
150 29.7 71 0.4S 88 50 2.0
175 3.5 599 4.03 816 50 2.3
175 1.0 272 2.09 333 50 2.1

175 14.0 133 1.05 159 50 2.1

175 21.0 89 0.70 105 50 2.0
175 29.7 61 0.50 70 50 2.0
200 3.5 569  4.26 822 50 2.5

200 1.0 258 2.22 334 50 2.3
200 14.0 127 112 160 50 2.2

200 21.0 84 0.74 105 50 2.2

200 29.7 58 0.53 70 50 2.2

225 3.5 543 4.48 827 50 2.7

225 1.0 246  2.34 335 50 2.4

225 14.0 121 1.18 160 50 2.4
225 21.0 80 0.79 106 50 2.4

225 29.7 55  0.56 70 50 2.3
250 3.5 520 4.68 831 50 2.9
250 1.0 236 2.45 336 50 2.6
250 14.0 116 1.23 160 50 2.5

250 21.0 77  0.82 106 50 2.5

250 29.7 53 0.59 70 50 2.5

275 3.5 499  4.86 834 50 3.0
275 1.0 227 2.56 336 50 2.7
275 14.0 11 1.29 160 50 2.7

275 21.0 74  0.86 106 50 2.7
275 29.7 51  0.61 70 50 2.6
300 3.5 481  5.04 836 50 3.2

300 1.0 218 2.66 337 50 2.9
300 14.0 107 1.34 160 50 2.8
300 21.0 71 0.89 106 50 2.8
300 29.7 49 0.64 70 50 2.8

Fig. 6-28A — The following data is for a pi network with a Q of 2 at the top of each band. The Q shown is
that for the same inductor at the bottom of the band. The capacitors are shown for the bottom of the
band to indicate the maximum capacitance needed. If the transformation ratio exceeds 70 percent of
maximum, the Q has been automatically recalculated in order to retain the characteristics of a pi network
and that new value shown. Do not forget which end of the network represents 50 ohms!

feeding 52- 75-ohm loads. In obtaining the larger
capacitances required for the lower frequencies, it
is common practice to switch one or more fixed
capacitors in parallel with the variable air
capacitor. While the voltage rating of a mica or
ceramic capacitor may not be exceeded in a
particluar case, capacitors of these types are
limited in current-carrying capacity. Postage-stamp
silver-mica capacitors should be adequate for
amplifier inputs over the range from about 70
watts at 28 MHz to 400 watts at 14 MHz and
lower. The larger mica capacitors (CM-45 case)
having voltage ratings of 1200 and 2500 volts are
usually satisfactory for inputs varying from about
350 watts at 28 MHz to 1 kW at 14 MHz and
lower. Because of these current limitations,
particularly at the higher frequencies, it is advisable
to use as large an air capacitor as practicable, using

the micas only at the lower frequencies. Broad-
cast-receiver replacement-type capacitors can be
obtained reasonably. Their voltage insulation
should be adequate for inputs of 1000 watts or
more.

TRANSISTOR OUTPUT CIRCUITS

Since rf power transistors have a low output
impedance (on the order of 5 ohms or less), the
problem of coupling the transistor to the usual
50-ohm load is the reverse of the problem with a
vacuum-tube amplifier. The 50-ohm load must be
transformed to a low resistance.

Figs 6-29A and B show two types of
parallel-tuned circuits used to couple the load to
the collector circuit. The collector is tapped down
on the inductor in both cases. C1 provides tuning
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Fig. 6-29 — Typical transistor output-matching
networks.,

for the collector and C2 adjusts the coupling to the
load to achieve the proper impedance transforma-
tion. The use of the tapped connection to the
inductor helps to maintain the loaded Q of the
circuit while minimizing variations in tuning with
changes in the junction capacitance of the
transistor.

Circuits of Figs. 6-29C through E are not
dependent upon coupling coefficient of a tapped
coil for load-impedance transformation, making
them more suitable for use at hf than either A or
B. The collector-emitter capacitance (Cy) of the
transistor is a major factor in the calculations used
to design these circuits. Unfortunately C, is not
constant, so cut-and-try adjustments are usually
necessary to optimize a particular circuit.

Early tests of transistor rf power amplifiers
should be made with low voltage, a dummy load
and no drive. Some form of output indicator
should be included. When it has been established
that no instability exists, the drive can be applied
in increments and adjustment made for maximum
output. The amplifier should never be operated at
high voltage and no load.

BROADBAND COUPLING

The techniques of broadband-transformer con-
struction use transmission-line elements. A trans-
former consists of a short transmission line
(one-eighth wavelength or less) made from a
twisted-wire pair, coaxial or strip line, wound on a
high-permeability toroid core to improve the
low-frequency characteristics. At vhf the core may
be omitted. Only discrete impedance transforma-
tions are possible; typical ratios are 9/4:1, 4:1 9:1,
16:1, and 25:1. The higher ratios are difficult to
achieve in practice, so several 4:1 transformers are
employed for a large transformation ratio as shown
in Fig. 6-23. Hybrid transformers, providing the
180-degree phase shift for input and output
matching to push-pull stages, may also be made
using broadband techniques.

Large toroid cores are not required for
moderate power levels. A one-half inch diameter
core is sufficient for operation at 100 watts at the
low impedance levels found in transistor circuits.
Because the current is high it is important to keep
the resistance of the conductors low. Multicon-
ductor leads (3 or 4 strands of No. 26 enam.,
twisted) or the flat enam. strip used for
transformer windings) are suitable. Some typical
designs are shown in Table 6-II.

STABILIZING AMPLIFIERS

A straight amplifier operates with its input and
output circuits tuned to the same frequency.
Therefore, unless the coupling between these two
circuits is brought to the necessary minimum, the
amplifier will oscillate as a tuned-plate tuned-grid
circuit . Care should be used in arranging
components and wiring of the two circuits so that
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there will be negligible opportunity for coupling
external to the tube or transistor itself. Complete
shielding between input and output circuits usually
is required. All rf leads should be kept as short as
possible and particular attention should be paid to
the 1f return paths from input and output tank
circuits to emitter or cathode. In general, the best
arrangement using a tube is one in which the
cathode connection to ground, and the plate tank
circuit are on the same side of the chassis or other
shielding. The ‘“‘hot” lead from the input tank (or
driver plate tank) should be brought to the socket
through a hole in the shielding. Then when the grid
tank capacitor or bypass is grounded, a return path
through the hole to cathode will be encouraged,
since transmission-line characteristics are simula-
ted.
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Fig. 6-30 — (A) A neutralizing
scheme may use either C1 or
C2 to cancel the effect of grid-
to-plate capacitance in the tube
{B) Vhf parasitic circuit shown
with heavy lines. n

®)

A check on external coupling between input
and output circuits can be made with a sensitive
indicating device, such as the wavemeter shown in
the Measurements chapter. The amplifying device
is removed. With the driver stage running and
tuned to resonance, the indicator should be
coupled to the output tank coil and the output
tank capacitor tuned for any indication of rf
feedthrough. Experiment with shielding and
rearrangement of parts will show whether the
isolation can be improved. For additional informa-
tion on transistor circuits see Chapter 4.

UNBALANCED
L]

HF TRANSMITTING

Screen-Grid Tube Neutralizing Circuits

The plate-grid capacitance of screen-grid tubes
is reduced to a fraction of a picofarad by the
interposed grounded screen. Nevertheless, the
power sensitivity of these tubes is so great that
only a very small amount of feedback is necessary
to start oscillation. To assure a stable amplifier, it
is usually necessary to load the grid circuit, or to
use a neutralizing circuit.

The capacitive neutralizing system for screen-
grid tubes is shown in Fig. 6-30A. Cl is the
neutralizing capacitor. The capacitance should be
chosen so that at some adjustment of C1,

Cl - m:;xud_p_lm_camgmue_ga&'m
C3  Tube input capacitance {or Cyy)

The grid-cathode capacitance must include all
strays directly across the tube capacitance,
including the capacitance of the tuning-capacitor
stator to ground. This may amount to § to 20 pF.
In the case of capacitance coupling, the output
capacitance of the driver tube must be added to
the grid-cathode capacitance of the amplifier in
arriving at the value of C1.

Neutralizing a Screen-Grid Amplifier Stage

There are two general procedures available for
indicating neutralization in a screen-grid amplifier
stage. If the screen-grid tube is operated with or
without grid current, a sensitive output indicator

~REVER SAL
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| 3 BIFILAR
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26 ON ONE CORE
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SINGLE~ |
WINDING AL =
, A , . um;::;n«:m3 . : nl.:nc:o
BALANCED Irm | 0
SYYYL_e g 4 ?
HOMAED s YT, S t—] I I | 4l
’J’ saLUN BALANCED SYMMETRIC
7 UNBAL ANCED
4.1 BROADBAND TRANSFORMER
11 BROADBAND TRANSFORMER . 5
41 BROADBAND TRANSFORMER
(a) HIGH IMPEDANCE BALANCED LOW IMPEDANCE  BALANCED
®) (LESS THAN 20 OHMS)
({4}
M:'\..Ancm __,_rYﬁ’\.T Table 6-11 — Basic broadband balun transformers.
Bifilar windings are six to ten turns, depending on
nsALAnceD HBALANCED  he ferrite-core permeability. A suitable ferrite
material is Q1 with a permeability of 125. Very
small size cores {1/4-to 3/4-inch OD} may be used
for receiving and low-power applications. For
full-power applications a 2-1/2-inch OD Q1 core
UNBAL ANCED 11 PHASE REVERSING with 1/2-inch cross section wound with No. 14
AUTO-TRANSFORMER TRANSFORMER Formex copper wire, seven turns per winding, is
(E) (6) recommended.
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Stabilizing Amplifiers

can be used. If the screen-grid tube is operated
with grid current, the gridcurrent reading can be
used as an indication of neutralization. When the
output indicator is used, both screen and plate
voltages must be removed from the tubes, but the
dc circuits from the plate and screen to cathode
must be completed. If the grid-current reading is
used, the plate voltage may remain on but the
screen voltage must be zero, with the dc circuit
completed between screen and cathode.

The immediate objective of the neutralizing
process is reducing to a minimum the rf driver
voltage fed from the input of the amplifier to its
output circuit through the grid-plate capacitance of
the tube. This is done by adjusting carefully, bit by
bit, the neutralizing capacitor or link coils until an
rf indicator in the output circuit reads minimum,
or the reaction of the unloaded plate-ircuit tuning
on the grid-current value is minimized.

The wavementer shown in the Measurements
chapter makes a sensitive neutralizing indicator.
The wavemeter coil should be coupled to the
output tank coil at the low-potential or “‘ground”
point. Care should be taken to make sure that the
coupling is loose enough at all times to prevent
buring out the meter or the rectifier. The plate
tank capacitor should be readjusted for maximum
reading after each change in neutralizing.

When the gridcurrent meter is used as a
neutralizing indicator, the screen should be
grounded for rf and dc, as mentioned above. There
will be a change in grid current as the unloaded
plate tank circuit is tuned through resonance. The
neutralizing capacitor (or inductor) should be
adjusted until this deflection is brought to a
minimum. As a final adjustment, screen voltage
should be returned and the neutralizing adjustment
continued to the point where minimum plate
current, maximum grid current and maximum
screen current occur simultaneously. An increase in
grid current when the plate tank circuit is tuned
slightly on the high-frequency side of resonance
indicates that the neutralizing capacitance is too
small. If the increase is on the low-frequency side,
the neutralizing capacitance is too large. When
neutralization is complete, there should be a slight
decrease in grid current on either side of resonance.

Grid Loading

The use of a neutralizing circuit may often be
avoided by loading the grid circuit if the driving
stage has some power capability to spare. Loading
by tapping the grid down on the grid tank coil (or
the plate tank coil of the driver in the case of
capacitive coupling), or by a resistor from grid to
cathode is effective in stabilizing an amplifier.

VHF Parasitic Oscillation

Parasitic oscillation in the vhf range will take
place in almost every rf power amplifier. To test
for vhf parasitic oscillation, the grid tank coil (or
driver tank coil in the case of capacitive coupling)
should be shortcircuited with a clip lead. This is to
prevent any possible t.g.t.p. oscillation at the
operating frequency which might lead to confusion
in identifying the parasitic. Any fixed bias should

TP TP,
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be replaced with a grid leak of 10,000 to 20,000
ohms. All load on the output of the amplifier
should be disconnected. Plate and screen voltages
should be reduced to the point where the rated
dissipation is not exceeded. If a Variac is not
available, voltage may be reduced by a 117-volt
lamp in series with the primary of the plate
transformer.

With power applied only to the amplifier under
test, a search should be made by adjusting the
input capacitor to several settings, including
minimum and maximum, and turning the plate
capacitor through its range for each of the
grid-capacitor settings. Any grid current, or any dip
or flicker in plate current at any point, indicates
oscillation. This can be confirmed by an indicating
absorption wavemeter tuned to the frequency of
the parasitic and held close to the plate lead of the
tube.

The heavy lines of Fig. 6-30B show the usual
parasitic tank circuit, which resonates, in most
cases, between 100 and 200 MHz. For each type of
tetrode, there is a region, usually below the
parasitic frequency, in which the tube will be
self-neutralized. By adding the right amount of
inductance to the parasitic circuit, its resonant
frequency can be brought down to the frequency
at which the tube is self-neutralized. However, the
resonant frequency should not be brought down so
low that it falls close to TV Channel 6 (88 MHz).
From the consideration of TVI, the circuit may be
loaded down to a frequency not lower than 100
MHz. If the self-neutralizing frequency is below
100 MHz, the circuit should be loaded down to
somewhere between 100 and 120 MHz with
inductance. Then the parasitic can be suppressed
by loading with resistance. A coil of 4 or § turns,
1/4 inch in diameter, is a good starting size. With
the tank capacitor turned to maximum capaci-
tance, the circuit should be checked with a GDO to
make sure the resonance is above 100 MHz. Then,
with the shortest possible leads, a noninductive
100-ohm 1-watt resistor should be connected
across the entire coil. The amplifier should be
tuned up to its highest-frequency band and
operated at low voltage. The tap should be moved
a little at a time to find the minimum number of
turns required to suppress the parasitic. Then
voltage should be increased until the resistor begins
to feel warm after several minutes of operation,
and the power input noted. This input should be
compared with the normal input and the power
rating of the resistor increased by this proportion;
i.e., if the power is half normal, the wattage rating
should be doubled. This increase is best made by
connecting 1-watt carbon resistors in parallel to
give a resultant of about 100 ohms. Or, one of the
Globar surge-protection resistors may be used. As
power input is increased, the parasitic may start up
again, so power should be applied only momen-
tarily until it is made certain that the parasitic is
still suppressed. If the parasitic starts up again
when voltage is raised, the tap must be moved to
include more tumns. So long as the parasitic is
suppressed, the resistors will heat up only from the
operating-frequency current. In grounded-grid

] lL PPN Wi
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OUTPUT

INPUT

A +V +V
$ A -GRID
-y B -CATHOODE
C -SCREEN
D-APLATE

circuits it is useful to locate the parasitic
suppressor in the cathode lead, as the rf power
level is less than at the plate terminal.

Since the resistor can be placed across only that
portion of the parasitic circuit represented by Ly,
the latter should form as large a portion of the
circuit as possible. Therefore, the tank and bypass
capacitors should have the lowest possible
inductance and the leads shown in heavy lines
should be as short as possible and of the heaviest
pratical conductor. This will permit L, to be of
maximum size without tuning the circuit below the
100-MHz limit.

Another arrangement that has been used
successfully in transistor and low-level tube stages
is to place one or more ferrite beads over the input
or output leads, as close as possible to the
amplifying device. The beads have sufficient low-Q
inductance at vhf to discourage any tendency
toward parasitic oscillation.

Low-Frequency Parasitic Oscillation

The screening of most transmitting screen-grid
tubes is sufficient to prevent low-frequency
parasitic oscillation caused by resonant circuits set
up by rf chokes in grid and plate circuits. When rf
chokes are used in both grid and plate circuits of a
triode amplifier, the split-stator tank capacitors
combine with the rf chokes to form a low-frequen-
cy parasitic circuit, unless the amplifier circuit is
arranged to prevent it. Often, a resistor is
substituted for the grid rf choke, which will
produce the desired result. This resistance should
be at least 100 ohms. If any grid-leak resistance is
used for biasing, it should be substituted for the
100-ohm resistor.

Transistor LF Parasitics

Using transistors with shunt feed often means
low-frequency parasitic trouble. A word about this
problem is in order as it usually doesn’t occur in
vacuum-tube circuits and is often a rough problem
for the newcomer to solid state. These parasitics
manifest themselves as a wide spectrum of white
noise (hash) around and below the operating
frequency. They can often be heard on a broadcast
receiver several feet away from a transmitter under
test. The desired signal may sound clean, so it is
necessary to check far below the operating
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Fig. 6-31 — Metering circuits
J;' for (A} tubes and (B} trans-
istors, To measure current,
oUTPUT connect a meter at the point
o shown in series with the lead.
For voltage measurements,
connect the meter from the
point indicated to the
i common or ground con-
nection.
E - B8ASE
F-EMITTER
G—-COLLECTOR

frequency. Two transistor characteristics combine
to cause this trouble. First, transistors have higher
gain at lower frequencies than they do at hf.
Second, interelement capacitances vary over a wide
range of changes in voltage, the result being
varactor action that causes spurious outputs. The
best way to avoid the problem is to use a minimum
of inductance in the collector circuit. Large chokes
are unsatisfactory. Series feed is a good answer as
no choke is needed. Bypass capacitors should be
the minimum value required. Decoupling on power
leads between stages should have at least two
capacitors, one effective at the operating frequency
and a second large capacitor that is good at low
frequencies.

METERING

Fig. 6-31 shows how a voltmeter and
milliammeter should be connected to read various
voltages and currents. Voltmeters are seldom
installed permanently, since their principal use is in
preliminary checking. Also, milliammeters are not
normally installed permanently in all of the
positions shown. Those most often used are the
ones reading grid current and plate current, or grid
current and cathode current, or collector current.

Milliammeters come in various current ranges.
Current values to be expected can be taken from
the tube tables and the meter ranges selected
accordingly. To take care of normal overloads and
pointer swing, a meter having a current range of
about twice the normal current to be expected
should be selected.

Grid-current meters connected as shown in Fig.
6-31 and meters connected in the cathode circuit
need no special precautions in mounting on the
transmitter panel so far as safety is concemned.
However, milliammeters having metal zero-adjust-
ing screws on the face of the meter should be
recessed behind the panel so that accidental
contact with the adjusting screw is not possible, if
the meter is connected in any of the other
positions shown in Fig. 6-31. The meter can be
mounted on a small subpanel attached to the front
panel with long screws and spacers. The meter
opening should be covered with glass or celluloid.
Iluminated meters make reading easier. Reference
should also be made to the TVI chapter of this
Handbook in regard to wiring and shielding of
meters to suppress TVI.



Component Ratings
COMPONENT RATINGS

Output Tank Capacitor Voltage

In selecting a tank capacitor with a spacing
between plates sufficient to prevent voltage
breakdown, the peak rf voltage across a tank
circuit under load, but without modulation, may
be taken conservatively as equal to the dc plate or
collector voltage. If the dc supply voltage also
appears across the tank capacitor, this must be
added to the peak rf voltage, making the total peak
voltage twice the dc supply voltage. If the amplifier
is to be plate-modulated, this last value must be
doubled to make it four times the dc plate voltage,
because both dc and rf voltages double with
100-percent amplitude modulation. At the higher
voltages, it is desirable to choose a tank circuit in
which the dc and modulation voltages do not
appear across the tank capacitor, to permit the use
of a smaller capacitor with less plate spacing.

Capacitor manufacturers usually rate their pro-
ducts in terms of the peak voltage between plates.
Typical plate spacings are shown in the following
table, 6-111.

Output tank capacitors should be mounted as
close to the tube as temperature considerations will
permit, to make possible the shortest capacitive
path from plate to cathode. Especially at the
higher frequencies where minimum circuit capaci-
tance becomes important, the capacitor should be
mounted with its stator plates well spaced from the
chassis or other shielding. In circuits where the
rotor must be insulated from ground, the capacitor
should be mounted on ceramic insulators of size
commensurate with the plate voltage involved and
— most important of all, from the viewpoint of
safety to the operator — a well-insulated coupling
should be used between the capacitor shaft and the
dial. The section of the shaft attached to the dial
should be well grounded. This can be done
conveniently through the use of panel shaft-bearing
units.
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Wire Sizes for Transmitting Coils
for Tube Transmitters

Power Input (Watts) Band (MHz) Wire Size
1000 28-21 6
14-7 8
3.5-1.8 10
500 28-21 8
14-7 12
3.5—-1.8 14
150 28-21 12
14-7 14
3.5—-1.8 18
75 28-21 14
14-7 18
3.5—-1.8 22
25 or fess* 28-21 18
14-7 24
3.5-1.8 28

‘QWire size limited principally by consideration of

Table 6-111
Typical Tank-Capacitor Plate Spacings

Spacing  Peak Spacing  Peak Spacing Peak

(In.) Voltage (In.) Voltage (In.)  Voltage
0.015 1000 0.07 3000 0.175 7000
0.02 1200 0.08 3500 0.25 9000
0.03 1500 0.125 4500 0.35 11000
0.05 2000 0.15 6000 0.5 13000

Tank Coils

Tank coils should be mounted at least their
diameter away from shielding to prevent a marked
loss in Q. Except perhaps at 28 MHz it is not
important that the coil be mounted quite close to
the tank capacitor. Leads up to 6 or 8 inches are
permissible. It is more important to keep the tank
capacitor as well as other components out of the
immediate field of the coil. For this reason, it is
preferable to mount the coil so that its axis is
parallel to the capacitor shaft, either alongside the
capacitor or above it.

There are many factors that must be taken into
consideration in determining the size of wire that
should be used in winding a tank coil. The
considerations of form factor and wire size that
will produce a coil of minimum loss are often of
less importance in practice than the coil size that
will fit into available space or that will handle the
required power without excessive heating. This is
particularly true in the case of screen-grid tubes
where the relatively small driving power required
can be easily obtained even if the losses in the
driver are quite high. It may be considered
preferable to take the power loss if the physical
size of the exciter can be kept down by making the
coils small.

Transistor output circuits operate at relatively
low impedances because the current is quite high.
Coils should be made of heavy wire or strap, with
connections made for the lowest possible resis-
tance. At vhf stripline techniques are often
employed, as the small inductance values required
for a lumped inductance become difficult to
fabricate.

RF Chokes

The characteristics of any rf choke will vary
with frequency, from characteristics resembling
those of a parallel-resonant circuit, of high
impedance, to those of a series-resonant circuit,
where the impedance is lowest. In between these
extremes, the choke will show varying amounts of
inductive or capacitive reactance.

In series-feed circuits, these characteristics are
of relatively small importance because the rf
voltage across the choke is negligible. In a
parallel-feed circuit, however, the choke is shunted
across the tank circuit, and is subject to the full
tank rf voltage. If the choke does not present a
sufficiently high impedance, enough power will be
abosrbed by the choke to cause it to burn out.

To avoid this, the choke must have a
sufficiently high reactance to be effective at the
lowest frequency, and yet have no series
resonances near the higher-frequency bands.
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THE K1ZJH SOLID-STATE TRANSCEIVER

Construction details for an all-band solid-state
transceiver are presented here for the more adven-
turous builders. Beginners are not encouraged to
attempt duplicating the circuits of this advanced
project. Printed-circuit templates or layouts are not
available. The transceiver has many features
making it suited to fit a variety of amateur needs.
Five-hundred kHz coverage of the 80-, 40-, 20- and
15-meter bands is provided, as well as 500 kHz of
the }0-meter band (28.5 to 29.0 MHz). Cw (peak
ssb) power output is 20 watts on 80, 40 and 20
meters, dropping to a maximum of 9 watts on 10
meters. Cw operation was included, and the ssb
VOX circuit is combined with the cw sidetone
generator to allow semi-break-in operation. Wher-
ever possible, FET and IC circuitry was employed.

In keeping with the state-of-the art, an elec-
tronic dial, or frequency counter, accurately
counts and displays the operating frequency of the
transceiver. Because the counter derives its final
count as a product of the oscillators and the BFO,
it will be as accurate as its time base allows. A
more detailed description of counter operation will
be given later.

Because portability was desired, the complete
transceiver, including speaker and power supply.
was assembled in an LMB CO-1 enclosure. Al-
though the author's unit (K1ZJH) was built for
operation at 117 volts, the 14.5-volt circuitry
makes battery operation possible.

Design Notes

Without a doubt one of the larger problems
plaguing the designer of a multiband transceiver is
the generation of the local oscillator signal. One
approach is to switch bands with the VFO, hoping
it will remain stable over wide ranges of operating
parameters. Other alternatives are a multi-
conversion arrangement involving the use of a
combination of i-f ranges, or using a premixing
scheme which directly synthesizes the mixer in-
jection by combining the VFO with other oscilla-
tors. Single conversion and one VFO range (the
‘p.r'emixing mc}llod) is used here.
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The use of the popular 5- to 5.5-MHz VFO and
9-MHz i-f allows 80- and 20-meter coverage to be
produced without premixing. Forty-meter opera-
tion is accomplished by premixing the 5-MHz VFO
output with the 21.5-MHz heterodyne oscillator to
generate a mixer injection signal at 16.5 to'16.0
MHz. When combined with 9 MHz, 40-meter
operation is obtained. The remaining bands, 10 and
15 meters, are produced with a 25-MHz HFO. On
15 meters, the VFO is mixed with the 25-MHz
HFO to produce a 30.0 to 30.5-MHz premixer
output. When mixed with the 9-MHz i-f, the result
is the 21.0 to 21.5-MHz amateur band. For 10
meters, the VFO is mixed with the 25-MHz HFO,
and the 20.0 to 19.5-MHz product is selected from
the premixer output. Combined with the 9-MHz
i-f, coverage of the 29 to 28.5-MHz portion of the
10-meter band is provided. This premixing scheme
produces a few minor operational quirks. Sideband
inversion or VFO tuning inversion occurs on some
bands because of down conversion in one of the
mixer stages. For this reason, the sideband posi-
tions on the mode switch are marked A and B. The
variable up or down premixing conversion does not
make it practical to offset the VFO to compensate
for changes 'in frequency when sidebands are
changed. This would result in an error of a few kHz
when using a mechanical dial arrangement, but the
counter quickly displays the new frequency. The
counter is programmed to correct for VFO tuning
inversion on those bands where it occurs.

The VFO and HFd

An MPF-102 JFET Colpitts oscillator is the heart
of the VFO. The gate of the MPF-102 is diode
clamped to minimize harmonic generatiof\ on
positive voltage peaks. Two transistor buffer stages
follow to reduce the effects of loading and to
provide an amplificd low-impedance VFO output.
Receiver offset tuning which is provided by a diode
across the main-tuning capacitor allows up to a
3-.kHz offset during receive. Voltage for the
MPF-102 is regulated. The Zener will dissipate heat
and should not be located in close proximity to
frequency determining components. Main-tuning
capacitor, Cl, is a rather costly item and was used
because one was made available for this project; it
is one of the better capacitors available for VFO
service. The large value of fixed-input capacitance
associated with the Colpitts oscillator swamped C1
and it was not possible to obtain full 500-kHz VFO
range with the LC ratio. L2 serves to expand the
frequency coverage available with the 35-pF capac-
itor to a little over 500 kHz. The VFO tuning range
should be adjusted to give about 20 kHz of overlap
on band edges. The slug of L1 will largely
determine total VFO spread, and trimmer capaci-
tor C, (45 pF across Cl) is used to set the VFO
frequency. Both adjustments will interact.
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Block diagram for the K1ZJH transceiver. The counter circuit is not included.

The VFO circuit board and associated VFO
components were mounted on a 1/8-inch thick
aluminum plate for mechanical rigidity. The gear
drive mechanism (not available commercially) has a
gear ratio of 16:1 providing about 33 kHz per dial
revolution. This is about the fastest tuning rate
desirable for comfortable tuning of ssb signals.

The internal speaker is located within the VFO
enclosure (just below the VOX amplifier). This is a
compromise necessitated because of tight cabinet
space. Fortunately the VFO is not microphonic,
and when possible, a larger and better sounding
external speaker is used. The photographs reveal
the counter board which is located directly
beneath the VFO. During operation, the compo-
nents on this board get warm and radiate con-
siderable heat. However, after about a 15-minute
warm-up period, thermal equilibrium is reached,
and VFO drift stabilizes to less than 100 Hz per
hour.

Polystyrene capacitors should be used where
indicated. These have a better tolerance to temper-
ature variations (either from external sources or
internal rf heating) than their silver mica counter-
parts. Mica capacitors can become leaky with age
because of dielectric deterioration, a bane to stable
VFO operation. Drifting can be reduced by select-
ing the “N” coefficient of trimmer C,. An N-500
capacitor was optimum compensation for this unit.

Any harmonics generated in the VFO buffer stages
are reduced in a half-wave filter. The VFO output
level is adjustable by a 500-ohm composition
trimmer, and should be set for 100 millivolts peak
to peak to supply proper injection levels for the
MC1496 mixers. On 20 and 80 meters, the VFO
directly feeds the MC1496 balanced mixer. On 10,
15 and 40 meters, the VFO output is premixed
with one of the HFO oscillators in the MC1496
premixer to produce the appropriate injection
range for the mixer.

The HFO oscillators are used only on 40, 15
and 10 meters. Only one HFO oscillator is active at
any one time; the operating voltage for the
appropriate HFO is supplied through band-switch
section nine. On 40 meters, the 21.5-MHz oscilla-
tor is active, while on 15 and 10 meters the
25-MHz oscillator is used. Except for the operating
frequency, both oscillator circuits are identical.
The HFO circuit board is mounted on the rear
VFO partition. The crystals used in the HFO are
inexpensive, general purpose ( third overtone) types
supplied by International Crystals.

The HFO Premixer and Preselector

The doubly-balanced design gives adequate
isolation of the input signals and only one tuned

World Radio Histor
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10-Meter Post Amplifier

Fig. 1 — Circuit diagram for the transceiver VFQ,

HFO, and mixer.

C1 — 35-pF variable (Millen 28035MKBB or
equiv.).

L1 — 24 turns No. 26 enam. on 1/2-inch ceramic
form tuned with a red slug.

L2 — 9 turns No. 20 enam. on T-50-2 core.

L3, L5 — 18 turns No. 24 enam. on T-50-2 toroid
core.

L4, L6 — 2 turns No. 24 enam. over L3 and LS
respectively.

L7 — 19 turns No. 24 enam. on T-50-2 toroid core.

L8 — 2 turns No. 24 enam. over L7.

L9 — 9 turns No.24 enam. on T-50-2 toroid core.

L10 — 2 turns No. 24 enam. over L9.

L11 — 14 turns No. 24 enam. on T-50-2 toroid
core.

L12 — 2 turns No. 24 enam. over L11.

VR1 —silicon, 1000 PRV, 1 A.

Y1 — 21.5 MHz third-overtone general-purpose.

Y2 — 25.0 MHz third-overtone general-purpose.

stage is needed for each premixer output. The
necessary 500-kHz pass band is easily obtained.
Voltage for the premixer is supplied through
band-switch section nine only on 40, 15 and 10
meters. The premixer is mounted in the VFO
enclosure on the partition shield parallel to the
bandswitch. HFQO injection measured on pin 8 of
the MC1496 premixer should be to 700 millivolts
p-p- VFO injection supplied to pin one should be
in the area of 35 millivolts p-p; if not, the 130-pF
coupling capacitor can be changed accordingly.
Injection levels to both MC1496 mixer stages are
critical. When using higher injection levels spurious,
raspy buzzsaw sounding signals will be heard
randomly as the receiver is tuned across the bands.
Motorola mentions likelihood of self oscillation
when the devices are driven from a high-impedance
source. Low-impedance drive sources are used in
the transceiver. Careful regulation of the maximum
mixer injection levels seems to be the best safe-
guard for stable MC1496 mixer operation.

Band-switch section five selects the correct
premixer LC output network. These are mounted
on the premixer pc board, and leads between the
bandswitch and premixer should be short and
direct. The low-impedance outputs are brought to
band-switch section six in a braided shield. Section
six selects the proper injection signal for the
receiver-transmitter mixer and the counter input
shaping circuit.

The preselector circuitry is located near the
front of the transceiver, adjacent to the VFO
compartment. It is shielded on three sides by the
front panel. a VFO compartment partition, and the
rear partition separating the preselector and
receiver-transmitter mixer compartments. The pre-
selector circuit is fairly conventional using two
MPF-102 FETs in cascade configuration. Gate bias
is under alc/agc control. Resistive loading of the 80
and 40 input links reduces excessive and unneeded
gain on these two bands. Band-switch sections one,
two, three and four are dedicated to preselector
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coil switching. Section two should be shielded
from section three to isolate the input and output
stages of the presclector. The shield is grounded
directly to the adjacent shield partition separating
the VFO and preselector compartments. Shielding
fabricated from thin copper flashing on the pre-
selector pc board further isolates the input and
output circuitry. The center shield of the pre-
selector tuning capacitor is grounded with a short
section of braid to a pc board shield directly
beneath it. The higher frequency coils were placed
closest to the band switch permitting short lead
lengths.

Both input and output impedances of the
preselector are approximately 50-70 ohms. Relays
K1 and K2 switch the preselector between the
receiver and transmitter portions of the transceiver.
The author acquired a handful of these miniature
relays, and they are used in several areas of the
transceiver to switch rf. The use of relay switching
may seem archaic in a modern transceiver but these
little relays are quiet, offer a good degree of
switching isolation, readily switch low-impedance
rf with minimum loss, and are available surplus at
reasonable prices. On receive, the preselector input
comes from the antenna relay through a rf attenu-
ator gain control. This method of gain control is
not only effective, but does not affect the total
dynamic agc range of the receiver. On 80 and 40
meters the gain and noise figure of the preselector
is of little practical value and the rf-gain control
will likely be run with almost full attenuation on
these bands to allow for good, strong-signal
handling characteristics in the receiver. The pre-
selector output in receive gocs to the receiver-
transmitter mixer stage for conversion to the
9-MHz receiver i-f. In transmit, the preselector
input is switched to the receiver-transmitter mixer
output. The preselector output, through an attenu-
ator rf-drive-level control, goes to the transmitter
power amplifier chain during transmit.

10-Meter Post Amplifier
and Receiver-Transmitter Mixer

It was found that both the preselector and
transmitter power chain suffered from a lack of
pep on ten meters. To improve receiver and
transmitter performance on 10 meters, a 28-MHz
post amplifier was incorporated. The post ampli-
fier, a MFE-121 dual-gate MOSFET, like the
preselector, is under alc/agc control. Operating
voltage is supplied to the post amplifier through
band-switch section nine on ten meters. Powering
the amplifier energizes relay K2 placing the ampli-
fier in line with the low-impedance ocutput of the
preselector. The three tuned stages of the post
amplifier offer a large degree of selectivity and
require careful stagger tuning to obtain uniform
gain across the 10-meter band. Stability of the
amplifier was achieved by stagger tuning and by
resistive loading of the input stage. Placement and
shielding of the amplifier stage are critical.

One mixer does the necessary conversion func-
tions for both the receiver and transmitter sections
of the transceiver. Another Motorola MC1496 IC is
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Fig. 3 — Circuit diagram for the transmitter power

chain. See Table | for capacitor values.

CR1 - 1N2154

K4 — 12 V dc, spdt.

L21A — 18 turns, No. 16 enam. on a T-80-2 core.
Inductance is a 1.9 uH.

L21B — 15 turns, No. 16 enam. on a T-60-6 core.
sinductance is 1.08 uH.

L21C — 10 turns, No. 16 erfem. on a T-60-6 core.
Inductance is 0.57 uH.

L21D — 9 turns, No. 16 enam. on a T-80-6 core.
Inductance is 0.41 uH.

L21E — 8 turns, No. 16 enam. on a T-80-6 core.
Inductance is 0.33 uH.

L22A — 16 turns, No. 16 enam. wound on a

turns, No. 16 enam. on a T-80-2 core. Inductance
is 0.76 uH.

L22C — 9 turns, No. 16 enam. on a T-80-6 core.
Inductance is 0.41 uH.

L22D — 8 turns, No. 16 enam. on a T-80-6 core.
Inductance is 0.27 uH.

L22E — 7 turns, No. 16 enam. on a T-80-6 core.
Inductance is 0.19 yH.

RFC1 — Six beads from Amidon.

RFC2, RFC3 — One bead from Amidon.

T1 — Primary 6 turns ct; secondary 2 turns ct. See
text.

T2 — Primary 4 turns ct; secondary 6 turns. See
text.

T3 — 26 turns, No. 30 enam. on 0.3 in. Q1 type

T-80-2 core. Inductance is 1.46 uH. L22B — 13

core.

supplied to the product detector. Part of the i-f
output is sampled and amplified by a CA3028 rf
amplifier. The amplified i-f signal is detected in a
diode voltage doubler, and the dc signal is fed to a
cascaded dc amplifier using a 2N3903 and a
2N390S transistor. The 2N390S controls the S
meter and supplies the alc/agc control voltage. The
agc/alc control bus is a common line, allowed by
bilateral stages common to both receiver and
transmitter functions.

Two agc ranges select fast or slow agc charac-
teristics. The one-mA S meter, a small surplus
movement, indicates relative received signal
strengths and transmitter alc levels. In transmit,
voltage is not supplied to the i-f stages, product
detector or CA3028 agc amplifier. The 2N3903
and 2N3905 dc amplifiers remain active, and alc
voltage developed in the PA is fed back to the dc
amplifiers for alc control voltage generation.

