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Preface to the Twentieth Edition

1976 marks the 200th anniversary of the United States and the 20th anniversary
of the Radio Handbook. The “West Coast Handbook”, as it was popularly called, was
born in the years of the Great Depression and represented the combined efforts of a group
of well-known and dedicated radio amateurs and engineers living in the San Francisco
Bay area of California. Established as the Pacific Radio Publishing Company, the group
edited the magazine Radio, among whose early contributors were F.E. Terman (ex-6FT),
now Provost of Stanford University; Don Wallace (W6AM); Bart Molinari (W6AWT);
Frank Jones (W6AJF); Bud Bane (W6WB); Clair Foster (ex-W6HM); Art Collins
(WHCXX); W.W. Smith (W6BCX); Frank Lester (W4AMJ); John Reinartz (ex-
W1QP and KéBJ); Bill Eitel (W6UF); and Charles Perrine (ex-Wé6éCUH). Rarely
did an independent technical magazine boast such a staggering array of talent as rep-
resented by these amateurs!

In early 1934 the editors of Radio brought
out the first amateur handbook devoted to the
fascinating new world of “ultrashortwave ra-

THE dio”, the 5-Meter Radiotele phony Handbook, by
Frank Jones. The instant success of this slim

Rwlo volume prompted a larger effort, and in April,
1935, the first edition of the present Handbook

was announced. This was a slim, paperback book

H A N D B w K entitled The Radio Handbook for Amateurs and

Experimenters. This 296-page Handbook was

FOR AMATEURS an immediate sensation in the radio world.
AND EXPERIMENTERS Bursting with new, exciting information, the
“West Coast Handbook” introduced radio ama-

{’;P;‘-.I| teurs to the regenerative superheterodyne re-
e ceiver, the Jones all-band exciter (jocularly
known as the “crystal cracker”), high efficiency
grid modulation, the “twisted-pair” transmis-
sion line, the one-tube, §-meter superregenera-
tive transceiver, the resistance-coupled §-meter
superheterodyne and those great contributions
5 o oCToeee 000 to today’s DX operator: the S-meter and the
_ California Kilowatt!
For the majority of amateurs using push-
pull 45s in their transmitter and a two-tube
regenerative receiver, the new Handbook was a revelation of the rapidly advancing state
of the communications art. The continuing success of the first handbook led to nineteen
successive larger editions of Radio Handbook, expanding the publication from the
original concept to the present volume. These editions represent the leading independent
authority in the field of radio amateur hf and vhf communication, faithfully covering
more than four decades of technical development.

In this short span of time, much less than the lifetime of many of the readers of
this edition, amateur radio has passed from the early formative days in which it was
an accomplishment to hear anything on a shortwave receiver and when “ultrashort-wave
radio” was limited to the horizon, to today’s sophisticated solid-state equipment, long
distance vhf communication, and expanded concepts of amateur radio—which includes
television, “moonbounce” and satellite communication, and digital techniques unknown
to the amateur of 1934.

This rapid advance in technology is reflected in the 20th edition of Radio Handbook.
Fully one third of the book has changed completely, and the remaining text thoroughly




revised to bring it in line with today’s techniques. Additional material has been added
covering propagation, vhf communication, and recent advances in solid-state technology.
Interesting new equipment is presented for the home constructor and experimenter. And
the Handbook has more than tripled in the volume of editorial material since the original
edition.

The early experimenters and the readers of the first edition of Radio Handbook,
were they to pick up this edition, would indeed be dazzled by the amateur equipment
of today, but they would understand the underlying principles of operation since it still
obeys the fundamental laws of electricity set forth well before the turn of the century
by Ohm, Ampere, Faraday, Maxwell, Hertz, and others.

The new readers of this, the 20th edition of Radio Handbook would do well to
extend a silent tribute to the pioneering amateurs who, in 1934, embarked upon the
adventure of producing a new and informative handbook for radio amateurs. Better
yet, they might keep their ears open and scan the bands, for many of this hardy group
are still active radio amateurs, as keenly interested in the progress of amateur radio as
they were four decades ago when the concept of the Radio Handbook was born in San
Francisco.

The present editor, who was a beginning amateur in high school when the first
handbook was published, still remembers the thrill when he first read this fascinating
book which introduced him to the wonderful world of radio communication.

A salute, then, to those pioneers whose vision of the future was so clear and a toast
to a QSO via amateur radio in the near future.

Menlo Park, 1975 William 1. Orr, W6SAI
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GLOSSARY OF TERMS

Symbol Notation Symbol Notation
A Amperes {ac, rms, or dc) F Farad, magnetomotive force
A Amplifier voltage gain f Frequency (in Hertz)
A Angstrom unit fit Filament
a Amperes (peak) G Giga (10%
ac Alternating current g, 91, g2, etc. Grid (number to identify,
a-m Amplitude modulation starting from cathode)
C Capacitance Q1. Grids having common pin
c.f.m. Cubic feet per minute connection
w0 Capacitance grid to ground GHz Gigahertz (10° cycles per
Cou Cop, etc. Tube capacitance between second)
indicated electrodes Gnor S. Transconductance
Cin Input capacitance (grid-plate)
C. Capacitance between H Henry
cathode and ground Hz Hertz
cm Centimeter i Peak current
G Neutralizing capacitance ! Current {ac, rms or dc)
Cou Output capacitance N Average dc plate current
= Capacitance, plate to screen lo ma. Peak signal dc plate
c-w Continuous wave current
dB Decibel i instantaneous plate current
de Direct current fo mas Peak plate current
E Volitage (ac, rms, or dc) Joo Idling plate current
e Peak voltage I Average dc grid current
E. Average plate voltage current
6. Instantaneous plate voltage io Instantaneous ac plate
€ me Peak plate voltage current referred to |y
€6 men Minimum instantaneous io me. Peak ac plate current
plate voltage referenced referred to |
to ground i etc. Fundamentai component of
Bcmp Maximum positive grid r-f plate current
voltage i\ e Peak fundamental
Eeo Cutoff-bias voltage component of r-f plate
E.. Average grid #1 voltage current
Ea. Average grid #2 voltage 1, Single tone dc plate current
E, Average grid #3 voltage 1 etc. Two-tone, etc., dc plate
e, Instantaneous grid #1 current
voltage I, o, etc. Average grid #1, #2, etc.
fa Instantaneous grid #2 current
voltage B Filament current
e Instantaneous grid #3 igi ig etc. Instantantous grid current
voltage i1 mes, €FC. Peak grid current
E, Filament voltage I Average cathode current
0, Rms value of i, Instantaneous cathode
exciting voltage current
R Instantaneous plate voltage fe ma Peak cathode current
(ac) referenced to Es Cathode, dielectric constant
€p mer Peak ac plate voltage k Kilo(10%), coefficient of
referenced to E. coupling
Eiiq Applied signal voitage (dc) kHz Kilohertz
€ig Applied signal voltage {ac) kV Peak kilovolts
e. Instantaneous cathode kVac Ac kilovolts
voltage kVdc Dc kilovolts
8\ me. Peak cathode voltage kW Kilowatts
emf Electromotive force A Wavelength



Symbol Notatian Symbol Notation
L Inductonce R, Resistance in series with
M Mutual inductance the cothode
M Mege (104 R. Load resistonce
m Meter rms Root mean square
m One thousondth R, Resistance in series with
mm Millimeter plate
mA Milliomperes o Dynomic internol plate
Meg or meg Megohm resistonce
mH Millihenry S.or G Conversion transconductance
MHz Megahertz S. or Gn Transconductance
m.m.f Magnetomotive force SSB Single sideband
Muor g Amplification factor, micro SWR Standing-wave ratio
mV Millivolts T Temperoture (°C)
MW Megawatts t Time (seconds)
mwW Milliwatts [ Conduction angle
NF Noise figure M Micro (107*) or omplification
Np Efficiency factor
Q Ohms M Amplification Foctor
p Pico (107'%) A Microampere
Py Average drive power #mho Micromho
Pa Peak drive power uF Microfarad
P, Average feedthrough power uH Microhenry
P Peak feedthrough power us Microsecond
pF Picoforad wv Microvolt
PEP Peok envelope power Uz Grid-screen omplification
Pgi, Py, etc. Power dissipation of factor
respective grids v Volt(s), (oc, rms, or dc)
P. Power input (average) v Peak volts
P Peok power input Voc Ac volts
P, Power output (overage) Vdc Dc volts
Po Peak power output VSWR Voltage standing-wove
Pe Plate dissipation ratio
Q Figure of merit w Wotts
Q. Loaded Q V4 Impedonce
R Resistance Z, Grid impedance
r Reflector Z, Input impedance
r-f Radio frequency Z, Cathode impedonce
R, Resistonce in series with Z, Load impedonce
the grid Z, Output impedance
3 Dynomic internol grid Z, Impedance in plate circuit
resistance Z, Screen byposs impedance



CHAPTER ONE

Introduction to Amateur Radio
Communication

The field of radio is a division of the
much larger field of electronics. Radio itself
is such a broad study that it is still further
broken down into a number of smaller fields
of which only short-wave or high-frequency
radio is covered in this book. Specifically the
field of communication on frequencies from
1.8 to 1296 MHz is taken as the subject mat-
ter for this work.

The largest group of persons interested in
the subject of high-frequency communica-
tion is the more than 530,000 radio ama-
teurs located in nearly all countries of the
world. Strictly speaking, a radio amateur is
anyone noncommercially interested in radio,
but the term is ordinarily applied only to
those hobbyists possessing transmitting
equipment and a license to operate from the
Government.

[t was for the radio amateur, and particu-
larly for the serious and more advanced ama-
teur, that most of the equipment described
in this book was developed. The design prin-
ciples behind the equipment for high-fre-
quency and vhf radio communication are of
course the same whether the equipment is to
be used for commercial, military, or ama-
teur purposes. The principal differences lie in
construction practices, and in the tolerances
and safety factors placed on components.

With the increasing complexity of high-
frequency and vhf communication, resulting
primarily from increased utilization of the
available spectrum, it becomes necessary to
delve more deeply into the basic principles

underlying radio communication, both from
the standpoint of equipment design and
operation and from the standpoint of signal
propagation. Thus, it will be found that this
edition of the RADIO HANDBOOK has
been devoted in greater proportion to the
teaching of the principles of equipment de-
sign and signal propagation. Also included
are expanded and revised sections covering
solid state devices and the principles of oper-
ation of modern equipment. The mathemat-
ics chapter, in addition, has been revised in
the light of the modern pocket electronic
calculator. All of these factors, of course,
are reflected in the changing picture of
amateur radio today.

1-1 Amateur Radio

Amatcur radio is a fascinating scientific
hobby with many facets. At the same time
it is a public service as well as a recognized
Radio Service and, as such, is assigned specific
bands of frequencies by the International
Telecommunications Union, to which body
the United States of America is a signatory
power.

From a few thousand amateurs at the end
of World War I, amateur radio has grown
into a world-wide institution of communi-
cators and experimenters joined in the com-
mon interest of communication by means of
radio. So strong is the fascination offered
by this hobby that many executives, engi-
neers and military and commercial electronic
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experts, as well as students and citizens not
otherwise engaged in the field of electronics
are united by the common bond of amateur
radio.

Radio amateurs have rendered much pub-
lic service, especially in the United States,
through furnishing emergency communica-
tions to and from the outside world in cases
where a natural disaster has isolated an area
by severing all normal means of communi-
cation. Amateurs have innumerable records
of service and heroism on such occasions.
The amateur’s fine record of performance
with the “wireless” equipment of World War
I was surpassed by his outstanding service in
World War II.

The induction of thousands of radio ama-
teurs in the Armed Forces during 1940-1945
and the explosion of electronic technology
during that period created an expansion of
amateur radio, the direct result of which is
that many of those amateurs are now the
leaders of our modern electronics industry.
It is through the continuing expansion of
amateur radio in the future thar many of
tomorrow’s engincers, technicians and elec-
tronic executives will come.

The Amateur Radio Service has been
proven to be a national and international
resource of great benefit to all nations and
to mankind. In addition, of cqual importance
is the effect of the service as a stimulus to
economic growth and scientific knowledge.
Radio amateurs continue to play a signifi-
cant role in the development of the state
of the radio art and are continuing to make
major contributions both to basic radio
theory and to practical applications thereof.

In recent years radio amateurs have con-
tributed to the state of the art in numerous
ways including the discovery in 1934 of
reflection and refraction of vhf signals in
the lower atmosphere, the development and
adaptation of SSB techniques for widespread
usage, the achievement of random “‘moon-
bounce” communication between amateurs
and the development of the OSCAR series
of satellites and the relatively inexpensive
equipment and technique for communicart-
ing through the satellites.

Continuing into the closing quarter of
the Twentieth Cenrtury, the status of ama-
teur radio in the communities of the world
emphasize to the beginning radio amateur

that his hobby is the gateway to a career
in the expanding field of clectronics, if he
wishes it, and that amateur radio is indeed
an impressive introduction to one of the
most exciting fields of endeavor in this
century.

1-2 Amateur Stotion and
Operator Licenses

Every radio transmitting station in the
United States (with the exception of certain
low-power communication devices) must
have a license from the Federal Government
before being operated; some classes of sta-
tions must have a permit from the govern-
ment even before being constructed. And
every operator of a licensed transmitting sta-
tion must have an operator’s license before
operating a transmitter. There are no ex-
ceptions. Similar laws apply in practically
every major country.

Classes of Amateur
Operator Licenses

The Radio Amateur
Service in the United
States is in the process
of going through a major change in the
license structure. At the time of publication
of this Handbook, there exist six classes of
amateur operator licenses authorized by the
Federal Communications Commission. These
classes differ in many important respects, so
each will be discussed briefly.

Novice Class—The Novice Class license
is available to any U.S. citizen or national
who has not previously held an amateur
license of any class issued by any agency of
the U.S. Government, military or civilian.
The license is valid for a period of two years
and is not renewable. However a former
amateur licensee may apply for a new Novice
Class license provided he has not held an
amateur license for at least a period of one
vear prior to making application. The ex
amination may be taken only by mail, under
the direct supervision of an amateur holding
a General Class license or higher, or a com-
mercial radiotelegraph licensee. The exam-
ination consists of a code test in sending and
receiving at a speed of 5§ words per minute,
plus a written examination on the rules and
regulations essential to beginners operation,
including sufficient elementary radio theory
for the understanding of these rules. Re-
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stricted c-w privileges in segments of the
80-, 40-, 15- and 10-meter amateur bands
are currently available to the Novice licensee,
whose transmitter is limited to an input
power not exceeding 75 watts.

The receiving code test for the Novice
Class license requires correct copy of five
consecutive words of text counting five let-
ters per word for a continuous period of at
least one minute. Punctuation marks and
numerals are included.

Technician Class—The Technician Class
exists for the purpose of encouraging a
greater interest in experimentation and de-
velopment of the higher frequencies among
experimenters and would-be radio amateurs.
This Class of license is available to any U.S.
Citizen or national. The examination is
similar to that given for the General Class
license, except that the code test in sending
and receiving is at a speed of 5 words per
minute.

The holder of a Technician Class license is
accorded all authorized amateur privileges in
all amateur bands above 220 MHz, and in
portions of the 144-MHz and 50-MHz
bands. This class of license may be taken
only by mail, under the direct supervision of
an amateur (21 years of age, or older) hold-
ing a General Class License, or higher, or a
commercial radiotelegraph license. The li-
cense is valid for a period of five years, and
may be renewed on proper application.

General Class—The General Class license
is the standard radio amateur license and is
available to any U.S. Citizen or national.
The license is valid for a period of five years
and is renewable on proper application. Ap-
plicants for the General Class license must
take the examination before an FCC rep-
resentative (with certain exceptions dis-
cussed under the Conditional Class license).
The examination consists of a code test
in sending and receiving at a code speed of
13 words per minute, plus a written exami-
nation in basic theory and regulations. It
conveys all amateur privileges, with the
exceptions noted for the Advanced and
Extra Class licenses.