Audio Amplifier

A large variety of 1C amplifiers is available that
could be used in the audio stage of the transceiver.
A Sprague 2277 was used as it was readily available
at a nearby Radio Shack store. The RS-2277 is
actually two two-watt rms amplifiers in one pack-
age and was intended for small stereo systems. 1t
requires a minimum of external components and
provides good gain. Only one section of the 2277
was used. It delivers slightly less than two watts
with the 14.5-volt supply. Large ground foil areas
left on the pc board will provide a satisfactory
heatsink for the IC. The amplifier runs continu-
ously to allow sidetone monitoring for cw oper-
ation. The 1500-uyF capacitor from pin 14 of the
2277 is needed for decoupling and stable opera-
tion.  The audio output will drive most low-
-impedance loads. Cw selectivity is obtained
through a simple bandpass audio filter built from
44-mH telephone loading coils, and the 1000-Hz
filter is adequate for casual cw operation.

A sharper filter skirt may be obtained by
removing the two 2700-ohm resistors across the
44-mH coils (at the expense of a noticeable
increase in ringing). During cw operation, the

sidetone oscillator is active on keydown and is fed
to the audio amplifier. The amplifier assembly is
small and is located parallel to the front panel
behind the audio-gain control.

The SSB Generator and Associated Circuits

The two sideband crystals are those supplied by
the filter manufacturer and should be set to the
frequencies recommended. Rather than using a
third crystal for cw generation, it is possible to pull
the 9.0017-MHz crystal within the filter passband
with a diode-switched trimmer. For cw generation
the BFO oscillator transistor emitter is keyed.
When receiving in the cw mode, relay contacts K7B
energize the BFO for product detector and counter
operation. During sideband operation, contacts of
mode switch S1B prevent keying the BFO. While in
cw operation, voltage is supplied to the twin-tee
sidetone oscillator by the contacts of S1A of the

Top view of the transceiver.
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mode switch. The emitter of the sidetone oscillator
transistor is also keyed during cw operation.
Isolation diode CR4 prevents relay contacts of
K7B from activating the sidetone generator in
receive which could result in false tripping of the
semi-break-in circuit. Because the BFO signal is a
part of the display frequency, during key-up
periods in transmit the display readouts are
blanked.

Mode switch contacts SIA supply voltage to
the mic amplifiers in either sideband position. An
RCA CA3018A transistor array in the VOX circuit
reduces the number of active components to a few
devices. In the sideband positions, mode switch
contacts of SIC feeds audio to the VOX circuit for
normal VOX operation. In cw, contacts of S1C feed
sidetone audio to the VOX input allowing semi-
break-in operation, if desired. The VOX gain, delay
and anti trip controls are front-pancl mounted for
accessibility.

The VOX circuit energizes relay K7. This relay
does voltage switching and primarily controls
receive or transmit operation. When VOX opera-
tion is not desired, the mic PTT contacts will
manually key K7, or a front-panel mounted switch
allows the transceiver to be locked in transmit. The
VOX assembly is mounted to the speaker support
bracket within the VFO compartment. Another
Motorola MC1496 IC is used for the balanced
modulator. Audio is fed to pin four of the IC, BFO
injection to pin eight. Best carrier rejection at 9
MHz results with 80 millivolts p-p of BFO injec-
tion. The BFO level may be varied by changing the
value of the 82-pl coupling capacitor. A multiturn
trimpot is used for the carrier balance control to
allow for accurate and stable nulling of carrier.
Because no rf is present on the carrier balance
control, it may be mounted away from the
sideband generator. During cw operation the car-
riecr balance is deliberately upset by placing a
potential on pin one of the MC1496, permitting
the BFO energy to pass through the modulator
stage. The balanced modulator is not powered
during receive conditions which prevents spurious
9-MHz signals from reaching the filter and the
receiver i-f stages. Besides the modulator, BFO

TABLE |
Capacitor values in pF,
C7A - 560 CI10A — 300
C7B - 270 C10B - 160
C7C - 150 Cl10C - 75
C7D - 100 CI0D - 51
C7E — 68 C10E - 39
C8A - 100 Cl1A — 390
C8B - 51 C11B — 200
C8C — 24 ClI1C - 100
8D - 15 Cl11D - 68
C8E - 10 CI1E - 51
C9A - 910 Cl12A - 62
9B - 500 Cl2B - 43
9C - 250 Cl2C - 10
9D - 160 Cl2D - 22
CIE - 120 C12E - None used
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Bottom view of the transceiver.

injection is supplied to the product detector and to
the BFO counter-prescaler circuit. Excessive radia-
tion of the BFO signal, through careless shiclding
or bypassing, could reach the i-f stages causing agc
action or i-f blocking to occur.

Transmitter Power Chain

The development of a high-gain broad-band
power amplifier able to span 30 MHz can be
difficult. Fortunately, two previously published
articles laid the basic ground work for the trans-
ceiver’s power chain.! The circuitsy was intended
for 20-meter service and to obtain adequate perfor-
mance at 10 meters required several circuit re-
visions. This included replacing the 2N2102 stages
with 2N3866 transistors. The CA3028 predriver,
like the presclector and 10-meter postamplifier, is
under alc control. Drive to the predriver stage is
manually regulated by the drive-level control. A
low-frequency rolloff RC network after the drive-
level control helps to equalize fos the decrease in
transistor gain at the higher frequencies. The
push-pull output of the predriver drives two class
AB 2N3866 emitter follower stages. These, in turn,
drive two push-pull AB 2N3866 transistors in
common-emitter configuration. Heatsink fins are
needed on the 2N3866 transistors.

The final amplifier is a 12-volt version of one
described by Lowe.? Constructiomn of T1 and T2 is
somewhat unconventional The original amplifier
described by Lowe was designed tor 28-volt opera-
tion allowing the use of inexpensive surplus tran-
sistors. Since 14.5-volt circuitry 1s used for the rf
stages, this involved changing the turns ratios of T1
and T2 and necessitated using 12-volt transistors in
place of the 2N3632s. Degencrative feedback in
the PA circuit improves linearity with a small
sacrifice in output power. Excessive rf drive causes
the CA3028 predriver to saturate before danger-

'Hill, “Single Band SSB Transceiver,” Ham
Radio, Nov., 1973.

?*Lowe, “A 15-Watt Output Solid-State Linear
Amplifier for 3.5 to 30 MHz,” QST, Dec., 1971.
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Fig. 4 — Circuit diagram for the i-f filter switching
circuit and for the receiver-transmitter mixer sec-
tion. See Table | for capacitor values.

KS, K6 — 12 V dc, spdt.

L23 — 40 turns. No. 28 enam. wound on a T-50-2

L24A — 62 turns,
L24B — 35 turns, No. 26 enam. wound on a T-50-2
L24C — 22 turns. No. 22 enam. wound on a T-50-2
L24D —

L24E — 4 turns, No. 22 enam. wound on a T-50-2

core.
No. 26 enam. wound on a
T-50-2 core.

core.

core.
12 turns, No. 22 enam. wound on a

T-50-2 core.

core.

ously high base currents are reached in the final
amplifier.

T3 samples PA f output. The secondary of T3
is detected to produce a proportional alc dc
output. Alc action is regulated by a front-panel alc
control. The 2N2222 alc amplifier increases the dc
signal to a level usable for the cascaded dc alc/agc
amplifier. The 1N34 diode prevents the 390-ohm
2N2222 emitter resistor from loading the agc
voltage developed in the voltage-doubler detector.
Because of the broad-band nature of the amplifier,
undesirable energy could be readily coupled to the
antenna. Five elliptical low-pass filters, one for each
individual band, are used to filter the transmitter
output. Band-switch sections 10 and 11 select the
appropriate filter for the band in use.’

The power chain was built on double-clad
epoxy board. A 12-volt power amplifier develops
large 1f currents, and stable efficient operation
demands low-impedance ground paths. The top foil
was left on the board to form a ground plane.
Leads above ground going to lower foil runs are
isolated by reaming away copper around the lead
holes. Leads going to lower ground foil runs should
also be soldered to the upper ground plane foil for
good bonding and to reduce ground loops. The
board was mounted in a section of 1/8-inch
aluminum channel that serves as a shield and a
heatsink for the final transistors. The PA transis-
tors were mounted directly on the aluminum
channel. The use of metal spacers and screws to
mount the board to the aluminum channel assured
adequate rf grounding.

Spectral analysis of the two-tone ssb output
signal shows third-order IMD products to be 27 dB
down at full power. With a slight reduction in
drive, better than 30 dB are obtainable. Broad-
band white noise, harmonics and other undesirable
spurious signals are well within acceptable mini-
mum levels. Because excessive drive levels cause
saturation of the CA3028 predriver, it is good
practice not to use excessive drive on cw to keep
harmonic generation at a minimum. Total trans-
mitter current drain is monitored with a three-
ampere meter movement. Proper drive levels for
ssb operation must be initially determined using an

3Schubert, “Lowpass Filters for Solid State
Linears,”” Ham Radio, March, 1974,
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L25 — 15 turns of No. 24 enam.

L26, L27, L28 — 25 turns, No. 24 enam. wound
on a T-50-2 core.
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oscilloscope. Once correct peak current is deter-
mined, the alc control should be set to show signs
of alc action on voice peaks. The peak meter
reading depends on the characteristics of the mefer
used and upon the voice characteristics of the
operator.

Band-Switch Notes

The 11 section ceramic band switch used in the
transceiver is assembled from several switches
removed from scrapped electronic assemblies.
Various switch manufacturers sell the necessary
wafer and drive assemblies to produce almost any
custom switch required. If avajlable, a fiber drive
shaft will reduce unwanted coupling between
switch sections. Shields are needed for isolation
between switch wafer sections 2 and 3,4 and §, 6
and 7, 8 and 9, and between 9 and 10. These
shields are grounded to nearby shield partitions.
The metal switch hardware at the end of the
assembly should be grounded. In the author’s unit,
the vertical elliptical-filter pc board was supported
in part by the rear of the switch assembly, and
ground foil remaining on the board provided a
low-impedance ground path to the chasis. The
transmitter power suns straight through from the
mixer output representing a large value of in-line
gain produced by the preselector and power chain
circuitry. It doesn’t take much unwanted coupling
to produce feedback paths. Careful shielding,
bonding, and elimination of ground loops are
important for stable operation.

Power Supply -

The power supply provides regulated 5-volts dc
and 14.5-volts dc for the transceiver. The five-volt
supply is for the TTL logic and LED displays in the
frequency counter; the 14.5-volt supply powers the
f and audio sections. A National LM 309 or
Fairchild 7805 1C is the heart of the 5-volt supply.
The IC has internal current limiting and automatic
over temperature cutoff for self protection. The
output is electronically filtered. A series resistor
reduces heatsink requirements for the 5-volt regu-
lator.

The 14.5-volt supply centers around a Fairchild
7815 regulator. This IC has the same features of

HF TRANSMITTING

Rear view of the transceiver.

the 7805 except it furnishes 15 volts. Because the
7815 alone will not meet the current demands of
the transceiver, two MJE-3055 pass transistors are
used to amplify the current capability of the
14.5-volt supply. Both pass transistors and 1C
regulators require a heatsink. The dropping resistor
for the S-volt regulator should be mounted so that
it will dissipate heat without adversely affecting
nearby circuits. An SCR crowbar circuit blows the
power supply fuse if regulator or pass transistor
failure allows more than 18 volts to appear on the
14-volt line. Large transients will also activate the
SCR.

If battery operation is contemplated, the S-volt
regulator should be operated directly from the
14.4-volt source without the series dropping resis-
tor. Operation directly from an 18- to 28-volt
supply may be accomplished, provided the regu-
lators and pass transistors are used for voltage
reduction.

The Frequency Display

Two separate amplifiers and scaler stages are
used to amplify and shape the f voltage levels to
be TTL compatible. Since the 74192 up-down
counters will only operate reliably to 25 MHz in
this application, each counter input is prescaled by
a factor of ten. The highest scaled input to the
counter will be about 3 MHz on 15 meters from
the 30-MHz premixer output. The BFO amplifier
uses a 7404 hex inverter biased for amplifier
service, and amplifies and shapes the 9-MHz BFO
signal to a S-volt logic level. A 7490 decade
counter divides the BFO signal down to 900 kHz.
These amplifiers and scalers should be well shielded
and bypassed as'their harmonics radiate well into
the hf region. A MC1350 IC serves to amplify, as
applicable, either the premixer or VFO output.
Another 7404 hex inverter is used to further
amplify and shape the rf signal to a usable logic
level. 1t was found that a 7490 would not operate
reliably in the presence of an rf field with the
maximum 30-MHz premixer output. The solution
was to use a high speed 74S114 as a divide-by-two
prescaler followed by a 7490 divide-by-five stage.

The basic counter circuit evolved from an
article appearing in the 1974, May-June issue of
the Air Force MARS Newsletter. As originally
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Fig, 8 — Circuit diagram far the diode matrix to select the preselector output for the up-down converters.
K8 is a 12-V dc dpdt unit. All diodes are power type, 200 PRV, 1 A.

intended, the counter was designed to count up the
high-frequency oscillator of a Swan transceiver,
and then change over and count down to 5.5-MHz
carrier generating oscillator; the difference of these
two (the operating frequency of the transceiver)
would then be transferred, latched and displayed.
With the premixing arrangement used in this
transceiver, it is necessary to count up or down
either the premixer or BFO signals. On 20 and 10
meters, a double up count of the BFO and
premixer signals is needed to reproduce the trans-
ceiver operating frequency.

Fig. 8 illustrates the use of Ul, a 7400 gate.
This gate, in conjunction with a diode matrix from
band-switch section nine, serves to select the
appropriate prescaler output for the up- or down-
counter inputs. Relay K8 is energized on 20 or 10
meters allowing two sequential up counts of the
scaler outputs to occur in lieu of the normal
up-down count sequence.

The three 74164 registers form the gating
circuit for the counter. With initially all of the
registers at zero, the first ten clock pulses enable
the up-counter gate; the down counter is disabled.
The eleventh clock pulse disables the up-counter
input, and enables the down-counter input until
the 20th clock pulse, when both inputs are
disabled. On 10 or 20 meters, the eleventh clock
pulse enables the second up-counter input and
disables the first up-counter input (U18A-B).

On the 22nd clock pulse, the 7475 latches are
set with the count present at the 74192 outputs.
The 22nd pulse also clears both the 74192 coun-
ters and 74164 gating registers. Because it is
possible for the 74192 counters to be reset before
the 7475s latch, causing a loss of the count,
inverters UI3E and UI13F provide a small time
delay before clearing the 74192 counters.

The counter displays four digits. With the

100-Hz clock rate selected, the hundreds of kHz,
tens of kHz, kHz, and hundreds of Hz are
displayed. A complete counter cycle takes 200 ms,
which provides rapid updating of changes in
operating frequency. A selectable 10-Hz clock rate
allows displays to within 10 Hz to be displayed,
with a loss of the 100-kHz position and a 2.2-
second counter update period. The MHz decimal
point to the left of the MSD is illuminated to
indicate when the higher clock rate is selected.

The counter was assembled on a small square of
Vectorbord. This allowed numerous circuit changes
to be made in the construction of the counter. The
counter circuitry, like the prescalers, generates
large amounts of rf hash and should be well
bypassed and shielded from the receiver circuitry.
The use of sockets is recommended. 1deally the
counter should be constructed on double-sided pc
board with an upper ground plane. The readouts
were mounted in a Monsanto MHO4C circularly
polarized bezel. In operation the last digit varies up
to 1 count, possibly caused by the random loss of
one or two counts depending upon the phase
relationship between the gating clock pulses and
the counter input signals. Placing the scalers after
the counter gating may have eliminated this condi-
tion, but it is only a minor annoyance.

A double-pole center-off switch is used to select
the 10-Hz or 100-Hz clock rate. The center-off
position removes the 5-V dc supply to the counter
circuitry, allowing considerable power savings
when the counter is not needed. The counter adds
a touch of class to the transceiver as well as
operating flexibility and convenience. On the
minus side, it must be admitted that a substantial
portion of the transceiver power requirements and
cost are represented in the counter section. Some
amateurs may wish to forego the counter in favor
of substituting a mechanical dial arrangement.
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Transceiver Alignment

It is assumed that the builder is experienced in
aligning ssb equipment, and space permits only a
cursory alignment procedure to be outlined. Access
to a wideband calibrated oscilloscope is recom-
mended. The VFO range can be set with either a
frequency counter or general-coverage receiver.
Disabling the BFO prescaler and selecting 80 or 20
meters will allow the internal counter to display
the VFO frequency.

The BFO tank should be adjusted so the
oscillator will start reliably when power is applied.
The trimmer for the BFO crystals should be set
using a counter. If one is not available, disable the
premixer prescaler and use the internal counter. On
40 meters, the 21.5-MHz HFO should be adjusted
so that it starts reliably. The 25-MHz oscillator
should be adjusted in a similar manner on either 10
or 15 meters. Set both of the MC1496 mixer
balancing pots to mid position. On the appropriate
bands, adjust the premixer tanks for maximum
output at mid band. Use an rf voltmeter or suitable
scope on the low-impedance premixer output for
these measurements. With the scope still on the
premixer output, carefully adjust the balance pot
until input injection feedthrough is minimal.
Adjust the 9-MHz i-f receiver stages using a signal
generator. Adjust for maximum S-meter deflection.
The 9-MHz receiver-transmitter mixer output can

at

12
1
ui3B UI3E
. 10 {FI1GJ0)

be tuned in a similar fashion. The third harmonic
of the VFO will beat with the 25-MHz oscillator to
produce a strong 9-MHz signal on 10 and 15
meters. Tune the receiver to 28.666 MHz. Care-
fully null the signal using the receiver transmitter
mixer balance pot. The preselector coils may be
peaked on receive using a signal generator, or by
on-the-air signals. Verify that the MC1496 mixer
injection levels (including balanced modulator and
BFO) are correct. In cw transmit, peak the 9-MHz
balanced modulator output. If transmit drive levels
are low, repeak the preselector coils for maximum
transmitter drive. In ssb transmit, adjust the
carrier-balance pot for minimal carrier feed-
through. Peak the 80 pF receiver-transmitter mixer
pi-network loading trimmer for maximum 10-
meter cw output.

The mic gain control is fixed. First disable the
transmitter power chain. Then, using a suitable
scope, monitor the low-impedance receiver-
transmitter mixer output. Using the station mic
and speaking in a slightly louder than normal voice,
adjust the mic-gain control to a point just below
where flat topping begins in the receiver-
transmitter mixer. This insures adequate ssb drive
levels on 10 and 15 meters. Changing microphones
will require this procedure to be repeated.

Preselector tuning during transmit should be
smooth; if the preselector tuning peaks abnormally
sharp on some bands, it is a probable indication of
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supply. U2 and U3 are manufactured by Fairchild.

VR1 is a General Electric type C35B. U1 is from Motorola. T1 is a Stancor RT-204.

regeneration. Likewise, the drive-level control
should exercise a smooth linear control over
output power. In ssb transmit, with the rf-drive
level at maximum, it should be possible to tune the
preselector throughout its range with no indication
of spurious oscillations.

The receiver performs as well as most on the

amateur market today. The 20-watt output power
places the transmitter above the QRP class, al-
though some discretion is needed when rubbing
shoulders with high-power stations on a crowded
band. Reports have praised the audio quality, and
many stations refused to believe the transmitter
was running only 20 watts.
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SIMPLE TRANSMITTING FILTERS

While the filters in this chart represent some-
what obsolete designs, the circuits are likely to be
encountered because of their popularity. The terms
wave filters or image-parameter filter are often
applied to this type of network. A basic limitation
on image-parameter filters is that a terminating
impedance that varies in a complicated manner is
required if the exact filter response is to be
realized. Consequently, such designs are only
approximate in nature and should not be used if
close tolerence on attenuation is required.

The units for L, C, R, and f are microhenries,

Ly

;lI‘*f’lI%:% i

LOW-PASS FILTERS

picofarads, ohms and megahertz, respectively. 1f
the so-called m-derived filter section is to be used,
the value of m in the chart can be found from

m - 4 Il — (%_)'for the low-pass filter and
@

m = »\/ 1 - (;-.ei) ,for the high-pass filter.

where f, is the cutoff frequency and fe is a
frequency of high attenuation.
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A 160-METER AMPLIFIER

Fig. 1 — Front view of the 160-meter amplifier.
Note the use of perforated aluminum stock to
permit ventilation of both the rf and power supply
compartments. The large front-panel knob on the
right controls C3, while the adjacent knob to the
left controls C2. The power switch, S1, is con-
trolled by the smaller knob located beneath C3.
Both S1 and S2, the meter switch, are mounted
below the chassis, and DS1 is mounted between
the two switches.

Anyone who has operated in the 160-meter
band lately can attest to the fact that interest in
the “‘top band” is on the upswing. With only a
handful of manufacturers producing gear for 160,
this band is somewhat of a ““homebrewers’ haven.”
Most operation takes place during the evening
hours, because the high level of daytime iono-
spheric absorption makes communication (other
than strictly local) all but impossible for low
powered stations. Summertime static makes things
even more difficult. At present, amateurs occupy
this band on a shared basis with various radio-
navigation services, with maximum input power
limitations imposed to prevent harmful inter-
ference from occuring. These restrictions are
greatest between sundown and sunrise, when the
potential for interference is at maximum. However,
during the daylight hours, amateurs in 29 states are
permitted to use up to 1000 watts power input,
while in the other 21, the maximum is 500 watts,
in selected segments of the band.' The amplifier
described below is for use with 160-meter exciters
in the 50- to 100-watt output class, for ssb and cw
operation.

Circuit Data

A pair of 572B/T160L triodes are used in a

cathode-driven, grounded—grid configuration (see

Fig. 3). A small amount of operating bias is
provided by the 3.9-volt, 10-watt Zener diode in

'A chart of U.S. and Canadian 160-meter
sub-alliécations is available from ARRL Headquar-
ters; send a stamped, self-addressed envelope and
request form S-15A.

series with the cathode return lead, and the tubes
are completely cut off during nontransmitting
periods by opening that lead with K1A to reduce
unnecessary power consumption and heat gen-
eration. The other contacts on K1 perform all
necessary antenna switching functions for
transceive or separate transmitter/receiver opera-
tion. Drive power from the exciter is fed to the
directly heated cathodes through a parallel com-
bination of three .01 uwF disk capacitors, and a
resonant cathode tank circuit helps minimize the
amount of drive required. The filament choke,
RFC2, isolates the driving signal from the filament
transformer. A B&W FC-15A choke was used here.
A single power switch, S1, applies 117 V ac to the
primaries of both the power and filament trans-
formers simultaneously, as the $72B’s require no
significant warmup time. Sl also activates the
cooling fan, Bl, and the front-panel pilot light
assembly, DS1. The self-contained high-voltage
power supply uses a straightforward voltage
doubler circuit. No-load voltage is approximately
3100 V dc, dropping to 2600 V dc under one
kilowatt key-down conditions. R2 limits the initial
surge current to the filter capacitor bank to
prevent exceeding the current handling capability
of the rectifier string when the supply is first
turned on.

A single 0-1 mA meter is used to monitor either
plate voltage or cathode current. To measure plate
voltage, a multiplier consisting of five series-
connected 1-megohm 1-watt resistors with one end
tied to the B plus line is switched in series with the
meter to provide a full-scale reading of 5000 volts.
A 1000-ochm one-watt resistor between the bottom
of the meter multiplier and ground prevents the
full B plus voltage from appearing across the meter
switch, S2, when it is in the other position. To
measure cathode current, the meter is placed in

Fig. 2 — Top view of the amplifier. The rf

components occupy the foreground, while the
heat-generating power-supply componernts are vis-
ible behind the compartment shield at the rear.




A 160-Meter Amplifier-

Fig. 3 — Circuit diagram for the 160-meter
amplifier. Fixed-value capacitors are ceramic disk
uniess otherwise indicated. Polarized capacitors are
electrolytic. All resistors are 1/2-watt composition
unless noted otherwise.
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B1 — 117-volt axial fan (Rotron Whisper Fan or
equiv.).

C1 — Parallel combination of one 5000, 2000, and
1000-pF silver-mica capacitors.

C2, C3 — 250-pF air variable, .075-inch spacing (E.
F. Johnson 154-9 or equiv.).

C4, C5, C6 — Transmitting capacitor, 1000-pF
““doorknob’’ (Centralab 858S or equiv.).

CR1-CR12, incl. — 1000 PRV, 25-A silicon
{Motorola HEP 170 or equiv.).

DS1 — 117-volt ac neon pilot lamp assembly.

J1 — Phone jack.

J2, J3 — Coax chassis-mounting connector, type
S0O-239.

K1 — 3pdt, 10-A contacts, 110-V dc coil {Potter
and Brumfield KUP14D15 or equiv.).

{Continued on next page)
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L1 —1.0uH

L2, L3 - See text.

M1 — 1-mA dc {Simpson model 2121 or equiv.}.

RFC1 — 1.0 mH, 500 mA (E. F. Johnson 102-752
or equiv.).

S1 — Spst rotary switch.

S2 — Dpdt rotary switch.

T1 — 117-volt primary; secondary 625-0-625 volts
ac {ct not used) at 450 mA {Hammond No.
720).

T2 — 117-volt primary; secondary 6.3 V ctat 10 A
(Stancor P-6464 or equiv.).

T3 — 117-volt primary; secondary 6.3 V ac.

VR1 — Zener, 3.9-V, 10-watt {Motorola HEP
23500 or equiv.).

parallel with shunt R1, which remains in series
with the cathode return lead at all times. To obtain
a full-scale reading of one ampere, a shunt re-
sistance of .043 ohms was used with the Simpson
model 2121 meter, as it has an internal resistance
of 43 ohms (see Chapter 17).

As this amplifier is designed for monoband
operation, the mechanical and electrical com-
plexities and compromises involved in the band-
switching of an output network are not a factor
here. Tuned-link coupling is used in the output
circuit. The grid of each 572B is tied directly to
chassis ground, using short leads, to avoid problems
with instability. Parasitic suppressors Z1 and Z2
also contribute to stability. Neutralization is not
necessary.

B&W Miniductor stock is used at L2 and L3. L2
is made from 43 turns of B&W 3034 (No. 14 wire,
8 tpi, 3-inch dia.) and L3 is made from 39 turns of
B&W 3030 (No. 14 wire, 8 tpi, 2-1/2-inch dia.).
The coils are supported on a 10-inch strip of
bakelite which is mounted on three 1-1/2-inch
steatite insulating cones. L2 is epoxied into place
on the side of the bakelite strip nearest the tubes.
L3 will be partially inserted into the cold end of
L2, and is epoxied into place after initial ad-
justments have been made. L3 must be able to slide
freely inside L2 without making electrical contact.
The first 10 turns of L3 may be covered with a
layer of Scotch No. 27 glass insulating tape. Leads
from L3 are made with teflon-insulated flexible
stranded wire to allow the coil a degree of freedom
of movement during initial adjustment. Rf output
from L3 is connected to K1B through a short
length of RG-58/U coaxial cable.

Meter shunt Rl is made by winding 12-1/2
inches of No. 26 enam. wire around a 1-megohm

HF TRANSMITTING

2-watt resistor. If the meter used has an internal
resistance other than 43 ohms, the appropriate
shunt resistance value may be wound by referring
to the copper wire resistance table in Chapter 18.

Parasitic suppressors Z1 and Z2 are each made
with 3-1/2 turns of No. 14 enam. wire wound
around the parallel combination of three 82-ohm,
l-watt composition resistors, mounted right at
each plate cap.

Operation

The power supply should be tested before rf
drive is applied to the amplifier. For initial tests, it
is desirable to control the power transformer
primary voltage with a Powerstat, while leaving the
filament transformer primary and fan connected
directly to the 117 V ac line. Remember at all
times that lethal voltages exist both above and
below chassis. Do not make any internal ad-
justments with the power on, or even with the
power off until the bleeders have fully discharged
the filter capacitors (at least 40 seconds with this
particular amplifier). It is good practice to clip a
lead from the B-plus terminal to ground after the
capacitors have discharged, whenever working
inside the amplifier (remember to remove it before
applying power!). The tuned-input circuit (L1-C1),
should be checked with a grid-dip meter for
resonance at the frequency segment of interest. K1
must be closed during transmit; this may be
effected by shorting the wire from J1 to ground
with a relay inside the 160-meter exciter, or with
an external switch. Starting with a plate voltage of
about 1500 volts, drive is applied through J2 and
C2 is adjusted for maximum rf output as indicated
on an external rf wattmeter or relative output
indicator. C3 is then adjusted for maximum out-
put. The plate voltage may now be advanced to its
normal level. The link may be moved in or out
(with power off) and C2 and C3 again adjusted
until the highest efficiency is obtained. At that
point the link, L3, may be epoxied in place. In the
amplifier described here, the optimum position for
L3 was when eight of its turns were inside L2. This
may be used as a starting point for the adjustment.
Normal tune-up procedure involves only the ad-
justment of C2 and C3 for maximum output,
within the maximum legal power limits, of course.
During normal operation the 572B anodes may
glow with a dull red color. The tubes draw about
50 mA resting current, when K1 is closed and no
drive is applied.

A CONDUCTION-COOLED TWO-KILOWATT AMPLIFIER

One of the major concerns when dealing with
high power amplifiers is heat and how to reduce it.
The usual method has been to use a large fan or

blower, but this solution is generally noisy. By
using the principles of heat transfer, a noiseless
amplifier can be made with the use of an adequate
heat sink and conduction-cooled tubes.

The amplifier shown in the photographs and
schematically in Fig. 1 uses a pair of recently
designed 8873 conduction-cooled triode tubes. The
circuit configuration is grounded grid and uses no
tuned-input tank components. When properly ad-
justed, the amplifier is capable of IMD character-
istics which are better than can be achieved by a
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A 2-kW Amplifier

Top view of the 80-through 10-meter conduction-
cooled amplifier. The chassis is 17 X 12 X 3 inches
(43.2 % 30.5 X 7.6 cm) and is totally enclosed in a
shield. A separate partition was fabricated to
prevent rf leakage through the meter holes in the
front panel. An old National Radio Company
vernier dial is used in conjunction with the plate
tuning capacitor to provide ease of adjustment
(especially on 10 meters). The position of the dial
for each band is marked on the dial skirt with a
black pen and india ink.

typical exciter, therefore the added complexity of
band switching o tuned-input circuit was deemed
unnecessary,

Construction

Building an amplifier such as this is often an
exercise in adapting readily availuble components
to a published circuit, For this reason, a blow-
by-blow description of this phase of the project
will not be given. An cffort was made, however, to
use parts which are availuble generally, and should
the builder desire, this model could be copied
verbatin,

The most difficult constructional problem is
that of aligning the tube sockets correctly. It is
imperative that the sockets be aligned so that when
the tubes are mounted in place, the flat surfaces of
the anodes fit smoothly and snugly against the
thermal-link  heat-transfer  material.  Any  mis-
alignment here could destroy the tubes (or tube)
the first time full power is applied. The mounting
holes for the tube sockets are enlarged to allow
final positioning after the tubes are “socked™ in
place with the clamping hardware, Pressure must
be applied to the anodes so that they are always
snug against the thermal Jink, The hardware used
to perform this function must be nonconducting
material capable of withstanding as much as
2500C. The pressure bracket used here was fabri-
cated from several Millen jack-bar strips (mctal
clips removed) mounted in back-to-back fashion,
The entire assembly is held in place by means of a
long picce of No. 10 threaded brass rod which
passes through a small hole in the center of the
heat sink. An attempt to give meaningful com-
ments about how tight the tubes should be
pressured to the copper and aluminum sink will
not be given, Suffice it to say that the tubes should
fit flat and snugly against the thermal hardware.
The heat sink was purchased from Thermaloy and
is connected to a 1/4-inch thick picce of ordinary
copper plate, The total cost for the copper and the
aluminum sink is somewhat more than the price of
a good centrifugal blower ($30) but the savings
offcrcd by not having to purchase special tube
sockets and glass chimneys overcomes the cost
differential.

Top view of the power supply built by WA1JZC
showing the technique for mounting the filter-
capacitor bank. The diodes are mounted on a
printed-circuit board which is fastened to the rear
of the cabinet with cone insulators and suitable
hardware.

The power supply is built on a separate chassis
because the plate transtormer is bulky and cum-
bersome, A special transformer was designed for
this amplifier by Hammond Transformer Co. Ltd.,
of Guelph, Ont. Canada. The transformer contains
two windings, onc is for the plate supply to be
used in a voltage-doubler circuit and the other is
for the tube filaments, The power supply produces
2200 volts under a load of S00mA, and is rated for
2000 watts, The Hammond part number is given in
Fig. 1. All of the interconnections for power-
supply control and the operating voltages necded
by the amplifier are carried by a seven-conductor
cable. This excludes the B plus. however, which is
connected between the units by means of a picce
of test-probe wire (5-kV rating) with Millen high-
voltage conncctors mounted at both cnds. The
seven-conductor cable is made from several pieces
of two-conductor houschold wire (No. 10) avail-
able at most hardware stores, Since the main power
switch is mounted on the front pancl of the
amplifier, the power supply may he placed in some
remote position, out of the way from the operator
(not a bad idea!). A high-voltage meter was
included with the power supply so that it could be
usced with other amplifiers, It serves no purpose
with this system. The muain amplifier deck has
provisions for monitoring the plate voltage.
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Fig. 1 — Circuit diagram for the 8873 conduction-cooled amplifier, Component designations not listed
below are for text reference, RFC1 and RFC2 are wound on the same ferrite rod in the same direction;
three wires are wound together (Amidon MU-125 kit). Tube sockets for V1 and V2 are E.F. Johnson
124-0311-100. The thermal links are available from Eimac with the tubes. The heat sink is part number
2559-080-A000 from Astrodyne inc., 353 Middiesex Ave., Wilmington, MA 01887, and costs

approximately $20.

C1 — Transmitting air variable, 347 pF (E.F.

Johnson 154-0010-001).

C2 — Transmitting air variable, 1000 pF (E.F.
Johnson 154-30).

CR2-CR7, incl. — 1000 PRV, 2.5 A (Motorola
HEP170).

J1 — S0-239 chassis mounted coaxial connector,

J3, 44, J5 — Phono jack, panel mount,

J6 — High-voltage connection (Millen 37001).

K1 — Enclosed, three-pole relay, 110-volt dc coil

(Potter and Brumfield KUP14D15).

— 4-3/4 turns of 1/4-inch copper tubing,
1-3/4-inch inside diameter, 2-1/4 inches long.
L2 — 12-1/2 turns, 1/4-inch copper tubing, 2-3/4-

inch inside diameter, tap at one turn from
connection point with L1, 2-1/2 inches for 20
meters, 7-3/4 turns for 40 meters.

L3 - 11-1/2 turns, 2-inch diameter, 6 tpi (Barker
and Williamson 3025),

L4 — 10 turns, 2-inch diameter, 6 tpi, with taps at
3 turns for 10 meters, 3-1/2 turns for 15
meters, 4-3/4 turns for 20 meters, 6-3/4 turns
for 40 meters; all taps made from junction of

L1

»
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L3 (Barker and Williamson 3025).

M1 — 200 mA full scale, 0.5-chm internal resis-
tance (Simpson Electric Designer Series Model
523).

M2 — 1 mA full scale, 43 ohms internal resistance
{Simpson Electric, same series as M1).

R1 — Meter shunt, 05555 ohms constructed from
3.375 feet of No. 22 enam. wire wound over
the body of any 2-watt resistor higher than 100
ohms in value.

R2 — Meter shunt, 0.2 ohms made from five
1-ohm, 1-watt resistors connected in parallel.
RFC1, RFC5, RFC6 25 mH (Millen

34300-2500).

RFC3 — Rf choke (Barker and Williamson Model
800 with 10 turns removed from the bottom
end).

RFC4 — 22 uH (Millen 34300).

S1 — High-voltage band-selector style, double pole,
six position (James Millen 51001 style).

Z1, Z2 — 2 turns 3/8-inch-wide copper strap
wound over three 100-ohm, 2-watt resistors
connected in paraliel,
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Fig. 2 — Circuit diagram for the power supply.
The power transformer is available from Ham-
mond; type no. 101165. CR1 through CR9 are
25 A, 1000 PRV; see Fig. 1 for suitable part
number. T2 is Stancor part number P-8190 and is

rated for 6.3 volts at 1.2 amperes. DS1 is a
117-«volt neon pilot lamp assembly. The tap at R1
should be set for 5000 ohms to the B minus lead.
Adjustments to this tap cannot be made while
voltage is applied to the power supply. If the pilot

lamp does not glow properly, remove the ac cord,
allow suitable time for the high-voltage to bleed to
zero, and apply a screwdriver between the B-plus
line and ground before making any adjustments!
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A conventional household light switch may be
used for S4. If the switch is to be mounted
horizontally, be sure to use a contactor device and
not a mercury type (which operates in a vertical
position only). A double-pole switch was used with
both poles connected in parallel. The rating is 220
V at 10 A per section.