Conditional Class—The Conditional Class
license is equivalent to the General Class
license in the privileges accorded by its use.
This license is issued to an applicant who:
(1) lives more than 175 miles airline dis-

tance from the nearest point at which the
FCC conducts examinations twice yearly, or
oftener; (2) is unable to appear for exami-
nation because of physical disability to trav-
el; (3) is unable to appear for examination
because of military service; (4) is temporari-
ly resident outside the United States, its
territories, or possessions for a year or more.
The Conditional Class license may be taken
only by mail and is renewable.

Advanced Class—The Advanced Class li-
cense is equivalent to the old Class-A
license and is available to any U.S. Citizen
or national. The license is valid for a period
of five years and is renewable on proper ap-
plication. Applicants for the Advanced Class
license must take the examination before an
FCC representative. The examination con-
sists of a general code test at 13 words per
minute, questions covering general amateur
practice and regulations involving radio
operation, and technical questions covering
intermediate-level radio theory and operation
as applicable to modern amateur techniques,
including, but not limited to, radiotelephony
and radiotelegraphy. An applicant for the
Advanced Class license will be given credit
for that portion of the examination and the
code test covered by the General Class li-
cense, if a valid license of that grade is held
at the time of examination.

The Advanced Class license accords cer-
tain radiotelephone privileges in the amateur
bands between 80 and 6 meters, which are
unavailable to holders of lower-grade ama-
teur licenses.

Amateur Extra Class—The Amateur Ex-
tra Class license is the highest-grade amateur
license issued by the FCC and the recipient,
on request, may receive a special diploma-
type certificate from the District FCC En-
gineer-in-Charge. The license is valid for a
period of five years and is renewable. Appli-
cants for the Amateur Extra Class license
must take the examination before an FCC
representative. The examination consists of
a code test in sending and receiving at a
speed of 20 words per minute, a standard
written examination in theory and regula-
tions (credit will be given to holders of Gen-
eral and Advanced Class licenses for this re-
quirement), and a written examination based
on advanced radio theory and operation as
applicable to modern amateur techniques, in-
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cluding, but not limited to, radiotelephony,
radiotelegraphy, and transmissions of energy
for measurements and observations applied
to propagation, for the radio control of
remote objects, and for similar experimental
purposes. An applicant for the Amateur
Extra Class license will be given credit for
that portion of the examination covered by
the General and Advanced Class licenses, if
a valid license of either grade is held at the
time of examination.

The Amateur Extra Class license accords
certain radiotelephone and radiotelegraph
privileges in the amateur bands between 80
and 6 meters, unavailable to holders of
lower-grade licenses. In addition, the holder
of an Amateur Extra Class license, licensed
for 25 years or longer by the FCC prior to
the date of the Amateur Extra Class license
may request a two-letter call sign, in lieu of
a three-letter call sign.

The Amateur
Station License

The station license author-
izes the radio apparatus of
the radio amateur for a par-
ticular address and designates the official
call sign to be used. The license is a portion
of the combined station-operator license
normally issued to the radio amateur. Au-
thorization is included for portable or mobile
operation within the continental limits of the
United States, its territories or possessions, on
any amateur frequency authorized to the
class of license granted the operator. If port-
able or mobile operation for a period of
greater than 15 days is contemplated, ad-
vance notice must be given to the FCC
district in which operation will be con-
ducted. The station license must be modified
on a permanent change in address. The sta-
tion license is customarily renewed with the
operator license. Applications filed for ama-
teur radio licenses (except that of a Novice
Class) require a filing fee.

An amateur may have one or more addi-
tional station licenses for special purposes,
or additional station privileges may be en-
dorsed on his primary license. He also may
have a secondary license with another call
at a second home, or place of business, for
example.

A special license is required for a repeater
station which requires the applicant to file
certain information with the F.C.C. con-

cerning the control, location and radiated
power of the repeater station.

A special events station license is also
available on special application which per-
mits the temporary operation of an amateur
station, with a specific call sign, at an event
of general public interest.

International
Regulations

The domestic regulatory pat-
tern of the United States
agrees with the international
agreements established by the International
Telecommunications Union and to which the
United States is a signatory power. The fre-
quency bands reserved for the Amateur Radio
Service are included in the ITU frequency
allocations table, as one of the services to
which frequencies are made available. Tn the
lower-frequency amateur bands, the inter-
national allocations provide for joint use
of the bands by several services in addition
to the amateur service in various areas of
the world.

Article 1 of the ITU Radio Regulations
defines the amateur service as: “A service
of self-training, intercommunication, and
technical investigations carried on by ama-
teurs, that is, by duly authorized persons
interested in radio technique solely with a
personal aim and without a pecuniary inter-
est.” Within this concept, the U. S. radio
regulations governing radio amateur licensing
and regulation are formulated.

By reciprocal treaty, the United States
now has a number of agreements with other
countries permitting amateurs of one coun-
try to operate in the other. On the other
hand, by international agreement, notifica-
tion to the ITU may forbid international
communications with radio amateurs of cer-
tain countries.

A comprehensive coverage of United
States licensing procedure for radio amateurs
and applicable rules and regulations may be
found in “The Radio Amateur’s License
Manual,” published by the American Radio
Relay League, Newington, Conn. 06111.

1-3 The Amateur Bands

Certain small segments of the radio-fre-
quency spectrum between 1800 kHz and
22,000 MHz are reserved for operation of
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amateur radio stations. These segments are
in general agreement throughout the world,
although certain parts of different amateur
bands may be used for other purposes in
various geographic regions. In particular,
the 40-meter amateur band is used legally
(and illegally) for short-wave broadcasting
by many countries in Europe, Africa and
Asia. Parts of the 80-meter band are used
for short distance marine work in Europe,
and for broadcasting in Europe and Asia. The
amateur bands available to United States
radio amateurs are:

160 Meters
(1800 kHz—2000 kHzx)

The 160-meter band
is divided into 25-
kHz segments on a
regional basis, with day and night power
limitations, and is available for amateur use
provided no interference is caused to the
Loran (Long Range Navigation) stations
operating in this band. This band is least
affected by the 11-year solar sunspot cycle.
The maximum usable frequency (MUF)
even during the years of decreased sunspot
activity does not usually drop below 4 MHz,
therefore this band is not subject to the
violent fluctuations found on the higher-
frequency bands. DX contacts on this band
are limited by the ionospheric absorption of
radio signals, which is quite high. During
winter nighttime hours the absorption is
often of a low enough value to permit trans-
oceanic contacts on this band. On rare oc-
casions, contacts up to 10,000 miles have
been made. As a usual rule, however, 160-
meter amateur operation is confined to
ground-wave contacts or single-skip con-
tacts of 1000 miles or less. Popular before
World War II, the 160-meter band is now
only sparsely occupied since many areas of
the world are blanketed by the megawatt
pulses of the Loran chains.

80 Meters
(3500 kHz—4000 kHx)

The 80-meter band
is the most popular
amateur band in
the continental United States for local “rag
chewing” and traffic nets. During the years
of minimum sunspot activity the iono-
spheric absorption on this band may be
quite low, and long distance DX contacts
are possible during the winter night hours.
Daytime operation, in general, is limited to

l.s

contacts of 500 miles or less. During the
summer months, local static and high iono-
spheric absorption limit long distance con-
tacts on this band. As the sunspot cycle ad-
vances and the MUF rises, increased iono-
spheric absorption will tend to degrade the
long distance possibilities of this band. At
the peak of the sunspot cycle, the 80-meter
band becomes useful only for short-haul
communication.

40 Meters
(7000 kHx—7300 kHz)

The 40-meter band
is high enough in
frequency to be se-
verely affected by the 11-year sunspot cycle.
During years of minimum solar activity,
the MUF may drop below 7 MHz, and the
band will become very erratic, with signals
dropping completely out during the night
hours. Tonospheric absorption of signals is
not as large a problem on this band as it is
on 80 and 160 meters. As the MUF grad-
ually rises, the skip distance will increase on
40 meters, especially during the winter
months. At the peak of the solar cycle, the
daylight skip distance on 40 meters will be
quite long, and stations within a distance of
500 miles or so of each other will not be
able to hold communication. DX operation
on the 40-meter band is considerably ham-
pered by broadcasting stations, propaganda
stations, and jamming transmitters. In
Europe and Asia the band is in a chaotic
state, and amateur operation in those regions
is severely hampered.

20 Meters
(14,000 kHz—14,350 kHx)

At the present
time, the 20-me-
ter band is by
far the most popular band for long-distance
contacts. High enough in frequency to be
severely affected at the bottom of the solar
cycle, the band nevertheless provides good
DX contacts during years of minimal sun-
spot activity. At the present time, the band
is open to almost all parts of the world
at some time during the year. During the
summer months, the band is active until the
late evening hours, but during the winter
months the band is only good for a few
hours during daylight. Extreme DX contacts
are usually erratic, but the 20-meter band is
the best band available for DX operation
the year around during the bottom of the
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sunspot cycle. As the sunspot count increases
and the MUF rises, the 20-meter band will
become open for longer hours during the
winter. The maximum skip distance in-
creases, and DX contacts are possible over
paths other than the Great Circle route.
Signals can be heard via the “long path,” 180
degrees opposite the Great Circle path. Dur-
ing daylight hours, absorption may become
apparent on the 20-meter band, and all
signals except very short skip may disappear.
On the other hand, the band will be open
for worldwide DX contacts all night long.
The 20-meter band is very susceptible to
“fadeouts” caused by solar disturbances. and
all except local signals may completely dis-
appear for periods of a few hours to a day
or so.

15 Meters
(21,000 kHz—21,450 kHz)

This is a rela-
tively new band
for radio ama-
teurs since it has only been available for
amateur operation since 1952. It has charac-
teristics similar to both the 20- and 10-
meter amateur bands. During a period of
low sunspot activity, the MUF may still rise
high enough to support communication on
the 21 MHz band, particularly during the
late fall and early spring months. North-
south communication paths will remain open
on this band during low sunspot activity,
even though east-west paths may be closed.

As the sunspot count rises, the 15 meter
band quickly comes to life and during pe-
riods of near-maximum sunspot activity, the
band may remain open 24 hours a day in
equatorial areas of the world.

As with 20 meters, “long path” openings
to remote areas of the world are observed on
the 21 MHz band during the years having
high sunspot numbers.

10 Meters During the peak
(28,000 kHz—29,700 kHz) of the sunspot

cycle, the 10-
meter band is without doubt the most pop-
ular amateur band. The combination of
long skip and low ionospheric absorption
make reliable DX contacts with low-powered
equipment possible. The great width of the
band (1700 kHz) provides room for a
large number of amateurs. The long skip
(1500 miles or so) prevents nearby amateurs

from hearing each other, thus dropping the
interference level. During the winter
months, sporadic-E (short-skip) signals up
to 1200 miles or so will be heard. The 10-
meter band is poorest in the summer months,
even during a sunspot maximum. Extreme-
ly long daylight skip is common on this
band, and in years of high MUF the 10-
meter band will support intercontinental
DX contacts during daylight hours.

The second harmonic of stations operating
in the 10-meter band falls directly into
television channel 2, and the higher har-
monics of 10-meter transmitters fall into
the higher TV channels. This harmenic
problem seriously curtailed amateur 10-meter
operation during the late 40’s. However,
with new circuit techniques and the TVI
precautionary measures stressed in this Hand-
book, 10-meter operation should cause little
or no interference to nearby television re-
ceivers of modern design.

Six Meters At the peak of the sun-
(50 MH2—54 MHz) spot cycle, the MUF

occasionally rises high
enough to permit DX contacts up to 10,000
miles or so on 6 meters. Activity on this
band during such a period is often quite
high. Interest in this band wanes during a
period of lesser solar activity, since contacts.
as a rule, are restricted to ground wave or
“short skip” (sporadic-E) work. The prox-
imity of the 6-meter band to television
channel 2 often causes interference prob-
lems to amateurs located in areas where
channel 2 is active. As the sunspot cycle
increases, activity on the 6-meter band will
increase.

The VHF Bands The vhf bands are
{Two Meters and ""Up”) the least affected by

the vagaries of the
sunspot cycle and Heaviside layer. Their
predominant use is for reliable communica-
tion over distances of 150 miles or less.
These bands are sparsely occupied in the
rural sections of the United States, but are
quite heavily congested in the urban areas
of high population.

In recent years it has been found that
vhf signals are propagated by other means
than by line-of-sight transmission. “Scatter
signals,” Aurora reflection, and air-mass
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boundary bending are responsible for vhf
communication up to 1200 miles or so.
Weather conditions will often affect long-
distance communication on the 2-meter
band, and all the vhf bands are particularly
sensitive to this condition.

In recent years the vhf bands have been
used for experimental “moonbounce” (earth-
moon-earth) transmissions and for repeater-
satellite experiments (Project OSCAR). The
vhf bands hold great promise for serious
experimenters as radio amateurs forge into
the microwave region.

1-4  Starting Your Study

When you start to prepare yourself for
the amateur examination you will find that
the circuit diagrams, tube and transistor
characteristic curves, and formulas appear
confusing and difficult to understand. But
after a few study sessions one becomes suffi-
ciently familiar with the notation of the
diagrams and the basic conceots of theory
and operation so that the acquisition of fur-
ther knowledge becomes easier and even fas.
cinating.

Since it takes a considerable time to be-
come proficient in sending and receiving
code, it is a good idea to intersperse techni-
cal study sessions with periods of code prac-
tice. Many short code-practice sessions ben-
fit one more than a small number of longer
sessions. Alternating between one study and
the other keeps the student from getting
“stale” since each type of study serves as a
sort of respite from the other.

When you have practiced the code long
enough you will be able to follow the gist of
the slower-sending stations. Many stations
send very slowly when working other sta-
tions at great distances. Stations repeat their
calls many times when calling other stations
before contact is established, and one need
not have achieved much code proficiency to
make out their calls and thus determine
their location.

The Code The applicant for any class of

amateur operator license must be
able to send and receive the Continental
Code (sometimes called the International
Morse Code). The speed required for the
sending and receiving test may be either §,

13, or 20 words per minute, depending on
the class of license assuming an average of
five characters to the word in each case.
The sending and receiving tests run for
five minutes, and one minute of errorless
transmission or reception must be accom-
plished within the five-minute interval.

If the code test is failed, the applicant
must wait at least one month before he
may again appear for another test. Approxi-
mately 309% of amateur applicants fail to
pass the test. It should be expected that
nervousness and excitement will, at least to
some degree, temporarily lower the appli-
cant’s code ability. The best insurance
against this is to master the code at a little
greater than the required speed under ordi-
nary conditions. Then if you slow down a
little due to nervousness during a test the
result will not prove fatal.

Memorizing There is no shortcut to code
the Code proficiency. To memorize the
alphabet entails but a few eve-
nings of diligent application, but consider-
able time is required to build up speed. The
exact time required depends on the individ-
ual’s ability and the regularity of practice.
While the speed of learning will naturally
vary greatly with different individuals, about
70 hours of practice (no practice period to
be over 30 minutes) will usually suffice to
bring a speed of about 13 w.p.m.; 16 w.p.m.
requires about 120 hours; 20 w.p.m., 175
hours.

Since code reading requires that individual
letters be recognized instantly, any memor-
izing scheme which depends on orderly se-
quence, such as learning all “dab” letters and
all ““dit” letters in separate groups, is to be
discouraged. Before beginning with a code
practice set it is necessary to memorize the
whole alphabet perfectly. A good plan is to
study only two or three letters a day and
to drill with those letters until they become
part of your consciousness. Mentally trans-
late each day’s letters into their sound equiv-
alent wherever they are seen, on signs, in
papers, indoors and outdoors. Tackle two
additional letters in the code chart each day,
at the same time reviewing the characters
already learned.