The RF Deck

The two sections of the pi-L network are
isolated from each other by placing one of them
under the chassis. Although not shown in the
photograph, a shield was added to prevent rf
energy from entering the control section
underneath the chassis. The shield divides the
chassis between the tube sockets and the inductors.
The loading capacitor is mounted directly beneath
the plate-tuning capacitor. This scheme provides an
excellent mechanical arrangement as well as a neat
front-panel layout,

The 8873s require a 60-second warmup time,
and accordingly, a one-minute time-delay circuit is
included in the design. The amplifier IN/JOUT
switch is independent of the main power switch
and the time delay. Once the delay circuit *‘times
out,” the amplifier may be placed in or out of the
line to the antenna, whenever desired. A safety
problem exists here: there is no large blower

[} AR r o
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running, and there are no brightly illuminated
tubes to warn the operator that the amplifier is
turned on, Except for the pilot lamp on the front
panel, one might be fooled into believing the
amplifier is turned off! And if the pilot lamp
should burn out, there is absolutely no way to tell
if the power is turned on (with the resultant high
voltage at the anodes of the 8873s). Beware/

Operation

Tuning a pi-L-output circuit is somewhat dif-
ferent than tuning a conventional pi-network be-
cause the grid current should be monitored closely.
Grid current depends on two items, drive power
and amplifier loading. The procedure found to be
most effective is to tune for maximum power
output with the loading sufficiently heavy to keep
the grid current below the maximum level while
adjusting the drive power for the proper amount of
plate current. The plate current for cw operation
should be 450 mA and approximately 900 mA
under single-tone tuning conditions for ssb, This
presents a problem since it is not legal to operate
under single-tone tuning conditions for ssb. Sixty
watts of drive power will provide full input levels.
For use with high-power exciters, see QST for
October, 1973,

A TWO-KILOWATT AMPLIFIER USING THE EIMAC 8877 TRIODE

One of the easier projects for the amateur to
undertake is the construction of an amplifier for
use on the hf bands. Generally speaking, the
mechanical aspects of the construction are more
difficult to handle than the electrical ones. And, as
with any construction project, acquiring the parts
can be difficult. The two-kilowatt amplifier shown
here is designed for dependable service at the
maximum legal power input allowed in the United
States. The component ratings are generous and
the construction is heavy duty. Since power
handling capability is typically determined by
physical size, most of the components used here
are large and accordingly, a split arrangement has
been employed allowing the placement of the
power supply on a separate chassis from the
amplifier compartment.

Another feature sets this amplifier apart from
most others described in the literature; the air is
exhausted from the top of the tube socket instead
of the conventional pressurized chassis air-flow
system.

The Circuit

The triode, a 3CX1500/8877, is connected in a
grounded-grid configuration which provides about

the 8877 amplifier. The non-

Front view of
sequential numbering of the band switch is dis-
cussed in the text. A switch is provided to allow
the selection of proper bias for the mode in use at
the time.

!

the most simple layout possible. The output tank

circuit is a pi-network with vacuum-variable capac-

itors used for both input and output tuning. A

2.5-mH rf choke is connected b?tween the output
» < ¢ !
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Mechanical Construction

end of the tank and ground to prevent B plus from
appearing at the antenna terminals should Cl
develop a short.

A passive, untuned, capacitor-coupled circuit is
used to apply rf-drive energy to the 8877 cathode.
Since a moderate amount of bias is permitted, L1
is incorporated to provide isolation from rf to the
bias-developing Zener diodes. The highest recom-
mended bias voltage for use on ssb is 8.2, but for
cw operation, where IMD is not important, 22
volts is developed which nearly places the tube at’
cutoff (zero no-signal plate current). A 10-k§2
resistor is included in series with the Zener-diode
circuit to assure complete cutoff of the 8877
during receiving periods. It is switched out of the
circuit during transmit periods by a set of contacts
on K1.

Antenna transfer along with bias switching is
accomplished with two relays. Sequencing can be
an important factor since it is very undesirable to
provide drive to the 8877, remove its bias, all
before the output circuit relay has closed and
stopped ‘“bouncing.” This is accomplished by the
use of a vacuum relay shown as K2 in Fig. 1. K2 is
many times faster in operation than K1 and
accordingly, the antenna is placed on the amplifier
output circuit well ahead of drive arriving at the
cathode of the 8877. Voltage to operate both
relays is developed by T2. Since the relays are
connected in a fashion to allow straight-through
operation of an exciter or transceiver to the
antenna in the de-energized position, interruption
of the voltage from T2 during transmit periods
with it is undesirable; to have the amplifier “‘on
line” and developing power, is all that need be
done. S4 serves that function.

Metering of three operating conditions of the
amplifier is accomplished with three meters instead
of one or two. The purpose is first, to eliminate a
switch for selection, and second, to provide con-
tinuous indication of the important parameters of
the 8877. Of course, operator error is reduced
since it is impossible to assume a meter is
measuring one thing while a switch is selected for
another. Both plate and grid current meters are
direct-reading instruments — no shunts are needed.
A string of resistors is used at R1 to multiply the
scale of the 500-uA meter to indicate zero through
5000 volts. R1 is constructed of 10 resistors,
one-watt in size and one-megohm in value. The
purpose is to keep the applied voltage across each
resistor below 600. A 1000-ohm resistor is in-
cluded at the meter end of R1 to keep the voltage
low should the meter winding become an open
circuit.

Another feature of this particular amplifier is
the use of a motorized Powerstat for control of the
high-voltage circuit. The ability to select the
operating plate voltage from the front panel of the
amplifier is a feature desired by the builder of the
project and need not be duplicated. If voltage
control is not used, the power transformer used in
the high-voltage power supply should be selected
to provide about 3000 volts. This is a suitable
compromise for efficient cw and ssb operation at
the maximum power input levels. In actual opera-
tion, the amplifier shown in the ph'otographs is

Bottom view of the amplifier chassis. L1 is shown
near the tube socket. It is wound on a T-50-2

Amidon toroid core. The Zener diodes are
mounted on a plate and secured to the side chassis
wall.

used with 3400 volts during ssb operation and
2500 volts for cw conditions.

Several 50-ohm, 10-watt resistors have been
placed at various points in the B-minus circuit,
both in the amplifier-chassis compartment and on
the power supply chassis. This prevents the B-
minus lead from creeping above “‘almost ground”
potential should a defect develop in the grid-
current metering circuit. Also, included in the
B-plus lead is'a 10-ohm resistor which will help
prevent component damage should a direct short
take place in the amplifier compartment.

Mechanical Construction

The split-chassis configuration offers several
advantages. First, it allows the amplifier compart-
ment to be somewhat more compact because the
power supply can be located elsewhere. This
consumes less space on the operating desk. It also
divides the weight into parts; the heavier section
may be placed on the floor. The power supply may
be equipped with wheels to give it mobility. The
only disadvantage with having a two chassis system
comes when portability is desired.

The power supply has been assembled on an
aluminum plate which is 1 /4-inch thick. Casters are
provided because the plate transformer itself
weighs about 80 pounds. The capacitor bank for
filtering has also been mounted on the aluminum
plate. A circuit board is used to interconnect the
capacitors and is supported abdyve the plate with
ceramic pillar insulators. A scrtened covering is
provided to keep unwanted objects from con-
tacting the high-voltage system. The power supply
relay (T3 primary connection) and the Powerstat
have been assembled separately and may be inter-
connected to the power supply chassis plate via an
inconnecting cable. Mounting both the plate trans-
former and the Powerstat on the same chassis
would render it unmovable!

The power supply bleeder-resistor network
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must be placed in a position to allow air to flow
past it and rise through the top screen cover. R2
and R3 each consist of six resistors (12 total) rated
at 20-kQ2 and 20 watts each. A similar bank of 12
capacitors connected in series constitutes the filter
network. Each filter capacitor in the circuit has
one of the bleeder resistors connected directly
across it in order to assure equal voltage division.
Each capacitor is rated at 200 uF and 450 volts.

CRS and CR6 consist of series diodes similar in
hookup to the capacitor and resistor network
described above. Each individual diode is rated at
1000 volts; the four series connected equal 4000
PRV. The current rating for each diode is two
amperes.

No provisions have been made to operate this
plate supply from a 117-volt ac source. Accord-
ingly, if one wishes to have such capability, a
suitable transformer must be substituted for T3
shown in Fig. 1. It should be pointed out, however,
that the plate supply is the only portion to operate
with a 234-volt line. The amplifier filament circuit

and voltage-source circuits for the relays along with
the blower all operate from 117 V ac.

The amplifier portion of this system is con-
structed on an aluminum chassis which is 14 X 17
X 4 inches. The 14-inch dimension was chosen as
the front-panel side to conserve space on the
operating table. A bottom cover for the chassis is
cut from a large section of aluminum perforated
stock while the area above the chassis top is
completely sealed and made airtight. The amplifier
top cover is solid stock but has a four-inch flange
(stovepipe material) mounted directly above the
8877 tube. Hot air is exhausted via this port using
an external “‘blower” which has been set up to
draw air rather than force it. The procedure is
simple; just connect the four-inch hose coming
from the pipe flange to the blower intake port.
Place the blower exhaust outlet in a position so
that it will not be restricted. The cold air is drawn
in under the amplifier chassis, passes through the
8877 and socket, then out the stovepipe to the
blower. The air from the blower is heated and
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Fig. 1 — Circuit diagram for the 8877 two-kilowatt

amplifier. Component designations not listed be-

low are for text reference only.

C1 = 500-pF transmitting capacitor, 5000 volts
{Centralab 858 series).

C2 — .001-uF transmitting capacitor, 5000 volts
{Centralab 858 series).

C3 — Vacuum variable, 500 pF maximum, 7500
volits.

C4 — Vacuum variable, 1000 pF maximum, 5000
volts.

C5, C6 — Six 200-uF units (See text.).

K1 — Dpdt, 5-A contacts. Coil voltage is 12 volts
dc.

K2 — Vacuum relay, spst. {Torr Electronics TFI or
equiv.)

K3 — Power relay, 10-A contacts, 117-V ac coil.

PRIMARY POWER CONTROL

L1 — 25 turns wound on an Amidon T-50-2 toroid
core.

L2 — 125 uH, 2 A (Hammond Mfg.).

L3 — Strap-wound inductor, 12 gH total tapped at
2-1/2 turns for 10 meters, 3 turns for 15
meters, 5 turns for 20 meters and 14 turns for
40 meters. (E. F. Johnson 232-626).

L4 — 5 turns of 1/4-inch copper tubing wound the
same diameter as L3.

S1,83, S4 — spst, 3 A (Radio Shack).

S2 — spdt, 3 A with spring return to center off
position (Radio Shack}).

T1 — primary 117 V ac, secondary 5.0 V ac, 10 A.
(Hammond Transformer).

T2 — primary 117 V ac, secondary 12V ac at 3 A.

T3 — plate transformer, 234-volt ac primary,
1770-volt (Hammond Transformer 105677).

should not be directed at anything which might
run normally warm (power supply components). In
fact, the warm air may either be directed out of
the radio shack in the event the heat is undesirable
or the heat may be applied to one's feet in the
winter season if the system is being used in an
unheated basement atmosphere. Of course, one of
the key features of a solid shield enclosure for the
rf compartment is the reduction of unwanted
radiation of fundamental or spurious energy which
could cause TVI.

Care must be given to the mechanical installa-
tion of the high-voltage connectors and the cable
used to transport 3600 volts of dc from the power
supply to the anode of the 8877. Millen high-
voltage connectors were used throughout. One
problem developed during the testing phase of this
project. A steel screw and nut were used to mount
one of the connectors and apparently the Bakelite
material cracked during installation. A discharge
path developed across the crack creating loud
noises and popping fuses. Nylon or Teflon hard-

ware is recommended for mounting the Millen
connectors if voltages above 3000 are anticipated.

Operation

Since this project is one which should not be
undertaken by an inexperienced builder, some of
the basic steps of pretest will not be discussed in
detail here. Suffice it to say that ordinary primary
voltage checks and switching should be confirmed
as being in correct working order before placing
primary power to the high-voltage supply. The
3000-volt circuit must be treated with respect — it
can seriously injure or even kill a person coming in
contact with it! Operation of the motor-controlled
Powerstat can be determined by operating the
system on the 117-volt primary, leaving the plug to
the 234-volt line disconnected.

A word of caution: The air flow system must
always be used when any power is applied to the
8877 — even filament. And rf drive power should
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Top view of the 8877 amplifier. The three meters
are separated from the rf compartment with an
atuminum shield.

never reach the 8877 unless that tube has plate
voltage applied. Of course, if one applies plate
voltage and drive, he should be prepared to
dissipate the power output from the amplifier into
a dummy load of suitable rating.

One particular disadvantage of having the
amplifier completely enclosed in a solid shield is
the inability of the operator to visually spot any
arc or component failure. During the initial testing
of this amplifier, occasionally an arc would occur.
While the arc was audible, the opevator had to
inspect the inner compartment very carefully to
determine the cause of the malady. In fact, the arc
had to be “‘encouraged™ to a point where damage
was easily identified!

Actual operation of the amplifier is quite
simple. A feature which simplifies tuneup is the use
of turn-counting dials for both the plate tuning and
plate loading. Once the proper tuning has been
established, one can log the numbers and return to
them anytime. 1t is quite easy to touch up the dial
settings for proper operating conditions once the
approximate settings have been determined.

The coil-tap positions shown in the caption for
Fig. | are given for proper operation at 3000 volts.
Slightly better efficiency is possible by increasing
the plate voltage to 3600 for two-kilowatt PEP ssb
operation. The same is true of lowering the voltage
to 2500 during cw conditions. The actual plate
current to which the amplifier is driven should be
determined in conjunction with the full-load plate
voltage.

For cw tuneup and operation, the amplifier
should be adjusted for maximum output power
(usually determined using an externally mounted rf
wattmeter) while maintaining proper grid current
under conditions of one kilowatt input as deter-
mined by the combination of plate current and
voltage. The proper settings will have been found
when the plate meters indicate one-kilowatt input,
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the grid current shows 40 mA, and maXimum
output power occurs in conjunction with a “dip”
in plate current and a “‘peak” in grid current all at
the same time as the plate tuning control is
adjusted. A condition of high grid current is
usually a result of insufficient loading or too much
drive power. If a low grid current condition exists
and loading control decrease doesn’t correct it,
more drive power is indicated.

Tuneup for single sideband at the two-kilowatt
level can be done only during dummy load
conditions because it requires key-down conditions
in excess of the legal-limit power restrictions.
There is no way to tune this amplifier into an
antenna at reduced power input and then drive it
up to the two-kilowatt rated input point. The
procedure for adjustment is identical to the one
described above for cw operation. The one excep-
tion is plate-power input as indicated by the meters
should be two kilowatts. Then, when the proper
settings have been determined, the ssb drive signal
is adjusted so that peak readings of plate current
show about one half of that shown for key-down
operation.

The lack of a tuned-input circuit solves several
problems normally encountered when constructing
an amplifier. The main advantage is that there need
not be two band-switch decks with long leads (or
even worse, two band switches!) nor space given to
the inductors and capacitors. The driving imped-
ance of the 8877 is very nearly 50 ohms and
requires very little power to drive it to full power
input. The tuned-circuit characteristics would
reduce the drive requirement even further and
should be considered by anyone wishing to use a
20-watt driver. For those amateurs using modern-
day exciters in the 100-watt output class, some
reduction in exciter gain control may be necessary.
Exciters with more than about 150 watts of output
power available should not be used without due
consideration being given to an attenuator. The
measured power required for this particular ampli-
fier and tube shown was 50 watts to achieve a
kilowatt on cw and about 70 watts for two
kilowatts (this was in conjunction with a plate
voltage change between modes) for ssb service.
Slightly more drive power was required on 10
meters.

Problems

Some of the difficulties which come with
making an amplifier of this category operate
correctly are worthy of mention. First, as discussed
earlier, some components which seemed adequate
for 2500-volt systems failed when 3600 volts of dc
was applied. The Millen connectors were one
example. While the failure was not the fault of the
component, care must be given to the maintenance
of insulation integrity. Rf voltages developed in the
tank circuit of this unit are substantial. Several
problems with the band-switch contacts were
encountered. Even though the plate output induc-
tor has unused turns shorted out by the band
switch, the shorted section of the coil can (and
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most likely will) have extremely high voltages
present on it. In order to solve an arcing problem
one of the band-switch tap positions had to be
swapped with another. The band-switch markings
on the front panel are not sequential. A solution to
the problem would no doubt come if one were to
use a continuously shorting switch.

Another difficulty which plagued this con-
structor was the propensity for the amplifier to
show large amounts of negative grid current on 80
meters along with erratic plate current and poor
efficiency. The calculated value for L2 is 95 uH.
The original choke used at this point measured 87
uH even though an inductance of 95 was called for.
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After many hours of tank-circuit troubleshooting,
it was decided to change the plate choke. The new
one had an inductance of 125 uH and the 80-meter
problems disappeared.

SN

Collecting the Parts

Most of the component parts used in the
project were purchased from surplus dealers or
were donated by the manufacturer. Special thanks
to James Millen Inc., Hammond Transformer
Corporation, Simpson Electric, and Eimac for
keeping the total cost of the parts to well within
the allowable limits of any ARRL Lab project.

AN AMPLIFIER FOR QRP TRANSCEIVERS

The circuit of Fig. 1 shows a 15-watt output
plug-in amplifier suitable for use with the HW-7
transceiver, or with any 2-watt class rig designed
for hf-band work. The nucleus of the circuit is
Motorola’s new MRF-line transistor, the 449A.
Unit cost is $13 for the part, and it will deliver up
to 30 watts of output to 30 MHz as a Class C
amplifier. Operating voltage is 13.0 dc. Rf drive
requirements for full output are under 1 watt.
Another member of this transistor family is the
MRF450A, which will provide 50 watts of output
with 2 watts of drive. It costs $16.50 according to
a quote from an East Coast supplier.

Table 1 lists L and C values for 15 watts of
output. The network is based on a loaded Q of 4.
The X and X values given in Fig. 1 can be used
to obtain inductance and capacitance values for
frequencies other than 7, 14, and 21 MHz.

A 50-ohm, 3-dB attenuator pad is used at the
amplifier input to assure less than 1 watt of drive
without the need to modify the output stage or
driver of the HW-7. The base shunting resistors of
Q1 consume additional drive power while aiding
amplifier stability. Another advantage of the atten-
uator is that it provides a resistive termination for
the HW-7 across its operating range — 7 to 21 MHz.
Without the attenuator the complex input imped-
ance of Q1 would be reflected through T1, and the
reactance seen by the HW-7 could be troublesome.
A complex X and X condition exists at the
input of a power transistor, and reactance amounts
vary with operating frequency.

Circuit Notes

A conventional broadband toroidal transformer
is used at T1. Equal performance was noted when
comparing this transformer to transmission-line
transformers. The latter consisted of two 4:1

transformers in cascade, effecting the desired 16:1
transformation ratio. A conventional transformer
requires but one toroid core, and it is easy to build.
For that reason it is specified here.

RFC1 serves as a low-Q collector choke, RFC2
is used as a decoupling choke to prevent rf energy
from entering the HW-7 via the 13-volt line.

Performance

Motorola rates the MRF449A at 50-percent
efficiency. Our lab findings bring that figure closer
to 60 percent at 15-watts output. The output
waveform from the circuit of Fig. 1 is excep-
tionally “sanitary.” No distortion could be seen on
the sine wave, as viewed on a 50-MHz scope, while
delivering 15 watts into a 50-ohm dummy load.

Shown here is the assembled amplifier as originally
described in QST for December, 1975.
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TABLE |

Band L1 L2 Cl C2

7 MHz 06uH, 13T 1.1 uH, 14T 450-pF 820-pF
No. 22 enam.,5/16" No. 22 enam. on mica silver mica
ID, no core T-68-2 toroid core trimmer

14 MHz 03 uH,8T 055uH,9T 450-pF 220-pF
No. 22 enam., 5/16” No. 22 enam.. on mica silver mica
ID, no core. T-68-6 toroid core trimmer

21 MHz 019 uH,5T 0.39uH, 6T 450-pF None
No. 20 enam., 5/16” No. 22 enam., on mica
ID, no core T-68-6 toroid core trimmer

L1 coils are airwound. L2 coils are on Amidon toroid cores.

Harmonic energy was at least 40 dB below carrier
level.

Short test periods were established with the
amplifier output port shorted and open (30
seconds maximum), and no damage to Q1 resulted.
It is stressed, however, that the amplifier should
always have a 50-ohm termination during oper-
ation to assure proper performance and transistor
longevity. Gain will be 8.7 dB at 15-watts output
(HW-7 2-watt reference). It can be seen that a
significant improvement in signal readability will
result from using the amplifier when band condi-
tions are poor.

30-0HM

ATTEN
19 10
Py w w 0

2w T
& R1
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-3 d8

XL1»25 OHMS

XL2+531 OHMS

XCi+XC2 20 OHMS (NOM)
XL(Ts PRI) 7250 OHMS

& {000, M:1000 DOO

Fig,1 — Schematic diagram of the 15-watt ampli-

fier. Fixed-value capacitors are disk ceramic uniess

otherwise noted. Resistors are 1/2-watt composi-

tion unless specified differently, The 47-uF capaci-

tor can be electrolytic or tantalum.

C1 — 450-pF Mica compression trimmer (Arco-
E!Menco 466 or equivalent).

C2 — See Table I.

L1, L2 — See Table I.

P1-P3, incl. — Phono plugs soldered to edge of pc
board.

Final Comments

Three phono plugs are soldered to the amplifier
pc board. Mating phono jacks (J1, J2, and J3) are
located on the rear panel of the HW-7. The coaxial
cable between the HW-7 PA and the antenna relay
is opened to permit insertion of the amplifier. The
HW-7 PA output is routed to Pl of Fig. 1, and the
amplifier output is fed into the HW-7, then to the
antenna relay, through P3. To reinstate the HW-7,
simply jumper J1 and J3 with a short length of
50-chm coaxial cable. P2 and J2 permit the
operator to obtain 13.0 operating volts for the
amplifier from inside the HW-7, if desired. A 3-A

T-21 MHz

AMP. l'i LT — |
5.6 or::As u S O B3
7 I L2 it ,; 15w
Ut ouT.
~
£2 /—;:;fo OHMS)

EXCEPT AS INDICATED, DECIMAL P2
VALUES OF CAPACITANCE ARE

IN MICROFARADS { 4F ) ; OTHMERS
ARE IN PICOFARADS {pF OR uyuF);
RESISTANCES ARE IN OHMS;

T 443
| _voLTS

‘LLn,‘r

I 25v

Q1 — Motorola MRF449A strip-line stud transis-
tor,

RFC1, RFC2 — 7 turns No. 20 enam. wire on
05-inch OD toroid ferrite core with 125
permeability {Amidon Assoc. FT-50-61 core or
equiv.), 3uH.

T1 — Primary, 32 turns No. 24 enam. on Amidon
T68-2 core (7uH). Secondary, 8 turns No. 24
over primary winding.
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P1 P2 P3
INPUT +12,5V OUTELT
FOIL SIDE

(FULL SCALE)

E
TOP
L MRF 449A
E

16-GAUGE ALUMINUM

HEAT SINK
(USE SILICONE COMPOUND BETWEEN PLATES)

Fig. 2 — Scale layout of the pc board. Heat-sink dimensions are given in English and metric. The heat sink
is held to the double<clad pc board by means of the transistor stud and two 4-40 screws and nuts. A
substantially larger heat sink should be used if the amplifier is revised for 30 watts of output.
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regulated supply is recommended for the overall
system when running 15 watts of output.

Details of the pc-board layout and heat sink are
given in Fig. 2. The transistor body must make
firm contact with the heat sink. Silicone heat-sink
compound should be used between Q1 and the
heat sink. Tighten the transistor stud nut with care
lest the stud be broken off.

Tune up in the center of the cw band by
adjusting C1 to provide maximum rf output into a
50-ohm load. Amplifier bandwidth will be suffi-
cient for all of each cw band.

If a band-switched version of the circuit is
desired, build the amplifier in a separate box and

HF TRANSMITTING

use a two-pole, three-position, ceramic-insulated
wafer switch to select the T networks. The leads
from the switch to the networks and Q1 must be
kept short to preserve the network characteristics.
Switched-lead inductances will become part of the
network, so they must be kept to minimum
lengths.

Detailed network design information can be
obtained from the QST beginner’s series, “Learning
to Work with Semiconductors,” April-October
inclusive, 1975. Those wishing to operate the
amplifier at 30-watts output can redesign the T
network to match a 2.8-ohm collector impedance,
using the equations in the beginner’s series.




CHAPTER 7

VHF and UHF Transmitting

Before planning operation on the frequencies
above S0 MHz, we should understand the FCC
rules, as they apply to the bands we are interested
in. The necessary information is included in the
allocations table in the first chapter of this
Handbook and in The Radio Amateur’s License
Manual, but some points will bear emphasis here.

Standards governing signal quality in the
50-MHz band are the same as for all lower amateur
frequencies. Frequency stability, modulation, key-
ing characteristics, and freedom from spurious
products must be consistent with good engineering
practice. Simultaneous amplitude and frequency
modulation is prohibited. These standards are not
imposed by law on amateur frequencies from 144
MHz up. This is not to say that we should not
strive for excellence on the higher bands, as well as
on 50 MHz, but it is important to remember that
we may be cited by FCC for failing to meet the
required standards in SO-MHz work.

A sideband signal having excessive bandwidth,
an a-m signal whose frequency jumps when modu-
lation is applied, an fm signal that is also ampli-
tude-modulated, a cw signal with excessive keying
chirp or objectionable key clicks — any of these is
undesirable on any band, but they are all illegal on
50 MHz. Any of them could earn the operator an
FCC citation in S0-MHz work. And misinterpreta-
tion of these points in an FCC examination could
cost the would-be amateur his first ticket.

The frequencies above S0 MHz were once a
world apart from the rest of amateur radio, in
equipment required, in modes of operation and in
results obtained. Today these worlds blend increas-
ingly. Thus, if the reader does not find what he
needs in these pages to solve a transmitter problem,
it will be covered in the hf transmitting chapter.
This chapter deals mainly with aspects of trans-
mitter design and operation that call for different
techniques in equipment for S0 MHz and up.

DESIGNING FOR SSB AND CW

Almost universal use of ssb for voice work in
the hf range has had a major impact on equipment
design for the vhf and even uhf bands. Many
amateurs have a considerable investment in hf
sideband gear. This equipment provides accurate
frequency calibration and good mechanical and
electrical stability. It is effective in cw as well as
ssb communication. These qualities being attractive
to the vhf operator, it is natural for him to look for
ways to use his hf gear on frequencies above 50
MHz.

Thus increasing use is being made of vhf

accessory devices, both ready made and home-
built. This started years ago with the vhf converter,
for receiving. Rather similar conversion equipment
for transmitting has been widely used since ssb
began taking over the hf bands. Today the hf trend
is to one-package stations, called transceivers. The
obvious move for many vhf men is a companion
box to perform both transmitting and receiving
conversion functions. Known as transverters, these
are offered by several transceiver manufacturers.
They are also relatively simple to build, and are
thus likely projects for the home-builder of vhf
gear.

Transverter vs. Separate Units

It does not necessarily follow that what is
popular in hf work is ideal for vhf use. Our bands
are wide, and piling-up in a narrow segment of a
band, which the transceiver encourages, is less than
ideal use of a major asset of the vhf bands
spectrum space. Separate ssb exciters and receivers,
with separate vhf conversion units for transmitting
and receiving, tend to suit our purposes better than
the transceiver-transverter combination, at least in
home-station service.

Future of Other Modes

1t should not be assumed that ssb will monopo-
lize voice work in the world above S0 MHz in the
way that it has the amateur voice frequencies
below 29 MHz. Sideband is unquestionably far
superior to other voice modes for weak-signal DX
work, but where there is plenty of room, as there is
in all vhf and higher bands, both amplitude and
frequency modulation have merit. A low-powered
a-m transmitter is a fine construction project for a
vhf beginner, and fm has been gaining in popularity
rapidly in recent years. A reprint of a very popular
4-part QST scries describing a complete two-band
vhf station for the beginner is available from
ARRL for 50 cents.

The decline in use of amplitude modulation has
been mainly in high-powered stations. The heavy-
iron modulator seems destined to become a thing
of the past, but this should not rule out use of a-m.
Many ssb transceivers are capable of producing
high-quality a-m, and one linear amplifier stage can
build as little as 2 watts a-m output up to 200
watts or so, with excellent voice quality, if the
equipment is adjusted with care. It should be
remembered that the transmitting converter (or
heterodyne unit as it is often called) is not a
sideband device only. 1t will serve equally well with
a-m, fm or cw drive.
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THE OSCILLATOR-MULTIPLIER
APPROACH

Where modes other than ssb are used, most vhf
transmitters have an oscillator, usually in the hf
range, one or more frequency multiplier stages, and
at least one amplifier stage. The basics of this type
of transmitter are well covered in the preceding
chapter, so only those aspects of design that are of
special concern in vhf applications will be discussed
here.

Oscillators

Because any instability in the oscillator is
multiplied along with the frequency itself, special
attention must be paid to both mechanical and
electrical factors in the oscillator of a vhf transmit-
ter. The power source must be pure dc, of
unvarying voltage. The oscillator should run at low
input, to avoid drift due to heating. Except where
fm is wanted, care should be taken to isolate the
oscillator from the modulated stage or stages.

Crystal oscillators in vhf transmitters may use
either fundamental or overtone crystals. The fund-
amental type is normally supplied for frequencies
up to 18 MHz. For higher frequencies the overtone
type is preferred in most applications, though
fundamental crystals for up to about 30 MHz can
be obtained on order. The fundamental crystal
oscillates on the frequency marked on its holder.
The marked frequency of the overtone type is
approximately an odd multiple of its fundamental
frequency, usually the third multiple for frequen-
cies between 12 and 54 MHz, the fifth for roughly
54 to 75 MHz, and the seventh or ninth for
frequencies up to about 150 MHz. Crystals are

seldom used for direct frequency control above .

about 75 MHz in amateur work, though crystals
for 144-MHz oscillation can be made.

Most fundamental crystals can be made to
oscillate on at least the third overtone, and often
higher, with suitable circuits to provide feedback at
the desired overtone frequency. Conversely, an
overtone crystal is likely to oscillate on its funda-
mental frequency, unless the tuned circuit is
properly designed. An overtone crystal circuit
should be adjusted so that there is no oscillation at
or near one-third of the frequency marked on the
holder, nor should there be energy detectable on
the even multiples of the fundamental frequency.

It should be noted that the overtone is not
necessarily an exact multiple of the fundamental.
An 8000-kHz fundamental frequency does not
guarantee overtone oscillation on 24.000 MHz,
though it may work out that way in some circuits,
with some crystals. Overtone crystals can also be
made to oscillate on other overtones than the
intended one. A third-overtone 24-MHz crystal can
be used for its fifth overtone, about 40 MHz, or its
seventh, about 56 MHz, by use of a suitable tuned
circuit and careful adjustment of the feedback.

Variable-frequency oscillators are in great de-
mand for vhf-transmitter frequency control, but
except where heterodyning to a higher frequency is
used, as opposed to frequency multiplication, the
VFO is generally unsatisfactory. Small instabilities,
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hardly noticeable in hf work, are multiplied to
unacceptable proportions in the oscillator-
multiplier type of transmitter. The fact that many
such unstable VFO rigs are on the air, particularly
on 6 meters, does not make them desirable, or even
legal. Only careful attention to all the fine points
of VFO design and use can result in satisfactory
stability in vhf transmitters,

Frequency Multipliers

Frequency multiplication is treated in Chapter
6. The principal factor to keep in mind in
multipliers for the vhf bands is the probability that
frequencies other than the desired harmonics will
be present in the output. These can be sources of
TVI in vhf transmitters. Examples are the 9th
harmonic of 6 MHz and the 7th harmonic of 8
MHz, both falling in TV Channel 2. The 10th
harmonic of 8-MHz oscillators falling in Channel 6
is a similar problem. These unwanted multiples can
be held down by the use of the highest practical
degree of selectivity in interstage coupling circuits
in the vhf transmitter, and by proper shielding and
interstage impedance matching. This last is particu-
larly important in transistor frequency multipliers
and amplifiers. More on avoiding TVI will be found
later in this chapter, and in the chapter on
interference problems.

The varactor multiplier (see Chapter 4 ) is much
used for developing power in the 420-MHz band.
Requiring no power supply, it uses only driving
power from a previous stage, yet quite high orders
of efficiency are possible. Two examples are shown
later in this chapter. A 220-MHz exciter tuned
down to 216 MHz makes a good driver for a
432-MHz varactor doubler. More commonly used is
a tripler such as the one described in this chapter,
using 144-MHz drive. The output of a varactor
multiplier tends to have appreciable amounts of
power at other frequencies than the desired, so use
of a strip-line or coaxial filter is recommended,
whether the multiplier drives an amplifier or works
into the antenna directly.

AMPLIFIER DESIGN AND
OPERATION

Amplifiers in vhf transmitters all once ran Class
C, or as near thereto as available drive levels would
permit. This was mainly for high-efficiency cw, and
quality high-level amplitude modulation. Class C is
now used mostly for cw or fm, and in either of
these modes the drive level is completely uncritical,
except as it affects the operating efficiency. The
influence of ssb techniques is seen clearly in
current amplifier trends. Today Class ABy is
popular and most amplifiers are set up for linear
amplification, for ssb and — to a lesser extent —
a-m. The latter is often used in connection with
small amplitude-modulated vhf transmitters, having
their own built-in audio equipment. Where a-m
output is available from the ssb exciter, it is also
useful with the Class AB; linear amplifier, for only
a watt or two of driver output is required.

There is no essential circuit difference between
the AB; linear amplifier and the Class-C amplifier;
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Amplifier Design and Operation

only the operating conditions are changed for
different classes of service. Though the plate
efficiency of the ABj; linear amplifier is low in a-m
service, this type of operation makes switching
modes a very simple matter. Moving toward the
high efficiency of Class C from AB;, for cw or fm
service, is accomplished by merely raising the drive
from the low AB; level. In AB; service the
efficiency is typically 30 to 35 percent. No grid
current is ever drawn, As the grid drive is increased,
and grid current starts to flow, the efficiency rises
rapidly. In a well-designed amplifier it may reach
60 percent, with only a small amount of grid
cumrent flowing. Unless the drive is run well into
the Class C region, the operating conditions in the
amplifier can be left unchanged, Sther than the
small increasing of the drive, to improve the
efficiency available for cw or fm. No switching or
major adjustments of any kind are required for
near-optimum operation on ssb, a-m, fm or cw, if
the amplifier is designed primarily for AB; service.
If high-level a-m were to be used, there would have
to be major operating-conditions changes, and very
much higher available driving power.

Tank-Circuit Design

Except in compact low-powered transmitters,
conventional coil-and-capacitor circuitry is seldom
used in transmitter amplifiers for 144 MHz and
higher frequencies. U-shaped loops of sheet metal
or copper tubing, or even copper-laminated circuit
board, generally give higher Q and circuit efficien-
cy at 144 and 220 MHz. At 420 MHz and higher,
coaxial tank circuits are effective. Resonant cavi-
ties are used in some applications above 1000 MHz,
Examples of all types of circuits are seen later in
this chapter. Coil and capacitor circuits are com-
mon in 50-MHz amplifiers, and in low-powered,
mobile and portable- equipment for 144 and even
220 MHz.

Stabilization

Most vhf amplifiers, other than the grounded-
grid variety, require neutralization if they are to be
satisfactorily stable. This is particularly true of
AB; amplifiers, which are characterized by very
high power sensitivity. Conventional neutralization
is discussed in Chapter 6. An example is shown in
Fig. 7-1A.

A tetrode tube has some frequency where it is
inherently neutralized. This is likely to be in the
lower part of the vhf region, for tubes designed for
hf service. Neutralization of the opposite sense
may be required in such amplifiers, as in the
example shown in Fig. 7-1B.

Conventional screen bypassing methods may be
ineffective in the vhf range. Series-tuning the
screen to ground, as in 7-1C, may be useful in this
situation. A critical combination of fixed capaci-
tance and lead length may accomplish the same
result. Neutralization of transistorized amplifiers is
not generally practical, at least where bipolar
transistors are used.

Parasitic oscillation can occur in vhf amplifiers,
and, as with hf circuits, the oscillation is usually at
a frequency considerably higher than the operating
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AMP.
144 Mc.

144 Mc.
ouTPUT

RFC

INPUT

(©)

Fig. 7-1 — Representative circuits for neutralizing
vhf single-ended amplifiers. The same techniques
are applicable to stages that operate in push-pull.
At A,-C1 is connected in the manner that is
common to most vhf or uhf amplifiers. The circuits
at B and C are required when the tube is operated
above its natural self-neutralizing frequency. At B,
C1 is connected between the grid and plate of the
amplifier. Ordinarily, a short length of stiff wire
can be soldered to the grid pin of the tube socket,
then routed through the chassis and placed
adjacent to the tube envelope, and parallel to the
anode element. Neutralization is effected by
varying the placement of the wire with respect to
the anode of the tube, thus providing variable
capacitance at C1. The circuit at C is a variation of
the one shown at B. It too is useful when a tube is
operated above its self-neutralizing frequency. In
this instance, C1 provides a low-Z screen-to-ground
path at the operating frequency. RFC in all circuits
shown are vhf types and should be selected for the
operating frequency of the amplifier.

o
+400V.

O
BIAS

frequency, and it cannot be neutralized out.
Usually it is damped out by methods illustrated in
Fig. 7-2. Circuits A and B are commonly used in
6-meter transmitters. Circuit A may absorb suffi-
cient fundamental energy to burn up in all but
low-power transmitters. A better approach is to use
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Fig. 7-2 — Representative circuits for vhf parasitic suppression are shown at A,
B, and C. At A, Z1 (for 6-meter operation) would typically consist of 3 or 4
turns of No. 14 wire wound ona 100-ohm 2-watt non-inductive resistor. Z1
overheats in all but very low power circuits. The circuit at B, also for 6-meter
use, is more practical where heating is concerned. Z2 is tuned to resonance at
the parasitic frequency by C. Each winding of Z2 consists of two or more
turns of No. 14 wire — determined experimentally — wound over the body of
a 100-ohm 2-watt {or larger) noninductive resistor. At C, an illustration of uhf
parasitic suppression as apptied to a 2-meter amplifier. Noninductive 56-ohm
2-watt resistors are bridged across a short length of the connecting lead
between the tube anode and the main element of the tank inductor, thus
forming 23 and 24.

The circuit at D illustrates how bypassing for both the operating frequency
and lower frequencies is accomplished. Low-frequency oscillation is
discouraged by the addition of the 0.144F disk ceramic capacitors. RFC1 and
RFC2 are part of the decoupling network used to isolate the two stages. This
technique is not required in vacuum-tube circuits.

the selective circuit illustrated at B. The circuit is
coupled to the plate tank circuit and tuned to the
parasitic frequency. Since a minimum amount of
the fundamental energy will be absorbed by the
trap, heating should no longer be a problem.

At 144 MHz and higher, it is difficult to
construct a parasitic choke that will not be
resonant at or near the operating frequency.
Should uhf parasitics occur, an effective cure can
often be realized by shunting a 56-ohm 2-watt
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resistor across a small section of the plate end of
the tuned circuit as shown in Fig. 7-2, at C. The
resistor should be attached as near the plate
connector as practical. Such a trap can often be
constructed by bridging the resistor across a
portion of the flexible strap-connector that is used
in some transmitters to join the anode fitting to
the plate-tank inductor.

nstability in solid-state vhf and uhf amplifiers
can often be traced to oscillations in the If and hf
regions. Because the gain of the transistors is very
high at the lower frequencies, instability is almost
certain to occur unless proper bypassing and
decoupling of stages is carried out. Low-frequency
oscillation can usually be cured by selecting a
bypass-capacitor value that is effective at the
frequency of oscillation and connecting it in
parallel with the vhf bypass capacitor in the same
part of the circuit. It is not unusual, for example,
to employ a 0.1-MF disk ceramic in parallel with a
.001-uF disk capacitor in such circuits as the
emitter, base, or collector return. The actual values
used will depend upon the frequencies involved.
This technique is shown in Fig. 7-2D. For more on
transmitter stabilization, see Chapter 6.

TIPS ON ABq LINEAR
AMPLIFIERS

As its name implies, the function of a linear is
to amplify an amplitude-modulated signal in a
manner so that the result is an exact reproduction
of the driving signal. (Remember, ssb is a form of
amplitude modulation.) The nature of the a-m
signal with carrier is such that linear amplification
of it is inherently an inefficient process, in terms of
power input to power output, which is the
conventional way of looking at amplifier efficien-
cy. But when all factors are considered, particular-
ly the very small exciter power required and
elimination of the cumbersome and expensive
high-level plate-modulation equipment, “efficien-
cy” takes on a different meaning. Viewed in this
way, the Class-ABy; a-m linear has only two
disadvantages: it is incapable of providing as much
power output (within the amateur power limit of 1
kW) as the high-level-modulated amplifier, and it
requires considerable skill and care in adjustment.

The maximum plate efficiency possible with an
ABj a-m linear is about 35 percent. The power
output in watts that is possible with a given
amplifier tube is roughly half its rated plate
dissipation. If the first factor is exceeded the result
is poor quality and splatter. If the second is
ignored, the tube life is shortened markedly.

There being no carrier to worry about in ssb
operation, the linear amplifier can run considerably
higher efficiency in amplifying ssb signals, and the
popularity of ssb has brought the advantages of the
linear amplifier for all classes of service into focus.
The difference between a-m with carrier and ssb
without carrier, in the adjustment of a linear, is
mainly a matter of the drive level. Drive can never
be run up to the point where the stage begins to
draw grid current, but it can run close with ssb,
whereas it must be held well below the grid-current
level when the carrier is present.
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With a-m drive the plate and screen currents
must remain steady during modulation. (The
screen current may be negative in some amplifiers,
so observation of it is simpler if the screen-current
meter is the zero-center type.) The plate, screen
and grid meters are the best simple indicator of
safe AB; operation, but they do not show whether
or not you are getting all you can out of the
amplifier. The signal can be monitored in the
station receiver, if the signal in the receiver can be
held below the point at which the receiver is
overloaded. Cutting the voltage from a converter
amplifier stage is a good way to do this. But the
only way to know for sure is to use an oscillo-
scope.

One that can be used conveniently is the Heath
Monitor Scope, any version. Some modification of
the connections to this instrument may be needed,
to prevent excessive rf pickup and resultant pattern
distortion, when using it for vhf work. Normally a
coupling loop within the scope, connected between
two coaxial fittings on the rear of the instrument,
is used. The line from the transmitter to the
antenna or dummy load runs through these two
fittings. For vhf service, a coaxial T fitting is
connected to one of these terminals, and the line is
run through it, only. With full power it may even
be necessary to remove the center pin from the T
fitting, to reduce the input to the scope still
further, particularly in 144-MHz service.

Really effective adjustment of the linear ampli-
fier, whether with ssb or a-m drive, involves many
factors. The amplifier must be loaded as heavily as
possible. Its plate and grid circuits must be tuned
carefully for maximum amplifier output. (Detun-
ing the grid circuit is not the way to cut down
drive.) If the power level is changed, all operating
conditions must be checked carefully again. Con-
stant metering of the grid, screen and plate
currents is very helpful. One meter, switched to the
various circuits, is definitely not recommended. A
relative-power indicator in the antenna line is a
necessity.

All this makes it appear that adjustment of a
linear is a very complex and difficult process, but
with experience it becomes almost second nature,
even with all the points that must be kept in mind.
It boils down to keeping the amplifier adjusted for
maximum power output, and the drive level low
enough so that there is no distortion, but high
enough so that maximum efficiency is obtained.
Practice doing this with the amplifier running into
a dummy load, and the process will soon become
almost automatic. Your amateur neighbors (and
perhaps TV viewers nearby, as well) will appreciate
your cooperation!

About Driver Stages

If the amplifier is capable of reproducing the
driving signal exactly, it follows that the driver
quality must be above reproach. This is quite
readily assured, in view of the low driving power
required with the AB; linear. Only about two
watts exciter power is needed to drive a grounded-
cathode AB; linear of good design, so it is possible
to build excellent quality and modulation charac-
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Fig. 7-3 — The 6-meter transverter, with shield
cover in place. Large knobs are for amplifier tuning
and loading. Small knob, lower right is for a meter
sensitivity control. The meter switch is just above
it.

teristics into the a-m driver or ssb exciter. If this is
done, and the amplifier is operated properly, the
result can be a signal that will bring appreciative
and complimentary reports from stations worked,
on both a-m and ssb.

VHF TVI CAUSES AND CURES

The principal causes of TVI from vhf transmit-
ters are as follows:

1) Adjacent-channel interference in Channels 2
and 3 from 50 MHz.

2) Fourth harmonic of 50 MHz in Channels 11,
12 or 13, depending on the operating frequency.

3) Radiation of unused harmonics of the oscil-
lator or multiplier stages. Examples are 9th har-
monic of 6 MHz, and 7th harmonic of 8 MHz in
Channel 2; 10th harmonic of 8 MHz in Channel 6;
7th harmonic of 25-MHz stages in Channel 7; 4th
harmonic of 48-MHz stages in Channel 9 or 10; and
many other combinations. This may include i-f
pickup, as in the cases of 24-MHz interference in
receivers having 21-MHz i-f systems, and 48-MHz
trouble in 45-MHz i-fs.

4) Fundamental blocking effects, including
modulation bars, usually found only in the lower
channels, from 50-MHz equipment.

5) Image interference in Channel 2 from 144
MHz, in receivers having a 45-MHz i-f.

6) Sound interference (picture clear in some
cases) resulting from rf pickup by the audio
circuits of the TV receiver.

There are other possibilities, but nearly all can
be corrected completely, and the rest can be
substantially reduced.

VHF AND UHF TRANSMITTING

Items 1,4 and § are receiver faults, and nothing
can be done at the transmitter to reduce them,
except to lower the power or increase separation
between the transmitting and TV antenna systems.
Item 6 is also a receiver fault, but it can be
alleviated at the transmitter by using fm or cw
instead of a-m phone.

Treatment of the various harmonic troubles,
Items 2 and 3, follows the standard methods
detailed elsewhere in this Handbook. It is suggested
that the prospective builder of new vhf equipment
familiarize himself with TVI prevention tech-
niques, and incorporate them in new construction
projects.

Use as high a starting frequency as possible, to
reduce the number of harmonics that might cause
trouble. Select crystal frequencies that do not have
harmonics in TV channels in use locally. Example:
The 10th harmonic of 8-MHz crystals used for
operation in the low part of the 50-MHz band falls
in Channel 6, but 6-MHz crystals for the same band
have no harmonic in that channel.

If TVI is a serious problem, use the lowest
transmitter power that will do the job at hand.
Keep the power in the multiplier and driver stages
at the lowest practical level, and use link coupling
in preference to capacitive coupling. Plan for
complete shielding and filtering of the rf sections
of the transmitter, should these steps become
necessary.

Use coaxial line to feed the antenna system,
and locate the radiating portion of the antenna as
far as possible from TV receivers and their antenna
systems.

50-MHZ TRANSVERTER

With the increase in use of ssb on the vhf bands,
there is much interest in adapting hf ssb gear to use
on higher frequencies. The transverter of Fig. 7-3
will provide transceiver-style operation on 50 MHz,
when used with a low-powered 28-MHz transceiver.
The output of the transmitter portion is about 40
watts, adequate for much interesting work. It can
be used to drive an amplifier such as the grounded-
grid 3-500Z unit described later in this chapter.
The receiving converter combines simplicity, ade-
quate gain and noise figure, and freedom from
overloading problems.

Circuit Details

The receiving front end uses a grounded-gate
JFET f amplifier, Q1 in Fig. 7-5, followed by a
dual-gate MOSFET mixer, Q2. Its 22-MHz injec-
tion voltage is taken from the oscillator and buffer
stages that also supply injection for transmitter
mixing. The difference frequency is 28 MHz, so the
transceiver dial reading bears a direct 28-50 rela-
tionship to the 50-MHz signal being received. For
more detail on the converter construction and
adjustment, see Fig. 9-9 and associated text. The
transverter uses the grounded-gate rf amplifier
circuit, while the converter referred to above has a
grounded source, but they are quite similar other-
wise.

The triode portion of a 6LNS8, VIA, is a
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22-MHz crystal oscillator. The pentode, V1B, is a
buffer, for isolation of the oscillator, and increased
stability. Injection voltage for the receiving mixer
is taken from the buffer output circuit, L8,
through a two-turn link, L9, and small-diameter
coax, to gate 2 of the mixer, through a 10-pF
blocking capacitor.

The grid circuit of the 6EJ7 transmitting mixer,
V2, is tuned to 22 MHz and is inductively coupled
to the buffer plate circuit. The 28-MHz input is
applied to the grid circuit through a link around
L11, and small-diameter coax. The mixer output,
L12, is tuned to the sum frequency, 50 MHz, and
coupled to a 6GK6 amplifier, V3, by a bandpass
circuit, L12 and L13. The 6GK6 is bandpass-
coupled to the grid of a 6146 output stage, V4.
This amplifier employs a pi-network output stage.

The 6146 plate dissipation is held down during
the receiving periods by fixed bias that is switched
in by relay K1. The mixer and driver tubes have
their screen voltage removed during receiving, by
the same relay, which also switches the antenna
and 28-MHz input circuits for transmitting and
receiving. The relay is energized by grounding pin 7
of P1 through an external switch, or by the VOX
relay in the transceiver.

Construction

A 7 X 9 X 2-inch aluminum chassis is used for
the transverter, with a front panel 6 inches high,
made of sheet aluminum. The top and sides are
enclosed by a one-piece cover of perforated alumi-
num. The output-stage tuning control, CS, is on
the upper left of the panel, 2 inches above the
chassis. The loading control, C6, is immediately
below, under the chassis. The meter, upper right,
monitors either 6146 plate current or relative
output, as selected by the switch, S1, immediately
below it. A sensitivity control for calibrating the
output-metering circuit completes the front-panel
controls.

The output connector, J2, is centered on the
rear apron of the chassis, which also has the input
jack, J1, the 8-pin connector, P1, and the bias-
adjusting control mounted on it.

The meter is a 1-mA movement, with multiplier
resistors to give a full-scale reading on a current of
200 mA. The front cover snaps off easily, to allow
calibration marks to be put on as desired.

An enclosure of perforated aluminum, 3 1/4
inches high, 4 inches wide and 4 3/4 inches long
shields the 6146 and its plate circuit. There is also
an L-shaped shield around the 6146 socket, under
the chassis.

The receiving converter is built on a
21/2 X 4 1/4-inch etched board, and mounted
vertically in a three-sided shield of sheet aluminum.
Before mounting the converter shield, be sure to
check for clearance with the terminals on the
meter. Remember, the meter has full plate voltage
on it when the switch is set to read plate current,
even when the transverter is in the receiving mode.

Testing of the transverter was done with the
General-Purpose Supply for Transceivers, described
in the power supply chapter. Separate provision
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The
receiving converter is inside the shield at the left.
The 22-MHz crystal oscillator and buffer are in the
left rear portion of the chassis. In the right corner
is the transmitting mixer. Above it is the first
amplifier. The 6146 output amplifier is in the
shielded compartment at the left front.

Fig. 7-4 — Top view of the transverter.

must be made for 12 volts dc for the receiving

_ converter.

Injection voltage, signal input and i-f output
connections to the converter are made with small-
diameter coax. These and the 12-volt wiring are
brought up through small holes in the chassis,
under the converter. As seen in Fig. 9-11, the input
JFET, Ql, is on the left. The mixer is near the
center. The 28-MHz output cails, LS and L6, are
just to the right of Q2.

Note that there are two sets of relay contacts,
K1D and K1F, in series in the receiver line. This
guarantees high isolation of the receiver input, to
protect the rf amplifier transistor. Another protec-
tive device is the diode, CR1, across the coil of the
relay. If there are other relays external to this unit
that use the same 12-volt supply, it is advisable to
put diodes across their coils also. Spikes of several
volts can be induced with making and breaking of
the coil circuits.

Adjustment

A dip meter is very useful in the preliminary
tuning. Be sure that L7 and L8 are tuned to 22
MHz and L12 and L13 are tured to 50 MHz. The
driver and output circuits should also be tuned to
50 MHz. Check to be sure that slug-tumed coils
really tune through the desired frequency. Quite
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often troubles are eventually traced to coils where
the circuit is only approaching resonance as the
core .centers in the winding. Such a circuit will
appear to work, but drive will be low, and spurious
outputs will tend to be high. This is a common
trouble in overtone oscillators, with slug-tuned
coils.

Once the circuits have been set approximately,
apply heater and plate voltage to the oscillator, and
tune L7 for best oscillation, as checked with a
wavemeter or a receiver tuned to 22 MHz, Connect
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a 28-MHz receiver to the input, J1, and apply dc to
the converter. It should be possible to hear a strong
local station or test signal immediately. Peak all
coils for best reception, then stagger-tune LS and
L6 for good response across the first S00 kHz of
the band.

Before applying plate voltage to the 6146, it is
advisable to protect the tube during tuneup by
inserting a 1500- or 2000-ochm 25-watt resistor in
series with the plate supply. Connect a 50-ohm
load to the output jack, and energize K1. Adjust
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Fig. 7-5 — Schematic diagram and part information

for the 50-MHz transverter.

C1 — 10-pF subminiature variable {Hammarlund
MAC-10).

C2 — 5-pF subminiature variable {(Hammarlund
MAC-5).

C3 — 2 1/2-inch length No. 14 wire, parallel to and
1/4 inch away from tube envelope. Cover with
insulating sleeve.

C4 — 500-pF 3000-volit disk ceramic.

C5 — 10-pF variable {Johnson 149-3, with one
stator and one rotor plate removed).

C6 — 140-pF variable (Millen 22140).

CR1 — 1N128 diode.

CR2 — 1N83A diode.

J1 — Phono jack.

J2 — Coaxial jack, SO-239.

K1 — 6-pole double-throw relay, 12-volt dc coil.

L1 — 2 turns small insulated wire over ground end
of L2,

L2, L3, L4 — 10 turns No. 24 enamel closewound
on J. W. Miller 4500-4 iron-slug form.

LS, L6 — 12 turns No. 24 enamei on J. W, Miller
4500-2 iron-slug form.

L7, L8, L11 — Iron-slug coils adjusted for 4.1, 5.5
and 5.5 UH, respectively (Miller 4405).

L9, L10 — 2 turns small insulated wire over ground
ends of L8 and L11.

L12, L13 — 1-uH iron-slug coil J. W. Miller 4403, 3
turns removed.

L14 — 7 turns No. 20, 1/2-inch dia, 1/2 inch tong
(B & W 3003).

L15 — Like L14, but 6 turns,

L16 — 6 turns No. 20, 5/8-inch dia, 3/4 inch long
{B & W 3006).

P1 — 8-pin power connector.

RFC1 — 68-uH rf choke {Millen 34300).

RFC2 — 8.2-uH rf choke (Millen J-300).

RFC3 — 5 turns No. 22 on 47-ohm 1/2-watt
resistor.

RFC4 — 4 turns No. 15 on 47-ohm 1-watt resistor.

RFC5, RFC6, RFC7 — 8.2-uH rf choke (Millen
34300).

S1 — Dpdt toggle.

Y1 — 22-MHz overtone crystal

{International
Crystal Co., Type EX).

the bias control for 25 to 30 mA plate current.
Apply a small amount of 28-MHz drive. A fraction
of a watt, enough to produce a dim glow in a No.
47 pilot lamp load, will do. Some output should be
indicated on the meter, with the sensitivity control
fully clockwise. Adjust the amplifier tuning and
loading for maximum output, and readjust all of
the 50-MHz circuits likewise.

After the circuits have been peaked up, adjust
the bandpass circuits by applying first a 28.1-MHz
input and then a 28.4-MHz input, and peaking
alternate coils until good operation is obtained
over the range of 50.0 to $0.5 MHz. Most ssb
operation currently is close to 50.1 MHz, so
uniform response across a S00-kHz range is not too
important, if only this mode is used. If the
10-meter transceiver is capable of a-m operation,
and you want to use this mode, coverage up to
50.5 with uniform output may be more desirable.
Adjust the position of the neutralizing wire, C3,
for minimum rf in L16, with drive on, but no
screen or plate voltage on the 6146.
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Fig. 76 — Bottom of the transverter, with the
6146 socket inside the shield compartment at the
right. Three sets of inductively-coupled circuits are
visible in the upper-right corner. The first two, near
the top of the picture, are on 22 MHz. Next to the
right and down, are the mixer plate and
first-amplifier grid circuits. The self-supporting
6GK6 plate and 6146 grid coils are just outside the
amplifier shield compartment. The large variabse
capacitor is the loading control.

Now apply full plate voltage. With no drive, set
the bias adjustment for a 6146 plate current of 2§
to 30 mA. With the dummy load connected,
experiment with the amount of drive needed to
reach maximum plate current. Preferably, use a
scope to check for flat-topping as the drive is
increased. An output of 40 watts, cw, should be
obtainable. The quality of the ssb signal is deter-
mined first by the equipment generating it, but it
can be ruined by improper operation. Over driving
the mixer or the 6146, and improper loading of the
amplifier will cause distorticn and splatter. Contin-
uous menitoring with a scope is the best preventive
measure.

Because of the frequencies mixed. and the
bandpass coupling between stages, the output of
the transverter is reasonably clean. Still, use of an
antenna coupler or filter between the transverter
and antenna is good insurance. The same treatment
of the transverter output is desirable when driving
a linear amplifier.

World Radio Histo
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Fig. 7-7 — Panel view of the 2-meter transverter.
This version is patterned after a transmitting
converter design by K9UIF. The on-off switches
for ac and dc sections of the power supply are
mounted on the front panel of the unit as are the
pilot Jamps and plate meter for the PA stage. The
tuning controls for the various stages are accessible
from the top of the chassis.

A 2-METER TRANSVERTER

This transverter is designed to be used with any
14- or 28-MHz ssb exciter capable of delivering
approximately 20 watts peak output. It is stable
both in terms of frequency and general operating
conditions. It can provide up to 20 watts PEP
output at 144 MHz — sufficient, say, for driving a
pair of 4CX250 tubes in Class C for cw operation,
or the same pair of tubes can be operated AB; to
provide 1200 watts PEP input with this unit as a
driver. The output signal is clean and TVI should
not be experienced except where receiver faults are
involved.

It is not recommended that beginners attempt
this project since vhf ssb circuits require special
care in their construction and operation, some-
times a requirement that is a bit beyond the
inexperienced builder.

How It Operates

Starting with V1A, the oscillator, Fig. 7-8, a
43.333-MHz or overtone crystal is used at Y1 to
provide the local-oscillator signal for the exciter.
Output from V1A is amplified by VIB to a
suitable level for driving the tripler, V2. 130-MHz
or 116-MHz energy is fed to the grids of V3, a
6360 mixer, by means of a bandpass tuned circuit,
L3,Cl1, and L4,C2. The selectivity of this circuit is
high, thus reducing unwanted spurious energy at
the mixer grids.

Output from the exciter is supplied through an
attenuator pad at J1 and is injected to the mixer,
V3, at its cathode circuit, across a 270-ohm
resistor. The attenuator pad can be eliminated if a
very low-power exciter is to be used. The values
shown in Fig. 7-8 were chosen for operation with a
Central Electronics 20A exciter operating at full
input, or nearly so. The amount of driving power
needed at the cathode of V3 is approximately 4 or
5 watts PEP.

VHF AND UHF TRANSMITTING

B1 — Small 15-volt battery.

C1 — 20-pF miniature variable (E. F. Johnson
160-110 suitable).

C2, C3, C5 — 10-pF per section miniature butterfly
(E. J. Johnson 167-21 suitable).

C4 — 5-pF per section miniature butterfly (E. F.
Johnson 160-205 suitable).

C6 — 20-pF miniature variable {same as C1 ).

11, 12 — 117-Vac neon panel lamp assembly.

J1443, incl. — S50-239-style coax connector.

J3 — Closed-circuit phone jack.

L1 — 15 turns No. 28 enam. wire, close-wound, on
1/4-inch dia slug-tuned form {(Millen 69058
form suitable).

L2 — 12 turns No. 28 enam. wire, close-wound, on
same type formas L1.

L3 — 5 turns No. 18 wire space-wound to 7/8-inch
length, 1/2-inch dia, center-tapped.

L4 — 3 turns No. 18 wire, 1/2-inch dia, 3/8-inch
long, center-tapped.

LS — 5 turns No. 18 wire, 1/2-inch dia, 5/8-inch
long, center-tapped.

L6 — 3 turns No. 18 wire, 1/2-inch dia, 5/8-inch
long, center-tapped.

L7 — 4 turns No. 18 wire, 1/2-inch dia, 1/2-inch
long, center-tapped.

L8 — 1-turn link of insulated hookup wire,
1/2-inch dia, inserted in center of L7.

L9 — 2 turns of insulated hookup wire over L3.

M1 — 0 to 200-mA dc meter. )

P1 — 11-pin chassis-mount male plug {Amphenol
86PM11).

R1 — 50,000-ohm linear-taper, 5-watt control.

RFC1-RFC3, incl. — 2.7-uH rf choke (Millen
34300-2.7).

S1, 82 — Spst rocker-type switch (Carling

TIGK60).

Y1 — 43.333-MHz third-overtone crystal for

14-MHz input. If a 28-MHz transceiver will be
used, a 38.667-MHz crystal is required.

After the 130-MHz and 14-MHz signals are
mixed at V3, the sum frequency of 144-MHz is
coupled to the grids of V4, the PA stage, by means
of another bandpass tuned circuit — further reduc-
ing spurious output from the exciter. PA stage V4
operates in the AB; mode. Its idling plate current
is approximately 25 mA. The plate current rises to
approximately 100 mA at full input.

If cw operation is desired, the grid-block keying
circuit in the mixer stage (J3) can be included. If
ssb operation is all that is contemplated, the minus
100-volt bias line can be eliminated along with J3,
R1, and the shaping network at J3. In that case the
15,000-ohm grid resistor from the center tap of L4
would be grounded to the chassis.

The receiving section uses a low-noise uhf
MOSFET as the rf amplifier and a second dual-gate
MOSFET as the mixer. See Fig. 7-10. The gate-1
and drain connections of the rf amplifier are
tapped down on the tuned circuits so that uncondi-
tional stability is achieved without neutralization.
Oscillator energy is sampled with a two-turn link
wound over L3. A short length of RG-58A/U
carries the injection energy to Q2. The converter is
built in a 5 X 2 1/4 X 2 1/4-inch box constructed
from four pieces of double-sided circuit board that
have been soldered on all abutting edges. The unit
is mounted on the transverter front panel.



Fig. 7-8 — Schematic diagram of the transmitting converter portion of the transverter. Fixed-value
capacitors are disk ceramic unless noted differently. The polarized capacitor is electrolytic. Fixed-value
resistors are 1/2-watt carbon unless otherwise noted.
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Fig. 79 — Inside view of the converter. Shields are
used between the rf amplifier input and output
circuits, and between the latter and the mixer
input circuit. The cable entering the bottom side of
the enclosure carries the oscillator injection energy.
Output to the associated receiver or transceiver is
taken through the jack to the left.

Construction Notes

The photographs show the construction tech-
niques that should be followed for duplicating this
equipment. The more seasoned builder should have
no difficulty changing the prescribed layout to fit
his particular needs, but the shielding and bypass-
ing methods used here should be adhered to even if
changes are made.

An 8 X 12 X 3-inch aluminum chassis is used
for this equipment. An internal chassis, 5 inches

144 MHz

VHF AND UHF TRANSMITTING

wide, 3 inches deep, and 12 inches long, is made
from flashing copper and installed along one edge
of the main chassis. This method makes it possible
to solder directly to the chassis for making positive
ground connections rather than rely on mechanical
joints. Shield partitions are made of copper and are
soldered in place as indicated on the schematic
diagram and in the photo. An aluminum bottom
plate is used to enclose the underside of the chassis
for confining the rf.

Feedthrough capacitors are used to bring power
leads into the copper compartment. Though this
adds somewhat to the overall cost of the project, it
provides excellent bypassing and decoupling, thus
reducing unwanted interstage coupling. It also
contributes to TVI reduction. Most surplus houses
stock feedthrough capacitors, and offer them at
reasonable cost.

Tune-Up

An antenna-changeover relay and a set of
normally-open relay contacts, both operated by
the exciter, must be provided. The remote control
leads, from P2, should be connected to the relay
contacts. With power applied to the converter, L12
should be set for maximum noise input to the
transceiver. Then, using a signal generator or
off-the-air weak signal, peak L9, L10 and L11 for
best signal-to-noise ratio,

The transmitter section can be powered by the
circuit of Fig. 7-12, or the builder can design a
supply of his own choice. Regulated voltages are

116 OR 130 MHz
Jé
144 MHZ
)
3"
o T
P Sy
28MHz
OR 14 MHZ
TO TRANSCEIVER
1MV
AC
+12v

Fig. 7-10 — Diagram of the converter section.
Resistors are 1/4-watt composition and capacitors
are disk ceramic, except as noted otherwise,

C7-C9, incl. — Air variable, pc mount (Johnson
189-505-5).

C10 — Feedthrough type.

L9 — 4 1/2 turns, No. 18 tinned wire, 1/4-inch ID.
Tap at 1 1/2 turns up from the ground end for
the antenna connection, and at 3 turns for the
Q1 gate.

L10 — 4 1/2 turns, No. 18 tinned wire, 1/4-inch
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EXCEPT AS INDICATED, DECIMAL VALUES OF
CAPACITANCE ARE IN MICROFARADS ( uF ) ;
OTHERS ARE IN PICOFARADS { pF OR yufF);
RESISTANCES ARE IN OMMS

&+ 1000, M*1000 000,
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% = GATE PROTECTED

ID. Tap at 3 turns up from the cold end for the
Q1 drain connection,

L11 ~ 5 turns No. 18 tinned wire, 1/4-inch I1D.

L12 =1.99-2.42-UH slug-tuned coil, pc mount, for
28-MHz output (J. W. Miller 46A226CPC); or,
for 14-MHz output, 7.3-8.9-uH (J. W. Miller
46A826CPC).

J4-J6, incl. — Phono type.

Q1, Q2 - RCA dual-gate MOSFET.

21 - 12-V miniature power supply, transistor
radio type.



A 2-Meter Transverter

Fig. 7-11 — Looking
into the bottom of
the chassis, the rf

section is enclosed
in a shield compart-
ment made from
flashing copper. Ad-
ditional divider sec-
tions isolate the in-
put and output
tuned circuits of the
last three stages of
the exciter. Feed-
through capacitors
are mounted on one
wall of the copper
compartment to
provide decoupling
of the power leads.

recommended for best operation.

With a dummy load connected to J2. apply
operating voltage. Couple a wavemeter to L1 and
tune the oscillator plate for maximum output.
Then, detune the slug of L1 slightly (toward
minimum inductance) to assure reliable oscillator
starting. Couple the wavemeter to L2 and tune for
peak output. With the wavemeter applied to L4,
adjust C1 and C2 for maximum indicated output.

The next step is to connect the transceiver to
J1 and supply just enough drive to cause a rise in
PA plate current of a few milliamperes. Tune C3

and C4 for maximum indicated plate current at
M1, then adjust C5 and C6 for maximum power
output to the dummy load. C1, C2, C3 and C4
should be readjusted at this point for maximum
plate current of the PA stage. Use only enough
drive to bring the PA plate current up to 100 mA
at maximum dc input power.

A closed-circuit keying jack is used at J3 so that
the mixer stage is not biased to cutoff during voice
operation. Inserting the key permits full bias to be
applied, thus cutting off V3. R1 should be adjusted
for complete cutoff of V3 when the key is open.
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Fig. 7-12 — Schematic of the power supply section. On-off switches for the ac and dc circuits are
mounted in the rf deck along with the pilot lamps. Polarized capacitors are electrolytic, others are disk

ceramic. CR1 and CR2 are 1000-volt, 1-ampere silicon
T1 is a power transformer with a 540-voit ct secondary at

diodes. CR3 is a 200-PRV 600-mA silicon diode.
120 mA. Filament windings are 5 volts at 3

A, and 6.3 volts at 35 A. T2 is a 6.3-volt, 1-ampere filament transformer connected back to back with
the 5-volt winding of T1. S1 is an 11-hin socket (female). A 10,000-ohm resistor and a .01-uF disk.
capacitor are connected in series between the center ap of T1's secondary and ground for transient
suppression when S2 is switched to on. The suppressor is mounted at S2, in the rf deck.
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A LINEAR TRANSMITTING CONVERTER

Linear transmitting converters offer several
advantages over frequency multiplication schemes
for the 70-cm band. Any mode which the low-
frequency exciter is capable of generating can be
translated to the higher frequency. Frequency
stability is similar to that of the hf unit, and all the
hf operating features are retained when using the
transmitting converter. Single sideband and cw

operation are prevalent on Mode B operation of
the OSCAR series, and a linear transmitting conver-
ter permits this option.

A traditional approach (using tubes) is em-
ployed here. This unit is a modified version of one
appearing in QST for November, 1973, by W2AIH.
Detailed construction notes are described in that
article. The output is 35 watts from a modified

404 MHz

5

Fig. 1 — Schematic diagram of the heterodyne

exciter for 432 MHz.

C1 — 5-25-pF ceramic trimmer.

C2, C3 — 1.85-pF air variable. (E. F. Johnson
160-205.)

C4, C5, C6, C7 — 1.5-3-pF air variable. (E. F.
Johnson 160-203.)

C8 — 1.55-pF air variable.
160-102.)

C9 — Trimmer capacitor, 15 pF.

C10 — See Fig. 2 and text.

C11, C12 — These components are built into T44
cavity.

J1-J5, inclusive — Coaxial connector, type BNC.

J6, J7 — Closed-circuit jack. Insulate from chassis.

(E. F. Johnson

L1 — 21 turns No. 26 enam. close-wound on
3/16-inch dia. plastic rod.
L2 — 7 turns No. 20 enam. close-wound on

3/8-inch dia. slug-tuned form.

L3 — 5 turns No. 16 enam. 1/2-inch dia., center-
tapped, turns spaced one wire diameter.

L4, L6 — Hairpin loop, 1-7/8-inch long, 7/8-inch
wide, No. 14 tinned.

L5, L7 — Each two pieces No.‘14 tinned, 3 inches
long. Formed as shown in Fig. 3 and the
photographs.

L8 — Hairpin loop 1-7/8-inch long, 1 inch wide,
No. 12 enam., with plate connectors. See Fig.
4.

L9 — Hairpin loop 1-inch long, 1-inch wide, No. 12
enam., spaced 1/8-inch above L8.

L10, L11, L12 — Part of T44 cavity.

L101-L104, inclusive — 4 turns No. 20 insulated
hookup wire, 1/4-inch diameter, close-wound.

L201-L205, inclusive — 4 turns No. 18 insulated
hookup wire, 1/4-inch diameter, close-wound.

RFC1 — 22 turns No. 26 enam. on 3/16 inch
diameter plastic rod. Spaced one wire diameter.

RFC2-RFCS5, inclusive — 5 turns No. 22 insulated
hookup wire, 3/16-inch diameter.

RFC6, RFC7 — 5 turns No. 26 enam., 1/8-inch
diameter, close-wound.

RFC8, RFC9 — Part of T44 cavity.

VR1 — 90-volt, 10-watt Zener diode, 1N3004 or
equiv.

VR2 — 200-volt, 10-watt Zener diode, 1N3015 or
equiv. For direct chassis mounting of the diode,
use the reverse-polarity version of VR1 and
VR2, ie., 1N3004R and 1N3015R, respec-
tively.

Y1 — Overtone crystal, 67.333 MHz.
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TEXT)

A Linear Transmitting Converter

surplus Motorola T-44 transmitting module.
OSCAR Mode B requires less than 10 watts erp for
effective access of the satellite. Feed-line loss in a
typical installation will drop the 35-watt output to
the level where an omnidirectional, unity-gain
antenna will be sufficient for use with OSCAR. For
other applications, the most popular kilowatt
amplifier for 432 MHz, a design by K2RIW (QST
for April and May, 1972), requires in excess of 20
watts of drive for maximum output. The output of

L103

J

432 MHz
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this transmitting converter handily provides for
both situations.

Injection to the mixer is provided by multipli-
cation of 67.33-MHz energy from the oscillator.
The 6922 dual triode is used as a Butler oscillator.
The plate circuit of V1B is capacitively coupled to
the input of the 6688 pentode doubler, V2. The
following stage uses a 6939 as a tripler for an
output frequency of 404 MHz. Inductive coupling
is used between the tripler and the 6939 mixer,

L104 0.001
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VR2 47
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8939 15 0001
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Bottom view showing stages for V1 through V5.

V4, and between the output of the mixer and the
6939 amplifier stages (L4, LS/L6 and L7,
respectively). A 6939 driver-amplifier stage runs
Class AB1 for good suppression of unwanted
mixing products. The final amplifier is a cathode-
driven 2C39 triode. Input power to the cathode is
coupled through a variable capacitor to provide an
impedance match to the exciter. The plate and
cathode hardware are modified components from a
T44 amplifier. A flapper type of capacitor is used
to tune the plate circuit to resonance. The mica
dielectric in the bypass capacitors is replaced with
5-mil Teflon sheet. This is all the modification
required for the 2C39 PA. a

Tune-up is simply a matter of applying voltage
to the unit and adjusting the tuned circuits for
maximum indication on a wavemeter. Coupling
between L3, and L4/LS and L6 should be as loose
as possible while still providing adequate drive for
the 6939s. Final adjustment is made by applying
approximately 0.5 watt of drive and adjusting for
maximum power output as indicated by a watt-
meter in the feed line. For normal use, approxi-
mately 0.5 watt of 28-MHz energy is adequate for
full cutput with minimum distortion. More drive
will cause distortion in the mixer and will generate
spurious signals within and out of the ham band.

T44 Cavity Modification

It was felt that the inductive tuning arrange-
ment was somewhat inefficient so this was replaced
with a capacitive type instead. A “flapper” capaci-
tor of spring brass is attached to the newly

VHF AND UHF TRANSMITTING

Bottom view of T44 cavity.

fabricated top cover. The top cover is bent from
aluminum sheet stock (.035 inch). Tuning is
accomplished by means of a screw which bears
against the spring-brass capacitor plate. Some
adjustment of the line that forms L11 may also be
required to bring the plate tank near resonance.
Final adjustment is accomplished by means of C10.

Optional LO Qutput

In some applications, rf energy at the LO
frequency (404 MHz) is required. This is accom-
plished by mounting a BNC connector (with the
pin sawed off) near LS. Refer to the bottom view
of the driver stages. The connector can be seen just
above C4 in the third compartment from the left.