Avoid memorizing by routine. Be able
to sound out any letter immediately with-



1.8
A ean N aeme
B amess O s
C emeame P oeamame
D emee Q esedeam
E o R eame
F eeame S eoee
G ename T e
H eeee U eeam
[ oo V eceam
J ecaneme» W eoame
K eseam X emeoam
L eameo Y eaeoamw
M eoe» 7 emamoee
PERIOD (.) Y Y YX _J
COMMA (,) - e ¢ o @ @
INTERROGATION (7) oeoamamee
COLON () C X X YY1}

SEMICOLON ()
PARENTHESIS ()

apeEd @ ¢
-b e b &b ¢ &

RADIO HANDBOOK

[y X X X J
* o G & &
0o &
(X2 XX ]
o000
anesse
anaEnese
(X X L 2}J
- b &b @ ¢

QUuoNouwbwN—

@ MEANS ZERO, AND IS WRITTEN IN THIS
WAY TO DISTINGUISH IT FROM THE LETTER "O%

WAIT SIGN (AS)
DOUBLE DASH (BREAK)
ERROR (ERASE SIGN)
FRACTION BAR (/)
END OF MESSAGE (AR)
END OF TRANSMISSION (SK) Xy Yy
INTERNAT. DISTRESS SIG. (S0S) eceamamamece

(L X X1J

L X121 _J
o000 000
[ A XX _XJ
s@D o@D ®

Figure 1

The Continental (or International Morse) Code is used for substantially all nonautomatic radio com-
munication. DO NOT memorize from the printed page; code is a language of SOUND, and must not be
learned visually; learn by listening as explained in the text.

out so much as hestitating to think about
the letters preceding or following the one
in question. Know C, for example, apart
from the sequence ABC. Skip about among
all the characters learned, and before very
long sufficient letters will have been acquired
to enable you to spell out simple words to
yourself in “di# dabs.” This is interesting
exercise, and for that reason it is good to
memorize all the vowels first and the most
common consonants next.

Actual code practice should start only
when the entire alphabet, the numerals,
period, comma, and question mark have been
memorized so thoroughly that any one can
be sounded without the slightest hesitation.
Do not bother with other punctuation or
miscellaneous signals until later.

Sound — Each letter and figure must be
Not Sight memorized by its sound rather

than its appearance. Code is a
system of sound communication, the same
as is the spoken word. The letter A, for ex-
ample, is one short and one long sound in
combination sounding like dit dab, and it

1 oamoa»

Aord) © D @D ¢ @D
ch «» a» a» a»
é oo@meoo
i > <> e ad @b
O ab a» @ e
ii oo a0 @&

Figure 2

These code characters are used in languages
other than English. They may occasionally be
encountered so it is well to know them.

must be remembered as such, and not as

“dot dash.”

Practice Time, patience, and regularity are

required to learn the code properly.
Do not expect to accomplish it within a few
days.

Don’t practice too long at one stretch; it
does more harm than good. Thirty minutes
at a time should be the limit.

Lack of regularity in practice is the
most common cause of lack of progress.




INTRODUCTION TO AMATEUR RADIO COMMUNICATION

Irregular practice is very lictle better than
no practice at all. Write down what you
have heard; then forget it; do not look back.
If your mind dwells even for an instant on
a signal about which you have doubt, you
will miss the next few characters while your
attention is diverted.

While various automatic code machines,
phonograph records, etc., will give you prac-
tice, by far the best practice is to obtain a
study companion who is also interested in
learning the code. When you have both
memorized the alphabet you can start send-
ing to each other. Practice with a key and
oscillator or key and buzzer generally proves
superior to all automatic equipment. Two
such sets operated between two rooms are
fine—or between your house and his will
be just that much better. Avoid talking to
your partner while practicing. If you must
ask him a question, do it in code. It makes
more interesting practice than confining
yourself to random practice material.

When two co-learners have memorized
the code and are ready to start sending to
each other for practice, it is a good idea to
enlist the aid of an experienced operator for
the first practice session or two so that they
will get an idea of how properly formed
characters sound.

During the first practice period the speed
should be such that substantially solid copy
can be made without strain. Never mind if
this is only two or three words per minute.
In the next period the speed should be in-
creased slightly to a point where nearly all
of the characters can be caught only through
conscious effort. When the student becomes
proficient at this new speed, another slight
increase may be made, progressing in this
manner until a speed of about 16 words
per minute is attained if the object is to pass
the amateur 13-word per minute code test.
The margin of 3 w.p.m. is recommended to
overcome a possible excitement factor at
examination time. Then when you take the
test you don’t have to worry about the
“Jitters” or an “off day.”

Speed should not be increased to a new
level until the student finally makes solid
copy with ease for at least a five-minute
period at the old level. How frequently in-
creases of speed can be made depends on in-
dividual ability and the amount of practice.
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Each increase is apt to prove disconcerting,
but remember “you are never learning when
you are comfortable.”

A number of amateurs are sending code
practice on the air on schedule once or
twice each week; excellent practice can be
obtained after you have bought or con-
structed your receiver by taking advantage
of these sessions.

If you live in a medium-size or large city,
the chances are that there is an amateur-
radio club in your vicinity which offers
free code-practice lessons periodically.

Skill When you listen to someone speaking

you do not consciously think how his
words are spelled. This is also true when you
read. In code you must train your ears to
read code just as your eyes were trained in
school to read printed matter. With enough
practice you acquire skill, and from skill,
speed. In other words, it becomes a habit,
something which can be done without con-
scious effort. Conscious effort is fatal to
speed; we can’t think rapidly enough; a
speed of 25 words a minute, which is a com-
mon one in commercial operations, means
125 characters per minute or more than two
per second, which leaves no time for con-
scious thinking.

Perfect Formation When transmitting on the
of Characters code practice set to your
partner, concentrate on the
quality of your sending, not on your speed.
Your partner will appreciate it and he could
not copy you if you speeded up anyhow.

If you want to get a reputation as hav-
ing an excellent “fist” on the air, just re-
member that speed alone won’t do the
trick. Proper execution of your letters and
spacing will make much more of an im-
pression. Fortunately, as you get so that
you can send evenly and accurately, your
sending speed will automatically increase.
Remember to try to see how crenly you can
send, and how fast you can receive. Con-
centrate on making signals properly with
your key. Perfect formation of characters
is paramount to everything else. Make every
signal right no matter if you have to prac-
tice it hundreds or thousands of times.
Never allow yourself to vary the slightest
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from perfect formation once you have
learned it.

If possible, get a good operator to listen
to your sending for a short time, asking him
to criticize even the slightest imperfections.

Timing It is of the utmost importance to

maintain uniform spacing in charac-
ters and combinations of characters. Lack of
uniformity at this point probably causes be-
ginners more trouble than any other single
factor. Every dot, every dash, and every
space must be correctly timed. In other
words, accurate timing is absolutely essen-
tial to intelligibility, and timing of the
spaces between the dots and dashes is just as
important as the lengths of the dots and
dashes themselves.

The characters are timed with the dot as
a “yardstick.” A standard dash is three times
as iong s a dot. The spacing between parts
of the same letter is equal to one dot, the
space between letters is equal to three dots,
and that between words equal to five dots.

The rule for spacing between letters and
words is not strictly observed when sending
slower than about 10 words per minute for
the benefit of someone learning the code
and desiring receiving practice. When send-
ing at, say, § w.p.m., the individual letters
should be made the same as if the sending
rate were about 10 w.p.m., except that the
spacing between letters and words is greatly
exaggerated. The reason for this is obvious.
The letter L, for instance, will then sound
exactly the same at 10 w.p.m. as at §
w.p.m., and when the speed is increased
above § w.p.m. the student will not have
to become familiar with what may seem
to him like a new sound, although it is in
reality only a faster combination of dots and
dashes. At the greater speed he will merely
have to learn the identification of the same
sound without taking as long to do so.

Be particularly careful of letters like B.
Many beginners seem to have a tendency to
leave a longer space after the dash than
that which they place between succeeding
dots, thus making it sound like TS. Simi-
larly, make sure that you do not leave
a longer space after the first dot in the
letter C than you do between other parts
of the same letter: otherwise it will sound

like NN.
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Figure 3

Diagram illustrating relative lengths of dashes
and spaces referred to the duration of a dot. A
dash is exactly equal in duration to three dots;
spaces between parts of a letter equal one dot;
those between letters, three dots; space between
words, five dots. Note that a slight increase be-
tween two parts of a letter will make it sound
like two letters.

Sending vs. Once you have memorized the
Receiving  code thoroughly you should con-

centrate on increasing your re-
ceiving speed. True, if you have to practice
with another newcomer who is learning the
code with you, you will both have to do
some sending. But don’t attempt to prac-
tice sending just for the sake of increasing
your sending speed.

When transmitting code to your partner
so that he can practice, concentrate on
the quality of your sending, not on your
speed.

Because it is comparatively easy to learn
to send rapidly, especially when no particu-
lar care is given to the quality of sending,
many operators who have just received their
licenses get on the air and send mediocre (or
worse) code at 20 w.p.m. when they can
barely receive good code at 13. Most old-
timers remember their own period of initia-
tion and are only too glad to be patient and
considerate if you tell them that you are
a newcomer. But the surest way to incur
their scorn is to try to impress them with
your “lightning speed,” and then to re-
quest them to send more slowly when they
come back at you at the same speed.

Stress your copying ability; never stress
your sending ability. It should be obvious
that if you try to send faster than you can
receive, your ear will not recognize any
mistakes which your hand may make.

Using the Key Figure 4 shows the proper po-
sition of the hand, fingers and
wrist when manipulating a telegraph or
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radio key. The forearm should rest naturally
on the desk. It is preferable that the key be
placed far enough back frem the edge of
the table (about 18 inches) that the elbow
can rest on the table. Otherwise, pressure of
the table edge on the arm will tend to
hinder the circulation of the blood and
weaken the ulnar nerve at a point where it
is close to the surface, which in turn will
tend to increase fatigue considerably.

The knob of the key is grasped lightly
with the thumb along the edge; the index
and third fingers rest on the top towards
the front or far edge. The hand moves with
a free up and down motion, the wrist acting
as a faicrum. The power must come entirely
from the arm muscles. The third and index
fingers will bend slightly during the sending
but not because of deliberate effort to ma-
nipulate the finger muscles. Keep your finger
muscles just tight enough to act as a cushion
for the arm motion and let the slight move-
ment of the fingers take care of itself. The
key’s spring is adjusted to the individual
wrist and should be neither too stiff nor too
loose. Use a moderately stiff tension at first
and gradually lighten it as you become more
proficient. The separation between the con-
tacts must be the proper amount for the
desired speed, being somewhat under 1/16
inch for slow speeds and slightly closer to-
gether (about 1/32 inch) for faster speeds.
Avoid extremes in either direction.

Do not allow the muscles of arm, wrist or
fingers to become tense. Send with a full,
free arm movement. Avoid like the plague
any finger motion other than the slight
cushioning effect mentioned above.

Stick to the regular handkey for learning
code. No other key is satisfactory for this
purpose. Not until you have thoroughly
mastered both sending and receiving at the
maximum speed in which you are interested
should you tackle any form of automatic or
semiautomatic key such as the Vibroplex
(“bug”) or an electronic key.

Ditficulties Should you experience difficulty

in increasing your code speed
after you have once memorized the charac-
ters, there is no reason to become discour-
aged. It is more difficult for some people to
learn code than for others, but there is no
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Figure 4

PROPER POSITION OF THE FINGERS
FOR OPERATING A TELEGRAPH KEY

The fingers hold the knob and act as a cush-

ion. The hand rests lightly on the key. The

muscles of the forearm provide the power, the

wrist acting as the fulcrum. The power should

not come from the fingers, but rather from the
forearm muscles.

justification for the contention sometimes
made that “‘some people just can’t learn the
code.” It is not a matter of intelligence; so
don’t feel ashamed if vou seem to cxperience
a little more than the usual difficulty in
learning code. Your reaction time may be
a little slower or your coordination not so
good. If this is the case, remember you can
still learn the code. You may never learn to
send and receive at 40 w.p.m., but you
can learn sufficient speed for all noncom-
mercial purposes (and even for most com-
mercial purposes) if you have patience, and
refuse to be discouraged by the fact that
others secem to pick it up more rapidly.

When the sending operator is sending just
a bit too fast for you (the best speed for
practice), you will occasionally miss a sig-
nal or a small group of them. When you do,
leave a blank space; do not spend time fu-
tilely trying to recall it; dismiss it, and
center attention on the next letter; other-
wise you’ll miss more. Do not ask the sender
any questions until the transmission is fin-
ished.

To prevent guessing and get equal prac-
tice on the less common lecters, depart oc-
casionally from plain language material and
use 2 jumble of letters in which the usually
less commonly used letters predominate.
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As mentioned before, many students put
a greater space after the dash in the leter
B, than between other parts of the same
letter so it sounds like TS. C, F, Q,V, X, Y,
and Z often give similar trouble. Make a list
of words or arbitrary combinations in which
these letters predominate and practice them,
both sending and receiving until they no
longer give you trouble. Stop everything else
and stick to them. So long as these characters
give you trouble you are not ready for any-
thing else.

Follow the same procedure with letters
which you may tend to confuse such as F
and L, which are often confused by begin-
ners. Keep at it until you always get them
right without having to stop even an instant
to think about it.

If you do not instantly recognize the
sound of any character, you have not
learned it; go back and practice your alpha-
bet further. You should never have to omit
writing down every signal you hear except
when the transmission is too fast for you.

Write down what you hear, not what you
think it should be. It is surprising how often
the word which you guess will be wrong.

Copying Behind All good operators copy sev-

eral words behind, that is,
while one word is being received, they are
writing down or typing, say the fourth or
fifth previous word. At first this is very
difficult, but after sufficient practice it will
be found actually to be easier than copying
close up. Tt also results in more accurate
copy and enables the receiving operator to
capitalize and punctuate copy as he goes
along. It is not recommended that the be-
ginner attempt to do this until he can send
and receive accurately and with ease at a
speed of at least 12 words a minute.

It requires a considerable amount of train-
ing to disassociate the action of the subcon-
scious mind from the direction of the con-
scious mind. It may help some in obraining
this training to write down two columns of
short words. Spell the first word in the first
column out loud while writing down the
first word in the second column. At first
this will be a bit awkward, but you will
rapidly gain facility with practice. Do the
same with all the words, and then reverse
columns.
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Next try speaking aloud the words in the
one column while writing those in the
other column; then reverse columns.

After the foregoing can be done easily,
try sending with your key the words in one
column while spelling those in the other.
It won’t be easy at first, but it is well worth
keeping after if you intend to develop any
real code proficiency. Do not attempt to
catch up. There is a natural tendency to
close up the gap, and you must train your-
self to overcome this.

Next have your code companion send you
a word either from a list or from straight
text; do not write it down yet. Now have
him send the next word; after receiving this
second word, write down the first word.
After receiving the third word, write the
second word; and so on. Never mind how
slowly you must go, even if it is only two
or three words per minute. Stay bebind.

It will probably take quite a number of
practice sessions before you can do this with
any facility. After it is relatively easy. then
try staying two words behind; keep this up
until it is easy. Then try three words, four

KEY
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Figure 5

Two inexpensive ‘“hobby”-type transistors and
a 9-voit battery, plus a handful of parts make
up a code-practice oscillator. Volume and tone
are controlled by the potentiometers. Low-im-
pedance earphones may be substituted for the
speaker, if desired.
words, and five words. The more you prac-
tice keeping received material in mind, the
easier it will be to stay behind. It will be
found easier at first to copy material with
which one is fairly familiar, then gradually
switch to less familiar material.
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Learning Aids A variety of learning aids are
available to help the would-be
amateur learn the code. Tape casettes are
available from several sources that contain
both code practice and theory for the Nov-
ice examination. Other casettes are available
that contain code practice at speeds up to 21
words per minute. Long-playing code records
(331 r.p.m.) are also sold by several con-
cerns that specialize in training aids.

Once you can copy about 10 w.p.m. you
can also get receiving practice by listening
to slow-sending stations on your receiver.
Many amateur stations send slowly par-
ticularly when working far distant stations.
When receiving conditions are particularly
poor many commercial stations also send
slowly, sometimes repeating every word. Un-
til you can copy around 10 w.p.m. your
receiver isn’t much use, and either another
operator or a casette or records is necessary
for getting receiving practice after you have
once memorized the code.

As a good key may be considered an in-
vestment it is wise to make a well-made key
your first purchase. Regardless of what type
code-practice set you use, you will need a
key, and later on you will need one to key
your transmitter. If you get a good key to
begin with, you won’t have to buy another
one later.

The key should be rugged and have
fairly heavy contacts. Not only will the
key stand up better, but such a key will
contribute to the “heavy” type of sending
so desirable for radio work. Morse (tele-
graph) operators use a “light” style of
sending and can send somewhat faster when
using this light touch. But, in radio work
static and interference are often present,
and a slightly heavier dot is desirable. If
you use a husky key, you will find yourself
automatically sending in this manner.
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Figure 6
INSTRUCTOKEYER TEACHES CODE

This solid-state keyer is ideal for teaching large
code classes. It provides random groups of
Morse letters, numbers, punctuation and word
p at random, in a seq which never
exactly repeats itself. Code speed is adjustable
from 4 to 50 w.p.m. (Photo courtesy Curtis Elec-
tro Devices, inc., Box 4090, Mountain View, CA
94040).

An example of the audio-oscillator type
of code-practice set is illustrated in figure 5.
Two inexpensive “hobby”-type transistors
are used and the unit is powered by a 9-volt
transistor radio battery. Low-impedance
( 4-8 ohms) earphones may be substituted for
the speaker, if desired. The oscillator may be
built up on a phenolic circuit board.

A new training aid for large code classes
is the Instructokeyer (figure 6), a solid-state
device which sends random groups of Morse
letters, numbers, punctuation and word
spaces in an ever-changing sequence” which
never exactly repeats. Code speed is adjust-
able from 4 to 5¢ w.p.m. Code groups are
of varying lengths but average five charac-
ters per group. A rear panel switch selects
alphabet only or full alphanumeric code
groups. The Instructokeyer provides an in-
finite variety of code groups allowing un-
limited practice for higher proficiency.







CHAPTER TWO

Direct-Current Circuits

All naturally occurring matter (exclud-
ing artificially produced radioactive sub-
stances) is made up of 92 fundamental con-
stituents called elements. These elements can
exist either in the free state such as iron,
oxygen, carbon, copper, tungsten, and alu-
minum, or in chemical unions commonly
called compounds. The smallest unit which
still retains all the original characteristics of
an element is the atom.

Combinations of atoms, or subdivisions of
compounds, result in another fundamental
unit, the molecule. The molecule is the small-
est unit of any compound. All reactive ele-
ments when in the gaseous state also exist in
the molecular form, made up of two or
more atoms. The nonreactive gaseous ele-
ments helium, neon, argon, krypton, xenon,
and radon are the only gaseous elements
that ever exist in a stable monatomic state
at ordinary temperatures.

2-1 The Atom

An atom is an extremely small unit of
matter—there are literally billions of them
making up so small a piece of material as a
speck of dust. To understand the basic
theory of electricity and hence of radio, we
must go further and divide the atom into
its main components, a positively charged
nucleus and a cloud of negatively charged
particles that surround the nucleus. These
particles, swirling around the nucleus in
elliptical orbits at an incredible rate of
speed, are called orbital electrons.

2.1

It is on the behavior of these orbital
electrons when freed from the atom, that
depends the study of electricity and radio, as
well as allied sciences. Actually it is pos-
sible to subdivide the nucleus of the atom
into a dozen or so different particles, but
this further subdivision can be left to
quantum mechanics and atomic physics. As
far as the study of electronics is concerned
it is only necessary for the reader to think
of the normal atom as being composed of a
nucleus having a net positive charge that is
exactly neutralized by the one or more
orbital electrons surrounding it.

The atoms of different elements differ in
respect to the charge on the positive nucleus
and in the number of electrons revolving
around this charge. They range all the way
from hydrogen, having a net charge of one
on the nucleus and one orbital electron, to
uranium with a net charge of 92 on the
nucleus and 92 orbital electrons. The number
of orbital electrons is called the atomic
number of the element.

The electron may be considered as a min-
ute negatively charged particle, having a
mass of 9 X 10-%® gram, and a charge of
1.59 X 107'® coulomb. Electrons are always
identical, regardless of the source from
which they are obtained.

Action of the
Electrons

From the foregoing it must
not be thought that the elec-
trons revolve in a haphazard
manner around the nucleus. Rather, the
electrons in an element having a large
atomic number are grouped into rings hav-
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ing a definite number of electrons. The only
atoms in which these rings are completely
filled are those of the inert gases mentioned
before; all other elements have one or more
uncompleted rings of electrons. If the un-
completed ring is nearly empty, the element
is metallic in character, being most metallic
when there is only one electron in the outer
ring. If the incomplete ring lacks only one
or two electrons, the element is usually non-
metallic. Elements with a ring about half
completed will exhibit both nonmetallic and
metallic  characteristics; carbon, silicon,
germanium, and arsenic are examples. Such
elements are called semiconductors.

In metallic elements these outer ring elec-
trons are rather loosely held. Consequently,
there is a continuous helter-skelter move-
ment of these electrons and a continual
shifting from one atom to another. The
electrons which move about in a substance
are called free electrons, and it is the ability
of these electrons to drift from atom to
atom which makes possible the electric cur-
rent. S

If the free elec-
trons are num-
ecous and loosely
held, the element is a good conductor. On the
other hand, if there are few free electrons
(as is the case when the electrons in an outer
ring are tightly held), the element is a poor
conductor. If there are virtually no free
electrons, the element is a good insulator.
Materials having few free electrons are
classed as semiconductors and exhibit con-
ductivity approximately midway between
that of good conductors and good insulators.

Conductors, Semiconductors,
and Insulators

2-2 Fundamental Electrical
Units and Relationships

Basic Electrical
Dimensions, Units,
and Symbols

Electrical dimensions,
units, and qualities are
expressed as letters, com-
binations of letters, and
other characters that may be used in place
of the proper names for these characteristics.
In addition, various prefixes are added to the
symbols to indicate multiples or submulti-
ples of units (Table 1).

The international system of fundamental
units which covers mechanics, electricity,
and magnetism is designated the Rational
MKS (meter-kilogram-second) System.

TABLE 1.
PREFIXES TO ELECTRICAL DIMENSIONS

PREFIX MULTIPLE SYMBOL
Giga- 10° G
Mego- 10¢
kilo- 100 k
deci- 107! d
conti- 10-2 c
milli- 10-3 m
micro- 10-* B or v
pico- 10-12 [}

In this system, length is measured in
meters, mass in kilograms, and time in sec-
onds. A summary of important dimensions
is given in Table 2.

The MKS System is a subsystem of the
International System of Units (1960). To
unite the mechanical system with electricity
and magnetism, the coulomb is taken as a
fourth fundamental unit.

TABLE 2
FUNDAMENTAL DIMENSIONS
DIMENSION EQUIVALENT
Meter 3.28) feet—one foot=0.3048 meter
Kilometer 1000 meters =0.6214 stotute miles
Centimeter | 10°? meter =0.3937 inch
Meter 10’ angstrom units (A)
Kilogram 1000 grams = 2.205 pounds
Gram 3.527 x 10°? ounces
Coulomb 1 ompere flowing for 1 second
Fundamental and  Electrical measurements
Secondary Units  expressed in the MKS

System are traceable to
the National Bureau of Standards in the
United States. Aside from the meter, kilo-
gram, and second, the major electrical unit
is the coulomb (Q), a unit of charge (6.28
X 10 electron charges). The coulomb is
defined as an am pere-second, or that steady
current flowing through a solution of silver
nitrate, which will deposit silver at the rate
of 1.118 X 10°® kilograms per second.

Secondary, or derived units, are based on
the above listed fundamental units. The
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TABLE 3. ELECTRICAL UNITS

CHARACTERISTIC SYMBOL UNIT DESCRIPTION
Charge Qorgq couvlomb 6.28 x 10" electric charges
Voltage Eore Volt potential difference

Vorv (joules per couvlomb)
Current | ori Ampere electrons in motion
(coulombs per second)
Resistance Rorr Ohm electrical resistance
(volts per ampere)
Conductonce Gorg mho reciprocal of resistance
Energy J Joule quantity of work
(volts x coulombs)
Power w Watt unit of power
(joules per second)
Storage F Farad unit of charge storage
(coulombs per volt)
Storage H Henry unit of inductance
(volts per ampere-second)

rate of current flow is the ampere (I), whose
dimensions are in coulombs per second. The
unit of energy or work is the joule (])
whose dimensions are volts X coulombs. The
unit of power is the watt (W), whose di-
mensions are joules per second. The electrical
pressure that moves a coulomb of charge
past a measuring point is the volt (E or V),
whose dimensions are joules per coulomb.

The unit of opposition to current flow is
the obm (R), whose dimensions are volts
per ampere. Two units express charge storage
in a circuit. The first is the farad (F), a
unit of capacitance whose dimensions are
coulombs per volt. The second is the benry
(H), a unit of inductance whose dimensions
are volts per ampere-second. These and other
electrical units are summarized in Table 3.
Other complex quantities may be built up
from these units.

Electromotive Force:
Potential Difference

The free electrons in a
conductor move con-
stantly about and
change their position in a haphazard man-
ner. To produce a drift of electrons, or elec-
tric current, along a wire it is necessary that
there be a difference in “pressure” or poten-
tial between the two ends of the wire. This
potential difference can be produced by con-
necting a source of electrical potential to
the ends of the wire.

As will be explained later, there is an ex-
cess of electrons at the negative terminal of
a battery and a deficiency of electrons at the

positive terminal, due to chemical action.
When the battery is connected to the wire,
the deficient atoms at the positive terminal
attract free electrons from the wire in order
for the positive terminal to become neutral.
The attracting of electrons continues
through the wire, and finally the excess elec-
trons at the negative terminal of the battery
are attracted by the positively charged atoms
at the end of the wire. Other sources of
electrical potential (in addition to a bat-
tery) are: an electrical generator (dynamo),
a thermocouple, an electrostatic generator
(static machine), a photoelectric cell, and
a crystal or piezoelectric generator.

Thus it is seen that a potential dif-
ference is the result of a difference in the
number of electrons between the two (or
more) points in question. The force or pres-
sure due to a potential difference is termed
the electromotive force, usually abbreviated
ean.f. or E.MM.F. It is expressed in units
called volts.

It should be noted that for there to be a
potential difference between two bodies or
points it is not necessary that one have a
positive charge and the other a negative
charge. If two bodies each have a negative
charge, but one more negative than the
other, the one with the lesser negative
charge will act as though it were positively
charged with respect to the other body. It
is the algebraic potential difference that
determines the force with which electrons
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are attracted or repulsed, the potential of
the earth being taken as the zero reference
point.

The Electric
Current

The flow of electric charges,
either electrons, holes (see
Chapter Four), or ions consti-
tutes an electric current. The flow may be
induced by the application of an electromo-
tive force. This flow, or drift, is in addi-
tion to the irregular movements of the elec-
trons. However, it must not be thought
that each free electron travels from one
end of the circuit to the other. On the
contrary, each free electron travels only a
short distance before colliding with an atom;
this collision generally knocks off one or
more electrons from the atom, which in
turn move a short distance and collide with
other atoms, knocking off other electrons.
Thus, in the general drift of electrons along
a wire carrying an electric current, each
electron travels only a short distance and
the excess of electrons at one end and the
deficiency at the other are balanced by the
source of the em.f. When this source is
removed the state of normalcy returns;
there is still the rapid interchange of free
electrons between atoms, but there is no
general trend or “net movement” in either
one direction or the other—in other words,
no current flows.

In electronics, the terms “electron flow”
and “current” are synonymous and the cur-
rent flow in a conductor is the electron drift
from the negative terminal of the source
voltage, through the conductor to the posi-
tive terminal of the source.

Resistance The flow of current in a materi-

al depends on the ease with
which electrons can be detached from the
atoms of the material and on its molec-
ular structure. In other words, the easier
it is to detach electrons from the atoms the
more free electrons there will be to contrib-
ute to the flow of current, and the fewer
collisions that occur between free electrons
and atoms the greater will be the total
electron flow.

The opposition to 2 steady electron flow
is called the resistance (R) of a material,
and is one of its physical properties.

The unit of resistance is the obm ().
Every substance has a specific resistance; usu-
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ally expressed as obms per mil-foot, which
is determined by the material’s molecular
structure and temperature. A mil-foot is a
piece of material one circular mil in area
and one foot long. Another measure of
resistivity frequently used is expressed in the
units microbms per centimeter cube. The
resistance of a uniform length of 2 given
substance is directly proportional to its
length and specific resistance, and inversely
proportional to its cross-sectional area. A
wire with a certain resistance for a given
length will have twice as much resistance
if the length of the wire is doubled. For a
given length, doubling the cross-sectional
area of the wire will balve the resistance,
while doubling the diameter will reduce the
resistance to one fourth. This is true since
the cross-sectional area of a wire varies as
the square of the diameter. The relationship
between the resistance and the linear dimen-
sions of a conductor may be expressed by
the following equation:
7l

R="7

where,

R equals resistance in ohms,

r equals resistivity in obms per mil-foot,
I equals length of conductor in feer,

A equals cross-sectional area in circular
mils.

For convenience, two larger units the
kilobm (1000 ohms) and the megobm
(1,000,000 ohms) are often used.

The resistance also depends on tempera-
ture, rising with an increase in temperature
for most substances (including most metals),
due to increased electron acceleration result-
ing in a greater number of impacts between
electrons and atoms. However, in the case
of some substances such as carbon and glass
the temperature coefficient is negative and
the resistance decreases as the temperature
increases.

Conductors and In the molecular structure
Insulators of many materials such as

glass, porcelain, and mica all
electrons are tightly held within their orbits
and there are comparatively few free elec-
trons. This type of substance will conduct
an electric current only with great difficuley
and is known as an insulator. An insulator
is said to have a high electrical resistance.
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Figure 1
TYPICAL RESISTORS

Shown above are various types of resistors used in electronic circuits. The

larger units are power resisto's. On the left is a variable power resistor. Three

precision-type resistors are shown in the center with two small composition

resistors beneath them. At the right is a comnosition-type potentiometer, used
for audio circuitry.

On the other hand, materials that have a
large number of free electrons are known as
conductors. Most metals (those elements
which have only one or two electrons in
their outer ring) are good conductors. Sil-
ver, copper, and aluminum, in that order,
are the best of the common metals used as
conductors and are said to have the greatest
conductivity, or lowest resistance to the flow
of an electric current (Table 4).

TABLE 4. TABLE OF RESISTIVITY
Resistivity in
Ohms per Ttmp Coeff. of
Cirevl # per °C.
Material Mil-Foot at 20° C
Aluminum 17 0.0049
Brass 45 0.003 to 0.007
Cadmium 46 0.0038
Chromium 16 0.00
Copper 10.4 0.0039
Iron 59 0.006
Silver 9.8 0.004
Zine 36 0.0035
Nichrome 650 0.0002
Constantan 295 0.00001
Manganin 290 0.00001
Mone! 255 0.0019

Secondary These units are the volt. the
Electrical Units am pere, and the obm. They
were mentioned in the pre-
ceding paragraphs, but were not completely
defined in terms of fixed, known quantities.
The fundamental unit of current, or rate
of flow of electricity is the ampere. A cur-
rent of one ampere will deposit silver from
a specified solution of silver nitrate at a
rate of 1.118 milligrams per second.

The international standard for the ohm is
the resistance offered by a uniform column
of mercury at 0° C., 14.4521 grams in mass,
of constant cross-sectional area and 106.300
centimeters in length. The expression meg-
obm (1,000,000 ohms) is also sometimes
used when speaking of very large values of
resistance.