ANODE END #32 HOLES FOR
OF CAVITY |= 4-7/8" —= FASTENING C10
“a
174" / — '
LIPS o t-t/€fe— o
o o 2-3/4°
° Y

-2 -1/4"- -l

TOP COVER
k—‘-3/4"’1
—
f o
-1/8* | o N‘éﬁs
4 |°

<10

Fig. 2 — Layout details for modified top cover and
brass capacitor flap.

A 220-MHz HIGH-POWER AMPLIFIER

Circuits for 220-MHz power amplifiers have
long been designed around the external-anode
tetrode. While these tubes offer high gain, insta-
bility problems have caused many builders consid-
erable consternation over the years. Multiple-tube
amplifiers are often necessary to obtain the high
power levels many moonbouncers and weak-signal
specialists require. Push-pull amplifiers have been
tried with moderate success, and recently parallel-
tube designs have found favor.!

Modern computer-aided tube designs have
brought forth high-u triodes such as the

1Knadle “A Stnx Line Kilowatt Ampllfier for
432 MHz,” QST for April and May, 1972.
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Fig. 1 — Schematic diagram of the amplifier. Unless

otherwise specified, all capacitors are disk ceramic

and resistors are 1/2-watt carbon composition.

C1 — Air variable, 15 pF.

C2, C3 — Button mica, 500-pF, 500-V rating.

C4-C9, inclusive — Teflon capacitor (use 10-mil
Tefton sheet) see Fig. 2 for dimensions.

C10 — Doorknob capacitor, 500 pF, 6-kV rating.

CR1-CR4, inclusive — HEP170 or equiv.

J1, J2 — Coaxial receptacle, type N.

J3 — High-voltage connector (Millen).

L1 — 3 turns No. 14, 1/4inch ID, 3/4 inch long.

3CX1500A7/8877, a 1500-watt dissipation
external-anode triode with maximum ratings good
through 250 MHz. The ceramic insulation allows a
heavy flow of rf current through the tube, with no
loss of stability in a properly designed circuit. Low
heater requirements (5 V at 10.5 A) add to the
appeal of the 8877. This amplifier employs the
3CX1500A7/8877 in a cathode-driven circuit. The
grid is grounded directly to the chassis, adding to
the stability. The amplifier is unconditionally

$.M. » SILVER MICA

L2 — 1/4inch wide, 2-3/8 inch long copper flashing
strap.

L3 — Piate inductor (see Fig. 2}

RFC1 — 8turns No. 18 enam. 1/2 inch dia. 3/4 inch
long.

RFC2,RFC3 — 10 turns No. 18 enam. bifitar wound
on 3/4inch Teflon rod close wound.

RFC4 — 5 turns No. 16 enam. 1/2inch ID, 3/4 inch
long.

RFC5 — 12 turns No. 18 enam. wound on 1-MQ
2-watt composition resistor,

T1 — Filament transformer, 5.0 V at 10.5 A,

stable — more so than some amplifiers built for the
hf region.

Circuit Details

The input circuit consists of a T network.
Medium values of Q were chosen to provide high
efficiency, Both the cathode and the heater are
operated at the same rf potential; the heater is held
above f ground by the impedance of the filament
choke. The plate tank is a pair of quarter-
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wavelength striplines placed symmetrically about
the ube? Fhis arrangement pernnits o more
wiform Tow ol current through 1he anade, pre-
venting “hot spos™ on the cnode condueting
surface. Additionally, tube ongpul capacitance s

. .

“Barber,  Rmuado, Ore and  Socherband .
“Modern Circuit Besign for VITE Transmiliers.”
CQ for November and December, 1965,

(A “
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Bouttom wiew of the amplitier
RFC2 and RFC3 can be seen
above tube socket (nfilin wind-
g}, Copper strap 1s L2 shown
connected 1o C1. Smal! corl s LI
and larger conl is RFC1. The grid
of the tube should be grounded to
the chassis with finger stock sinm-
lar to that used 10 the plawe hine,
Cumponent mounted on the heat
sink ot lelt is the Zener diode
used  for  biasing  purposes.

ellectively balved, as one halt the tube capacitanee
3 phy s used to Joad cach striphme. Striptines act
as low-pass circuit elements even with the high
unloaded-@ condiuons found at 220 MHz. | mear
indictors also olter control af odd-mode har-
momes, Na spariotts wesponses could be found in
tnsamplitier up ihtough the 900-MU 7 region,
Astriphine impedance can be vaned by clang-
ing us wrdth and selation tocins eround planes.,

Intenor view of the amplilier,
Contact of the tube with “hot
side’ of C6 v accomplished with
sutable  finger  stock  tavailable
from the ube  manufacturer).
Thes conductor, i conjunction
with a4 similar one ~eparated by
the Tellon ansulator, forms the
L3/C6 combanation, The entire
asstanbly s sandwiched together
by means of four insulated bush.
mgs {approxanately 3/4 wch |19
mm|  daanweter), Placenwnt  of
bushings s no: crincal. RFC4 can
be seen at the right connected to

C9. C8 s seen at the bhottom
center ot 1the photo and has a
nommal spacing of 1 inch (25

min) to sinlar plate soldered to
L3. Tutung capaaitor, C7, con be
seen i upper center of photo (see
Fig 2 for dimensions), Drive
mechanism  can be of builder's
chowcer o seee reference 3,

O

World Radio Histo



A 220-MHz High-Power Amplifier

Physical dimensions of the tube limit the position
of the stripline above one ground plane. In order ta
utilize commercially available chassis, the stripline
was placed 1-1/4 inch (32 mm) above one side of
an inverted 4-inch (102 mm) high chassis. This
means that approximately 75 percent of the rf
current flows through the chassis, but only 25
percent flows through the top shield cover. The
small percentage flowing through the top reduces
the effect of arry mechanical anomalies associated
with a removable cover.

For quarter-wavelength lines, the ratio of line
impedance ta reactance should be between 1.5 and
2.0 for the best bandwidth. Taking stray capaci-
tance into account, expected tuning eapacitance
and tube output capacitance gives a value of 55
for X¢. Values of line impedance versus line length
for resonance at 222 MHz were computed on a
programmable calculator for impedances between
30 and 100 ohms. These were plotted on a graph.
Final dimensions were determined using this sys-
tem, choosing dimensions that fell into the middle
of the graph, thus allowing for any unpredicted
effects.

The plate blocking capacitor consists of a
sandwich of brass plate and the stripline, with
Teflon sheet as the dielectric. This forms a very
low-loss, high-voltage capacitor. The plate bypass
capacitor is built along the same principles. A piece
of circuit board was once again sandwiched with
Teflon sheet to the side wall of the chassis. This
technique is used effectively throughout as an
inexpensive by pass ar feedthrough capacitor at vhf.

Amplifier output is coupled through a capaci-
tive probe. Transformation of the load impedance
to the tube resomant-load impedance is achieved by
means of a series reactance (the loading capacitor).
The tuning capacitor is solidly grounded by means
of a flexible strap of negligible inductance. Me-
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Interior view of the power supply.
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Fig. 2 — Construction details of plate line and
associated components.



218 VHF AND UHF TRANSMITTING

QT—< o+
e D 5 8
1000PIV
DIODES = ity
iZCAPACITORS '00‘/ 100K
20w

RESISTORS =470k

Cmeurt so0v 1

BREAKER %
oO—e ) —OT 'L(‘J
G { ]

»t

%)-
o1¢|¢1£

3

y
oPST
20A CONTACTS = 1
220v COIL Tl eC ¢
2000 VA l
METER
SHUNT Jdo_
25W 100K
NN 2owl. .
ALL ON CIRCUIT BOARD W
20%
1|2]3]4]s]e K 'T 20w
P4 T/R BIAS
SWITCHING

i2v 2y
10mA (]
RELAY

‘UX'LlARV‘
FRLEH o,
CONTACTS

Fig. 3 — Schematic diagram of a suitable power
supply for the amplifier. Unless otherwise speci-
fied, all capacitors are disk ceramic (1000 V) and
resistors are 1/2-watt carbon composition.

chanical details were described by Sutherland.3

A rather elaborate metering system is em-
ployed. Although all of the meters provide useful
data, only the plate and grid meters are necessary
for proper amplifier use. At a repeater site where
key-down service is the rule rather than the
exception, measurement of heater usage and volt-
age provide data requisite to tube replacement. The
anode exhaust-temperature metering circuit takes
advantage of a thermal property of semiconduc-
tors. As the temperature changes the forward
resistance of a diode changes in a nearly linear
manner. The diode sensor is made a part of a
bridge circuit, allowing calibrated operation. Cali-
bration parts may be determined by packing the
diode in ice for the low point (0°C) and immersing
it in boiling water for the high point (100°C). The
amount of heat dissipated by the tube is inversely
proportional to the efficiency for a given power
input. Low heat dissipation yields longer tube life.

High-power amplifiers require considerable

3Sutherland, “High-Performance 144 MH:z
Power Amplifier,” Ham Radio for August, 1971.

j

C1, C2 — Filter capacitor, 74 uF at 2500 V
{Sprague Electric).

Meter shunt used should be one supplied with
movement for 4-kV full-scale.

attention to cooling. The plate compartment is
pressurized by air from an external blower, and
holes in the chassis allow a portion of this air to
pass through the grid and cathode structure. Most
of the air flows through the anode, a hand-made
Teflon chimney, then out the top cover. Alumi-
num screening is tightly bonded around these two
openings. No radiated rf could be detected around
the chassis except within one inch of the anode
exhaust hole.

To commence operation, the input should be
adjusted for minimum VSWR with no voltages
applied. The covers should be in place whenever
voltage is present. Drive should never be applied
without plate voltage and a load connected if the
filament is energized. Cooling air must always be
supplied whenever the filament is turned on.

After a 60-second warmup small amounts of
drive may be applied. The plate circuit is then
tuned for maximum output indication. The drive
level is then increased. Tuning and loading follow
the normal procedure for any cathode-driven am-
plifier: Adjustments are made for maximum out-
put and efficiency. When the desired plate output
power has been achieved, the input circuit should
be adjusted for minimum input VSWR.
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GROUNDED-GRID 50-MHZ AMPLIFIER

Increasing use of 50-MHz transceivers and
transmitters having outputs of 25 watts or more
has created a demand for amplifiers to be used
with such equipment as the driver. The grounded-
grid amplifier of Fig. 7-27 is designed for this use.
With 30 watts or more of driving power it will
deliver 600 watts cw output. As a Class-B lincar,
single-tone conditions, its rated PEP output is 750
watts.

Circuit

The Eimac 3-S00Z triode is designed for
grounded-grid service. As may be seen from Fig.
7-30, driving power is applied to the filament
circuit, which must be kept above rf ground by
means of high-current bifilar rf chokes, RFC1 and
RFC2. Thesc are a central feature of the bottom
view, IYig. 7-29. The input impedance is low, so the
input circuit,LL1,C1, tunes broadl)’ and the 50-ohm
line from the exciter is tapped well up on L1. The
plate circuit is merely a coil of copper tubing, L2,
inductively tuncd by means of a *‘shorted turn” of
copper strip, rotated inside its cold end. See Fig.
7-28. Tuning is smooth and thc rotating loop
avoids many problems commonly encountered in
tuning high-powercd amplifiers by conventional
methods. Plate voltage is shunt fed to the tube, to
prevent the high dc voltage from accidentally
appearing on the output coupling loop or on the
antenna line.

Most of the lower part of the schematic
diagram has to do with control and metcring, and
is largely self-explanatory. The exciter voice-
control relay shorts out R1, allowing grid current
to flow, and making the amplifier opcrative, if the
filament and primary-control switches, S1 and S2,
have been closed. Feeding ac voltage to the
plate-supply relay through J4, J5 and P1 makes
application of plate voltage without the filament
and blower being on impossible.

Construction

The amplifier chassis is aluminum, 10 X 12 X 3
inches in size, with the tube socket centercd 3 1/8
inches from the front edge. The sheet-aluminum
panel is 10 inches high. The decorative edging is
“cove molding,” used by cabinet makers for
counter tops. Sides and back are also sheet
aluminum. Where they necd not be removable,
parts are fastened together by pop-riveting. Tools
and rivets for this work can be found in most
hardware stores. Perforated aluminum (cane metal)
is used for the top, and for covering the panel
viewing hole.

Stretch the wire for the bifilar rf chokes, before
winding. Then, with the wires side by side, under
tension, wind them on a form of wood or metal.
This is left in until the choke ends are soldered in
position. Then remove the form and coat the
windings with coil cement, to help maintain tumn
alignment.

'5’//}’ s )
,/.4'4”//;?"‘;'/
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Fig. 7-27 -

Table.top 50-MHz amplifier of
grounded-grid design, only 10 X 12 inches in size.
Grid and plate current are monitored simultaneous-
ly. Knobs at the right are for input tuning, bottom,
amplifier loading, center, and plate tuning, top.

Connections to the grid terminals (on opposite
sides of the sccket) are made with short 1/4-inch
copper straps soldered to the pins and bolted to
the chassis with No. 6 screws, nuts and lock-
washers. Be sure that a clean, tight rf ground
results.

In Fig. 7-28 it will be scen that the hot end of
L2 is supported on the top of the two blocking
capacitors, C3 and C4, which in tum, are mounted
on the Teflon rod that serves as the form for
RFC3. The ground end of L2 is supported or. a
vertical post made of 3/8-inch copper tubing, 1 3/8
inches high. The cnd of the coil can be fitted with
a heavy copper lug, or pounded flat. A hole is
drilled in the flat portion and a 2-inch brass bolt
runs through it and the post and chassis. Be smre
that there is a4 permancnt solid rf ground at this
point.

The shunt-feed rf choke is effectively across the
tuned circuit, so it must be a good one. Hand-
winding as cescribed below is strongly recom-
mended, as no ready-made choke is likely to be as
good. Teflon is slippery, so a light thread cut in the
form will help keep the winding in place. If this
cannot be done, prepare and wind two wircs, as for
the filament chokes. Feed the wire ends through
one hole in the form, and wind a bifilar coil. Pull
the other ends through the finish hole, bending one
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Fig. 7-28 — Interior view of the 50-MHz amplifier
shows the shorted-turn tuning system, plate coil
and output coupling, upper right. The tuning and
loading controls are mounted on a bracket to the
right of the 3-500Z tube and chimney. Meter
shie!ding is partially visible in the left front corner.

back tightly at the hole edge. Remove the other
windirg, which should leave a tight evenly-spaced
coil that makes an excellent vhf choke.

The blocking capacitors, C3 and C4, are mount-
ed between brass plates, one of which is fastened
to the top of the rf choke form with a sheet-metal
screw. The other plate is connected to the hot end
of L2 by means of a wrap-around clip of flashing
copper. The lead to the tube plate cap is made with
braid removed from a scrap of coax. A strip of
flashing copper about 1/4 inch wide is also good
for this. Use a good heat-dissipating connector
such as the Eimac HR6.

The shorted-tumn tuning ring is centered be-
tween the first two turns of L2. The ring is
attached to a ceramic pillar, and that to a 1/4-inch
shaft, the end of which is tapped for 8-32 thread.
This shaft runs through a bearing mounted in a
bracket 4 inches high and 2 3/4 inches wide,
fastened to the chassis and the side of the
enclosure. The output loading capacitor, C6, is also
mounted on this bracket. It is one inch above the
chassis, and the tuning-ring shaft is 3 1/4 inches
above the chassis. The input tuning capacitor, C1,
is mounted under the chassis, with equal spacing
between the three, for symmetrical appearance.

The output coupling loop, L3, is just inside the
cold end of L2. It can be adjusted for optimum
coupling by “leaning” it slightly into or out of L2.
Be sure that it clears the shorted turn throughout
movement of the latter.

The coaxial output jack, J3, is on the rear wall
of the enclosure. A small bracket of aluminum
grounds it to the chassis, independent of the
bor.ding between the chassis and the enclosure.
Plate vacltage enters through a Millen 37001 high-

VHF AND UHF TRANSMITTING

voltage connector, J2, on the rear wall, and is
bypassed immediately inside the compartment
with a TV *“doorknob” high-voltage capacitor, CS.

The blower assembly in the left rear comer of
the chassis draws air in through a hole in the back
of the compartment, and forces it down into the
enclosed chassis. The only air path is then back up
through the socket and chimney (Eimac parts
SK-410 and SK406 recommended) and out
through the top of the enclosure. The data sheet
for the 3-500Z specifies an air flow of at least 13
cubic feet per minute, when the tube is operated at
500 watts plate dissipation. The ac leads for the
blower motor come into the enclosure on feed-
through capacitors.

The meters are enclosed in a shield fastened to
the front and side panels. Meter terminals are
bypassed for rf inside the shield, and leads come
through the chassis on feedthrough capacitors. The
rocker-type switches just below the meters have
built-in illumination. The high-voltage switch is not
meant to control the plate supply directly, but
rather through a relay, as in the 3000-volt supply
shown in Chapter S. The plate meter is in the
negative lead, so be sure that your supply is
compatible with this arrangement. Do not use this
system where a potential difference exists between
the amplifier and power supply chassis. All power
leads are made with shielded wire (Belden 8862)
and all exposed points are bypassed to ground.

Adjustment and Use

Do not apply drive to the 3-500Z without the
plate voltage being on. Also, it is recommended
that initial testing be done with low drive, and with
a plate voltage of 1500 or less. With a §0-ohm load

Fig. 7-29 — With the bottom cover removed, a look
into the chassis from the rear shows the input
circuit, L1,C1, right, the bifilar filament chokes,
foreground, filament transformer and control
switches. Opening in the rear wall is for air intake.
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Fig. 7-30 — Schematic diagram and parts

information for the 50-MHz grounded-grid ampli-

fier.

81 — Blower, 15 ft3/min or more.

C1 — 75-pF variable (Johnscn 167-4).

C2 — 1000-pF dipped mica.

C3, C4 — 500-pF 5-kV transmitting ceramic
(Centralab 858S-500).

C5 — 500-pF, 10-kV or more, TV "’Doorknob.”

C6 — 50-pF variable (Johnson 167-3).

J1 — BNC coaxial receptacie.

J2 — High-voltage connector (Millen 37001).

J3 — Type N coaxial receptacle.

Ja = 8-pin male power connector, chassis-mount-
in

J5 — AC receptacle, chassis-mounting.

L1 — 4 turns No. 12 enam, 1 inch long, 1inch dia.
Tap 2 1/2 turns from ground end.

L2 - 31/2 turns 1/4-inch copper tubing,
3 1/2-inch dia, 5 1/4 inches long. Diameter is
finished dimension, not that of form used for
winding. See text and photo for turn spacing.

connected to J3, apply 1000 to 1500 volts through
J2, and tum on the driver. Adjust the tuning ring
inside L2 for a dip in plate current. Tune C1 for
maximum grid current. Tune C6 and adjust the
position of L3 with respect to L2 for maximum
output. If the amplifier seems to be running
properly, connect an SWR bridge between the
driver and J1, and check reflected power. It should
be close to zero. If otherwise, adjust the tap
position on L1.

Tuning range of the plate circuit can be
checked with a grid-dip meter, with the power off
the amplifier. The range is affected by turn spacing
overall, and at the cold end. The closer the first
two turns are together the greater the effect of the
tuning ring. No other tuning device is used, so

Tuning ring is closed loop of 1/2-inch copper
strip, 2 5/8-inch dia.

L3 — 1 turn, 3-inch dia, and leads, made from one
piece of 1/8-inch copper tubing or No. 8 wire.

M1 — DC meter, 0-1 ampere (Simpson Wide-Vue,
Model 1327).

M2 — 0-300 mA, like M1,

P1 — AC plug, on cable to power supply.

R1 — 47,000-ohm 2-watt resistor.

RFC1, RFC2 — 21 turns each, No. 12 enam,
1/2-inch dia, bifilar.

RFC3 — 30 turns No. 20 enam, spaced wire dia, on
3/4-inch Teflon rod, 3 3/4 inches long. Drill
end holes 1/2 and 2 3/4 inches from top.

S1, S2 — Spst, rocker-type, neon-lighted (Carling
LT1L, with snap-in bracket).

T1 — Filament transformer, 5 V, 15 A (Stancor
P6433; check any electrical equivalent for fit
under 3-inch chassis).

some experimentation with diameter and length of
L2 may be needed if you want other than the 49.8
to 52.7 MHz obtained with the graduated tum
spacing visible in the interior view. The highest
frequency is reached with the ring in a vertical
plane. Dimensions that affect tuning range are as
follows: Grounded support for L2 — 1 1/8 inches
from right side of chassis, and 3 1/4 inches from
rear. RFC3 mounting position — 4 inches from rear
and §1/2 inches from left. Shorted turn approxi-
mately centered between turns 1 and 2 of L2. The
start of L3 bends from the stator of C6 to near the
start of L2. The end toward J2 passes between the
first two turns of L2, clearing the tuning ring in
any position of the latter.

Once the amplifier seems to work normally at
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moderate plate voltages, apply higher, up to the
maximum of 3000. Plate current, with no drive,
should be about 160 mA. It can be lowered by
inserting 0.1 to 0.4 ohm in series with R1 and the
filament center-tap. A Zener diode, 2 to 9 volts, 10
watts, could do this job, as well.

Keep the amplifier tuned for maximum output.
Do not decouple to reduce output; cut down drive
and/or plate voltage instead. Adjustment for linear
operation requires a scope. Maximum output,
minimum plate current and maximum grid current
should all occur at the same setting of the plate
tuning. If they do not, the output loading is
over coupled, or there is regeneration in the ampli-
fier. The plate-current dip at resonance is notice-
able and smooth, but not of great magnitude.

VHF AND UHF TRANSMITTING

Typical operating conditions given by the man-
ufacturer, and in the tube-data section of the
Handbook, are guides to good practice. The ampli-
fier works well with as little as 1000 volts on the
tube plate, so varying the ac voltage to the
plate-supply transformer is a convenient way to
control power level. It is seldom necessary to run
the maximum legal power in vhf communication,
so some provision for this voltage control is
recommended. With just one high-voltage supply
needed and no critical tuning adjustments, power
variations from 100 to 600 watts output are
quickly and easily made. This amplifier was built
by Tom McMullen, W1SL, and first described in
QST for November, 1970.

A 2-KW PEP AMPLIFIER
FOR 144 MHz

Large external-anode triodes, in a cathode-
driven configuration, offer outstanding reliability,
stability and ease in obtaining high power at 144
MHz. The selection is somewhat limited and they
are not inexpensive. Data on the recently intro-
duced 3CX1500A7/8877, a high-mu, external-
anode power triode, appeared very promising. A
reasonable heater requirement (5V at 10 A) and an
inexpensive socket and chimney combination made
the tube even more attractive,

The techniques employed in the design and
construction of the cathode-driven 3CX1500A7/
8877 amplifier described here have removed many
of the mechanical impositions of other designs.
Those interested in obtaining complete con-
structional details should refer to the two part
article appearing in December, 1973, and January,
1974 QST.

The plate tank operates with a loaded Q on the
order of 40 at 2-kW PEP and 80 at 1 kW. Typical
loaded Q values of 10 to 15 are used in hf
amplifiers. In comparison, we are dealing with a
relatively high loaded Q, so losses in the strip-line
tank-circuit components must be kept very low. To
this end, small diameter Teflon rods are used as
mechanical drive for the tuning capacitor and for
physical support as well as mechanical drive for the
output-coupling capacitor. The tuning vane or
flapper capacitor is solidly grounded, through a

wide flexible strap of negligible inductance, di-
rectly to the chassis in close proximity to the
grid-return  point. A flexible-strap arrangement,
similar to that of the tuning capacitor, is used to
connect the output coupling capacitor to the
center pin of a type N coaxial connector mounted
in the chassis base. Ceramic (or Teflon) pillars,
used to support the air strip line, are located under
the middle set of plate-line dc isolation bushings.
This places these pillars well out of the intense rf
field associated with the tube, or high-impedance
end of the line. In operation, plate tuning and
loading is quite smooth and stable, so a high-loaded
Q is apparently not bothersome in this respect.

In this amplifier, output coupling is accom-
plished by the capacitive probe method. As
pointed out by Knadle' ‘‘Major advantages of
capacitive probe coupling are loading linearity and
elimination of moving contact surfaces.”

Capacitive-probe coupling is a form of “reactive
transformation matching” whereby the feed-line
(load) impedance is transformed to the tube
resonant-load impedance (R,) of 1800 ohms (at
the 2-kW level) by means of a series reactance (a
capacitor in this case). At the 1-kW level, R, is
approximately twice that at the 2-kW PEP level.
Therefore, the series coupling capacitor should be
variable and of sufficient range to cover both
power levels. Formulas to calculate the transforma-
tion values have been presented in QST.?

The electro-mechanical method of probe coup-
ling used in this amplifier is easy to assemble and
provides good electrical performance. Also, it has
no moving-contact surfaces and enables placement
of the output coupling, or loading, control on the
front panel of the amplifier for ease in adjustment.

The grid- and cathode-metering circuits em-
ployed are conventional for cathode-driven ampli-
fiers. The multimeter, a basic 0-1 mA movement, is
switched to appropriate monitoring points.

An rf-output monitor is a virtual necessity in

! Knadle, “A Strip-Line Kilowatt Amplifier for
432 MHz,” QST, in two parts: Part I, April, 1972,
p. 49; Part II, May, 1972, p. 59.

? Belcher, “Rf Matching Techniques, Design and
Example,”” QST, October, 1972,
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2-kW PEP Amplifier for 144 MHz

The placement of input-circuit components and
supporting bracket may be seen in this bottom
view, When the bottom cover is in place, the
screened air inlet allows the blower to pull air in,
pressurizing the entire under-chassis area. The
Minibox on the rear apron is a housing for the
input reflectometer circuit.

vhf amplifiers to assure maximum power transfer
to the load while tuning. Most capacitive-probe
output coupling schemes presented to date do not
lend themselves to built-in relative-output moni-
toring circuits. In this amplifier, one of these
built-in circuits is achieved quite handily. The
circuit consists of a 10:1 resistive voltage divider,
diode rectifier, filter and adjustable indicating
instrument. Two 7500-ohm, 2-watt carbon re-
sistors are located in the plate compartment
connected between the type N rf-output connector
and a BNC connector. A small wire was soldered to
the center pin of the BNC connector, inside a
Minibox, with the 1500-ohm, 1-watt composition
resistor and the rectifier diode joined at this point.
Relative output voltage is fed, via feedthrough
capacitors, to the level-setting potentiometer and
multimeter switch.

A calibrated string of 2-watt composition re-
sistors, totaling S megohms, was installed to
facilitate ‘“on-the-spot’ determination of power
input, and to attest to the presence or absence of
high voltage in the plate tank circuit. A full-scale
range of S000 volts is obtained with the 0-1 mA
meter. If desired, the builder may use ten 500-K-2,
2-watt, l-percent resistors for the string and
reasonable accuracy will be obtained. Of course
this monitor feature may be eliminated if other
means are used to measure and monitor plate
voltage.

The amplifier is unconditionally stable, with no
parasitics. To verify this, a zero bias check for
stability was made. This involved shorting out the
Zener diode in the cathode retumn lead, reducing
bias to essentially zero volts. Plate voltage was
applied, allowing the tube to dissipate about 885
watts. The input and output circuits were then
tuned through their ranges with no loads attached.
There was no sign of output on the relative output
meter and no change in the plate and grid currents.
As with most cathode-driven amplifiers, there is a

The tube and plate line is in place, with the top
and side of the compartment removed for clarity.
The plate-tuning vane is at bottom center. A
bracket is attached to the side pane! to support the
rear of the Teflon rod supporting the tuning vane.
The coil at the opposite end of the plate line is
RFC1, connected between the high-voltage-bypass
plate and the top section of the plate-line sand-
wich. Items outside the tube encfosure include the
filament transformer, blower motor, relays, and a
power supply to operate a VOX-controlled relay
system,

slight interaction between grid and plate currents
during normal tune-up under rf-applied conditions.
This should not be misconstrued as amplifier
instability.

Tolerances of the Zener diode used in the
cathode return line will result in values of bias
voltage and idling plate currents other than those
listed in Table I. The IN3311, a 20-percent
tolerance unit, is rated at 12 volts nominal but
actually operates at 10 volts in this amplifier
(within the 20-percent tolerance).

All testing and actual operation of this ampli-
fier was conducted with a Raytrack high-voltage
power supply used in conjunction with the au-
thor’s 6-meter amplifier. The power supply control
and output cable harness was moved from one
amplifier to the other, depending on the desired
frequency of operation.

Drive sequirements were measured for plate
power-input levels of 1000 and 1600 watts with a
Bird Model 43 Thru Line Wattmeter and a plug of
known accuracy. Output power was measured
simultaneously with drive requirements at the
1000 and 1600 watt plate power input levels. A
second Bird model 43 with a 1000-watt plug was
used to measure amplifier output into a Bird




1000-watt Termaline load. A 2500-watt plug
would be necessary to determine output power at
the 2-kW input level, so I stopped at the 1000-watt
output point and worked backwards to calculate
apparent stage gain and efficiency.

Efficiency measurements also were made
employing the ‘“‘tube air-stream heat-differentin]”
method. Several runs were made at 885 watts static
dc and normal rf input. Apparent efficiencies of 62
to 67 percent were noted. These values were about
S-percent higher than the actual power output
values given in Table 1. Both efficiency measure-
ment schemes serve to confirm that the amplifier is

operating at the upper limit of the theoretical
50-60-percent efficiency range for typical Class
AB2 amplifiers.

To commence routine operation, the variable
capacitor in the input circuit should be set at the
point where lowest input VSWR was obtained
during the “‘cold-tube” initial tube-up. The ability
of the plate tank to resonate at 144-145 MHz with
the top cover in place should be verified with a
grid-dip meter, via a one-turn link attached to the
f output connector. Top and bottom covers are
then secured. As with all cathode driven amplifiers,
excitation should never be applied when the tube

Fig. 1 — Schematic diagram of the amplifier.

Included is information for the input reflectometer

used as an aid to tuning the cathode circuit for low

SWR. C7, C8, and C9 are fabricated as described in

the text and Fig. 2.

B1 — Blower. Fasco 59752-IN or Dayton 2C610.
Wheel diameter is 3-13/16 inches.

C2 - 5 to 30pF air variable. Hammarlund
HF-30-X or equiv.

C3, C4, C5, C6 — 0.1 uF, 600-V, 20-A feedthrough
capacitor. Sprague 80P3 or equiv.

J1, J2, J6 — Coaxial chassismount connectors,
type BNC.

J3 — Coaxial connector, type N.

J4 — Coaxial panel jack, UG-22B/U (Amphenol
82-62 or equiv.).

J5 — HV connector (James Millen 37001 or
equiv.).

L1 - Doublesided pc board, 1-1/4 X 4-7/16
inches.

L2 — 4-1/4 inches of No. 18 wire. L1 and L2 are
part of the input reflectometer circuit described
in the text under the heading of ‘'Support
Electronics,”

L3 — 6 turns No. 18 enam., 5/8-in. long on 3/8-in,
dia form (white slug).

L4 — 3 turns No. 14 enam., 5/8-in. long X 9/16-in.
ID. Lead length to L3 is 5/8-in. Lead length to
cathode bus is 3/4-in.

LS — Air-dielectric strip line. See text and Fig. 2.

P1 — Coaxial cable connector, type BNC.

P2 — Coaxial cable connector, type N.

R1 — Meter range multiplier. Ten 500-K 2, 2-watt
composition resistors in series.

RFC1 — 7 turns No. 16 tinned, 1/2-in. ID X 1-in.
long.

RFC2 — 18 turns No. 18 enam., close wound on
1-megohm, 2-watt composition resistor.
RFC3, RFC4 — Each 2 ferrite beads on component

leads.

RFC5, RFC6 — 10 turns No. 12 enam. bifilar
wound, 5/8-in. dia.

S1 — Single-pole, three position rotary switch,
non-shorting contacts.

T1 = 5V, 10-A secondary, center tap not used.
(Stancor P-6135 or equiv.).

VR1 12-v, 50-watt Zener diode.

BOTTOM

200 10K
10w 2
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& 00D . M=1000 000
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heater is activated and plate voltage is removed.
Next, turn on the tube heater and blower simul-
taneously, allowing 90 seconds for warm-up. Plate
potential between 2400-3000 volts then may be
applied and its presence verified on the multimeter.
The power supply should be able to deliver 800
mA or so. With the VOX relay actuated, resting
current should be indicated on the cathode meter.
A small amount of drive is applied and the plate
tank circuit tuned for an indication of maximum
relative power output. The cathode circuit can now
be resonated, tuning for minimum reflected power
on the reflectometer, and not for maximum drive
power transfer. Tuning and loading of the plate-
tank circuit follows the standard sequence for any
cathode driven amplifier. Resonance is accom-
panied by a moderate dip in plate/cathode current,
a rise in grid current and a considerable increase in
relative power output. Plate-current dip is not
absolutely coincident with maximum power out-
put but it is very close. Tuning and output-loading

adjustments should be for maximum efficiency and
output as indicated on the output meter. Final
adjustment for lowest VSWR at amplifier input
should be done when the deisred plate input-power
level has been reached.

Table 1
Performance Data
Power input, watts 1000 1600
Plate voltage 2600 2450
Plate current (single tone) 385 mA 660 mA
Plate current (idling) S0 mA 50 mA
Grid bias -10V -10V
Grid current (single tone) 35S mA 54 mA
Drive power, watts 8 41
Efficiency (apparent) 59.5% 61.8%
Power gain (apparent) 15.2dB 13.9dB
Power output, watts 595 1000
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A TRIPLER AMPLIF

Equipment for 432 MHz varies in style, size,
complexity, and ancestry. Some stations use con-
verted uhf fm transmitters that once saw duty in
taxicabs or the like. Others have been able to build
up-converters using tubes such as the 6939.1

1Moret,t,l. “A Heterodyne Exciter for 432
Hz,” QST, November 1973, (also see Feedback,
QST March, 1974, page 83).

IER FOR 432 MHZ

Others have pressed their 144-MHz equipment into
service by employing an active frequency trip-
ler.2.3

nadle, ‘“High Efflclency Parallel Kilowatt for
432 MHz.” QST, April, 1972

3Knadle. “Dual-Band Stripline A mplifier-
Tripler for 144 and 432 MHz, ” Ham Radio,
February, 1970,
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A Tripler Amplifier for 432 MHz

The design criteria for a desirable amplifier
were G simple — a  table-top conduction-cooled
(quiet) unit that would deliver 100-watts output at
a drive level of less than 10 watts. The table-top
configuration would be more attractive to many
station owners than would the old reliable rack-
and-panel system of days gone by. The con-
ductioncooling requirement was to get away from
the blower/air-hose/insulated-box problems that
tollow the usual external-anode design. At the
100-watt output level, some transmission-line loss
could be tolerated and still allow the use of a
modest antenna for satellite access.

Amplifier Circuitry

The amplifier draws heavily upon previous
designs that utilized the air-cooled. external-anode
tubes, as shown in Fig. 1 and in the photo-
graphs. A half-wave grid line is fabricated from
double-sided pc-board material. The input-coupling
method departs slightly from previous examples,
but only in the mechanies of adjustment. The plate
line is similar to published information, with slight
variations in the method of tuning.

Input coupling to the amplificr is by means of a
capacitive probe to the grid line. A small tab of
copper is solcered to the grid line and forms one
side of the capacitor. A disk on the center
conductor of a coaxial section is the movable
portion of the coupling. This coaxial scction is
fabricated from picces of brass tubing that will
slide together, telescope fashion. A BNC chassis-
mount fitting with the threads filed down is
soldered into the inner, movable picce of tubing to
allow ease of connection from the exciter. A picce
of copper wire and a couple of Teflon disks extend
the center conductor for attachment of the capac-
itor plate inside the grid compartment. Once
adjusted, the sliding portion is held in place by
means of a small compression clamp.

4Temprobes“ Test Kit, by Tempilo. Hamilton

Blvd., South Flainfield, NJ 07080.
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The plate line is the familiar half-wavelength
variety, with capacitive tuning provided by
movable vanes or “flappers.” In earlier versions
using this tuning scheme, the flappers were moved
by means of string that was allowed to wind or
unwind around a shaft, providing front-panei con-
trol. After a few instances of loss of control,
caused by the nylon fishing line melting or
becoming untied, the writers decided that there
had to be a better way. Accordingly, the cam-on-
a-rod method was tried and found satisfactory.
Both plate-tuning and output-coupling tlappers are
adjusted in this manner (Fig. 2).

Cooling

Several tests were performed to check the
effectiveness of the thermal-link/heat-sink cooling
system. With the aid of Temprobes.4 it was
determined that the tube would stay within max-
imum temperature ratings while dissipating 100 to
200 watts of dc. A liberal coating of thermal-
conducting grease was used to aid heat transfer.
More on this subject later.

\
MA

|

|
i
1
|

A look at the bottom of the amplifier reveals the
grid compartment (top center) and the ac and dc
connection cables from the power supply. A grid
line is tuned by means of a butterfly type of
capacitor mounted on phenolic so that the total
capacitance is reduced. A small disk on the end of
a coaxial section provides capacitive input coupling
to the grid circuit. The flexible coupling shown
here has since been replaced by two universal-joint
type of connectors tO remoOve some annoying
backlash in the tuning control. A high-wattage
dropping resistor, part of the screen supply cir-
cuitry, is shown at the right.
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Fig. 1 — Schematic diagram of the 432-MHz

amplifier.

C1 — 1.8- to 5.1pF air variable, E. F. Johnson
160-0205-001. Mount on phenolic bracket.