A volt is the e.m.f. that will produce a
current of one ampere through a resistance
of one obm. The standard of electromotive
force is the Weston cell which at 20° C.
has a potential of 1.0183 volts across its
terminals. This cell is used only for reference
purposes in a bridge circuit, since only an
infinitesimal amount of current may be
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drawn from it without disturbing its char-
acteristics.

Ohm's Law The relationship between the

electromotive force (voltage),
the flow of current (amperes), and the re-
sistance which impedes the flow of current
(ohms), is very clearly expressed in a simple
but highly valuable law known as Ohbm’s
Law. This law states that the current in am-
peres is equal to the voltage in volts divided
by the resistance in obms. Expressed as an
equation:

E
R

If the voltage (E) and resistance (R)
are known, the current (I) can be readily
found. If the voltage and current are
known, and the resistance is unknown, the

I =

resistance (R) is equal to % .When the

voltage is the unknown quantity, it can be
found by multiplying I X R. These three
equations are all secured from the original
by simple transposition. The expressions are
here repeated for quick reference:

E E

= — = — = IR
1 R E

I
where,

I is the current in amperes,
R is the resistance in ohms,
E is the electromotive force in volts.

Taken in a broader sense, Ohm’s Law ex-
presses a ratio of voltage to current when
the circuit resistance is known. This con-
cept is important in transmission-line studies
and antenna work.

Conductonce Instead of speaking of the re-
sistance of a circuit, the con-
ductance may be referred to as a measure
of the ease of current flow. Conductance is
. . 1 .
the reciprocal of resistance - and is meas-
ured in mbos (ohms spelled backwards) and
is designated by the letter G.
The relation between resistance and con-
ductance is:

1

=—é-or1= EG

1
G_E,R
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In electronics work, a small unit of con-
ductance, which is equal to one-millionth
of a mho, frequently is used. It is called
a micrombo.

Application of All electrical circuits fall into
Ohm’sLaw  one of three classes: series

circuits, parallel circuits, and
series-parallel circuits. A series circuit is
one in which the current flows in a single
continuous path and is of the same value at
every point in the circuit (figure 2). In a

RESISTANCE Rt —» R2

le— CONDUCTORS —
T NDUCTOR ‘ ? l
E
aml':'uv @ M
| g prummp | o —
Figure 2

SIMPLE SERIES CIRCUITS

At (A) the battery is in series with a single re-

sistor. At {B) the battery is in series with two

resistors, the resistors themselves being in se-

ries. The arrows indicate the direction of elec-
tron fiow.

parallel circuit there are two or more cur-
rent paths between two points in the circuit,
as shown in figure 3. Here the current di-
vides at A, part going through R, and part
through R., and combines at B to return

Figure 3

SIMPLE PARALLEL
CIRCUIT

The two resistors R, and R, are said to be in

arallel since the flow of current is offered
w0 .rarallel paths. An electron leaving point
A will pass either through R, or R,, but not

through both, to reach the positive terminal

of the battery. If a large number of electrons

are considered, the greater number will pass

through whichever of the two resistors has
the lower resistance.

to the battery. Figure 4 shows a series-

parallel circuit. There are two paths between

Figure 4

SERIES-PARALLEL
CIRCUIT

41

tn this tvpe of circuit the resistors are arranged
in series groups., and these groups are then
placed in parailel.
points A and B as in the parallel circuit, and
in addition there are two resistances in series
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Figure 5

ANOTHER TYPE OF
SERIES-PARALLEL CIRCUIT

in each branch of the parallel combination.
Two other examples of series-parallel ar-
rangements appear in figure 6. The way in
which the current splits to flow through
the parallel branches is shown by the arrows.

In every circuit, each of the parts has
some resistance: the batteries or generator,
the connecting conductors, and the appa-
ratus itself. Thus, if each part has some re-
sistance, no matter how little, and a current
is flowing through it, there will be a volt-
age drop across it. In other words, there will
be a potential difference between the two
ends of the circuit element in question. This
drop in voltage is equal to the product of
the current and the resistance hence it is

called the IR drop.

Internal  The source of voltage has an in-
Resistance ternal resistance, and when con-
nected into a circuit so that
current flows, there will be an IR drop
in the source just as in every other part
of the circuit. Thus, if the terminal voltage
of the source could be measured in 2 way
that would cause no current to flow, it
would be found to be more than the voltage
measured when a current flows by the
amount of the IR drop in the source. The
voltage measured with no current flowing
is termed the 70 load voltage; that measured
with current flowing is the load voltage.
It is apparent that a voltage source having
a low internal resistance is most desirable.

Resistances The current flowing in a series
in Series  circuit is equal to the voltage

impressed divided by the total
resistance across which the voltage is im-
pressed. Since the same current flows through
every part of the circuit, it is only necessary
to add all the individual resistances to obtain
the total resistance. Expressed as a formula:

RTnlaI:Rl+R2+R3+...+RN

Of course, if the resistances happened to be
all the same value, the total resistance would
be the resistance of one multiplied by the
number of resistors in the circuit.

Consider two resistors, one of
100 ohms and one of 10 ohms,
connected in parallel as in fig-
ure 3, with a potential of 10 volts applied
across each resistor, so the current through
each can be easily calculated.

Resistances
in Parallel

E
] = —
R
E = 10 volts 10 P
= S — . a
R, = 100 ohms 100 P
E = 10 volts 1 A y—
R.=100hms *_ 10 _ = MP
Total current = I, + I. = 1.1 ampere

Until it divides at A, the entire current
of 1.1 amperes is flowing through the con-
ductor from the battery to A, and again
from B through the conductor to the bat-
tery. Since this is more current than flows
through the smaller resistor it is evident
that the resistance of the parallel combina-
tion must be less than 10 ohms, the re-
sistance of the smaller resistor. This value
can be found by applying Ohm’s law:

l'; = = 10 9.09 ohms
= 1.1 amperes 1.1
The resistance of the parallel combination
is 9.09 ohms.

The following is a simple formula for
finding the effective resistance of two re-
sistors connected in parallel.

R, XR.

Rr= R FR.

where,

Rris the unknown resistance,
R, is the resistance of the first resistor,
R. is the resistance of the second resistor.

If the effective value required is known,
and it is desired to connect one unknown
resistor in parallel with one of known value,
a transposition of the above formula will
simplify the problem of obtaining the un-
known value:
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. — _RiXRe
y—= — =T
Rl - RT
where,

Ry is the effective value required,

R, is the known resistor,

R. is the value of the unknown resistance

necessary to give Rt when in parallel

With Rp

The resultant value of placing a number
of unlike resistors in parallel is equal to the
reciprocal of the sum of the reciprocals of
the various resistors. This can be expressed
as:

1

1 1 1 1
—R_1+T{—z +T3+....—Rn

RT=

The effective value of placing any num-
ber of unlike resistors in parallel can be
determined from the above formula, How-
ever, it is commonly used only when there
are three or more resistors under considera-
tion, since the simplified formula given
before is more convenient when only two
resistors are being used.

From the above, it also follows that when
two or more resistors of the same value are
placed in parallel, the effective resistance of
the paralleled resistors is equal to the value
of one of the resistors divided by the num-
ber of resistors in parallel.

The effective value of resistance of two
or more resistors connected in parallel is
always less than the value of the lowest re-
sistance in the combination. It is well to
bear this simple rule in mind, as it will assist
greatly in approximating the value of paral-
leled resistors.

Resistors in
Series-Parallel

To find the total resistance of
several resistors connected in
series-parallel, it is usually
easiest to apply either the formula for series
resistors or the parallel resistor formula first,
in order to reduce the original arrangement
to a simpler one. For instance, in figure 4
the series resistors should be added in each
branch, then there will be but two resistors
in parallel to be calculated. Similarly in
figure 5, although here there will be three
parallel resistors after adding the series re-

Figure 6

OTHER COMMON SERIES-PARALLEL
CIRCUITS

sistors in each branch. In figure 6B the par-
alleled resistors should be reduced to the
equivalent series value, and then the series
resistance value can be added.

Resistances in series-parallel can be solved
by combining the series and parallel formu-
las into one similar to the following (refer
to figure 6):

R'r:

1 1 1

RFIR TR FR KBFRFK

Voltage Dividers A voltage divider, or

“bleeder,” is a series of re-
sistors connected across a source of voltage
from which various lesser values of voltage
may be obtained by connection to various
points along the resistors.

A voltage divider serves a most useful
purpose in electronic equipment because it
offers a simple means of obtaining voltages
of different values from a common power
supply source. It may also be used to obtain
very low voltages of the order of .01 to .001
volt with a high degree of accuracy, even
though a means of measuring such voltages
is lacking, since with a given current the
voltage across a resistor in a voltage divider
is proportional to the resistance value. If the
source voltage is accurately known, and the
resistance can be measured, the voltage at
any point along a resistor string is known,
provided no current is drawn from the tap-
on point unless this current is taken into
consideration.
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Valtoge Divider Proper design of a voltage
Colculations divider for any type of elec-
tronic equipment is a rela-
tively simple matter. The first consideration
is the amount of “bleeder” current to be
drawn. In addition, it is also necessary that
the desired voltage and the exact current at
each tap on the voltage divider be known.

+

-—

EXTERNAL
LOAD

1
FLOWS BETWEEN
POINTS A AND B T

—

—— A
BLEEDER CURRENT

Figure 7

SIMPLE VOLTAGE-DlVlDER
CIRCU
The arrows indicate the manner in which the

current flow divides between the voltage divider
itself and the external load circuit.

Figure 7 illustrates the flow of current
in a simple voltage-divider and load circuit.
The light arrows indicate the flow of bleeder
current, while the heavy arrows indicate the
flow of the load current. The design of a
combined bleeder resistor and voltage di-
vider, such as is commonly used in radio
equipment, is illustrated in the following
example:

A power supply delivers 300 volts and is
conservatively rated to supply all needed cur-
rent and still allow a bleeder current of 10
milliamperes. The following voltages are
wanted: 75 volts at 2 milliamperes, 100 volts
at § milliamperes, and 250 volts at 20 mil-
liamperes. The required voltage drop across
R, is 75 volts, across R; 25 volts, across R;
150 volts, and across R, it is 50 volts. These
values are shown in the diagram of figure 8.
The respective current values are also indi-
cated. Apply Ohm’s law:

R, = T =l = 7500 ohms
E 25

R, = T= W_ 2083 ohms
E 150

R, T_W 8823 ohms

2.9
E 50
y=— = —— = 13510h
Ri=7T= o5 onms
Rergta1 = 7500 -+ 2083 -+ 8823 +
1351 = 19,757 ohms
+ ‘)
‘00'20'30'20 !
30 VOLTS onov »R4 |
| 250 v, 20 MA,
10+2+5 M { 3 : )
150 VOLTS onov R |
300 voLTS ! 100v, sma.
-t — |
zs S voLre brop { _Enz | T::
| 73 v., 2 maA. 2
=L==°=:,%":s:s;g.~*{ N A
- na '
|
- — —POWER SUPPLY - LOAD — —»

Figure 8

MORE COMPLEX VOLTAGE DIVIDER
ILLUSTRATING KIRCHHOFF'S LAW

The method for computing the values of the
resistors is discussed in the text.

A 20,000 ohm resistor with three adjust-
able taps may be used, the wattage being
equal to that maximum value required by
any single resistor in the string. If four sep-
arate resistors are chosen, their “rounded”
values would be: R;, 7500 ohms; R,, 2000
ohms; Ry, 8800 ohms and R,, 1400 ohms.
The power dissipated in each resistor is ap-
proximately 0.15 watt, 0.3 watt, 2.6 watts,
and 1.9 watts, respectively, as discussed in a
following section.

Kirchhoff's

Lows Ohm’s law is all that is

necessary to calculate the
values in simple circuits, such as the pre-
ceding examples; but in more complex prob-
lems, involving several loops, or more than
one voltage in the same closed circuit, the
use of Kirchhoff’s laws will greatly simplify
the calculations. These laws are merely rules
for applying Ohm’s law.
Kirchhoff’s first law is concerned with net
current to a point in a circuit and states
that:

At any point in a circuit the current
flowing toward the point is equal to
the current flowing away from the
boint,
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Stated in another way: if currents flowing to
the point are considered positive, and those
flowing from the point are considered nega-
tive, the sum of all currents flowing toward
and away from the point — taking signs
into account — is equal to zero. Such a sum
is known as an algebraic sum; such that the
law can be stated thus: The algebraic sum
of all currents entering and leaving a point

is zero.
—2 AMPS e
)
N o
R2 LY
[ ’ -+
= Iji} = ’")
20 VOLTS
Figure 9
ILLUSTRATING KIRCHOFF'S
FIRST LAW

The current flowing toward point “A" is equal
to the current flowing away from point “A.”

Figure 9 illustrates this first law. If
the effective resistance of the network of
resistors is § ohms, then 4 amperes flow to-
ward point A, and 2 amperes flow away
through the two §-ohm resistors in series.
The remaining 2 amperes flow away through
the 10-ohm resistor. Thus, there are 4 am-
peres flowing to point A and 4 amperes flow-
ing away from the point. If Ry is the effec-
tive resistance of the network (5 ohms),
R, = 10 ohms, R, = § ohms, R, = §
ohms, and E = 20 volts, the following
equation can be set up:

E__E _E__,
RT R] R'_D+R,'| -
2020 0 _,
5 10 s+s

Kirchhoff’s second law is concerned with
net voltage drop around a closed loop in a
circuit and states that:

In any closed path or loop in a circuit
the sum of the IR drops must cqual
the sum of the applied e.m.fs.

The second law also may be conveniently
stated in terms of an algebraic sum as: The

RADIO HANDBOOK

algebraic sum of all voltage drops around a
closed path or loop in a circuit is zero. The
applied em.f.’s (voltages) are considered
positive, while IR drops taken in the direc-
tion of current flow (including the internal
drop of the sources of voltage) are consid-
cred negative.

Figure 10 shows an example of the appli-
cation of Kirchhoff’s laws to a comparative-
ly simple circuit consisting of three resistors
and two batteries. First, an arbitrary direc-
tion of current flow in each closed loop of
the circuit is assumed, drawing an arrow to
indicate the assumed direction of current
flow. Then the sum of all IR drops plus bat-
tery drops around each loop are equated to
zero. One equation for each unknown to be
determined is required. Then the equations
are solved for the unknown currents in the
general manner indicated in figure 10. If the
answer comes out positive, the direction of
current flow originally assumed was correct.
If the answer comes out negative, the cur-
rent flow is in the opposite direction to the
arrow which was drawn originally. This is
illustrated in the example of figure 10, where
the direction of flow of I, is opposite to the
direction assumed in the sketch.

2omies 12 O\

T a

30HMS
2 20HuMs
1 - +
= 3voLTs = 3voLTs
“Jd S '[ + 12 | -
1. SET VOLTAGE DROPS AROUND EACH LOOP EQUAL TO ZERO.

11 2 gpmsy+ 2 (11=12) +32 C (FirsT LooP)
—6+2(12—11)+312=0 (secono LooP)

2.  SIMPLIFY

211+ 211 —-212+3=0 212-211+312-620

41143 512-211-6=0
=g ke 2ui+6 .
5
3. EQuaTtE
41143 _ 21146
)

4. SIMPLIFY
20114153 411 +12
[13-5G AMPERE

5. RE-SUBSTITUTE

-1 1
Iz=—-&3— = 2z = l+ AMPERE

2 2
Figure 10
ILLUSTRATING KIRCHOFF'S
SECOND LAW

The voltage drop around any closed loop in a
network is equal to zero.
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Power in
Resistive Circuits

In order to cause electrons
to flow through a conduc-
tor, constituting a current
flow, it is necessary to apply an electromotive
force (voltage) across the circuit. Less pow-
er is expended in creating a small current
flow through a given resistance than in
creating a large one; so it is necessary to
have a unit of power as a reference.

The unit of electrical power is the watt,
which is the rate of energy consumption
when an e.m.f. of 1 volt forces a current
of 1 ampere through a circuit. The power
in a resistive circuit is equal to the product
of the voltage applied across, and the cur-
rent flowing in, a given circuit. Hence: P
(watts) = E (volts) X I (amperes).

Since it is often convenient to express
power in terms of the resistance of the cir-
cuit and the current flowing through it,
a substitution of IR for E (E = IR) in the
above formula gives: P = IR X I or P =
IFR. In terms of voltage and resistance, P
= E?*/R. Here, I = E/R and when this is
substituted for I the original formula be-
comes P = E X E/R, or P = E*/R. To
repeat these three expressions:

P =EI,P=DIR,and P = E*/R
where,

P is the power in watts,
E is the electromotive force in volts, and
I'is the current in amperes.

To apply the above equations to a typical
problem: The voltage drop across a resistor
in a power amplifier stage is 50 volts; the
current flowing through the resistor is 150
milliamperes. The number of watts the re-
sistor will be required ro dissipate is found
from the formula: P = El, or 50 X .150 =
7.5 watts (.150 ampere is equal to 150 mil-
liamperes). From the foregoing it is seen
that a 7.5-watt resistor will safely carry the
required current, yet a 10- or 20-wartt re-
sistor would ordinarily be used to provide a
safety factor.

In another problem, the conditions being
similar to those above, but with the resist-
ance (R =333 ohms), and current being
the kAnown factors, the solution is obrained
as follows: P = IR = .0225 X 333.33 =
7.5. If only the voltage and resistance are
known, P = E*/R = 2500/333.33 = 7.5
watts. It is seen that all three equations give
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the same results; the selection of the particu-
lar equation depends only on the known
factors.

Power, Energy [t is important to remember
and Work that power (expressed in

watts, horsepower, etc.), rep-
resents the rafe of energy consumption or
the rate of doing work. But when we pay

Figure 11 R1 1
RL2

MATCHING OF N
RESISTANCES | L

To deliver the greatest amount of power to the
load, the load resistance R, should be equal to

the internat resistance of the battery R,.

our electric bill to the power company we
have purchased a specific amount of energy
or work expressed in the common units of
kilowatt-bours. Thus rate of energy con-
sumption (watts or kilowatts) multiplied
by time (seconds, minutes, or hours) gives
us total energy or work. Other units of
energy are the watt-second, BTU, calorie,
erg, and joule.

Heoting Effect Heat is generated when a

source of voltage causes a
current to flow through a resistor (or, for
that matter, through any conductor). As
explained earlier, this is due to the fact
that heat is given off when free electrons
collide with the atoms of the material. More
heat is generated in high-resistance materials
than in those of low resistance, since the
free electrons must strike the atoms harder
to knock off other electrons. As the heating
effect is a function of the current flowing
and the resistance of the circuit, the power
expended in heat is given by the second
formula: P = I*R.

Lethol Electric While the examples given in
Currents the preceding pages have been

concerned with relatively low
voltages, certain electronic equipments con-
tain extremely high voltages which are a
deadly hazard. The human body is very
sensitive to electric currents and apprecia-
tion of the dangerous effects of electric shock
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is necessary to maintain eternal vigilance in
matters pertaining to electrical safety.

Alternating current, in particular, is es-
pecially dangerous, since a current of only
a few milliamperes flowing through the body
will cause muscular contraction, resulting in
the inability of the victim to release his
grasp on a live conductor. The maximum
current at which a person is still capable of
releasing a conductor by using muscles af-
fected by the current is termed the let-go
current. Currents only slightly in excess of
this value may ‘‘freeze” the victim to the
circuit with lethal effects. The average let-
go current, found by experiment at the Uni-
versity of California in carefully controlled
tests, was approximately 16 milliamperes for
men and 10.5 milliamperes for women. Safe
let-go currents for men and women are con-
sidered to be 9 and 6 milliamperes, respec-
tively.

A severe electrical shock can produce ven-
tricular fibrillation, or heart spasm, in a hu-
man which can bring death within minutes.
Resuscitation techniques must be applied
immediately if the victim is to be saved.

The accepted treatment consists of prompt
rescue and immediate and continuous appli-
cation of artificial respiration, preferably
the mouth-to-mouth method.

t B
L

~

A

b

Figure 12
TYPICAL FIXED CAPACITORS

The two large units are high-value filter capac-
itors. Shown beneath these are various types of
bypass capacitors for r-f and audio applications.
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If the rescuer has been trained, artificial res-
piration should be combined with closed-
chest cardiac massage, and resuscitation con-
tinued all che time the victim is being trans-
ported to the hospital. In addition to cardiac
arrest, high currents may produce fatal dam-
age to the central nervous system and deep
burns.

Experimenters working with solid-state
circuits often develop sloppy work habits,
adjusting and modifying the equipment
while the primary power is left running.
This is a dangerous habit, because if the in-
dividual turns to work with vacuum-tube
circuits or high-voltage power supplies, he
may inadvertently expose himself to lethal
high-voltage circuits. For safety’s sake, elec-
tronic equipment of any size or power should
never be worked on, or tested, unless the
power is removed. If tests are to be run
under operating conditions, the experimen-
ter should be well clear of the equipment
before the power is turned on.

2-3 Electrostatics and

Capacitors

Electrical energy can be stored in an clec-
trostatic field. A device capable of storing
energy in such a field is called a capacitor
(in earlier usage the term condenser was
frequently used but the IEEE standards call
for the use of capacitor instead of conden-
ser) and is said to have a certain capacitance.
The energy stored in an electrostatic field
is expressed in joules (watt-seconds) and is
equal to CE?/2, where C is the capacitance
in farads (a unit of capacitance to be dis-
cussed) and E is the potential in volts. The
charge is equal to CE, the charge being ex-
pressed in coulombs.

Capacitance and Two conducting areas, or
Capacitors plates, separated from each

other by a thin layer of in-
sulating material (called a dielectric, in this
case) form a capacitor. When a source of dc
potential is momentarily applied across these
plates, they may be said to become charged.
If the same two plates are then joined to-
gether momentarily by means of a switch,
the capacitor will discharge.
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Figure 13
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At top lest are three variable air capacitors intended for hf/vhf use, At the right is a small var-
iable vacuum capacitor intended for high- -voltage service. Across the bottom are (left to right):
two sub-miniature variable split-stator capacitors. a precision ‘“plunger” caoacitor, a compres-

sion mica capacitor, and a variable ceramic trimming capacitor,

When the potential was first applied,
electrons immediately flowed from one plate
to the other through the battery or such
source of dc potential as was applied to
the capacitor plates. However, the circuit
from plate to plate in the capacitor was in-
complete (the two plates being separated
by an insulator) and thus the electron flow
ceased, meanwhile establishing a shortage of
electrons on one plate and a surplus of elec-
trons on the other.

When a deficiency of electrons exists at
one end of a conductor, there is always a
tendency for the electrons to move about
in such a manner as to re-establish a state
of balance. In the case of the capacitor here-
in discussed, the surplus quantity of electrons
on one of the capacitor plates cannot move
to the other plate because the circuit has
been broken; that is, the battery or dc po-
tential was removed. This leaves the capaci-
tor in a charged condition; the capacitor
plate with the electron deficiency is posi-
tively charged, the other plate being nega-
tive.

In this condition, a considerable stress ex-
ists in the insulating material (dielectric)

TABLE 5. DIELECTRIC MATERIALS

Dielectric | Power | Softening
Material Constant | Factor Point
10 MHz | 10 MHz |Fahrenheit
Aniline-Formaldehyde
Resin 3.4 0.004 260°
Barium Titianate 1200 1.0 -
Castor Oil 4.67
Cellulose Acetate 37 0.04 180°
Glass, Window 6-8 Poor 2000°
Glass, Pyrex 4.5 0.02
Kel-F Fluorothene 2.5 0.6 -
Methyl-Methacrylate-
Lucite 2.6 0.007 160°
Mica 5.4 0.0003
Mycalex Mykroy 7.0 0.002 650°
Phenol-Formaldehyde,
Low-Loss Yellow 5.0 0.015 270°
Phenol-formaldehyde
Black Bakelite 5.5 0.03 350°
Porcelain 7.0 0.005 | 2800°
Polyethylene 2,25 0.0003| 220°
Polystyrene 2.55 0.0002 175°
Quortz, Fused 4.2 0.0002] 2600°
Rubber Hard-Ebonite 2.8 0.007 150°
Steatite 6.1 0.003 | 2700°
Sulfur 3.8 0.003 236°
Teflon 2.1 0006 -
Titanium Dioxide 100-175 0.0006| 2700°
Transformer Oil 2.2 0.003
Urea-Formaldehyde 5.0 0.05 260°
Vinyl Resins 4.0 0.02 200°
Wood, Maple 4.4 Poor
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which separates the two capacitor plates,
due to the mutual attraction of two unlike
potentials on the plates. This stress is known
known as electrostatic energy, as contrasted
with electromagnetic energy in the case of
an inductor. This charge can also be called
potential energy because it is capable of per-
forming work when the charge is released
through an external circuit. The charge is
proportional to the voltage but the energy
is proportional to the voltage squared, as
shown in the following example.

The charge represents a definite amount of
electricity, or a given number of electrons.
The potential energy possessed by these elec-
trons depends not only on their number, but
also on their potential, or voltage. Thus, a
1-pF capacitor charged to 1000 volts pos-
sesses twice as much potential energy as
does a 2-uF capacitor charged to 500 volts,
though the charge (expressed in coulombs:
Q = CE) is the same in either case.

The Unit of Capac- If the external circuit of
itance: The Farad the two capacitor plates

is completed by joining
the terminals together with a piece of wire,
the electrons will rush immediately from
one plate to the other through the external
circuit and establish a state of equilibrium,
This latter phenomenon explains the dis-
charge of a capacitor. The amount of stored
energy in a charged capacitor is dependent
on the charging potential, as well as a factor
which takes into account the size of the
plates, diclectric thickness, nature of the di-
electric, and the number of plates. This
factor, which is determined by the fore-
going, is called the capacitance of a capaci-
tor and is expressed in farads.

The farad is such a large unit of capaci-
tance that it is rarely used in radio calcula-
tions, and the following more practical units
have, therefore, been chosen.

1 microfarad = 1/1,000,000 farad, or
.000001 farad, or 107® farad.

1 picofarad = 1/1,000,000 microfarad,
or .000001 microfarad, or 107® mi-
crofarad.

1 picofarad = one-millionth of one-
millionth of a farad, or 107* farad.
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If the capacitance is to be expressed in
microfarads (pF) in the equation given for
energy storage, the factor C would then
have to be divided by 1,000,000, thus:

C X E?

Stored energy in joules = mo

This storage of energy in a capacitor is
one of its very important properties, par-
ticularly in those capacitors which are used
in power-supply filter circuits.

Dielectric Although any substance which has
Materials the characteristics of a good in-

sulator may be used as a dielectric
material, commercially manufactured ca-
pacitors make use of dielectric materials
which have been selected because their char-
acteristics are particularly suited to the job
at hand. Air is a very good dielectric ma-
terial, but an air-spaced capacitor contains
a large volume per unit of capacitance, as
the dielectric constant of air is only slightly
greater than one.

Certain materials such as lucite and other
plastics dissipate considerable energy when
used as capacitor dielectrics. This energy loss
is expressed in terms of the power factor of
the capacitor which represents the portion
of the input volt-amperes lost in the di-
electric.

Better materials such as mylar, polysty-
rene, mica, ceramic, and titanium dioxide
are especially well suited for dielectric ma-
terial, and capacitors made of these mate-
rials are discussed at length in chapter 17.
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Figure 14
SIMPLE CAPACITOR

Illuslraling the imaginary lines of force repre-
senting the paths along which the repelling
force of the electrons would act on a free elec-
tron located between the two capacitor plates,
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CIRCULAR PLATE CAPACITORS
CAPACITANCE FOR A GIVEN SPACING
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CAPACITANCE IN PICOFARADS
CHART 1
Through the use of this chart it is possible to
determine the required plate diameter (with the
necessary spacing established by peak voltage
considerations) for a circular-plate capacitor.
The capacitance given is between adjacent faces
of the two plates.
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CAPACITORS IN SERIES-PARALLEL

Figure 15

CAPACITORS IN SERIES, PARALLEL,
AND SERIES-PARALLEL

Dielectric The capacitance of a capacitor is
Constant determined by the thickness and

nature of the dielectric material
between plates. Certain materials offer a
greater capacitance than others, depending
on their physical makeup and chemical con-
stitution. This property is expressed by a
constant K, called the dielectric constant.
(K =1 for air.)

Dielectric  If the charge becomes too great
Breakdown for a given thickness of a cer-

tain dielectric, the capacitor will
break down, i.e., the dielectric will puncture.
It is for this reason that capacitors are
rated in the manner of the amount of
voltage they will safely withstand as well
as the capacitance in microfarads. This rat-
ing is commonly expressed as the dc work-

ing voltage (DCWV).

Colculation of The capacitance of two par-
Capacitance  3llel plates may be determined

with good accuracy by the
following formula:

C = 0.2248 X K X —‘:;

where,

C equals capacitance in picofarads,

K equals dielectric constant of spacing
material,

A equals area of dielectric in square inches,

t equals thickness of dielectric in inches.

This formula indicates that the capaci-
tance is directly proportional to the area of
the plates and inversely proportional to the
thickness of the dielectric (spacing between
the plates). This simply means that when
the area of the plate is doubled, the spacing
between plates remaining constant, the ca-
pacitance will be doubled. Also, if the area
of the plates remains constant, and the
plate spacing is doubled the capacitance will
be reduced to half.

The above equation also shows that ca-
pacitance is directly proportional to the di-
electric constant of the spacing material.
An air-spaced capacitor that has a capaci-
tance of 100 pF in air would have a ca-
pacitance of 467 pF when immersed in cas-
tor oil, because the dielectric constant of
castor oil is 4.67 times as great as the dielec-
tric constant of air.

Where the area of the plate is definitely
set, when it is desired to know the spacing
needed to secure a required capacitance,

A X 0.2248 X K
C

where all units are expressed just as in the
preceding formula. This formula is not con-

f —
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fined to capacitors having only square or
rectangular plates, but also applies when the
plates are circular in shape. The only change
will be the calculation of the area of such
circular plates; this area can be computed
by squaring the radius of the plate, then
multiplying by = (3.1416).

The capacitance of a multiplate capacitor
can be calculated by taking the capacitance
of one section and multiplying this by the
number of dielectric spaces. In such cases,
however, the formula gives no consideration
to the effects of edge capacitance; so the
capacitance as calculated will not be en-
tirely accurate. These additional capacitances
will be but a small part of the effective total
capacitance, particularly when the plates
are reasonably large and thin, and the final
result will, therefore, be within practical
limits of accuracy.

Capacitors in  Equations for calculating ca-
Parallel and  pacitances of capacitors in par-
in Series allel connections are the same

as those for resistors in series.

Cr=C+C.+...+C,

Capacitors in series connection are cal-
culated in the same manner as are resistors
in parallel connection.

The formulas are repeated: (1) For two
or more capacitors of unequal capacitance
in series:

1
C'[‘:—
1 1 1
—
cteata
1 1 1 1
et —
o Cr C. C. G

(2) Tuo capacitors of unequal capacitance
in series:
C, X C,
Cr= C, +C.

(3) Three capacitors of equal capacitance
in series:

C
CTITI'

where,

C, is the common capacitance.
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(4) Three or more capacitors of equal ca-
pacitance in series.

Value of common capacitance

CT =
Number Of €apacitors in series

(5) Six capacitors in series-parallel:

Cr = ll l+ 1 l l+ 1 l 1
JLEUTINER R IS SN T
acte ote ©'a

Capacitors in AC
and DC Circuits

When a capacitor is con-
nected into a direct-cur-
rent circuit, it will block
the dc, or stop the flow of current. Beyond
the initial movement of electrons during the
period when the capacitor is being charged,
there will be no flow of current because the
circuit is effectively broken by the dielectric
of the capacitor.