C2 — 1/2-inch dia. disk on center conductor of
coaxial extension. See text and photograph.

C3, C4 — Spring-brass flapper type tuning capac-
itors. See text and Fig. 2.

C5 — 2-1/2 X 4-inch pc board, single-sided, with
.01-inch thick Teflon sheet for insulation to
chassis. Copper-foil side mounted toward the
chassis wall.

CR1 — 1/4-inch dia. LED.

J1 — BNC chassis-mount connector with threads
filed to fit inside brass sleeve.

J2 — Type "N’ coaxial connector.

Early tests with only dc applied, and later ones
with the full dc and rf voltages present, confirmed
that at the 100-watt output level no forced-air
cooling was required. At higher output levels of
175 to 200 watts, the temperatures on the anode
and heat sink were still below the maximum
allowed by the manufacturer, but high enough that
it was felt prudent to add a quiet “whisper” fan for
safety. Operational tests proved that the added
background noise was not distracting to the opera-
tor.

=220,

FAN
H7VAC

J3, J4 — Tip jacks or binding posts.

J5 — Phono type connector. External relay con-
tacts should be wired to short J5 for ‘‘carrier-
on'’ condition.

J6 — High-voltage connector, James Millen 37001.

L1 — 1-3/4 X 4-inch double-sided pc board, spaced
7/8-inch from chassis.

L2 — 3-1/2 X 6-1/4-inch double-sided pc board or
aluminum strip. Length from tip of line to tube
center is 7-1/8 inches. See Fig. 2.

Heat Sink — Astrodyne No. 3216-0500-A0000, 5
X 5 inches. Can be painted flat black or
anodized for better dissipation.

R1 — 27 ohm, 1-W resistor, 6 in parallel.

R2 — 100-k2 1-W resistor, 3 in parallel.

Construction

There are several configurations possible for the
package, and the constructor should feel free to
mold them to fit his idea of how things should be
assembled. An LMB cabinet (CO-1) was selected
for an enclosure because it matches many of the
“‘gray boxes” found in a lot of shacks. Rather than
mount the heat sink through an unsightly hole in
the rear panel of the cabinet, it was decided to
mount the amplifier parallel to the front panel.
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Fig. 2 — Cutaway drawing from the side of the grid and plate compartments. The plate line may be made
of two pieces, as shown here, or of one single piece of aluminum strip. C4 is shown from the end-on view.
The arm that moves C4 and the eccentric that moves C3 are fastened to their insulated shafts by epoxy
cement. Small Teflon buttons prevent accidental shorts between the capacitors and the plate line.

This places the heat sink inside, but there is
adequate ventilation through the box to allow
proper cooling. This mounting scheme also permits
a fan to be mounted inside, so that there are no
awkward protuberances to worry about behind the
cabinet. A standard size chassis is used to fill the
gap between the panel and the amplifier proper,
and incidentally to provide a mounting space for
peripheral electronics. As long as the parts place-
ment within the amplifier grid and plate compart-
ments is not changed from the design given here, it
will not matter what is done externally.

The grid compartment is a § X 7 X 2-inch
aluminum chassis with captive nuts in the bottom
lip to permit securing the bottom plate. For the
plate compartment a 5 X 10 X 3-inch aluminum
chassis was modified to provide better mounting
surfaces for the heat sink and to allow the
plate-tuning flapper to be mounted on the end wall
of the compartment. One end of the chassis was
removed and pieces of aluminum angle stock were
fastened around the open end. These pieces were
drilled to accept No. 8-32 screws that thread into
tapped holes in the heat sink. Tapped holes in the
top surface of the heat sink and captive nuts in the
top lips of the chassis permit a perforated top plate
to be fastened securely for minimum rf leakage.
Total dimensions are given in Fig. 2.

Tube Placement

An Eimac SK-630 socket and SK-1920 thermal
link are used in mounting the tube and conducting

the heat away from the anode. The thermal link is
made of toxic beryllium oxide (BeO). The manu-
facturer’s caution against abrasion, fractures, or
disposal should be heeded. Parts placement in the
anode-block area is critical if efficient heat transfer
and minumum strain on the tube are to be
obtained. The tube socket must have sufficient
clearance in its mounting hole that some lateral
movement toward or away from the heat sink is
allowed. The socket is secured to the chassis with

The varactor tripler is assembled in a box made
from double-sided pc board.
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the usual toe clamps supplied. Because of the rim
formed on the socket by the integral screen-bypass
capacitor, a spacer is needed between the thermal
link and the heat sink. A piece of copper, 1/4-inch
thick and about 2-3/4 X 4-1/2-inches, serves as the
spacer, as well as providing excellent heat transfer
to the inner face of the heat sink. This copper
spacer and the BeO thermal link are both held in
place between the tube anode and the heat sink by
the pressure applied by the ceramic pillars. The
anode end of the plate line is bent up to form a
surface that will permit screws to thread into the
insulators. In the carly version of the amplifier this
shaped and bent piece of aluminum was only long
enough to provide some mounting surface to which
the plate line (double-sided pc board in this
instance) was fastened by means of five No. 6-32
screws and nuts with lock washers. The photograph
shows this particular scheme in the top view. A
later version had the pc board replaced with an
aluminum strip of the same size. A still later test
was made with the anode-clamp/plate line all
constructed from one piece of aluminum. No
difference in plate-circuit performance could be
noticed, which was the reason for the tests of
different materials.

A moderate coating of thermal-conducting
grease should be applied between the copper plate,
the heat sink, the thermal link, and the anode
block. Don’t overdo it, however. In one test a glob
of the material found its way down to the screen
ring, and the combination of rf and dc voltages
between the screen and plate caused the material
to break down.

The Tripler

The tripler is responsible for the “Tr” part of
the name. The frequency tripler, using a varactor
diode, is essentially a duplicate of the one de-

VHF AND UHF TRANSMITTING

The amplifier chassis is mounted parallel to the
front panel. A varactor-diode tripler is mounted on
the subchassis, at the right. This view of the
amplifier shows the ceramic insulators that provide
pressure to hold the tube anode against the thermal
link and the heat-sink assembly. A half-wavelength
plate line occupies most of the length of the
chassis, with a flapper type of tuning capacitor
mounted on the left wall. The two VR tubes,
center, are regulators for the screen voltage. In-
sulated shafts extend into the plate compartment,
under the plate line, where they rotate eccentric
disks to provide tuning control. Two tip jacks at
the extreme right allow a cooling fan to be
connected, if needed for higher power operation.

scribed in other ARRL publications.5 A slight
change was made to permit easier adjustment; a
1000-ohm resistor was added in series with the
normal bias resistor across the diode. This permits
the diode current to be monitored during the
tune-up procedure. A rough approximation of
correct adjustment can be obtained by tuning the
input circuitry for maximum voltage across the
1000-ohm resistor, and then adjusting the idler
circuit and the output circuits for a dip in this
reading. These adjustments should be made with
the varactor output connected to a suitable
50-ohm load; reactive loads will cause the readings
to be erratic and confusing. Final adjustments
should be made with the aid of SWR meters and a
sensitive wavemeter or other spectral-output
indicating system. Once the tripler is adjusted for
proper operation into a dummy load, don’t touch
it. Further adjustments should be done at the tube
grid-input circuit.

Because the tripler construction and the peri-
pheral electronics chassis layout were not carefully
coordinated, there is a distressing lack of space to
adjust the tripler input circuits while in place (as
can be seen in the photograph). However, if the
builder will move the location of the voltage
regulator tubes an inch or two to the left, there
should be no problem. The tripler is fastened to
the chassis by means of spade lugs extending from
the vertical members of the tripler box.

Power Supply

Most of the earlier testing of this unit was
performed while using the Heath HP-23A to supply

SRadio Amateur’s Handbook, ARRL, 52nd
Edition, Chapter 7.
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Fig. 3 — Schematic diagram of the varactor tripler.

all voltages. The amplifier can be operated at the
80- to 100-watt output level without unduly taxing
the capability of this supply. Accordingly, the
wiring and plug connections were made up with
this feature in mind. When a larger supply was
constructed for tests at the 200-watt level, con-
nections were made compatible with those on the
Heath supply as far as practicable. When using the
HP-23A, provision must be made to drop the
filament potential to the nominal 6.0 V required
by the 8560A heater. A voltage-dropping resistor
for this purpose is located under the support
chassis. Heater voltage should be measured at the
tube socket, not at the power supply. The newer
power supply, HP-23B, can be used if the series
resistance added is sufficient to drop the potential
from 12 to 6 V as needed by the tube.

Adjustment and Operation

Initial testing should be performed while opera-
ting the amplifier at reduced plate and screen
voltages, if possible. Output coupling should be at
maximum, and the input-coupling probe should be
near maximum. Again, do not adjust the tripler
circuits to make up for misadjustment of the
amplifier. Drive power should be adjusted by
increasing or decreasing the 144-MHz excitation to
the tripler. An output power indicator should be
used as an aid in adjustment of the amplifier.

TABLE |
Operating Conditions
144-MHz 4 432-MHz 432-MH:z
drive power drive power  output power
watts watts walts
4 2 30
8 4 50
10 5 80
15 7 100
18 9 140
Ep - 1000 V.,
Ip — 60 mA, zero signal.
Ip — 300 mA, single tone (cw), 140 W output.

Provisions were made in the wiring to the multi-
meter switch to display a sample of rf energy, such
as might be obtained from a directional coupler.6
The input-probe spacing and the grid-line tuning
should be adjusted for maximum drive to the tube;
this should be concurrent with minimum SWR as
seen by the tripler. Move the coupling probe in
small increments — the proper position will tend to
be somewhat difficult to find. Output coupling and
plate tuning should be adjusted for maximum
output. The reason for starting with maximum
coupling is that with minimum coupling and
reactive loads, the amplifier could be unstable.
Loading should be decreased until there is a
smooth, but not sharp, dip in plate current. A
reading in the vicinity of 250 to 300 mA at
resonance is about right, at a plate potential of 800
V. As with most tubes in this family, maximum
output is seldom achieved at minimum plate
current. Use the output power as an indication of
proper operation, but be sure that the screen is not
abused — small amounts of negative screen current
are no cause for alarm. In all cases, do not exceed
the power dissipation rating of the tube element
concerned.

It is not practical to operate this tube in this
configuration at more than 1200-V plate potential.
Tests were made at 1500 V, with disastrous results.
At that dc level, with the added rf voltage, the
stress across the BeO thermal link caused it to
become very “‘unhappy.” This caused it to produce
frying sounds, which made the authors unhappy.
The condition also caused a reduction of plate-
circuit efficiency and much unwanted heating of
nearby metal parts. Investigation of the
phenomenon showed that the high Q of the circuit
caused the fault. Rather than do a complete
redesign of the plate circuit, and because the initial
goal was a 100-watt unit, the decision was made to
leave well enough alone and recommend a
1200-volt limit. This unit was originally described
by QST for January, 1976.

sMcMullen. ““The Line Sampler,” QST, April
1972. Also in FM and Repeaters for the Radio
Amateur, Chapter 10, and The Radio Amateur'’s
VHF Manual, Chapter 14,
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A LOW-DRIVE 6-METER PA

Recently, there have been some excellent arti-
cles on 6-meter amplifiers in the 1- and 2-kW PEP
levels. Usually grounded-grid design is used and the
amplifiers require exciters in the 100-watt class.
The new popular solid-state 6-meter transceivers
that develop approximately 10-watts PEP fall short
of the necessary drive for grounded-grid design.
This amplifier can easily be driven to 500-watts
PEP input by transmitters in this power class.

The Circuit

A single 4CX250B is used in a conventional
grounded-cathode arrangement (l-ig. 1). The tuned
grid circuit and the pi-network in the output is a
standard design that works well on 6 meters.
Driving power is fed into the tuned grid circuit
through a 50-ohm T pad. Selection of the correct
T-pad value will compensate for driving power of a
watt or so up to 25 watts. RS provides very heavy
swamping and assures that the amplifier is com-
pletely stable. If RS resistor is omitted for drive of
less than 1 watt, the amplifier will have to be
neutralized. Another advantage of the T pad and
resistive input is a more constant load to the
driving stage.

In the plate circuit, heavy copper-strap conduc-
tors arc used to provide low inductance leads. The
output capacitance of the 4CX250B (4.4 pF) plus
strays and the plate tuning capacitance should be
10 to 12 pF for a reasonable circuit Q. The
amplifier plate circuit should resonate at S0 MHz
with the tuning capacitor (CI) as near minimum
value as possible.

Top view of the amplifier (note paralleled ceramic
capacitors for C4).

Designed and built by Dick Stevens, W1QWJ, this
amplifier fills the need for a low-drive model usable
with 10-watt exciters.

When drive is provided by a transceiver, a dpdt
relay (K1) places the amplifier in the line in the
transmit condition and connects the antenna to the
transceiver in the receive condition. Cutoff bias is
applied to the amplifier in the receive condition
and is reduced to the operating value while
transmitting by grounding one end of the bias
potentiometer, R4. A double set of VOX send/
receive contacts is required to perform these two
functions (K?2).

Construction

An LMB CO-7 cabinet is used as the basic
amplifier housing. It is necessary to add 4 small
brackets to stiffen the front and back panels. Two
pieces of 1/2 X 1/2-inch Reynolds aluminum angle
stock arc added to the sides of the built-in chassis
to provide additional strength and provide an air

TABLE 1

Pad Values for Input Attenuator

Atn (dB} RI R2 R3 (ohms)
0 none
6 18 18 68
10 27 27 39
20 43 43 11




Results

seal between the bottom and top of the chassis. All
the perforated holes above the top of the chassis
must be covered with masking tape to make the
top portion of the cabinet airtight. Directly
beneath the 4CX250B tube socket, a large hole is
punched in the bottom of the cabinet for an air
entrance. The photograph of the amplifier shows
that the 4CX250B does not have a chimney. It was
tater found that the chimney must be used to
provide adequate cooling. A 4-inch diameter hole is
cut in the back panel of the cabinet and a S-inch
Roton Whisper fan is mounted over the hole to
exhaust air from the cabinet.

Air flow is through the bottom of the cabinet,
through the socket of the 4CX250B, through the
chimney into the anode and out of the cabinet
through the exhaust fan. Very little blower noise is
generated using this method of cooling as com-
pared to the conventional squirrel-cage blower fan.
The amplifier construction is quite simple as can be
seen from the photographs and can be duplicated
easily.

Results

A suitable power supply is shown in Fig. 2.
With 2000 volts on the anode and a plate current

Bottom view of the amplifier.

of 250 mA, the power output as measured by a
Bird Thruline wattmeter into a Bird dummy load
was 325 watts. This agrees closely with the tube
specification sheets.
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Fig. 1 — Schematic diagram of the amplifier.
Unless otherwise specified, capacitors are disk
ceramic and resistors are carbon composition.

C1 — 560 pF, receive spacing.

C2 — 25 pF, 3 kV (surplus cap. in unit).

C3 — 140 pF, receive spacing.

C4 — Cer. cap. 2 paralleled 500 pF, 5 kV.

K1 — Dpdt relay, 12-V coil (can have dc/power

type contacts but rf design preferable).

K2 — Dpdt relay. Either T-R contacts in exciter or
aux. relay if only spst option available.

L1 — 6 turns No. 14 solid wire, 1/2-inch dia, 1-1/4
inch long. Tap 1-1/2 turns from gnd end.

L2 — S turns No. 10 solid wire, 1-3/8 dia, 2 inch
long (see text).

RFC1 — 35 turns No. 22 enam. wire on 5/8-inch dia
cer. ins.
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Fig. 2 — Power supply for the amplifier.

B1 — Blower motor {see text).

CR1-CR4, incl. — Each leg consists of 2, series
silicon diodes (1 A, 1000 PRV).

CRS5, CR6, CR7 — Silicon diode, 1 A, 1000 PRV.

CR8 — Silicon diode, 3 A, 100 PRV.

K3 — Power relay, dpdt 10 A, contacts 117-V ac
coil. -

T1 — Power transformer, 1400 V ac, 500 mA.

T2 — Power transformer, 500 V at 100 mA sec.
12-V, 1-A sec. and 6.3-V, 3-A sec.

T3 — Filament transformer, 6.3 V, 1A.
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CHAPTER 8

Receiving Systems

The performance of a communications receiver
can be measured by its ability to pick up weak
signals and separate them from the noise and
interference while at the same time holding them
steady at the same dial settings. The difference
between a good receiver and a poor one can be the
difference between copying a weak signal well, or
perhaps not copying it at all.

Whether the receiver is of home-made or
commercial origin, its performance can range from
excellent to extremely poor, and high cost or
circuit complexity cannot assure proper results.
Some of the simplest of receivers can provide
excellent results if careful attention is given to
their design and proper use. Conversely, the most
expensive of receivers can provide poor results if
not operated in a competent manner. Therefore,
the operator’s success at sorting the weak signals
out of the noise and interference is dependent
upon the correct use of a properly designed,
correctly operated receiver.

Communications receivers are rated by their
sensitivity (ability to pick up weak signals), their
selectivity (the ability to distinguish between
signals that are extremely close together in terms
of frequency), and by their stability. The latter
trait assures that once a stable signal is tuned in it
will remain tuned without periodic retuning of the
receiver controls (especially the main tuning and
BFO controls).

A well-designed modern receiver must be able
to receive all of the popular modes of emission if it
is to be truly versatile. It should be capable of
handling cw, ssb, a-m, fm, and RTTY signals.

The type of detection to be used will depend
on the job the receiver is called upon to do. Simple
receivers consisting of a single stage of detection
(regenerative detector) followed by a one- or
two-stage audio amplifier are often adequate for
portable and emergency use over short distances.
This type of receiver can be quite compact and
light weight and can provide many hours of
operation from a dry-battery pack if transistorized
circuitry is used. Similarly, superregenerative
detectors can be used in the same way, but are

Fig. 8-1
operation is, in a large part, determined by a
receiver. A good receiver, mated with a good pair
of ears, is an unbeatable combination.

— The success of amateur on-the-air

suitable for copying only a-m and wide-band fm
signals. Superheterodyne receivers are the most
popular and are capable of better performance
than the foregoing types. Heterodyne detectors are
used for ssb and cw reception in the latter. If a
regenerative detector is made to oscillate and
provide a steady signal, it is known as an autodyne
detector. A beat-frequency oscillator, or BFO, is
used to generate a steady signal in the superhetero-
dyne receiver. This signal is applied to the detector
stage to permit the reception of ssb and cw
signals.

Communications receivers should have a slow
tuning rate and a smooth-operating tuming-dial
mechanism if any reasonable degree of selectivity is
used. Without these features cw and ssb signals are
extremely hard to tune in. In fact, one might easily
tune past a weak signal without knowing it was
there if a fast tuning rate were used.

RECEIVER CHARACTERISTICS

Sensitivity
In commercial circles *“‘sensitivity’’ is defined as
the signal at the input of the receiver required to
give a signal-plus-noise output some stated ratio
(generally 10 dB) above the noise output of the
receiver. This is a useful sensitivity measure for the

!

amateur, since it indicates how well a weak signal
will be heard. However, it is not an absolute
method, because the bandwidth of the receiver
plays a large part in the result.

The random motion of the molecules in the
antenna and receiver circuits generates small

jo History]|
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Fig. 82 — Typical selectivity curve of a modern
superheterodyne receiver. Relative response is
plotted against deviations above and below the
resonance frequency. The scale at the left is in
terms of voltage ratios, the corresponding decibel
steps are shown at the right.

voltages called thermal-agitation noise. Thermal-
agitation noise is independent of frequency and is
proportional to the (absolute) temperature, the
resistive component of the impedance across
which the thermal agitation is produced, and the
bandwidth. Noise is generated in vacuum tubes and
semiconductors by random irregularities in the
current flow within them; it is convenient to
express this shot-effect noise as an equivalent
resistance in the grid circuit of a noise-free tube.
This equivalent noise resistance is the resistance (at
room temperature) that placed in the grid circuit
of a noise-free tube will produce plate-circuit noise
equal to that of the actual tube. The equivalent
noise resistance of a vacuum tube increases with
frequency.

An ideal receiver would generate no noise in its
tubes or semiconductors and circuits, and the
minimum detectable signal would be limited only
by the thermal noise in the antenna. In a practical
receiver, the limit is determined by how well the
amplified antenna noise overrides the other noise
of the input stage. (It is assumed that the first stage
of any good receiver will be the determining factor;
the noise contributions of subsequent stages should
be insignificant by comparison.) At frequencies
below 20 or 30 MHz the site noise (atmospheric
and man-made noise) is generally the limiting
factor.

The degree to which a practical receiver
approaches the quiet ideal receiver of the same
bandwidth is given by the noise figure of the
receiver. Noise figure is defined as the ratio of the
signal to noise power ratio of the ideal receiver to
the signal-to-noise power ratio of the actual
receiver output. Since the noise figure is a ratio, it

RECEIVING SYSTEMS

is usually given in decibels; it runs around S to 10
dB for a good communications receiver below 30
MHz. Although noise figures of 2 to 4 dB can be
obtained, they are of little or no use below 30 MHz
except in extremely quiet locations or when a very
small antenna is used. The noise figure of a receiver
is not modified by changes in bandwidth.

Selectivity

Selectivity is the ability of a receiver to
discriminate against signals of frequencies differing
from that of the desired signal. The overall
selectivity will depend upon the selectivity and the
number of the individual tuned circuits.

The selectivity of a receiver is shown
graphically by drawing a curve that gives the ratio
of signal strength required at various frequencies
off resonance to the signal strength at resonance,
to give constant output. A resonance curve of this
type is shown in Fig. 8-2. The bandwidth is the
width of the resonance curve (in Hz or kHz) of a
receiver at a specified ratio; in the typical curve of
Fig. 8-2 the bandwidths for response ratios of 2
and 1000 (described as “-6 dB” and “-60 dB”) are
2.4 and 12.2 kHz respectively.

The bandwidth at 6 dB down must be sufficient
to pass the signal and its sidebands if faithful
reproduction of the signal is desired. However, in
the crowded amateur bands, it is generally
advisable to sacrifice fidelity for intelligibility. The
ability to reject adjacent-channel signals depends
upon the skirt selectivity of the receiver, which is
determined by the bandwidth at high attenuation.
In a receiver with excellent skirt selectivity, the
ratio of the 6-dB bandwidth to the 60-dB
bandwidth will be about 0.2 for code and 0.3 for
phone. The minimum usable bandwidth at 6 dB
down is approximately 150 Hz for code reception
and approximately 2000 Hz for phone.
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Fig. 8-3 — Block diagrams of three simple receivers.



Detection and Detectors

Stability

The stability of a receiver is its ability to ‘‘stay
put” on a signal under varying conditions of
gain-control setting, temperature, supply-voltage
changes and mechanical shock. The term ‘“‘un-
stable” is also applied to a receiver that breaks into
oscillation or a regenerative condition with some
settings of its controls that are not specifically
intended to control such a condition.

SIMPLE RECEIVERS

The simplest receiver design consists of a
detector followed by an audio amplifier, as shown
in Fig. 8-3A. Obviously, the sensitivity of the
detector determines how well this receiver will
work. Various schemes have been developed to
increase detector sensitivity, including the regener-
ative and superregenerative detectors described
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later in this chapter. Another way to increase
receiver sensitivity is to add one or more
rf-amplifier stages before the detector. This
approach is called the tuned-radio-frequency, or
TREF receiver, Fig. 8-3B.

Another design which has becorme popular for
use in battery-powered equipment is the direct-
conversion receiver, Fig. 8-3C. Here, a detector is
employed along with a variable-frequency oscilla-
tor which is tuned just slightly off the frequency of
the incoming signal to produce a beat note. A
narrow-bandwidth audio filter located between the
detector and the aduio amplifier provides selectiv-
ity. However, the lack of automatic gain control
limits the range over which the receiver can handle
strong signals unless a manual rf-gain control is
employed. FETs and ICs can be used as detectors
to provide up to 90 dB of dynamic range —
typically 3 uV to 100 mV of input signal.

DETECTION AND DETECTORS

Detection (demodulation) is the process of
extracting the signal information from a modulated
carrier wave. When dealing with an a-m signal,
detection involves only the rectification of the rf
signal. During fm reception, the incoming signal
must be converted to an a-m signal for detection.
See Chapter 14.

Detector sensitivity is the ratio of desired
detector output to the input. Detector linearity is a
measure of the ability of the detector to reproduce
the exact form of the modulation on the incoming
signal. The resistance or impedance of the detector
is the resistance or impedance it presents to the
circuits it is connected to. The input resistance is
important in receiver design, since if it is relatively
low it means that the detector will consume power,
and this power must be furnished by the preceding
stage. The signal-handling capability means the
ability to accept signals of a specified amplitude
without overloading or distortion.

Diode Detectors

The simplest detector for a-m is the diode. A
germanium or silicon crystal is an imperfect form
of diode (a small current can usually pass in the
reverse direction), but the principle of detection in
a semiconductor diode is similar to that in a
vacuum-tube diode.

Circuits for both half-wave and full-wave diodes
are given in Fig. 84. The simplified half-wave

Fig. 8-4 — Simplified and practical diode detector
circuits. A, the elementary half-wave diode
detector; B, a practical circuit, with rf filtering and
audio output coupling; C, full-wave diode detector,
with output coupling indicated. The circuit, L2C1,
is tuned to the signal frequency; typical values for
C2 and R1 in A and C are 250 pF and 250,000
ohms, respectively; in B, C2 and C3 are 100 pF
each; R1, 50,000 ohms; and R2, 250,000 ohms. C4
is 0.1 (F and R3 may be 0.5 to 1 megohm.

circuit at Fig. 84A includes the rf tuned circuit,
L2C1, a coupling coil, L1, from which the rf
energy is fed to L2C1, and the diode, CR1, with its
load resistance, R 1, and bypass capacitor, C2.
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Fig. 8-5 — Diagrams showing the detection process.

The progress of the signal through the detector
or rectifier is shown in Fig. 8-5. A typical
modulated signal as it exists in the tuned circuit is
shown at A. When this signal is applied to the
rectifier, current will flow only during the part of
the 1f cycle when the anode is positive with respect
to cathode, so that the output of the rectifier
consists of half-cycles of rf. These current pulses
flow in the load circuit comprised of R1 and C2,
the resistance of R1 and the capacitance of C2
being so proportioned that C2 charges to the peak
value of the rectified voltage on each pulse and
retains enough charge between pulses so that the
voltage across R1 is smoothed out, as shown in C.
C2 thus acts as a filter for the radio-frequency
component of the output of the rectifier, leaving a
dc component that varies in the same way as the
modulation on the original signal. When this
varying dc voltage is applied to a following
amplifier through a coupling capacitor (C4 in Fig,
8-4), only the variations in voltage are transferred,
so that the final output signal is ac, as shown in D.

In the circuit at 84B, R1 and C2 have been
divided for the purpose of providing a more
effective filter for 1f. It is important to prevent the
appearance of any rf voltage in the output of the
detector, because it may cause overloading of a
succeeding amplifier stage. The audio-frequency
variations can be transferred to another circuit
through a coupling capacitor, C4. R2 is usually a
‘“‘potentiometer” so that the audio volume can be
adjusted to a desired level.

Coupling from the potentiometer (volume
control) through a capacitor also avoids any flow
of dc through the moving contact of control. The
flow of dc through a high-resistance volume
control often tends to make the control noisy
(scratchy) after a short while.

The full-wave diode circuit at 8-4C differs in
operation from the half-wave circuit only in that
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both halves of the rf cycle are utilized. The

*full-wave circuit has the advantage that rf filtering

is easier than in the half-wave circuit. As a result,
less attenuation of the higher audio frequencies
will be obtained for any given degree of rf filtering.

The reactance of C2 must be small compared to
the resistance of R1 at the radio frequency being
rectified, but at audio frequencies must be
relatively large compared to R1. If the capacitance
of C2 is too large, response at the higher audio
frequencies will be lowered.

Compared with most other detectors, the gain
of the diode is low, normally running around 0.8 in
audio work. Since the diode consumes power, the
Q of the tuned circuit is reduced, bringing about a
reduction in selectivity. The loading effect of the
diode is close to one half the load resistance. The
detector linearity is good, and the signal-handling
capability is high.

Plate Detectors

The plate detector is arranged so that
rectification of the rf signal takes place in the plate
circuit of the tube or the collector of an FET.
Sufficient negative bias is applied to the grid to
bring the plate current nearly to the cutoff point,
so that application of a signal to the grid circuit
causes an increase in average plate current. The
average plate current follows the changes in the
signal in a fashion similar to the rectified current in
a diode detector.

In general, transformer coupling from the plate
circuit of a plate detector is not satisfactory,
because the plate impedance of any tube is very
high when the bias is near the plate-current cutoff
point. The same is true of a JFET or MOSFET.
Impedance coupling may be used in place of the

DETECTOR
HEPBO2

Fig. 8-6 — Circuits for plate detection, A, triode; B,
FET. Theinput circuit, L2C1, is tuned to the
signal frequency. Typical values for R1 are 22,000
to 150,000 ohms for the circuit at A, and 4700 to
22,000 ohms for B.
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Heterodyne and Product Detectors

resistance coupling shown in Fig. 8-6. Usually 100
henrys or more of inductance are required. ’

The plate detector is more sensitive than the
diode because there is some amplifying action in
the tube or transistor. It will handle large signals,
but is not so tolerant in this respect as the diode.
Linearity, with the self-biased circuits shown, is
good. Up to the overload point the detector takes
no power from the tuned circuit, and so does not
affect its Q and selectivity.

Infinite-Impedance Detector

The circuit of Fig. 8-7 combines the high
signal-handling capabilities of the diode detector
with low distortion and, like the plate detector,
does not load the tuned circuit it connects to. The
circuit resembles that of the plate detector, except
that the load resistance, 27k§2, is connected between
source and ground and thus is common to both
gate and drain circuits, giving negative feedback for
the audio frequencies. The source resistor is
bypassed for rf but not for audio, while the drain
circuit is bypassed to ground for both audio and
radio frequencies. An rf filter can be connected
between the cathode and the output coupling capa-
citor to eliminate any rf that might otherwise ap-
pear in the output.

The drain current is very low at no signal,
increasing with signal as in the case of the plate
detector. The voltage drop across the source resis-
tor consequently increases with signal. Because of
this and the large initial drop across this resistor,
the gate usually cannot be driven positive by the sig-
nal.

HETERODYNE AND PRODUCT
DETECTORS

Any of the foregoing a-m detectors becomes a
heterodyne detector when a local-oscillator (BFO)
is added to it. The BFO signal amplitude should be
5 to 20 times greater than that of the strongest
incoming cw or ssb signal if distortion is to be
minimized. These heterodyne detectors are fre-
quently used in receivers that are intended for a-m
as well as cw and ssb reception. A single detector
can thus be used for all three modes, and elaborate
switching techniques are not required. To receive
a-m it is merely necessary to disable the BFO
circuit.

The name product detector has been given to
heterodyne detectors in which special attention has
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Fig. 87 — The infiniteimpedance detector. The
input circuit, L2C1, is tuned to the signal
frequency.
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been paid to minimizing distortion and intermodu-
lation (IM) products. Product detectors have been
thought of by some as a type of detector whose
output signal vanishes when the BFO signal is
removed. Although some product detectors func-
tion that way, such operation is not a criterion. A
product is something that results from the
combination of two or more things, hence any
heterodyne detector can rightfully be regarded as a
product detector. The two input signals (i-f and
BFO) are fed into what is essentially a mixer stage.
The difference in frequency (after filtering out and
removing the i-f and BFO signals from the mixer
output) is fed to the audio amplifier stages and
increased to speaker or headphone level. Although
product detectors are intended primarily for use
with cw and ssb signals, a-m signals can be copied
satisfactorily on receivers which have good i-f
selectivity. The a-m signal is tuned in as though it
were an ssb signal. When properly tuned, the
heterodyne from the a-m carrier is not audible.

A triode product-detector circuit is given in Fig.
8-8A. The i-f signal is fed to the grid of the tube,
while the BFO energy is supplied to the cathode.
The two signals mix to produce audio-frequency
output from the plate circuit of the tube. The BFO
voltage should be about 2 V rms and the signal
should not exceed 0.3 V rms for linear detection.
The degree of plate filtering required will depend
on the frequency of operation. The values shown
in Fig. 8-8A are sufficient for 450-kHz operation.
At low frequencies more elaborate filtering is
needed. A similar circuit using a JFET is shown at
B.

In the circuit of Fig. 8-8C, two germanium
diodes are used, though a 6ALS tube could be
substituted. The high back resistance of the diodes
is used as a dc retum; if a 6ALS is used the diodes
must be shunted by 1-megohm resistors. The BFO
signal should be at least 10 or 20 times the
amplitude of the incoming signal.

At Fig. 8-8D a two-diode circuit, plus one
transistor, provides both a-m and product detec-
tion. This circuit is used in the Drake SPR4
receiver. Balanced output is required from the
BFO. The a-m detector is forward biased to
prevent the self-squelching effect common to
single-diode detectors (caused by signals of low
level not exceeding the forward voltage drop of the
diode). The IC detector given in Fig. 8-8E has
several advantages. First, the BFO injection only
needs to be equal to the input signal, because of
the additional amplification of the BFO energy
which takes place within the 1C. Also, output
filtering is quite simple, as the double-balanced
design reduces the level of i-f signal and BFO
voltage appearing in the output circuit. Motorola’s
MC1496G has a dynamic range of 90 dB and a
conversion gain of about 12 dB, making it a good
choice for use in a direct-conversion receiver.

A multipurpose IC i-f amplifier/detector/agc
system, the National Semiconductor LM373, is
shown in Fig. 8-8F. A choice of a-m, ssb, cw, and
fm detection is available, as well as a 60-dB-range
agc system and i-f amplification of 70 dB.
Recovered audio is typically 120 mV. L1Cl tune to
the i-f frequency.
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Regenerative Detectors

REGENERATIVE DETECTORS

By providing controllable rf feedback (regenera-
tion) in a triode, pentode, or transistorized-detec-
tor circuit, the incoming signal can be amplified
many times, thereby greatly increasing the
sensitivity of the detector. Regeneration also
increases the effective Q of the circuit and thus the
selectivity. The grid-leak type of detector is most
suitable for the purpose.

The grid-leak detector is a combination diode
rectifier and audio-frequency amplifier. In the
circuit of Fig. 8-9A, the grid corresponds to the
diode plate and the rectifying action is exactly the
same as in a diode. The dc voltage from
rectified-current flow through the grid leak, R1,
biases the grid negatively, and the audio-frequency
variations in voltage across R1 are amplified
through the tube as in a normal af amplifier. In the
plate circuit, R2 is the plate-load resistance and C3
and RFC a filter to eliminate rf in the output
circuit.

A gridleak detector has considerably greater
sensitivity than a diode. The sensitivity is further
increased by using a screen-grid tube instead of a
triode. The operation is equivalent to that of the
triode circuit. The screen bypass capacitor should
have low reactance for both radio and audio
frequencies.

The circuit in Fig. 8-9B is regenerative, the
feedback being obtained by feeding some signal
from the drain circuit back to the gate by inductive
coupling. The amount of regeneration must be
controllable, because maximum regenerative ampli-
fication is secured at the critical point where the
circuit is just about to oscillate. The ciritical point
in turn depends upon circuit conditions, which
may vary with the frequency to which the detector
is tuned. An oscillating detector can be detuned
slightly from an incoming cw signal to give

autodyne reception. The circuit of Fig. 8-9B uses a.

control which varies the supply voltage to control
regeneration. If L2 and L3 are wound end to end
in the same direction, the drain connection is to
the outside of the ‘‘tickler’ coil, L3, when the gate
connection is to the outside end of L2.

Although the regenerative detector is more
sensitive than any other type, its many disadvan-
tages commend it for use only in the simplest
receivers. The linearity is rather poor, and the
signal-handling capability is limited. The signal-
handling capability can be improved by reducing
R1 to 0.1 megohm, but the sensitivity will be
decreased. The degree of antenna coupling is often
critical.

A bipolar transistor is used in a regenerative
detector hookup at C. The emitter is returned to
dc ground through a 1000-ohm resistor and a
50,000-ohm regeneration control. The 1000-ohm
resistor keeps the emitter above ground at rf to
permit feedback between the emitter and collector.
A 5-pF capacitor (more capacitance might be
required) provides the feedback path. C1 and L2
comprise the tuned circuit, and the detected signal
is taken from the collector return through T1. A
transistor with medium or high beta works best in
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circuits of this type and should have a frequency
rating which is well above the desired operating
frequency. The same is true of the frequency rating
of any FET used in the circuit at B.

Superregenerative detectors are somewhat more
sensitive than straight regenerative detectors and
can employ either tubes or transistors. An in-depth
discussion of superregenerative detectors is given in
Chapter 9.

RF
NPUT

(c)

Fig. 8-9 — (A) Triode grid-leak detector combines
diode detection with triode amplification. Al-
though shown here with resistive plate load, R2, an
audio choke coil or transformer could be used.

(B) Feeding some signal from the drain circuit
back to the gate makes the circuit regenerative.
When feedback is sufficient, the circuit will
oscillate. The regeneration is adjusted by a
10,000-ohm control which varies the drain voltage.

(C) An npn bipolar transistor can be used as a
regenerative detector too. Feedback occurs be-
tween collector and emitter through the 5-pF
capacitor. A 50,000-ohm control in the emitter
return sets the regeneration. Pnp transistors can
also be used in this circuit, but the battery polarity
must be reversed.