Strictly speaking, a very small current
may actually flow because the dielectric of
the capacitor may not be a perfect insulator.
This minute current flow is the leakage cur-
rent previously referred to and is dependent
on the internal dc resistance of the capaci-
tor. This leakage current is usually quite
noticeable in most types of electrolytic ca-
pacitors.

When an alternating current is applied to
a capacitor, the capacitor will charge and
discharge a certain number of times per
second in accordance with the frequency of
the alternating voltage. The electron flow
in the charge and discharge of a capacitor
when an ac potential is applied constitutes
an alternating current, in effect. It is for
this reason that a capacitor will pass an
alternating current yet offer practically in-
finite opposition to a direct current. These
two properties are repeatedly in evidence in
electronic circuits.

Voltage Rating
of Capacitors
in Series

Any good, modern-dielectric
capacitor has such a high in-
ternal resistance that the ex-
act resistance will vary con-
siderably from capacitor to capacitor even
though they are made by the same manu-
facturer and are of the same rating. Thus,
when 1000 volts dc are connected across
two 1-pF 500-volt capacitors in series, the
chances are that the voltage will divide un-
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evenly; one capacitor will receive more than
$00 volts and the other less than $00 volts.

Voltage Equalizing By connecting a half-
Resistors megohm 1-watt carbon

resistor across each ca-
pacitor, the voltage will be equalized be-
cause the resistors act as a voltage divider,
and the internal resistances of the capacitors
are so much higher (many megohms) that
they have but little effect in disturbing the
voltage divider balance (figure 16).

Carbon resistors of the inexpensive type
are not particularly accurate (not being de-
signed for precision service); therefore it is
advisable to check several on an accurate
ohmmeter to find some that are as close as
possible in resistance. The exact resistance
is unimportant, just so it is the same for
the resistors used.

Capacitors in
Series on AC

When two capacitors are con-
nected in series, alfernating
voltage pays no heed to the
relatively high internal resistance of each
capacitor, but divides across the capacitors
in inverse proportion to the capacitance. Be-
cause, in addition to the dc¢ voltage across
a capacitor in a filter or audio amplifier cir-
cuit there is usually an ac or audio-frequency
voltage component, it is inadvisable to series-
connect capacitors of unequal capacitance
even if dividers are provided to keep the dc
voltages within the ratings of the individual
capacitors.

For instance, if a 500-volt 1-pxF capaci-
tor is used in series with a +4-pF $500-
volt capacitor across a 250-volt ac supply,
the 1-uF capacitor will have 200 ac volts
across it and the +-pF capacitor only 50
volts. An equalizing divider, to do any good
in this case, would have to be of very low
resistance because of the comparatively low
impedance of the capacitors to alternating
current. Such a divider would draw ex-
cessive current and be impracticable.

The safest rule to follow is to use only
capacitors of the same capacitance and volt-
age rating and to install matched high-
resistance proportioning resistors across the
various capacitors to equalize the dc¢ volt-
age drop across each capacitor. This holds
regardless of how many capacitors are series-
connected.
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Electrolytic Elcctrolytic capacitors use a very
Capacitors thin film of oxide as the dielec-

tric, and are polarized; that is,
they have a positive and a negative terminal
which must be properly connected in a cir-
cuit; otherwise, the oxide will break down
and the capacitor will overheat. The unit
then will no longer be of service. When elec-
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Figure 16

SHOWING THE USE OF VOLTAGE
EQUALIZING RESISTORS ACROSS
CAPACITORS CONNECTED IN SERIES

trolytic capacitors are connected in series,
the positive terminal is always connected
to the positive lead of the power supply;
the negative terminal of the capacitor con-
nects to the positive terminal of the next
capacitor in the series combination.

2-4 Magnetism

and Electromagnetism

The common bar or horseshoe magnet is
familiar to most people. The magnetic field
which surrounds it causes the magnet to at-
tract other magnetic materials, such as iron
nails or tacks. Exactly the same kind of
magnetic field is set up around any conduc-
tor carrying a current, but the field exists
only while the current is flowing.

Magnetic Fields Before a potential, or volt-

age, is applied to a conduc-
tor there is no external field, because there
is no general movement of the electrons in
one direction. However, the clectrons do
progressively move along the conductor
when an e.m.f. is applied, the direction of
motion depending on the polarity of the
e.m.f. Since each electron has an electric
ficld about it, the flow of clectrons causes
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these fields to build up into a resultant
external field which acts in a plane at right
angles to the direction in which the current
is flowing. This field is known as the mag-
netic field.

The magnetic field around a current-car-
rying conductor is illustrated in figure 17.
The direction of this magnetic field depends
entirely on the direction of electron drift, or
current flow, in the conductor. When the
flow is toward the observer, the field about
the conductor is clockwise; when the flow
is away from the observer, the field is
counterclockwise. This is easily remembered
if the left hand is clenched, with the thumb
outstretched and pointing in the direction
of electron flow. The fingers then indicate
the direction of the magnetic field around
the conductor.

T —_—
ELECTRON DRIFT l

T~swITCH

-— -+ -—

gl
"

Figure 17
LEFT-HAND RULE

Showing the direction of the magnetic lines of
force produced around a conductor carrying an
etectric current.

Fach electron adds 1ts field to the total
external magnetic field, so that the greater
the number of electrons moving along the
conductor, the stronger will be the resulting
field. The strength of the field, thus, is di-
rectly proportional to the current flowing in
the conductor.

One of the fundamental laws of magnet-
ism is that like poles repel one another and
unlike poles attract ome another. This is
true of current-carrying conductors as well
as of permanent magnets. Thus, if two
conductors are placed side by side and the
current in each is flowing in the same di-
rection, the magnetic fields will also be in
the same direction and will combine to form
a larger and stronger field. If the current
flow in adjacent conductors is in opposite
directions, the magnetic fields oppose each
other and tend to cancel.

The magnetic field around a conductor
may be considerably increased in strength
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by winding the wire into a coil. The field
around each wire then combines with those
of the adjacent turns to form a total field
through the coil which is concentrated
along the axis of the coil and behaves ex-
ternally in a way similar to the field of a
bar magnet.

If the left hand is held so that the thumb
is outstretched and parallel to the axis of a
coil, with the fingers curled to indicate the
direction of electron flow around the turns
of the coil, the thumb then points in the
direction of the north pole of the magnetic
field.

The Magnetic In the magnetic circuit, the
Circuit units which correspond to
current, voltage, and resist-
ance in the electrical circuit are flux, mag-
netomotive force, and reluctance.

Flux; Flux
Density

As a current is made up of a
drift of electrons, so is a mag-
netic field made up of lines of
force, and the total number of lines of force
in a given magnetic circuit is termed the
flux. The flux depends on the material, cross
section, and length of the magnetic circuit,
and it varies directly as the current flowing
in the circuit. The unit of flux is the max-
well, and the symbol is ¢ (phi).

Flux density is the number of lines of
force per unit area. It is expressed in gauss
if the unit of area is the square centimeter
(1 gauss = 1 line of force per square cen-
timeter), or in lines per square inch. The
symbol for flux density is B if it is expressed
in gauss, or B if expressed in lines per sq. in.

Magnetomotive The force which produces a
Force flux in a magnetic circuit

is called magnetomotive
force. Tt is abbreviated m.m.f. and is desig-
nated by the letter F. The unit of magneto-
motive force is the gilbert, which is equiva-
lent to 1.26 X NI, where N is the number
of turns and I is the current flowing in the
circuit in amperes.

The m.m.f. necessary to produce a given
flux density is stated in gilberts per centi-
meter (oersteds) (H), or in ampere-turns
per inch (H).
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Reluctance Magnetic reluctance corresponds

to electrical resistance, and is
the property of a material that opposes the
creation of a magnetic flux in the material.
It is expressed in rels, and the symbol is the
letter R. A material has a reluctance of 1 rel
when an m.m.f. of 1 ampere-turn (NI) gen-
erates a flux of 1 line of force in it. Com-
binations of reluctances are treated the
same as resistances in finding the total ef-
fective reluctance. The specific reluctance of
any substance is its reluctance per unit vol-
ume.

Except for iron and its alloys, most com-
mon materials have a specific reluctance
very nearly the same as that of a vacuum,
which, for all practical purposes, may be
considered the same as the specific reluct-
ance of air.

Ohm’s Law for The relations between flux,
Magnetic Circuits magnetomotive force, and

reluctance are exactly the
same as the relations between current, volt-
age, and resistance in the clectrical circuit.
These can be stated as follows:

F
¢—T R:I F = ¢R

where,

¢ equals flux, F equals m.m.f.,
R equals reluctance.

Permeability Permeability expresses the ease

with which a magnetic ficld
may be set up in a material as compared
with the effort required in the case of air.
Iron, for example, has a permeability of
around 2000 times that of air, which means
that a given amount of magnetizing cffort
produced in an iron core by a current flow-
ing through a coil of wire will produce
2000 times the flux density that the same
magnetizing effect would produce in air. It
may be expressed by the ratio B/H or B/H.
In other words,

B

_ B B
T =
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where p is the permeability, B is the flux
density in gausses, B is the flux density in
lines per square inch, H is the m.m.f. in
gilberts per centimeter (oersteds), and H
is the m.m.f. in ampere-turns per inch.

It can be seen from the foregoing that
permeability is inversely proportional to the
specific reluctance of a material.

Saturation Permeability is similar to electric
conductivity. This is, however,
one important difference: the permeability
of magnetic materials is not independent of
the magnetic current (flux) flowing through
it, although electrical conductivity is sub-
stantially independent of the electric cur-
rent in a wire. When the flux density of a
magnetic conductor has been increased to
the saturation point, a further increase in
the magnetizing force will not produce a
corresponding increase in flux density.

B-H Curve To simplify magnetic circuit
calculations, a magnetization
curve may be drawn for a given unit of
material. Such a curve is termed a B-H
curve, and may be determined by experi-
ment. When the current in an iron-core
coil is first applied, the relation between the
winding current and the core flux is shown
at A-B in figure 18. If the current is then
reduced to zero, reversed, brought back
again to zero and reversed to the original
direction, the flux passes through a typical
hysteresis loop as shown.

? [
FLURX
B
/ MAGNETIZING FORCE
/A
c
Figure 18

TYPICAL HYSTERESIS LOOP
(B-H CURVE = A-B)

Showing relationship between the current in

the winding of an iron-core inductor and the

core flux. A direct current flowing through the

inductance brings the magnetic state of the

core to some point on lhg hysteresis loop, such
as C.
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Residual Magnetism; The magnetism remain-
Retentivity ing in a material after

the magnetizing force
is removed is called residual magnetism. Re-
tentivity is the property which causes a
magnetic material to have residual magne-
tism after having been magnetized.

Hysteresis; Hysteresis is the characteristic
Coercive Force of a magnetic system which

causes a loss of power due to
the fact that a reverse magnetizing force
must be applied to reduce the residual mag-
netism to zero. This reverse force is termed
coercive force. Hysteresis loss is apparent in
transformers and chokes by the heating of
the core.

Inductance If the switch shown in figure 17

is opened and closed, a pulsating
diect current will be produced. When it is
first closed, the current does not instanta-
neously rise to its maximum value, but
builds up to it. While it is building up, the
magnetic field is expanding around the con-
ductor. Of course, this happens in a small
fraction of a second. If the switch is then
opened, the current stops and the magnetic
field contracts quickly. This expanding and
contracting field will induce a current in
any other conductor that is part of a contin-
uous circuit which it cuts. Such a field can
be obtained in the way just mentioned by
applying ac to the circuit in place of the
battery. Varying the resistance of the circuit
will also produce the same effect. This in-
ducing of a current in a conductor due to
a varying current in another conductor not
in actual contact is called electromagnetic
induction.

Self-inductance If an alternating current

flows through a coil the
varying magnetic field around each turn
cuts itself and the adjacent turn and in-
duces a voltage in the coil of opposite po-
larity to the applied e.m.f. The amount of
induced voltage depends on the number of
turns in the coil, the current flowing in the
coil, and the number of lines of force thread-
ing the coil. The voltage so induced is
known as a counter e.m.f. or back e.m.f.,
and the effect is termed self-induction. When
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the applied voltage is building up, the
counter e.m.f. opposes the rise; when the ap-
plied voltage is decreasing, the counter
e.m.f. is of the same polarity and tends to
maintain the current. Thus, it can be seen
that self-inductance tends to prevent any
change in the current in the circuit.

The storage of energy in a magnetic field
is expressed in joules and is equal to (LI?) /2.
(A joule is equal to 1 watt-second. L is de-
fined immediately following.)

The Unit of Inductance is usually denoted
Inductance: by the letter L, and is expressed
The Henry  in benrys (H). A coil has an

inductance of 1 henry when a
voltage of 1 volt is induced by a current
change of 1 ampere per second. The henry,
while commonly used in audio-frequency
circuits, is too large for reference to induct-
ance coils, such as those used in radio-fre-
quency circuits; millibenry (mH) or micro-
benry (pH) is more commonly used, in the
following manner:

1 benry = 1000 millihenrys, or 10°
millibenrys.

1 millibenry = 1/1000 henry, .001
benry, or 10~ benry.

1 microbenry = 1/1,000,000 benry,
.000001 hbenry, or 10-¢ benry.

Mutual Inductance When one coil is near an-

other, a varying current
in one will produce a varying magnetic
field which cuts the turns of the other
coil, inducing a current in it. This induced
current is also varying, and will therefore
induce another current in the first coil. This
reaction between two coupled circuits is
called mutual inductance, and can be cal-
culated and expressed in henrys. The symbol
for mutual inductance is M. Two circuits
thus joined are said to be inductively cou-
pled.

The magnitude of the mutual inductance
depends on the shape and size of the two
circuits, their positions and distances apart,
and the permeability of the medium. The
extent to which two inductors are coupled
is expressed by a relation known -as coeffi-
cient of coupling (k). This is the ratio of
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the mutual inductance actually present to
the maximum possible value.

Thus, when £ is 1, the coils have the maxi-
mum degree of mutual induction.

The mutual inductance of two coils can
be formulated in terms of the individual
inductances and the coefficient of coupling:

M=kvL,XL-_.

For example, the mutual inductance of
two coils, each with an inductance of 10
henrys and a coupling coefficient of 0.8 is:

M=o0.s8 10 X 10 = 0.8 X 10 = 8

The formula for mutual inductance is L
= L, + L, + 2M when the coils are poled
so that their fields add. When they are poled
so that their fields buck, then L = L, +
L. — 2M (figure 19).

N
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Figure 19
MUTUAL INDUCTANCE

The quantity M represents the mutual induc-
tence between the two coils L, and L,

Inductors in
Parallel

Inductors in parallel are com-
bined exactly as are resistors
in parallel, provided that they
are far enough apart so that the mutual
inductance is entirely negligible.

Inductors in
Series

Inductors in series are additive,
just as are resistors in series,
again provided that no mutual
inductance exists. In this case, the total in-
ductance L is:

L=L +L,+...
Where mutual inductance does exist:

L:L1+L2+2M

, etc.

where,
M is the mutual inductance.

This latter expression assumes that the
coils are connected in such a way that ali
flux linkages are in the same direction, i.e.,
additive. If this is not the case and the
mutual linkages subtract from the self-link-
ages, the following formula holds:

2.21

L=L,+L.—2M
where,
M is the mutual inductance.

Core Material Ordinary magnetic cores can-

not be used for radio frequen-
cies because the eddy current and hysteresis
losses in the core material become enormous
as the frequency is increased. The principal
use for conventional magnetic cores is in the
audio-frequency range below approximately
15,000 Hertz, whereas at very low frequen-
cies (50 to 60 Hertz) their use is manda-
tory if an appreciable value of inductance
is desired.