Tuning

For cw reception, the regeneration control is
advanced until the detector breaks into a *‘hiss”
which indicates that the detector is oscillating.
Further advancing of the regeneration control will
result in a slight decrease in the hiss.

Code signals can be tuned in and will give a
tone with each signal depending on the setting of
the tuning control. A low-pitched beat note cannot
be obtained from a strong signal because the
detector “pulls in” or “blocks.”

The point just after the detector starts

RECEIVING SYSTEMS

oscillating is the most sensitive condition for code
reception. Further advancing the regeneration
control makes the receiver less prone to blocking,
but also less sensitive to weak signals.

If the detector is in the oscillating condition
and an a-m phone signal is tuned in, a steady
audible beat-note will result, While it is possible to
listen to phone if the receiver can be tuned to
exact zero beat, it is more satisfactory to reduce
the regeneration to the point just before the
receiver goes into oscillation. This is also the most
sensitive operating point.

TUNING METHODS

Tuning

The resonant frequency of a circuit can be
shifted by changing either the inductance or the
capacitance in the circuit. Panel control of
inductance (permeability-tuned oscillator, or PTO)
is used to tune a few commercial receivers, but
most receivers depend upon  panel-mounted
variable capacitors for tuning.

Tuning Rate

For ease in tuning a signal, it is desirable that
the receiver have a tuning rate in keeping with the
type of signal being received and also with the
selectivity of the receiver. A tuning rate of 500
kHz per knob revolution is normally satisfactory
for a broadcast receiver, but 100 kHz per
revolution is almost too fast for easy ssb reception
— around 25 to 50 kHz being more desirable.

Band Changing

The same coil and tuning capacitor cannot be
used for, say, 3.5 to 14 MHz because of the
impracticable maximum-to-minimum capcitance
ratio required. It is necessary, therefore, to provide
a means for changing the circuit constants for
various frequency bands. As a matter of conveni-
ence the same tuning capacitor usually is retained,
but new coils are inserted in the circuit for each
band.

One method of changing inductances is to use a
switch having an appropriate number of contacts,
which connects the desired coil and disconnects
the others. The unused coils are sometimes
short-circuited by the switch, to avoid undesirable
self-resonances.

Another method is to use coils wound on forms
that can be plugged into suitable sockets. These
plug-in coils are advantageous when space is at a
premium, and they are also very useful when
considerable experimental work is involved.

Bandspreading

The tuning range of a given coil and variable
capacitor will depend upon the inductance of the
coil and the change in tuning capacitance. To cover
a wide frequency range and still retain a suitable
tuning rate over a relatively narrow frequency
range requires the use of bandspreading. Mechani-
cal bandspreading utilizes some mechanical means
to reduce the tuning rate; a typical example is the
two-speed planetary drive to be found in some
receivers. Electrical bandspreading is obtained by
using a suitable circuit configuration, Several of
these methods are shown in Fig. 8-10.

In A, a small bandspread capacitor, C1 (15- to
25-pF maximum), is used in parallel with capacitor
C2, which is usually large enough (100 to 140 pF)
to cover a 2-to-1 frequency range. The setting of
C2 will determine the minimum capacitance of the
circuit, and the maximum capacitance for band-
spread tuning will be the maximum capacitance of
C1 plus the setting of C2. The inductance of the
coil can be adjusted so that the maximum-mini-
mum ratio will give adequate bandspread. It is
almost impossible, because of the nonharmonic
relation of the various band limits, to get full
bandspread on all bands with the same pair of
capacitors. C2 is variously called the bandsetting or
main-tuning capacitor. It must be reset each time
the band is changed.

If the capacitance change of a tuning capacitor
is known, the total fixed shunt capacitance (Fig.
8-10A) for covering a band of frequencies can be
found from Fig, 8-11.

Example: What fixed shunt capacitance will allow a ca-
pacitor with a range of S to 30 pF to tune 3.45to  4.05
MHz?

(4.05 — 3.45) +4.05 = 0.148

From Fig. 8-11, the capacitance ratio is 0.38, and hence
the minimum capacitance is (30 — 5) + 0,38 = 66 pF. The

S5-pF minimum of the tuning cap the tube capadi
and any stray must be included in the 66 pF.
#C
SR ()
C
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Fig. 8-10 - the

three basic bandspread tuning systems.
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The Superheterodyne
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Fig. 8-11 — Minimum circuit capacitance required
in the circuit of Fig. 8-10A as a function of the
capacitance change and the frequency change.
Note that maximum frequency and minimum
capacitance are used.

The method shown at Fig. 8-10B makes use of
capacitors in series. The tuning capacitor, C1, may
have a maximum capacitance of 100 pF or more.
The minimum capacitance is determined principal-
ly by the setting of C3, which usually has low
capacitance, and the maximum capacitance by the
setting of C2, which is in the order of 25 to 50 pF.
This method is capable of close adjustment to
practically any desired degree of bandspread.
Either C2 or C3 must be adjusted for each band or
separate preadjusted capacitors must be switched
in.

The circuit at Fig. 8-10C also gives complete
spread on each band. C1, the bandspread capacitor,
may have any convenient value; 50 pF is
satisfactory. C2 may be used for continuous
frequency coverage (“‘general coverage’) and as a
bandsetting capacitor. The effective maximum-
minimum capacitance ratio depends on C2 and the
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point at which C1 is tapped on the coil. The nearer
the tap to the bottom of the coil, the greater the
bandspread, and vice versa. For a given coil and
tap, the bandspread will be greater if C2 is set at
higher capacitance. C2 may be connected perma-
nently across the individual inductor and preset, if
desired. This requires a separate capacitor for each
band, but eliminates the necessity for resetting C2
each time.

Ganged Tuning

The tuning capacitors of the several f circuits
may be coupled together mechanically and
operated by a single control. However, this
operating convenience involves more complicated
construction, both electrically and mechanically. It
becomes necessary to make the various circuits
track — that is, tune to the same frequency for a
given setting of the tuning control.

True tracking can be obtained only when the
inductance, tuning capacitors, and circuit induc-
tances and minimum and maximum capacitances
are identical in all ‘“ganged” stages. A small
trimmer or padding capacitor may be connected
across the coil, so. that various minimum
capacitances can be compensated. The use of the
trimmer necessarily increases the minimum circuit
capacitance but is a necessity for satisfactory
tracking. Midget capacitors having maximum
capacitances of 15 to 30 pF are commonly used.

The same methods are applied to bandspread
circuits that must be tracked. The inductance can
be trimmed by using a coil form with an adjustable
brass (or copper) core. This core material will
reduce the inductance of the coil, raising the
resonant frequency of the circuit. Powdered-iron
or ferrite core material can also be used, but will
lower the resonant frequency of the tuned circuit
because it increases the inductance of the coil.
Ferrite and powdered-iron cores will raise the Q of
the coil provided the core material is suitable for
the frequency being used. Core material is now
available for frequencies well into the vhf region.

The Superheterodyne

In a superheterodyne receiver, the frequency of
the incoming signal is heterodyned to a new radio
frequency, the intermediate frequency (abbrevi-
ated “i-f”), then amplified, and finally detected.
The frequency is changed by modulating the
output of a tunable oscillator (the high-frequency,
or local oscillator) by the incoming signal in a
mixer or converter stage to produce a side
frequency equal to the intermediate frequency.
The other side frequency is rejected by selective
circuits. The audio-frequency signal is obtained at
the detector. Code signals are made audible by
heterodyne reception at the detector stage; this
oscillator is called the “beat-frequency oscillator™
or BFO. Block diagrams of typical single- and
double-conversion receivers are shown in Fig. 8-12.

As _a numerical example, assume that an
intermediate frequency of 455 kHz is chosen and

that the incoming signal is at 7000 kHz. Then the
high-frequency oscillator frequency may be set to
7455 kHz in order that one side frequency (7455
minus 7000) will be at 455 kHz. The high-frequen-
cy oscillator could also be set to 6545 kHz and give
the same difference frequency. To produce an
audible code signal at the detector of, say, 1000
Hz, the heterodyning oscillator would be set to
either 454 or 456 kHz.

The frequency-conversion process permits rf
amplification at a relatively low frequency, the i-f.
High selectivity and gain can be obtained at this
frequency, and this selectivity and gain are
constant. The separate oscillators can be designed
for good stability and, since they are working at
frequencies considerably removed from the signal
frequencies, they are not normally “pulled” by the
incoming signal. .
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Fig. 8-12 — Block diagrams of a (A) single- and (B) double-conversion superheterodyne receiver.

Images

Each hf oscillator frequency will cause i-f
response at two signal frequencies, one higher and
one lower than the oscillator frequency. If the
oscillator is set to 7455 kHz to tune to a 7000-kHz
signal, for example, the receiver can respond also
to a signal on 7910 kHz, which likewise gives a 455-
kHz beat. The undesired signal is called the image.
It can cause unnecessary interference if it isn’t
eliminated.

The radio-frequency circuits of the receiver
(those used before the signal is heterodyned to the
i-f) normally are tuned to the desired signal, so that
the selectivity of the circuits reduces or eliminates
the response to the image signal. The ratio of the
receiver voltage output from the desired signal to
that from the image is called the signal-to-image
ratio, or image ratio.

The image ratio depends upon the selectivity of
the rf tuned circuits preceding the mixer tube.
Also, the higher the intermediate frequency, the
higher the image ratio, since raising the i-f increases
the frequency separation between the signal and
the image and places the latter further away from
the resonance peak of the signal-frequency input
circuits.

The Double-Conversion Superheterodyne

At high and very-high frequencies it is difficult
to secure an adequate image ratio when the
intermediate frequency is of the order of 455 kHz.
To reduce image response the signal frequently is
converted first to a rather high (1500, 5000, or
even 10,000 kHz) intermediate frequency, and
then — sometimes after further amplification
converted to a lower i-f where higher adjacent-
channel selectivity can be obtained. Such a receiver
is called a double-conversion superheterodyne (Fig.
8-12B).

Other Spurious Responses

In addition to images, other signals to which
the receiver is not tuned may be heard. Harmonics

of the high-frequency oscillator may beat with
signals far removed from the desired frequency to
produce output at the intermediate frequency;
such spurious responses can be reduced by
adequate selectivity before the mixer stage, and by
using sufficient shielding to prevent signal pickup
by any means other than the antenna. When a
strong signal is received, the harmonics generated
by rectification in the detector may, by stray
coupling, be introduced into the rf or mixer circuit
and converted to the intermediate frequency, to go
through the receiver in the same way as an
ordinary signal. These ‘birdies” appear as a
heterodyne beat on the desired signal, and are
principally bothersome when the frequency of the
incoming signal is not greatly different from the
intermediate frequency. The cure is proper circuit
isolation and shielding.

Harmonics of the beat oscillator also may be
converted in similar fashion and amplified through
the receiver; these responses can be reduced by
shielding the beat oscillator and by careful
mechanical design.

MIXER PRODUCTS

Additional spurious products are generated
during the mixing process, and these products are
the most troublesome of all, as it is difficult indeed
to eliminate them unless the frequencies chosen for
the mixing scheme are changed. The tables and
chart given in Fig. 8-13 will aid in the choice of
spurious-free frequency combinations, and they
can be used to determine how receiver “birdies”
are being generated. Only mixer products that fall
close to the desired frequency are considered, as
they are the ones that normally cause trouble. The
horizontal axis of the chart is marked off in steps
from 3 to 20, and the vertical axes from 0 to 14.
These numbers can be taken to mean either
kilohertz or megahertz, depending on the frequen-
cy range used. Both axes must use the same
reference; one cannot be in kHz and the other in
MHz.
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Fig. 8-13 — Chart to aid in the calculation of
spurious frequencies generated during the mixing

process.

To demonstrate the use of the chart, going to be near the 80-meter band, plus the
suppose an amateur wanted to mix a 6- to th-order product of the 3/5 relntlonsl;i(r.
6. Hz VFO output with a 10-MHz ssb The exact frequencies of these products
signal to obtain output in the 80-meter can be found with the help of the two small
band (the same problem as with a receiver tables in Fig. 8-13. The product orders from
that tunes 3.5 to 4 MHz, using a 6- to 1 to 9 are given for all the product lines on
6.5-MHz VFO to heterodyne to a 10-MHz the chart. The first digit of each group in a
i-?l' Thus, F1 is 10 MHz and F2 is 6 to 6.6 box is the harmonic of the lower frequency
MHz. Examination of the chart shows the F2, and the second t is the harmonic of
intersection of these frequencies to be near the larger frequency, F1, The dot indicates
the lines marked 2/3 and 3/5. In the case of sum mixing and no dot indicates products in
the transmitter, difference (subtractive) a difference mix. In the example, the chart
mixing is to be used. The order of the shows that the 2/3 relationship will yield a
products that will be close to the desired 3rd-order product 2F2-F1, a_7th-order
mixer output frequency is given on each line groduct 4F2-3F1, and an 8th-order product
in parentheses. A plus sign in front of the F2-3F1.

parentheses indicates the product orderin a
sum (additive) mix, and a minus sign the
order of a difference mix. For this example
the chart indicates the 3rd-, 7th-, an

8th-order products in a 2/3 relationship are

{Continued on next page)
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8 § 2)571010 - § (3rd order)
(4 X 6.6) — (3 X 10)=-4 (7th order)

(5 X 6.5) — (3 X 10) = 2,5 (8th order)

The 3/4 relationship produces a 6th-order
product 4F2-2F1,

(4X6)—(2X10) =4
(4X6.6)—(2X10)=6

Thus, the ranges of spurious si
desired output band are 2 to 3 MHz, 6 to 4
MHz, 0 to 2.6 MHz, and 4 to 6 MHz, The
negative sign indicales that the 7th-order
goduct moves in the opposite direction to

e normal output frequency, as the VFO is
tuned. In s example proper mixer
operation and sufficient selectivity follow-
ing the mixer should keep the unwanted
Koducu sufficiently down in level without

e use of filters or traps. Even-order
groducts can be reduced by employing a

alanced or doubly balanced mixer circuit,
such as shown in 8-16.

als near the

The level of spurious products to be found in
the output of a2 12AU7 have been calculated by V.
W. Bolie, using the assumption that the oscillator
injection voltage will be 10 times (20 dB) greater
than the input signal. This information is given jn
Fig. 8-14 for Ist- to Sth-order products. It is
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Fig. 8-14 — Chart showing the relative levels of
spurious signals generated by a 12AU7A mixer.

evident from the chart that multiples of the
oscillator voltage produce the strongest of the
undesired products. Thus, it follows that using a
balanced-mixer design which reduces the level of
oscillator signal in the output circuit will decrease
the strength of the unwanted products.

MIXERS

A circuit tuned to the output frequency is
placed in the plate circuit of the mixer, to offer a
high impedance load for the output current that is
developed. The signal- and oscillator-frequency
voltages appearing in the plate circuit are rejected
by the selectivity of this circuit. The output tuned
circuit should have low impedance for these
frequencies, a condition easily met if neither is
close to the output frequency.

The conversion efficiency of the mixer is the
ratio of output voltage from the plate circuit to rf
signal voltage applied to the grid. High conversion
efficiency is desirable. The device used as a mixer
also should be low noise if a good signal-to-noise
ratio is wanted, particularly if the mixer is the first
active device in the receiver,

A change in oscillator frequency caused by
tuning of the mixer grid circuit is called pulling.
Pulling should be minimized, because the stability
of the whole receiver or transmitter depends
critically upon the stability of the hf oscillator.
Pulling decreases with separation of the signal and
hf-oscillator frequencies, being less with higher
output frequencies. Another type of pulling is
caused by lack of regulation in the power supply.
Strong signals cause the voltage to change, which
in turn shifts the oscillator frequency.

Circuits
If the mixer and high-frequency oscillator are
separate tubes or transistors, the converter portion
is called a “mixer.” If the two are combined in one
tube envelope (as is often done for reasons of
economy or efficiency), the stage is called a

“converter.” In either case the function is the
same.

Typical mixer circuits are shown in Figs. 8-15
and 8-16. The variations are chiefly in the way in
which the oscillator voltage is introduced. In
8-15A, a pentode functions as a plate detector at
the output frequency; the oscillator voltage is
capacitance-coupled to the grid of the tube
through C2. Inductive coupling may be used
instead. The conversion gain and input selectivity
generally are good, so long as the sum of the two
voltages (signal and oscillator) impressed on the
mixer grid does not exceed the grid bias. It is
desirable to make the oscillator voltage as high as
possible without exceeding this limitation. The
oscillator power required is negligible. The circuit
is a sensitive one and makes a good mixer,
particularly with high-transconductance tubes like
the 6CYS, 6EJ7 or 6USA (pentode section).
Triode tubes can be used as mixers in grid-injection
circuits, but they are commonly used at 50 MHz
and higher, where mixer noise may become a
significant factor. The triode mixer has the lowest
inherent noise, the pentode is next, and the
multigrid converter tubes are the noisiest.

In the circuit of Fig. 8-15A the oscillator
voltage could be introduced at the cathode rather
than at the control grid. If this were done, C3
would have to be removed, and output from the
oscillator would be coupled to the cathode of the
mixer through a .001-uF capacitor. C2 would also
be discarded. Generally, the same rules apply as
when the tube uses grid injection.

It is difficult to avoid “pulling” in a triode or
pentode mixer, and a pentagrid mixer tube



Mixers

provides much better isolation. A typical circuit is
shown in Fig. 8-15B, and tubes like the 6BA7 or
6BE6 are commonly used. The oscillator voltage is
introduced through an “‘injection” grid. Measure-
ment of the rectified current flowing in R2 is used
as a check for proper oscillator-voltage amplitude.
Tuning of the signal-grid circuit can have litte
effect on the oscillator frequency because the
injection grid is isolated from the signal grid by a
screen grid that is. at rf ground potential. The
pentagrid mixer is much noisier than a triode or
pentode mixer, but its isolating characteristics
make it a very useful device.

Penagrid tubes like the 6BE6 or 6BA7 are
somtimes used as “‘converters’’ performing the dual
function of mixer and oscillator. The usual circuit
resembles Fig. 815D except that the No. 1 grid
connects to the top of a grounded parallel-tuned
circuit by means of a larger grid-blocking capacitor,
and the cathode (without R1 and C3) connects to
a tap near the grounded end of the coil. This forms
a Hartley oscillator circuit. Correct location of the
cathode tap is indicated by the grid curmrent;
raising the tap increases the grid current because
the strength of oscillation is increased.

The effectiveness of converter tubes of the type
just described becomes less as the signal frequency
is increased. Some oscillator voltage will be
coupled to the signal grid through *‘space-charge’’
coupling, an effect that increases with frequency.
If there is relatively little frequency difference
between oscillator and signal, as for example a 14-
or 28-MHz signal and an i-f of 455 kHz, this
voltage can become considerable because the
selectivity of the signal circuit will be unable to
reject it. If the signal grid is not returned directly
to ground, but instead is retumed through a
resistor or part of an agc system, considerable bias
can be developed which will cut down the gain.
For this reason, and to reduce image response, the
i-f following the first converter of a receiver should
be not less than S or 10 percent of the signal
frequency.

Diodes, FETs, ICs, and bipolar transistors can
be used as mixers. Examples are given in Figs. 8-15

and 8-16. A single-diode mixer is not shown here

since its application is usually limited to circuits
operating in the uhf region and higher. A
discussion of diode mixers, plus a typical circuit, is
given in Chapter 9.

Oscillator injection can be fed to the base or
emitter elements of bipolar-transistor mixers, Fig.
8-15C. If emitter injection is used, the usual
emitter bypass capacitor must be removed. Because
the dynamic characteristics of bipolar transistors
prevent them from handling high signal levels,
FETs are usually preferred in mixer circuits,
although they do not provide the high conversion
gain available with bipolar mixers. FETs (Fig.
815D and E) have greater immunity to cross-
modulation and overload than bipolar transistors,
and offer nearly square-law performance. The
circuit at D uses a junction FET, N-channel type,
with oscillator injection being supplied to the
source. The value of the source resistor should be
adjusted to provide a bias of approximately 0.8
‘volts. This value offers a good compromise

INPUT
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between conversion gain and good intermodula-
tion-distortion characteristics. At this bias level a
local-oscillator injection of approximately 1.§ volts
is desirable for good conversion gain. The lower the
oscillator-injection level, the lower the gain. High
injection levels improve the mixers immunity to
cross-modulation.

A dual-gate MOSFET is used as a mixer at E.
Gate 2 is used for injecting the local-oscillator
signal while gate 1 is supplied with signal voltage.
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Fig. 8-15 — Typical single-ended mixer circuits.
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This type of mixer has excellent immunity to
cross-modulation and overload. It offers better
isolation between the oscillator and input stages
than is possible with a JFET mixer. The mixers at
D and E have high-Z input terminals, while the
circuit at C has a relatively low-Z input impedance.
The latter requires tapping the base down on the
input tuned circuit for a suitable impedance match.

BALANCED MIXERS

The level of input and spurious signals
contained in the output of a mixer may be
decreased by using a balanced or doubly balanced
circuit, The balanced mixer reduces leakthrough
and even-order harmonics of one input (usually the
local oscillator) while the doubly balanced designs
lower the level of spurious signals caused by both
the signal and oscillator inputs. One type of
balanced mixer uses a 7360 beam-deflection tube,
connected as shown in Fig. 8-16A. The signal is
introduced at the No. 1 grid, to modulate the
electron stream running from cathode to plates.
The beam is deflected from one plate to the other
and back again by the BFO voltage applied to one
of the deflection plates. (If oscillator radiation is a
problem, push-pull deflection by both deflection
plates should be used.) At B, two CP625 FETs are
used; these devices have a large dynamic range,
about 130 dB, making them an excellent choice for
either a transmitting or receiving mixer. Dc balance
is set with a control in the source leads. The
oscillator energy is introduced at the center tap of

the input transformer.

In the circuit of Fig. 8-16C, hot-carrier diodes
are employed as a broad-band balanced mixer.
With careful winding of the toroid-core input and
output transformers, the inherent balance of the
mixer will provide 40- to 50-dB attenuation of the
oscillator signal. The transformers, T1 and T2,
having trifilar windings — using No. 32 enamel
wire, 12 turns on a 1/2-inch core will provide
operation on any frequency between 500 kHz and
100 MHz. Using Q3 cores the upper-frequency
range can be extended to 300 MHz. CR1 to CR4,
inc, comprise a matched quad of Hewlett-Packard
HPA 5082-2805 diodes. Conversion loss in the
mixer will be 6 to 8 dB.

Special doubly balanced mixer ICs are now
available which can simplify circuit construction,
as special balanced transformers are not required.
Also, the ICs produce high conversion gain. A
typical circuit using the Signetics SS596K is shown
in Fig. 8-16D. The upper frequency limit of this
device is approximately 130 MHz.

THE HIGH-FREQUENCY OSCILLATOR

Stability of the receiver is dependent chiefly
upon the stability of the tunable hf oscillator, and
particular care should be given this part of the
receiver. The frequency of oscillation should be
insensitive to mechanical shock and changes in
voltage and loading. Thermal effects (slow change
in frequency because of tube, transistor, or circuit
heating) should be minimized. See Chapter 6 for
sample circuits and construction details.
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THE INTERMEDIATE-FREQUENCY AMPLIFI ER

One major advantage of the superhet is that
high gain and selectivity can be obtained by using a
good i-f amplifier. This can be a one-stage affair in
simple receivers, or two or three stages in the more
elaborate sets.

Choice of Frequency

The selection of an intermediate frequency is a
compromise between conflicting factors. The lower
the i-f, the higher the selectivity and gain, but a
low i-f brings the image nearer the desired signal
and hence decreases the image ratio. A low i-f also
increases pulling of the oscillator frequency. On
the other hand, a high i-f is beneficial to both
image ratio and pulling, but the gain is lowered and
selectivity is harder to obtain by simple means.

An i-f of the order of 455 kHz gives good
selectivity and is satisfactory from the standpoint
of image ratio and oscillator pulling at frequencies
up to 7 MHz. The image ratio is poor at 14 MHz
when the mixer is connected to the antenna, but
adequate when there i8 a tuned rf amplifier
between antenna and mixer. At 28 MHz and on the
very high frequencies, the image ratio is very poor
unless several rf stages are used. Above 14 MHz,
pulling is likely to be bad without very loose
coupling between mixer and oscillator. Tuned-
circuit shielding also helps.

With an i-f of about 1600 kHz, satisfactory
image ratios can be secured on 14, 21 and 28 MHz
with one rf stage of good design. For frequencies
of 28 MHz and higher, a common solution is to use
double conversion, choosing one high i-f for image
reduction (5 and 10 MHz are frequently used) and
a lower one for gain and selectivity.

In choosing an i-f it is wise to avoid frequencies
on which there is considerable activity by the
various radio services, since such signals may be
picked up directly by the i-f wiring. Shifting the i-f
or better shielding are the solutions to this
interference problem.

Fidelity; Sideband Cutting

Amplitude modulation of a carrier generates
sideband frequencies numerically equal to the
carrier frequency plus and minus the modulation
frequencies present. If the receiver is to give a
faithful reproduction of modulation that contains,
for instance, audio frequencies up to S000 Hz, it
must at least be capable of amplifying equally all
frequencies contained in a band extending from
5000 Hz above or below the carrier frequency. In a
superheterodyne, where all carrier frequencies are
changed to the fixed intermediate frequency, the
i-f amplification must be uniform over a band
5-kHz wide, when the carrier is set at one edge. If
the carrier is set in the center, at 10-kHz band is
required. The signal-frequency circuits usually do
not have enough overall selectivity to affect
materially the ‘‘adjacent-channel” selectivity, so
that only the i-f-amplifier selectivity need be
considered.

- P 2 S G

If the selectivity is too great to permit uniform
amplification over the band of frequencies
occupied by the modulated signal, some of the
sidebands are ‘“‘cut.” While sideband cutting
reduces fidelity, it is frequently preferable to
sacrifice naturalness of reproduction in favor of
communications effectiveness.

The selectivity of an i-f-amplifier, and hence the
tendency to cut sidebands increases with the
number of tuned circuits and also is greater the
lower the intermediate frequency. From the
standpoint of communication, sideband cutting is
never serious with two-stage amplifiers at ‘frequen-
cies as low as 455 kHz. A two-stage i-f-amplifier at
85 or 100 kHz will be sharp enough to cut some of
the higher frequency sidebands, if good transform-
ers are used. However, the cutting is not at all
serious, and the gain in selectivity is worthwhile in
crowded amateur bands as an aid to QRM
reduction.

Circuits

I-f amplifiers usually consist of one or more
stages. The more stages employed, the greater the
selectivity and overall gain of the system. In
double-conversion receivers there is usually one
stage at the first i-f, and sometimes as many as
three or four stages at the second, or last, i-f. Most
single-conversion receivers use no more than three
stages of i-f amplification.

A typical vacuum-tube i-f stage is shown in Fig.
8-17 at A. The second or third stages would simply
be duplicates of the stage shown. Remote cutoff
pentodes are almost always used for i-f amplifiers,
and such tubes are operated as Class-A amplifiers.
For maximum selectivity, double-tuned transform-
ers are used for interstage coupling, though
single-tuned inductors and capacitive coupling can
be used, but at a marked reduction in selectivity.

Agc voltage can be used to reduce the gain of
the stage, or stages, by applying it to the terminal
marked AGC. The agc voltage should be negative.
Manual control of the gain can be effected by
lifting the 100-ohm cathode resistor from ground
and inserting a potentiometer between it and
ground. A 10,000-ohm control can be used for this
purpose. A small amount of B-plus voltage can be fed
through a dropping resistor (about 56,000 ohms
from a 250-volt bus) to the junction of the gain
control and the 100-ohm cathode resistor to
provide an increase in tube bias in turn reducing
the mutual conduction of the tube for gain
reduction.

An integrated-circuit i-f amplifier is shown at B.
A positive-polarity agc voltage is required for this
circuit to control the stage gain. If manual gain
control provisions are desired, a potentiometer can
be used to vary the plus voltage to the agc terminal
of the IC. The control would be connected
between the 9-volt bus and ground, its movable
contact wired to the agc terminal of the IC.

A dual-gate MOSFET i-f amplifier is shown at
B. Application of negative voltage to gate 2 of the
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device reduces the gain of the stage. To realize
maximum gain when no agc voltage is present, it is
necessary to apply approximately 3 volts of
positive dc to gate 2. Neutralization is usually not
required with a MOSFET in i-f amplifiers operating
up to 20 MHz. Should instability occur, however,
gate 1 and the drain may be tapped down on the i-f
transformer windings.

High-gain linear 1Cs have been developed
specifically for use as receiver i-f amplifiers. A
typical circuit which uses the Motorola MC1590G
is shown at D; 70 dB of gain may be achieved using
this device. Agc characteristics of the 1C are
excellent. A 4-volt change at the agc terminal
produces 60-dB change in the gain of the stage.
Agc action starts at 5 volts, so a positive agc system
with a fixed dc level must be employed.

Tubes for I-f Amplifiers

Variable-ut (remote cutoff) pentodes are almost
invariably used in i-f amplifier stages, since
grid-bias gain control is practically always applied
to the i-f amplifier. Tubes with high plate
resistance will have least effect on the selectivity of
the amplifier, and those with high mutual
conductance will give greatest gain. The choice of
i-f tubes normally has no effect on the
signal-to-noise ratio, since this is determined by the
preceding mixer and rf amplifier.

The 6BA6, 6BJ6 and 6BZ6 are recommended
for i-f work because they have desirable remote
cutoff characteristics.

When two or more stages are used the high gain
may tend to cause troublesome instability and
oscillation, so that good shielding, bypassing, and
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careful circuit arrangement to prevent stray
coupling between input and output circuits are
necessary.

When vacuum tubes are used, the plate and grid
leads should be well separated. When transistors are
used, the base and collector circuits should be well
isolated. With tubes it is advisable to mount the
screen-bypass capacitor directly on the bottom of
the socket, crosswise between the plate and grid
pins, to provide additional shielding. As a further
precaution against capacitive coupling, the grid and
plate leads should be *‘dressed” close to the chassis.

I-f Transformers

The tuned circuits of i-f amplifiers are built up
as transformer units consisting of a metal shield
container in which the coils and tuning capacitors
are mounted. Both air-core and powered-iron-core
universal-wound coils are used, the latter having
somewhat higher Qs and hence greater selectivity
and gain. In universal windings the coil is wound in
layers with each tum traversing the length of the
coil, back and forth, rather than being wound
perpendicular to the axis as in ordinary single-layer
coils. In a straight multilayer winding, a fairly large
capacitance can exist between layers. Universal
winding, with its “criss-crossed” turns, tends to
reduce distributed-capacitance effects.

For tuning, air-dielectric tuning capacitors are
preferable to mica compression types because their
capacitance is practically unaffected by changes in
temperature and humidity. lron-core transformers
may be tuned by varying the inductance
(permeability tuning), in which case stability
comparable to that of variable air-capacitor tuning
can be obtained by use of high-stability fixed mica
or ceramic capacitors. Such stability is of great
importance, since a circuit whose frequency
“drifts” with time eventually will be tuned to a
different frequency than the other circuits, thereby
reducing the gain and selectivity of the amplifier.

The normal interstage i-f transformer is loosely
coupled, to give good selectivity consistent with
adequate gain. A so-called diode transformer is
similar, but the coupling is tighter, to give
sufficient transfer when working into the finite
load presented by a diode detector. Using a diode
transformer in place of an interstage transformer
would result in loss of selectivity; using an
interstage transformer to couple to the diode
would result in loss of gain.

Besides the conventional i-f transformers just
mentioned, special units to give desired selectivity
characteristics have been used. For higher-than-
ordinary adjacent-channel selectivity, triple-tuned
transformers, with a third tuned circuit inserted
between the input and output windings, have been
made. The energy is transferred from the input to
the output windings via this tertiary winding, thus
adding its selectivity to the over-all selectivity of
the transformer.

Selectivity

The overall selectivity of the i-f amplifier will
depend on the frequency and the number of stages.
The following figures are indicative of the
bandwidths to be expected with good-quality
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circuits in amplifiers so constructed as to keep
regeneration at a minimum:

Tuned Circuit Bandwidth, kHz
Ckts. Freq. Q -6dB -20dB -60dB
4 S0kHz 60 0.5 0.95 2.16
4 455kHz 75 3.6 6.9 16
6 1600kHz 90 8.2 15 34

THE BEAT OSCILLATOR AND DETECTOR

The detector in a superheterodyne receiver
functions the same way as do the simple detectors
described earlier in this chapter (Fig. 8-4), but
usually operates at a higher input level because of
the amplification ahead of it. The detectors of Fig.
8-4 are satisfactory for the reception of a-m signals.
When copying cw and ssb signals it becomes
necessary to supply a beat-oscillator (BFO) signal
to the detector stage as described in the earlier
section on product detectors. Suitable circuits for
variable-frequency and crystal-controlled BFOs are
given in Chapter 6.

AUTOMATIC GAIN CONTROL

Automatic regulation of the gain of the receiver
in inverse proportion to the signal strength is an
operating convenience in phone reception, since it
tends to keep the output level of the receiver
constant regardless of input-signal strength. The
average rectified dc voltage, developed by the
received signal across a resistance in a detector
circuit, is used to vary the bias on the rf and i-f
amplifier stages. Since this voltage is proportional
to the average amplitude of the signal, the gain is
reduced as the signal strength becomes greater. The
control will be moré complete and the output
more constant as the number of stages to which
the agc bias is applied is increased. Control of at
least two stages is advisable.

Carrier-Derived Circuits

A basic diode-detector/agc-rectifier circuit is
given at Fig. 8-18A. Here a single germanium diode
serves both as a detector and an agc rectifier,
producing a negative-polarity agc voltage. Audio is
taken from the retum end of the i-f transformer
secondary and is filtered by means of a
47,000-ohm resistor and two 470-pF capacitors.

At B, CR1 (also a germanium diode) functions
as a detector while CR2 (germanium) operates as
an agc rectifier. CR2 fumishes a negative agc
voltage to the controlled stages of the receiver.
Though solid-stage rectifiers are shown at A and B,
vacuum-tube diodes can be used in these circuits. A
6ALS tube is commonly used in circuits calling for
two diodes (B), but a 1-megohm resistor should be
shunted across the right-hand diode if a tube is
used.

The circuit at C shows a typical hookup for agc
feed to the controlled stages. S1 can be used to
disable the agc when this is desired. For tube and
FET circuits the value of R1 and R2 can be
100,000 ohms, and R3 can be 470,000 ohms. If
bipolar transistors are used for the rf and i-f stages
being controlled, R1 and R2 will usually be
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Fig. 8-18 — Methods for obtaining rectified voltage. At A the detector furnishes agc voltage. B shows
separate diodes being used for the detector and agc circuits. C illustrates how negative agc voltage is fed
to the rf and i-f stages of a typical receiver. D shows an audio-derived agc scheme. S1 is used to disable
the agc when desired. R1, R2 and R3 in combination with C1, C2, and C3, are used for rf decoupling.
Their values are dependent upon the device being used — tube or transistor. CR1 and CR2 at A and B are

germanium diodes.

between 1000 and 10,000 ohms, depending upon
the bias network required for the transistors used.
R3 will also be determined by the bias value
required in the circuit.

Agc Time Constant

The time constant of the resistor-capacitor
combinations in the agc circuit is an important part
of the system. It must be long enough so that the
modulation on the signal is completely filtered
from the dc output, leaving only an average dc
component which follows the relatively slow
carrier variations with fading. Audio-frequency
variations in the agc voltage applied to the
amplifier grids would reduce the percentage of
modulation on the incoming signal. But the time
constant must not be too long or the agc will be
unable to follow rapid fading. The capacitance and
resistance values indicated in 8-18A will give a time
constant that is satisfactory for average reception.
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AGC SYSTEM
Fig. 8-19 — An IC agc system,

Cw and Ssb

Agc can be used for cw and ssb reception but
the circuit is usually more complicated. The agc
voltage must be derived from a rectifier that is
isolated from the beat-frequency oscillator (other-
wise the rectified BFO voltage will reduce the
receiver gain even with no signal coming through).
This is done by using a separate agc channel
connected to an i-f amplifier stage ahead of the
second detector (and BFO) or by rectifying the
audio output of the detector. If the selectivity
ahead of the agc rectifier isn’t good, strong
adjacent-channel signals may develop agc voltages
that will reduce the receiver gain. When clear
channels are available, however, cw and ssb agc will
hold the receiver output constant over a wide range
of signal inputs. Agc systems designed to work on
these signals should have fast-attack and slow-
decay characteristics to work satisfactorily, and
often a selection of time constants is made
available.

Audio-Derived Agc

Agc potential for use in a cw/ssb receiver may
also be obtained by sampling the audio output of
the detector and rectifying this signal. A typical
circuit is shown in Fig. 8-18D. The JFET stage
amplifies the audio signal; the output of the
HEP801 is coupled to the secondary of an audio
transformer, L1. The time constant of the agc line
is established by R1C1. Manual gain control can be
accomplished by adding a variable negative voltage
to the common lead of the audio rectifier.
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An improved audio-derived agc circuit is shown
in Fig. 8-19, using the Plessey Microelectronics
SL-621 integrated circuit. This design provides the
fast-attack, slow-decay time constant required for
ssb reception. High-level pulse signals that might
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“hang up” the agc system are sampled by the IC
input circuit, activating a trigger which provides a
fast-discharge path for the time-constant capacitor.
Thus, noise bursts will not produce a change in the
level of agc output voltage.

NOISE REDUCTION

Types of Noise

In addition to tube and circuit noise, much of
the noise interference experienced in reception of
high-frequency signals is caused by domestic or
industrial electrical equipment and by automobile
ignition systems. The interference is of two types
in its effects. The first is the ‘‘hiss™ type, consisting
of overlapping pulses similar in nature to the
receiver noise. It is largely reduced by high
selectivity in the receiver, especially for code
reception. The second is the ‘‘pistol-shot” or
“machine-gun” type, consisting of separated
impulses of high amplitude. The *hiss” type of
interference usually is caused by commutator
sparking in dc and series-wound ac motors, while
the ‘‘'shot™ type results from separated spark
discharges (ac power leaks, switch and key clicks,
ignition sparks, and the like).

The only known approach to reducing tube and
circuit noise is through the choice of low-noise
front-end active components and through more
overall selectivity.

Impulse Noise

Impulse noise, because of the short duration of
the pulses compared with the time between them,
must have high amplitude to contain much average
energy. Hence, noise of this type strong enough to
cause much interference generally has an instantan-
eous amplitude much higher than that of the signal
being received. The general principle of devices
intended to reduce such noise is to allow the
desired signal to pass through the receiver
unaffected, but to make the receiver inoperative
for amplitudes greater than that of the signal. The
greater the amplitude of the pulse compared with
its time of duration, the more successful the noise
reduction.

Another approach is to ‘‘silence™ (render
inoperative) the receiver during the short duration
time of any individual pulse. The listener will not
hear the “*hole” because of its short duration, and
very effective noise reduction is obtained. Such
devices are called ‘‘blankers” rather than
“limiters.”

In passing through selective receiver circuits,
the time duration of the impulses is increased,
because of the Q of the circuits. Thus, the more
selectivity ahead of the noise-reducing device, the
more difficult it becomes to secure good pulse-type
noise suppression. See Fig. 8-22.

Audio Limiting
A considerable degree of noise reduction in

code reception can be accomplished by amplitude-
limiting arrangements applied to the audio-output

CR1 -f CR2 i
- +

K mr 1.5»:!;/ ;]’l.sv. ﬂ

S1B HIGH-Z
PHONES
R1

LEVEL

Fig. 8-20 — Circuit of a simple audio limiter/clip-
per. It can be plugged into the headphone jack of
the receiver. R1 sets the bias on the diodes, CR1
and CR2, for the desired limiting level. S1 opens
the battery leads when the circuit is not being
used. The diodes can be 1N34As or similar.

circuit of a receiver. Such limiters also maintain the
signal output nearly constant during fading. These
output-limiter systems are simple, and they are
readily adaptable to most receivers without any
modification of the receiver itself. However, they
cannot prevent noise peaks from overloading
previous stages.

NOISE-LIMITER CIRCUITS

Pulse-type noise can be eliminated to an extent
which makes the reception of even the weakest of
signals possible. The noise pulses can be clipped, or
limited in amplitude, at either an rf or af point in
the receiver circuit. Both methods are used by
receiver manufacturers; both are effective.

A simple audio noise limiter is shown at Fig.
8-20. It can be plugged into the headphone jack of
the receiver and a pair of headphones connected to
the output of the limiter. CR1 and CR2 are wired
to clip both the positive and negative peaks of the
audio signal, thus removing the high spikes of pulse
noise. The diodes are back-biased by 1.5-volt
batteries to permit R1 to serve as a clipping-level
control. This circuit also limits the amount of
audio reaching the headphones. When tuning across
the band, strong signals will not be ear-shattering
and will appear to be the same strength as the
weaker ones. Sl is open when the- circuit is not in
use to prevent battery drain. CR1 and CR2 can be
germanium or silicon diodes, but 1N34As are
generally used. This circuit is usable only with
high-impedance headphones.

The usual practice in communications receivers
is to use low-level limiting, Fig. 8-21. The limiting
can be carried out at rf or af points in the receiver,
as shown. Limiting at rf does not cause poor audio
quality as is sometimes experienced when using
series or shunt af limiters. The latter limits the
normal af signal peaks as well as the noise pulses,
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Fig. 8-21 — Typical rf and af anl circuits. A shows the circuit of a self-adjusting af noise limiter. CR1 and
CR2 are self-biased silicon diodes which limit both the positive and negative audio and noise-pulse peaks.
$1 turns the limiter on or off; B shows an rf limiter of the same type as A, but this circuit clips the
positive and negative rf peaks and is connected to the last i-f stage. This circuit does not degrade the
audio quality of the signal as does the circuit of A,

(A)

Fig. 8-22 — The delay and lengthening of a noise
pulse when passed through a 2-kHz wide amplifier
with good skirt selectivity {4 kHz at —60 dB). (B) a
3.75-MHz carrier modulated 30 percent, interfered
with by noise pulses. The noise pulses were
originally 1000 times the amplitude of the signal;
they have been reduced (and lengthened) by
overload in the i-f. The i-f bandwidth is 5 kHz.
Sweep speed = 1 millisecond/cm. (C) Same as B
but with a noise blanker on,

(c)

ol 'World Radio History
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giving an unpleasant audio quality to strong signals.

In a series-limiting circuit, a normally conduct-
ing element (or elements) is connected in the
circuit in series and operated in such a manner that
it becomes nonconductive above a given signal
level. In a shunt limiting circuit, a nonconducting
element is connected in shunt across the circuit
and operated so that it becomes conductive above
a given signal level, thus short-circuiting the signal
and preventing its being transmitted to the
remainder of the amplifier. The usual conducting
element will be a forward-biased diode, and the
usual nonconducting element will be a back-biased
diode. In many applications the value of bias is set
manually by the operator; usually the clipping level
will be set at about 1 to 10 volts.

The af shunt limiter at A, and the rf shunt
limiter at B operate in the same manner. A pair of
self-biased diodes are connected across the af line
at A, and across an rf inductor at B. When a steady
cw signal is present the diodes barely conduct, but
when a noise pulse rides in on the incoming signal,
it is heavily clipped because capacitors C1 and C2
tend to hold the diode bias constant for the
duration of the noise pulse. For this reason the
diodes conduct heavily in the presence of noise and
maintain a fairly constant signal output level.
Considerable clipping of cw signal peaks occurs
with this type of limiter, but no apparent
deterioration of the signal quality results. L1 at C
is tuned to the i-f of the receiver. An if
transformer with a conventional secondary winding
could be used in place of L1, the clipper circuit
being connected to the secondary winding; the
plate of the 6BA6 would connect to the primary
winding in the usual fashion.

I-F NOISE SILENCER

The i-f noise silencer circuit shown in Fig. 8-23
is designed to be used ahead of the high-selectivity
section of the receiver. Noise pulses are amplified
and rectified, and the resulting negative-going dc
pulses are used to cut off an amplifier stage during
the pulse. A manual “threshold” control is set by
the operator to a level that only permits

NOISE
AGC AMPLIFIER

PULSE

+12V O

DETECTOR
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rectification of the noise pulses that rise above the
peak amplitude of the desired signal. The clamp
transistor, Q3, short circuits the positive-going
pulse “overshoots.” Running the 40673 controlled
i-f amplifier at zero gate 2 voltage allows the direct
application of agc voltage. See July 1971 QST for
additional details.

SIGNAL-STRENGTH AND
TUNING INDICATORS

It is convenient to have some means by which
to obtain relative readings of signal strength on a
communications receiver. The actual meter read-
ings in terms of S units, or decibels above S9, are
of little consequence as far as a meaningful report
to a distant station is concerned. Few signal-
strength meters are accurate in terms of decibels,
especially across their entire indicating range. Some
manufacturers once established a standard in which
a certain number of microvolts were equal to S9 on
the meter face. Such calibration is difficult to
maintain when a number of different receiver
circuits are to be used. At best, a meter can be
calibrated for one receiver — the one in which it
will be used. Therefore, most S meters are good
only as relative indicating instruments for compar-
ing the strength of signals at a given time, on a
given amateur band. They are also useful for
“on-the-nose-tuning” adjustments with selective
receivers. If available, a signal generator with an
accurate output attenuator can be used to calibrate
an S meter in terms of microvolts, but a different
calibration chart will probably be required for each
band because of probable differences in receiver
sensitivity from band to band. It is helpful to
establish a 50-UV reading at midscale on the meter
so that the very strong signals will crowd the high
end of the meter scale. The weaker signals will then
be spread over the lower half of the scale and will
not be compressed at the low end. Midscale on the
meter can be called S9. If S units are desired across
the scale, below S9, a marker can be established at
every 6 dB point.

TO DRAIN OF
FIRST I-F
SWITCH
wPF.102 MPF-102 ==.001
o4 Q2 :
o4 @ %

Fig. 8-23 — Diagram of the noise blanker. L1 and

C1 are chosen to resonate at

the desired i-f.
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S-METER CIRCUITS

A very simple meter indicator is shown at Fig.
8-24B. Rectified i-f is obtained by connecting CR1
to the take-off point for the detector. The dc is
filtered by means of a 560-ohm resistor and a
.0S-uF capacitor. A 10,000-ohm control sets the
meter at zero reading in the absence of a signal and
also serves as a ‘“‘linearizing” resistor to help
compensate for the nonlinear output from CRI.
The meter is a 50-UA unit, therefore consuming
but a small amount of current from the output of
the i-f.

O +12v

IDZ

Fig. 8-24 — Practical examples of S-meter circuits.
At A, a meter measures the change in screen
voltage of an i-f amplifier stage, caused by changes
in the agc voltage applied to the grid of the
amplifier. At B, the i-f signal is rectified by CR1
and is fed to a 50-UA meter. A 10,000-chm control
sets the sensitivity and also functions as a
“linearizing” resistor to make the meter less
subject to the square-law response of CR1. At C,
an FET samples the voltage on the agc line and
drives an IC amplifier which provides the required
current swing to operate a 1-mA meter.

Another simple approach is to meter the change
in screen voltage of an i-f amplifier stage. The
swing in screen potential is caused by changes in
the agc voltage applied to the stage. A reference
voltage is obtained from the cathode of the
audio-output stage. A 1-mA meter is suitable for
the circuit shown in Fig. 8-24A. At C, a more
complex design is employed which can operate
directly from the agc line of a transistorized
receiver. The sensitivity of the metering circuit is
adjusted by changing the gain of the IC meter
amplifier. An FET buffer is employed to insure
that loading of the agc line will be negligible.

IMPROVING RECEIVER SELECTIVITY

INTERMEDIATE-FREQUENCY
AMPLIFIERS

One of the big advantages of the superhetero-
dyne receiver is the improved selectivity that is
possible. This selectivity is obtained in the i-f
amplifier, where the lower frequency allows more
selectivity per stage than at the higher signal
frequency. For normal a-m (doublesideband)
reception, the limit to useful selectivity in the i-f
amplifier is the point where too many of the
high-frequency sidebands are lost. The limit to
selectivity for a singlesideband signal, or a
double-sideband a-m signal treated as an ssb signal,
is about 2000 Hz, but reception is much more
normal if the bandwidth is opened up to 2300 or
2500 Hz. The correct bandwidth for fm or pm
reception is determined by the deviation of the
received signal; sideband cutting of these signals

results in distortion. The limit to useful selectivity
in code work is around 150 or 200 Hz for
hand-key speeds, but this much selectivity requires
excellent stability in both transmitter and receiver,
and a slow receiver tuning rate for ease of
operation.

Single-Signal Effect

In heterodyne cw (or ssb) reception with a
superheterodyne receiver, the beat oscillator is set
to give a suitable audio-frequency beat note when
the incoming signal is converted to the interme-
diate frequency. For example, the beat oscillator
may be set to 454 kHz (the i-f being 455 kHz) to
give a 1000-Hz beat note. Now, if an interfering
signal appears at 453 kHz or if the receiver is tuned
to heterodyne the incoming signal to 453 kHz, it
will also be heterodyned by the beat oscillator to
produce a 1000-Hz beat. Hence every signal can be
tuned in at two places that will give a 1000-Hz beat
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(or any other low audio frequency). The
audio-frequency image effect can be reduced if the
i-f selectivity is such that the incoming signal, when
heterodyned to 453 kHz, is attenuated to a very
low level.

When this is done, tuning through a given signal
will show a strong response at the desired beat note
on one side of zero beat only, instead of the two
beat notes on either side of zero beat characteristic
of less-selective reception, hence the name:
single-signal reception.

The necessary selectivity is not obtained with
nonregenerative amplifiers using ordinary tuned
circuits unless a low i-f, or a large number of
circuits, is used.

Regeneration

Regeneration can be used to give a single-signal
effect, particularly when the i-f is 455 kHz or
lower. The resonance curve of an i-f stage at critical
regeneration (just below the oscillating point) is
extremely sharp, a bandwidth of 1 kHz at 10 times
down and § kHz at 100 times down being
obtainable in one stage. The audio-frequency image
of a given signal thus can be reduced by a factor of
nearly 100 for a 1000-Hz beat note (image 2000
Hz from resonance).

Regeneration is easily introduced into an i-f
amplifier by providing a small amount of capacity
coupling between grid and plate. Bringing a short
length of wire, connected to the grid, into the
vicinity of the plate lead usually will suffice. The
feedback may be controlled by a cathode-resistor
gain control. When the i is regenerative, it is
preferable to operate the tube at reduced gain
(high bias) and depend on regeneration to bring up
the signal strength. This prevents overloading and
increases selectivity.

The higher selectivity with regeneration reduces
the over-all response to noise generated in the
earlier stages of the receiver, just as does high
selectivity produced by other means, and therefore
improves the signal-to-noise ratio. However, the
regenerative gain varies with signal strength, being
less on strong signals.

Crystal Filters; Phasing

A simple means for obtaining high selectivity is
by the use of a piezoelectric quartz crystal as a
selective filter in the i-f amplifier. Compared to a
good tuned circuit, the Q of such a crystal is
extremely high. The crystal is ground resonant at
the i-f and used as a selective coupler between i-f
stages. For single-signal reception, the audio-fre-
quency image can be reduced by 50 dB or more.
Besides practically eliminating the af image, the
high selectivity of the crystal filter provides good
discrimination against adjacent signals and also
reduces the broadband noise.

BAND-PASS FILTERS

A single high-Q circuit (e.g., a quartz crystal or
regenerative stage) will give adequate single-signal
cw reception under most circumstances. For phone
reception, however, either single-sideband or a-m, a
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band-pass characteristic is more desirable. A
band-pass filter is one that passes without unusual
attenuation a desired band of frequencies and
rejects signals outside this band. A good band-pass
filter for single-sideband reception might have a
bandwidth of 2500 Hz at 6 dB and 4 kHz at 60
dB; a filter for am would require twice these
bandwidths if both sidebands were to be
accommodated, thus assuring suitable fidelity.

The simplest band-pass crystal filter is one using
two crystals, as in Fig. 8-25A. The two crystals are
separated slightly in frequency. If the frequencies
are only a few hundred Hz apart the characteristic
is a good one for cw reception. With crystals about
2 kHz apart, a reasonable phone characteristic is
obtained. Fig. 8-2 shows a selectivity characteristic
of an amplifier with a bandpass (at -6 dB) of 2.4
kHz, which is typical of what can be expected
from a two-crystal bandpass filter.

More elaborate crystal filters, using four and six
crystals, will give reduced bandwidth at -60 dB
without decreasing the bandwidth at -6 dB. The
resulting increased ‘“‘skirt selectivity” gives better
rejection of adjacent-channel signals. “Crystal-
lattice” filters of this type are available commer-
cially for frequencies up to 40 MHz or so, and they
have also been built by amateurs from inexpensive
transmitting-type crystals. (See Vester, “‘Surplus-
Crystal High-Frequency Filters,” QST, January,
1959; Healey, “High-Frequency Crystal Filters for
SSB,” QST, October, 1960.)

Two half-lattice filters of the type shown at
Fig. 8-25A can be connected back to back as
shown at B. The channel spacing of Y1 and Y2 will
depend upon the receiving requirements as
discussed in the foregoing text. Ordinarily, for ssb
reception (and nonstringent cw reception) a
frequency separation of approximately 1.5 kHz is
suitable. The overall i-f strip of the receiver is
tuned to a frequency which is midway between Y1
and Y2. Cl1 is tuned to help give the desired shape
to the passband. L1 is a bifilar-wound toroidal
inductor which tunes to the i-f frequency by means
of C1. The values of R1 and R2 are identical and
are determined by the filter response desired.
Ordinarily the ohmic value is on the order of 600
ohms, but values as high as S000 ohms are
sometimes used. The lower the value of resistance,
the broader and flatter will be the response of the
filter. Though the circuit at B is shown in a
transistorized circuit, it can be used with vacuum
tubes or integrated circuits as well. The circuit
shows an i-f frequency of 9 MHz, but the filter can
be used at any desired frequency below 9 MHz by
altering the crystal frequencies and the tuned
circuits. Commercial versions of the 9-MHz lattice
filter are available at moderate cost.l War-surplus
FT-241 crystals in the 455-kHz range are
inexpensive and lend themselves nicely to this type
of circuit.

Mechanical filters can be built at frequencies
below 1 MHz. They are made up of three sections;
an input transducer, a mechanically resonant filter

1Spe(:trum International, P. O. Box 87,
Topsfield, MA 01983, Also, McCoy Flectronics
Co., Mount Holly Springs, PA,




258 RECEIVING SYSTEMS
-F AMP.
100K
9-MHZ
I-F TRANS. i A -F AMP.
D'._ N 3NIB7 9-MHz
re=———- N.ouF 35 .Ol/lF = . i-F TRANS.
0 | : 37 u !
MIXER ! 1
I : = R2Z S 270"__1_' E
M2 v v2 il v
100K 39K .01
Alt‘;oc O 001 _L‘v‘v‘\f‘ . I 120
& o+12v
(B) 120K
455 kHz
MECH.FL.
TO RF
AMP

TO 0sC.

+12v

Fig. 8-256 — A half-lattice bandpass filter at A; B shows two half-lattice filters in cascade; C shows a

mechanical fitter.

section, and an output transducer. The transducers
use the principle of magneto-striction to convert
the electrical signal to mechanical energy, then
back again. The mechanically resonant section
consists of carefully machined metal disks support-
ed and coupled by thin rods. Each disk has a
resonant frequency dependent upon the material
and its dimensions, and the effective Q of a single
disk may be in excess of 2000. Consequently, a
mechanical filter can be built for either narrow or
broad passband with a nearly rectangular curve.
Mechanical filters are available commercially and
are used in both receivers and single-sideband
transmitters. They are moderately priced.

The signal-handling capability of a mechanical
filter is limited by the magnetic circuits to from 2
to 15 volts rms, a limitation that is of no practical
importance provided it is recognized and provided
for. Crystal filters are limited in their signal-hand-
ling ability only by the voltage breakdown limits,
which normally would not be reached before the
preceding amplifier tube was overloaded. A more

serious practical consideration in the use of any
high-selectivity component is the prevention of
coupling “around” the filter, externally, which can
only degrade the action of the filter.

The circuit at Fig. 8-25C shows a typical
hookup for a mechanical filter. FL1 is a Collins
455-FB-21, which has an ssb band-pass characteris-
tic of 2.1 kHz. It is shown in a typical solid-state
receiver circuit, but can be used equally as well in a
tube-type application.

Placement of the BFO signal with respect to the
passbands of the three circuits at A, B, and C, is
the same. Either a crystal-controlled or self-excited
oscillator can be used to generate the BFO signal
and the usual practice is to place the BFO signal at
a frequency that falls at the two points which are
approximately 20 dB down on the filter curve,
dependent upon which sideband is desired.
Typically, with the filter specified at C, the center
frequency of FL1 is 455 kHz. To place the BFO at
the 20-dB points (down from the center-frequency
peak) a signal at 453 and 456 kHz is required.
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Fig. 8-26 — An i-f Q multiplier for use with a

bipolar transistor (A). At B, a tube-type rf
Q multiplier which can be used at the first stage of
the receiver. The antenna coil is used for feedback
to V1, which then introduces "negative resistance”
to L2.

Q Multiplier

The “‘Q Multiplier” is a stable regenerative stage
that is connected in parallel with one of the i-f
stages of a receiver. In one condition it narrows the
bandwidth and in the other condition it produces a
sharp “null” or rejection notch. A “‘tuning”
adjustment controls the frequency of the peak or
null, moving it across the normal passband of the
receiver i-f amplifier. The shape of the peak or null
is always that of a single tuned circuit (Fig. 2-42)
but the effective Q is adjustable over a wide range.
A Q Multiplier is most effective at an i-f of S00
kHz or less; at higher frequencies the rejection
notch becomes wide enough (measured in Hz) to
reject a major portion of a phone signal. Within its
useful range, however, the Q Multiplier will reject
an interfering carrier without degrading the quality
of the desired signal.

In the “peak” condition the Q Multiplier can be
made to oscillate by advancing the ‘*‘peak”
(regeneration) control far enough and in this
condition it can be made to serve as a
beat-frequency oscillator. However, it cannot be
made to serve as a selective element and as a BFO
at the same time. Some inexpensive receivers may
combine either a Q Multiplier or some other form
of regeneration with the BFO function, and the
reader is advised to check carefully any inexpensive

receiver he intends to buy that offers a regenerative-

type of selectivity, in order to make sure that the
selectivity is available when the BFO is turned on.

A representative circuit for a transistorized
Q-multiplier is given in Fig. 8-26A. The constants
given are typical for i-f operation at 455 kHz. L1
can be a J. W. Miller 9002 or 9102 slug-tuned
inductor. A 25,000-ohm control, R1, pemmits
adjustment of the regeneration. C1 is used to tune
the Q-multiplier frequency back and forth across
the i-f passband for peaking or notching adjust-
ments. With circuits of this type there is usually a
need to adjust both R1 and C1 alternately for a
peaking or notching effect, because the controls
tend to interlock as far as the frequency of
oscillation is concerned. A Q-multiplier should be
solidly built in a shielded enclosure to assure
maximum stability.

Q multipliers can be used at the front end of a

J120k 20K
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receiver also, as shown at B in Fig. 8-26. The
enhancement of the Q at that point in a receiver
greatly reduces image problems because the
selectivity of the input tuned circuit is increased
markedly. The antenna coil, L1, is used as a
feedback winding to make V1 regenerative. This in
effect adds *“‘negative resistance” to L2, increasing
its 0. A 20,000-ohm control sets the regeneration
of V1, and should be adjusted to a point just under
regeneration for best results. Rf Q multiplication is
not a cure for a poor-quality inductor at L2,
however.

T-Notch Filter

At low intermediate frequencies (50 — 100
kHz) the T-notch filter of Fig. 8-27 will provide a
sharp tunable null.

The inductor L resonates with C at the
rejection frequency, and when R = QXL/4 the
rejection is maximum. (XL is the coil-reactance
and Q is the coil Q.) In a typical §0-kHz circuit, C
might be 3900 pF making L approximately 2.6
mH. When R is greater than the maximum-attenu-
ation value, the circuit still provides some
rejection, and in use the inductor is detuned or
shorted out when the rejection is not desired.

At higher frequencies, the T-notch filter is not
sharp enough with available components to reject
only a narrow band of frequencies.

T-NOTCH

\-F
2N5459 6800 470
ry 2¢ 2¢

3300 H S

s /
R L DEPTH
.08
‘ I

+12v

2200

Fig. 8-27 — Typical T-notch (bridged-T) fiiter, to
provide a sharp notch at a low i-f. Adjustment of ,
L changes the frequency of the notch; adjustment
of R controls the notch depth.
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RECEIVING SYSTEMS

SOME RECEIVER DESIGN NOTES

The receiver to be discussed in these notes
incorporates some advanced ideas and has been
included for its value as a theory article rather than
a construction project. Consequently, templates
will not be available. For further information, see
article by WICER in June and July QST for 1976.
Also, a set of converters has been designed by
W7ZOl and the article appears in QST for June,
1976. The basic receiver covers the 1.8-MHz band.

Front-End Features

Although the circuit treated here is for a
one-band receiver (1.8 to 2.0 MHz), the design
procedures are applicable to any amateur band in
the hf spectrum. Down converters to cover 80
through 10 meters can be employed and they are
founded on the same concepts to be discussed
here.

Fig. 1 shows the 1f amplifier mixer, and
post-mixer amplifier. What may seem like excessive
elaboration in design is a matter of personal whim,
but the features are useful, nevertheless. For
example, the two frontend attenuators aren’t
essential to good performance, but are useful in
making accurate measurements (6, 12 or 18 dB) of

Top-chassis view of the receiver. The R-C active
filter and audio preamplifier are built on the pc
board at the upper left. To the right is the BFO
module in a shield box. The agc circuit is seen at
the lower left, and to its right is the i-f strip in a
shield enclosure. The large shield box at the upper
center contains the VFO. To its right is the tunable
front-end filter. The three-section variable capaci-
tor is inside the rectangular shield box. The
audio-amplifier module is seen at the lower right.
The small board {mounted vertically) at the [eft
center contains the product detector. Homemade
end brackets add mechanical stability between the
panel and chassis, and serve as a support for the
receiver top cover.

signal levels during on-the-air experiments with
other stations (antennas, amplifiers and such).
Also, FL2, a fixed-tuned 1.8- to 2-MHz bandpass
filter, need not be included if the operator is
willing to repeak the three-pole tracking filter
(FL1) when tuning about in the band. The
fixed-tuned filter is useful when the down conve -
ters are in use.

The benefits obtained from a highly selective
tunable filter like FL1 are seen when strong signals
are elsewhere in (or near) the 160-meter band.
Insertion loss was set at S dB in order to narrow
the filter response. In this example the high-Q
slug-tuned inductors are isolated in aluminum
shields, and the three-section variable capacitor
which tunes them is enclosed in a shield made from
pc-board sections. Bottom coupling is accom-
plished with small toroidal coils.

Rf amplifier Q1 was added to compensate for
the filter loss. It is mismatched intentionally by
means of L10 and L11 to restrict the gain to 6-dB
maximum. Some additional mismatching is seen at
L12, and the mixer is overcoupled to the FET-
tuned output tank to broaden the response (1.8 to
2 MHz). The design tradeoffs do not impair
performance. The common-gate rf stage has good
dynamic range and IMD characteristics.

The doubly balanced diode-ring mixer (U1) was
chosen for its excellent reputation in handling high
signal levels, having superb port-to-port signal
isolation, and because of its good IMD perfor-
mance. The module used in this design is a
commercial one which contains two broadband
transformers and four hot-carrier diodes with
matched characteristics. The amateur can build his
own mixer assembly in the interest of reduced
expense. At the frequencies involved in this
example, it should not be difficult to obtain
performance equal to that of a commercial mixer.

A diplexer is included at the mixer output (L13
and the related .002 capacitors). The addition was
worthwhile, as it provided an improvement in the
noise floor and IMD characteristics of the receiver.
The diplexer works in combination with matching
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network L14, a low-pass L-type circuit. (The
diplexer is a high-pass network which permits the
s6-ohm terminating resistor to be seen by the
mixer without degrading the 455-kHz i-f. The
low-pass portion of the diplexer helps reject all
frequencies above 455 kHz so that the post-mixer
amplifier receives only the desired information.)
The high-pass section of the diplexer starts rolling
off at 1.2 MHz. A reactance of 66 ohms was
chosen to permit use of standard-value capacitors
in the low-Q network.

A pair of source-coupled JFETs is used in the
post-mixer i-f preammplifier. The 10,000-ohm gate
resistor of Q2 sets the transformation ratio of the
L network at 200:1 (50 ohms to 10 K-9). AnlL
network is used to couple the preamplifier to a
diode-switched pair of Collins mechanical filters
which have a characteristic impedance of 2000
ohms. The terminations are built into the filters.

Gain distribution to the mixer is held to near
unity in the interest of good IMD performance.
The preamplifier gain is approximately 25 dB. The
choice was made to compensate for the relatively
high insertion loss of the mechanical filters — 10
dB. Without the high gain of Q2 and Q3, there
would be a deterioration in noise figure.

Local Oscillator

A low noise floor and good stability are
essential traits of the local oscillator in a quality
receiver. The requirements are met by the circuit
of Fig. 2. Within the capabilities of the ARRL lab
measuring procedures, it was determined that VFO
noise was at least 90 dB below fundamental
output. Furthermore, stability at 25° C ambient
temperature was such that no drift could be
measured from a cold start to a period three hours
later. Mechanical stability is excellent: Several
sharp blows to the VFO shield box caused no
discernible shift in a cw beat note while the 400-Hz
i-f filter was actuated. VFO amplifier Q14 is
designed to provide the recommended +7-dBm
mixer injection. Furthermore, the output pi tank
of Ql4 is of 50-ohms characteristic impedance.
Though not of special significance in this applica-
tion, the measured harmonic output across 50
ohms is —36 dB at the second order and —47 dB at
the third order.

Filter Module

In the interest of minimizing leakage between
the filter input to output ports, diode switching
(Fig. 3) was used. The advantage of this method is
that only dc switching is required, thereby avoiding
the occasion for unwanted rf coupling across the
contacts and wafers of a mechanical switch. IN914
diodes are used to select FL3 (400-Hz bandwidth)
or FL4 (2.5-kHz bandwidth). Reverse bias is
applied to the nonconducting diodes. This lessens
the possibility of leakage through the switching
diodes. Because the Collins filters have a
characteristic impedance of 2000 ohms, the output
coupling capacitors from each are 120 pF rather
than low-reactance .01-uF units, as used at the
filter inputs. Without the smaller value of capaci-
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Considerable space remains beneath the chassis for
the addition of accessory circuits or a set of down
converters. At the lower right are the adjustment
screws for the tunable filter, plus the bottom-
coupling toroids. At the right center is the fixed-
tuned front-end filter. To the left is the rf-amplifier
module. A 100-kHz MFJ Enterprises calibrator is
seen at the far upper right. Immediately to its left
is the mixer/amplifier assembly. The large board at
the upper center contains the i-f filters and
post-filter amplifier. Most of the amplifier
components have been tacked beneath the pc
board because of design changes which occurred
during development.

tance, the filters would see the low base impedance
of Q4, the post-filter i-f amplifier. The result would
be one of double termination in this case, leading
to a loss in signal level. Additionally, the 120-pF
capacitors help to divorce the input capacitance of
the amplifier stage. The added capacitance would
have to be subtracted from the 350- and S10-pF
resonating capacitors at the output ends of the
filters.

The apparent overall receiver gain is greatest
during cw reception, owing to the selectivity of cw
filter FL3. To keep the S-meter readings coenstant
for a given signal level in the ssb and cw modes, R7
has been included in the filter/amplifier module. In
the cw mode, R7 is adjusted to bias Q4 for an
S-meter reading equal to that obtained in the ssb
mode. Voltage for the biasing is obtained from the
diode switching line during cw reception.

Although a 2N2222A is nota low-noise device,
the performance characteristics are suitable for this
circuit. A slight improvement in noise figure would
probably resuit from the use of an MPF102,40673
or low-noise bipolar transistor in that part of the
circuit.

Performance Notes

The tuning range of the receiver is 200 kHz.
This means that for use with converters the builder
will have to satisfy himself with the cw or ssh band
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segments. The alternatives are to increase the local
oscillator tuning range to 500 kHz, or use a
multiplicity of converters to cover the cw and ssb
portions of each band.

Some severe lab tests were undertaken with the
completed receiver, aimed at learning how
“crunchproof” the front end really was. A
quarter-wavelength end-fed wire (inverted L) was
matched to the receiver S0-ohm input port. The far
end of the antenna was situated three feet away
from the W1AW end-fed Zepp antenna. A pk-pk
valtage of 15 was measured across the 50-ohm
receiver input jack by means of a Tektronix model
453 scope while WIAW was operating. Now, that’s
a lot of rf energy! With that high level of rf voltage
present, a 10-uV signal was fed into the receiver
and spotted 2 kHz away from the W1 AW operating
frequency. No evidence of cross modulation could
be observed, and desensitization of the receiver
could not be discerned by ear. The spread from 1.8
to 2 MHz was tuned, and no IM products were
heard.

Dynamic range tests were performed in accor-
dance with the Hayward paper in QST for July,
1975. Noise floor was —135 dBm, IMD was 95 dB
and 1 dB of blocking occurred at some (undeter-
mined) point greater than 123 dB above the noise
floor. The latter measurement is inconclusive
because blocking did not become manifest within
the output capability of the model 80 generators
used in the ARRL lab. The resultant receiver noise
figure at 1.8 MHz is 13 dB, which is more than
adequate for the high atmospheric noise level on
160 meters.

A receiver i-f system should be capable of
providing a specific gain, have an acceptable noise
figure and respond satisfactorily to the applied agc.
Two of the more serious shortcomings in some
designs are poor agc (clicky, pumping or
inadequate range) and insufficient i-f gain.

Because of past successes, it was elected to use
a pair of RCA CA3028A ICs in the i-f strip.
Somewhat greater i-f dynamic range is possible
with MC1590G ICs, and they are the choice of
many builders. However, the CA3028As, con-

— 2.7-mH miniature choke (J. W. Miller

70F273A1).
RFC2 — 10-mH miniature choke (J. W. Miller

— Three-pole, two-position phenolic wafer

switch.
S2, S3 — Two-pole, double-throw miniature toggle.

diode mixer, {2913 Quentin Rd., Brooklyn, NY

11229).

Miller 9056).
L15 — 1.3 to 3.0 mH, slug-tuned inductor (J. W.

Miller 9059).
Qt, Q2, Q3 — Motorola JFET.

L14 — 120 to 280 uH, slug-tuned inductor (J. W.
70F 102A1).

RFC1
U1 — MiniCircuits Labs. SRA-1-1 doubly balanced

15 turns No. 26 enam. wire on

16 turns No. 30 enam. wire over L11
enam. wire on Amidon FT-3761 ferrite core.

MHz (J. W. Miller 9054).
L13 — 8.7-uH toroidal inductor. 12 turns No. 26

Amidon T-50-2 toroid.
L7, L9 — 13-uH slug-tuned inductor (J. W. Miller

T-50-2 toriod, 8.5 uH.
L12 — 42-yH slug-tuned inductor, Q, of 50 at 1.8

1.8 MHz.

winding.
L11 — 45 turns No. 30 enam. wire on Amidon

9052).
L8 — 380-uH stug tuned inductor (J. W. Miller

9057).

L5, L6 — 1.45-uH toroid inductor, Q of 250 at
L10 —

‘g b S"g S o9 5,:"3 figured as differential amplifiers, will provide
£ —S:‘E 3;: E Ve S0 approximately 70 dB of. gain per pair when
5082 % ¥% oc opgra.ted at 4SS .kHz. This gives an agc charac-
5'5 g_g 5 s § = - teristic from maximum gain to full cutoff which is
o g gg o, ® & 8 entm?ly acceptable fgr most amateur work.
e ° =3 udg - 45 w0 Fig. 4 shows the i-f amplifiers, product detector
L8 E i g @ - = and Varicap-tuned BFO. Transformer coupling is
5 o= g 8_ e ~ 8 5™ used between U2 and U3 and also between U3 and
g 290p .® o 3 5 the product detector. The 6800-ohm resistors used
E,®,327 °¢ OF across the primaries of T2 and T3 were chosen to
Sy o e =) = ) . .
3-89 N3 'S O« §5 force an impedance transformation which the
582 § 58 8 TS - transfonpers can’t by themselves provide: Avail-
2 §§ g g c® ‘:g 93 ab]e Miller transformers with a 30,000-chin
g e £ g 0% .3 primary to 500-chm secondary characteristic are
E%BGE 2% .9 ez . © o usgd. U2 and U3 have 10- and 220-ohm series
5z g3 é gg Y- 33 2c resistors in the signal lines. These were added to
! '§ g 2 2ESNS, *o: | 2 _‘; discourage vhf parasitic oscillations.
ez é 2 Sk Bl Ec o 29 Age is applied to pin 7 of each IC. Maximum
- w212y —{35—’_;-5 gain occurs at +9 V, and minimum gain results
E EEIE55 $o5 N when the agc voltage drops to its low value — +2 V.

The agc is rf-derived, with i-f sampling for the agc
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2285-24583 kHz

2255-2435 kHz A3
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MAN
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Fig. 2 — Circuit diagram of the local oscillator.

Capacitors are disk ceramic unless specified differ-.

ently. Resistors are 1/2-W composition. Entire

assembly is enclosed in a shield box made from

pc-board sections.

C2 — Double-bearing variable capacitor, 50 pF.

C3 — Miniature 30-pF air variable.

CR1 — High-speed switching diode, silicon type
1N914A.

amplifier being done at pin 6 of U3 through a
100-pF blocking capacitor.

The 1000-ohm decoupling resistors in the 12-V
feed to U2 and U3 drop the operating voltage to
+9. This aids stability and reduces i-f system noise.
The amplifier strip operates with unconditional
stability.

Product Detector

A quad of IN9I14A diodes is used in the
product detector. Hot-carrier diodes may be pre-
ferred by some, and they may lead to slightly
better performance than the silicon units chosen. A
trifilar  broadband toroidal transformer, T4,
couples the i-f amplifier to the detector at a
50-ohm impedance level. BFO injection is supplied
at 0.7-V rms.

BFO Circuit

In the interest of lowering the cost of this
project, a Varicap (CR10 of Fig. 4) is used to
control the BFO frequency. Had a conventional
system been utilized, three expensive crystals
would have been needed to handle upper sideband,
lower sideband and cw. The voltage-variable capaci-
tor tuning method shown in Fig. 4 is satisfactory if
the operator is willing to change the operating
frequency of the BFO when changing receive
modes. Adjustment is done by means of front-
panel control<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>