An air-core inductor of only 1 henry in-
ductance would be quite large in size, yet
values as high as 500 henrys are commonly
available in small iron-core chokes. The in-
ductance of a coil with a magnetic core will
vary with the amount of current (both ac
and dc) which passes through the coii.
For this reason, iron-core chokes that are used
in power supplies have a certain inductance
rating at a predetermined value of direct
current.

The permeability of air does not change
with flux density; so the inductance of iron-
core coils often is made less dependent on
flux density by making part of the magnetic
path air, instead of utilizing a closed loop of
iron. This incorporation of an air gap is
necessary in many applications of iron-core
coils, particularly where the coil carries 2
considerable dc component. Because the per-
meability of air is so much lower than that
of iron, the air gap need comprise only
a small fraction of the magnetic circuit in
order to provide a substantial proportion of
the total reluctance.

Inductors at
Radio Frequencies

Inductors of all forms are
used at frequencies up
into the microwave re-
gion. Air, iron, ferrite and brass are com-
mon core materials and the coils may either
be the solenoid type, or toroidal. The design
and use of these coils is covered in chapter

17 of this handbook.
2-5 RC and RL Transients

A voltage divider may be constructed as
shown in figure 21. Kirchhoff’s and Ohm’s
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Figure 20

FORMULA FOR
CALCULATING INDUCTANCE

Through the use of the equation and the sketch
shown above the inductance of single-layer
solenoid coils can be calculated with an ac-
curacy of about one percent for the types of
coils normally used in the hf and vhf range.

Laws hold for such a divider. This circuit
is known as an RC circuit.

Time Constant-
RC and RL
Circuits

When switch S in figure 21
is placed in position 1, a
voltmeter across capacitor C
will indicate the manner in
which the capacitor will become charged
through the resistor R from battery B. If
relatively large values are used fo R and C,
and if a high-impedance voltmeter which
draws negligible current is used to measure
the voltage (e), the rate of charge of the
capacitor may actually be plotted with the
aid of a timer.
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Voltoge Gradient It will be found that the

voltage (¢) will begin to
rise rapidly from zero the instant the switch
is closed. Then, as the capacitor begins to
charge, the rate of change of voltage across
the capacitor will be found to decrease, the
charging taking place more and more slowly
as capacitor voltage e approaches battery
voltage E. Actually, it will be found that
in any given interval a constant percentage
of the remaining difference between ¢ and E
will be delivered to the capacitor as an in-
crease in voltage. A voltage which changes
in this manner is said to increase logarithmi-
cally, or follows an exponential curve.

Time Constant A mathematical analysis of

the charging of a capacitor
in this manner would show that the relation-
ship between battery voltage E and the volt-
age across the capacitor (e) could be ex-
pressed in the following manner:

e =E (1 — ¢ /RC)

where ¢,E,R, and C have the values discussed
above, ¢ = 2.716 (the base of Naperian or
natural logarithms), and # represents the
time which has elapsed since the closing of
the switch. With # expressed in seconds, R
and C may be expressed in farads and ohms,
or R and C may be expressed in microfarads
and megohms. The product RC is called the
time constant of the circuit, and is expressed
in seconds. As an example, if R is one meg-
ohm and C is one microfarad, the time
constant RC will be equal to the product of
the two, or one second.

Figure 21

TIME CONSTANT OF AN
RC CIRCUIT

Shown at (A) is the circuit ubpon which is based

the curves of (B) and (C). (B) shows the rate

at which capacitor C will charge from the in-

stant at which switch S is placed in position 1.

C) shows the discharge curve of capacitor C

rom the instant at which switch S is placed in
position 3
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TYPICAL INDUCTANCES

The large inductance is a 1000-watt transmitting coil. To the right and left of this coil are small
r-f chokes. Several varieties of low power capability coils are shown below, along with various
types of r-f chokes intended for high-frequency operation.

When the elapsed time (#) is equal to the
time constant of the RC network under
consideration, the exponent of ¢ becomes
—1. Now ¢! is equal to 1/¢, or 1/2.716,
which is 0.368. The quantity (1—0.368)
then is equal to 0.632. Expressed as percent-
age, the above means that the voltage across
the capacitor will have increased to 63.2 per-
cent of the battery voltage in an interval
equal to the time constant or RC product
of the circuit. Then, during the next period
equal to the time constant of the RC com-
bination, the voltage across the capacitor
will have risen to 63.2 per cent of the re-
maining difference in voltage, or 86.5 per
cent of the applied voltage (E).

RL Circuit In the case of a series combina-

tion of a resistor and an inductor,
as shown in figure 23, the current through
the combination follows a very similar law
to that given above for the voltage appear-
ing across the capacitor in an RC series cir-
cuit. The equation for the current through
the combination is:

E

R (I—G-'/R"’)

1=

where 7 represents the current at any instant
through the series circuit, E represents the
applied voltage, and R represents the total
resistance of the resistor and the dc resist-
ance of the inductor in series. Thus the time
constant of the RL circuit is L/R, with R
expressed in ohms and L expressed in henrys.

S R (INCLUDING DC RESISTANCE
OF INDUCTOR L)
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Figure 23
TIME CONSTANT OF AN
RL CIRCUIT

Note that the time constant for the increase in

current through an R L circuit is identical to

the rate of increase in voltage across the ca-
pacitor in an R C circuit.
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Figure 24
TYPICAL IRON-CORE INDUCTANCES

At the right is an upright mounting filter choke intended for use in low-powered transmitters

and audio equipment. At the center is a hermetically sealed inductance for use under poor en-

vironmental conditions. To the left is an inexpensive receiving-type choke, with a small iron-
core r-f choke directly in front of it.
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Figure 25
TRIFILAR, TOROIDAL, AND CUP-CORE INDUCTORS

At top left is a trifilar (three-winding) filament choke wound on a ferrite rod. To the right are

two toroid inductors with bifilar windings on ferrite cores. At the lower left is a ferrite cup-

core assembly, with two miniature ferrite toroid inductors at the center. To the lower right are
typical miniature ferrite toroid cores and an encapsulated ferrite-core r-f choke.
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Voltage Decay When the switch in figure

21 is moved to position 3
after the capacitor has been charged, the
capacitor voltage will drop in the manner
shown in figure 21-C. In this case the volt-

age across the capacitor will decrease to 36.8
percent of the initial voltage (will make
63.2 per cent of the total drop) in a period
of time equal to the time constant of the
RC circuit.







CHAPTER THREE

Alternating Current, Impedance, and
Resonant Circuits

The study of electromagnetic waves and ra-
dio transmission begins with the observation
of electrons in motion, which constitutes an
electric current. Of paramount importance
is a type of current whose direction of flow
reverses periodically. The reversal may take
place at 2 low rate, or it may take place mil-
lions of times a second, in the case of com-
munication frequencies. This type of current
is termed alternating current (ac).

3-1 Alternating Current

An alternating current is one whose am-
plitude of current flow periodically rises
from zero to 2 maximum in one direction,
decreases to zero, changes its direction, rises
to maximum in the opposite direction, and
decreases to zero again. This complete pro-
cess, starting from zero, passing through
two maximums in opposite directions, and
returning to zero again, is called a cycle.
The number of times per second that a
current passes through the complete cycle
is called the frequency (f) of the current.
One and one-quarter cycles of an alternating
current wave are illustrated diagrammati-
cally in figure 1.

Frequency Spectrum At present the usable

frequency range for al-
ternating electrical currents extends over
the electromagnetic spectrum from about
15 cycles per second to perhaps 30,000,-
000,000 cycles per second. It is cumbersome
to use a frequency designation in c.p.s. for
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Figure 1
ALTERNATING CURRENT
AND DIRECT CURRENT
Graphical comparison between unidirectional
(direct) current and alternating current as

plotted against time.

enormously high frequencies, so three com-
mon units which are multiples of one cycle
per second are established and are univer-
sally used by engineers.

The unit of frequency measurement is the
Hertz (Hz) and is one cycle per second. The
standard metric prefixes of kilo (10%), mega
(10°%) and giga (10") are used with the ba-
sic unit.

The frequencies between 15 and 30,000
Hz are termed andio frequencies (a-f) since
a portion of this range is audible to the hu-
man ear. Frequencies in the vicinity of 60
Hz are also called power frequencies since
they are commonly used to distribute elec-
tric power to the consumer.
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The frequencies falling between 3 kHz
and 30 GHz are termed radio frequencies
(r-f) since they are commonly used in ra-
dio communication and the allied arts. The
radio spectrum is divided into eight fre-
quency bands, each one of which is ten times
as high in frequency as the one just below
it in the spectrum. The present spectrum,
with classifications, is given in Table 1.

TABLE 1.
FREQUENCY CLASSIFICATION

FREQUENCY CLASSIFICATION DESIGNATION
3 to 30 kMz Very-low frequency VLF
30 to 300 kMz Low frequency LF
300 to 3000 kHxz | Medium frequency MF
3 to 30 MHz High frequency HF
30 to 300 MHz Very-high frequency VHF
300 to 3000 MMz | Ultrahigh frequency UHF
3 to 30 GHz Superhigh frequency SHF
30 to 300 GHz Extremely high EMF
frequency

Generation of Faraday discovered that
Alternating Current if a conductor which
forms part of a closed
circuit is moved through a magnetic field
so as to cut across the lines of force, a cur-
rent will flow in the conductor. He also dis-
covered that, when a conductor in a second
closed circuit is brought near the first con-
ductor and the current in the first one is
varied, a current will flow in the second
conductor. This effect is known as induc-
tion, and the currents so generated are
induced currents. In the latter case it is the
lines of force which are moving and cutting
the second conductor, due to the varying
current strength in the first conductor.
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Figure 2
THE ALTERNATOR

Semi-schematic representation of the simplest
form of the alternator.
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A current is induced in a conductor if
there is a relative motion between the con-
ductor and a magnetic field, its direction of
flow depending on the direction of the rela-
tive motion between the conductor and the
field, and its strength depends on the in-
tensity of the field, the rate of cutting lines
of force, and the number of turns in the
conductor.

Alternators A machine that generates an
alternating current is called an
alternator or ac generator. Such a machine
in its basic form is shown in figure 2. It
consists of two permanent magnets, the op-
posite poles of which face each other and are
machined so that they have a common
radius. Between these two poles (north and
south) a magnetic field exists. If a conduc-
tor in the form of 2 loop (C) is suspended
so that it can be freely rotated between the
two poles, and if the opposite ends of con-
ductor C are brought to collector rings, there
will be a flow of alternating current when
conductor C is rotated. This current flows
out through the collector rings (R) and
brushes (B) to the external circuit (X-Y).

The field intensity between the two pole
pieces is substantially constant over the en-
tire area of the pole face. However, when
the conductor is moving parallel to the lines
of force at the top or bottom of the pole
faces, no lines are being cut. As the con-
ductor moves on across the poll face it cuts
more and more lines of force for each unit
distance of travel, until it is cutting the
maximum number of lines when opposite
the center of the pole. Therefore, zero cur-
rent is induced in the conductor at the in-
stant it is midway between the two poles,
and maximum current is induced when it is
opposite the center of the pole face. After
the conductor has rotated through 180° it
can be seen that its position with respect to
the pole pieces will be exactly opposite to
that when it started. As a result, the second
180° of rotation will produce an alternation
of current in the opposite direction to that
of the first alternation.

The current does not increase directly as
the angle of rotation, but rather as the sine
of the angle; hence, such a current has the
mathematical form of a sine wave. Although
most electrical machinery does not produce
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a strictly pure sine curve, the departures are
usually so slight that the assumption can be
regarded as fact for most practical purposes.
All that has been said in the foregoing para-
graphs concerning alternating current also
is applicable to alternating voltage.
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Figure 3
OUTPUT OF THE ALTERNATOR

Graph showing sine-wave output current of the
alternator of figure 2.

The arrow rotating to the left in figure
3 represents a conductor rotating in a con-
stant magnetic field of uniform density. The

.
arrow also can be taken as a vecfor repre-

senting the strength of the magnetic field.
This means that the length of the arrow is
determined by the strength of the field
(number of lines of force), which is con-
stant. If the arrow is rotating at a constant
rate (that is, with constant angular veloc-
ity), then the voltage developed across the
conductor will be proportional to the rate
at which it is cutting lines of force, which
rate is proportional to the vertical distance
between the tip of the arrow and the hori-
zontal base line.

If EO is taken as unity,or a voltage of 1,
then the voltage (vertical distance from tip
of arrow to the horizontal base line) at point
C for instance may be determined simply by
referring to a table of sines and looking up
the sine of the angle which the arrow makes
with the horizontal.

When the arrow has traveled from point
A to point E, it has traveled 90 degrees or
one quarter cycle. The other three quadrants
are not shown because their complementary
or mirror relationship to the first quadrant
is obvious.

It is important to note that time units are
represented by degrees or quadrants. The
fact that AB, BC, CD, and DE are equal
chords (forming equal quadrants) simply
means that the arrow (conductor or vector)
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is traveling at a constant speed, because
these points on the radius represent the pas-
sage of equal units of time. A sine wave
plotted against time is shown in figure 4.

The frequency of the generated voltage is
proportional to the speed of rotation of the
alternator, and to the number of magnetic
poles in the field. Alternators may be built
to produce radio frequencies up to 100 kHz,
and some such machines are still used for
stand-by low-frequency communication. By
means of multiple windings, three-phase out-
put may be obtained from large industrial
alternators.
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Figure 4
THE SINE WAVE

Illustrating one cycle of a sine wave. One com-
plete cycle of alternation is broken up into 360
degrees. Then one-haif cycie is 180 degrees, one-
%uarter cycle is 90 degrees, and so on down to
the smaliest division of the wave. A cosine wave
has a shape identical to a sine wave but is
shifted 90 degrees in phase—in other words the
wave begins at full amplitude, the 90-degree
point comes at zero amplitude, the 180-degree
point comes at full amplitude in the opposite
direction of current flow, etc.

Radion Notation The value of an ac wave

varies continuously, as
shown in figure 1. It is important to know
the amplitude of the wave in terms of the
peak amplitude at any instant in the cycle.
It is convenient mathematically to divide
the cycle either into electrical degrees (360°
represents one cycle) or into radians. A ra-
dian is an arc of a circle equal to the radius
of the circle, there being 2« radians per cy-
cle (figure 5).

Both radian notation and electrical-degree
notation are used in discussions of alternat-
ing-current circuits. However, trigonometric
tables are much more readily available in
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terms of degrees than radians, so the follow-
ing simple conversions are useful.

27 radians = 1 cycle = 360°

7 radians = 1/2 cycle = 180°

1 radian = Lcycle =57.3°
2w

When the conductor in the simple alter-
nator of figure 2 has made one complete
revolution it has generated one cycle and
has rotated through 27 radians. The expres-
sion 27f then represents the number of
radians in one cycle multiplied by the num-
ber of cycles per second (the frequency) of
the alternating voltage or current.

In technical literature the expression 2rf
is often replaced by w, (omega). Velocity
multiplied by time gives the distance trav-
elled, so 2nf¢ (or wt) represents the angular
distance through which the rotating conduc-
tor or the rotating vector has travelled since
the reference time # = 0. In the case of a
sine wave the reference time £ = 0 repre-
sents the instant when the voltage or the
current, whichever is under discussion, also
is equal to zero.

WHERE:
© (THETA) = PHASE ANGLE 27T FT
a=Z napoians or 0

/)

/ 0
it

81T AADIANS OR 180°

c = 3 RADIANS OR 270
D*® 277 RADIANS OR 360°

1 RADIAN® 37.324 DEGREES

Figure 5
ILLUSTRATING RADIAN NOTATION

The radian is a unit of phase angle, equal to

57.324 degrees. It is commonly used in mathe-

matical relationships invelving phase angles

since such relationships are simplified when
radian notation is used.

Instantaneous Value The instantaneous volt-
of Voltage or age or current is propor-
Current tional to the sine of the

angle through which the
rotating vector has travelled since reference
time # = 0. Thus, when the peak value of
the ac wave amplitude (either voltage or
current amplitude) is known, and the angle
through which the rotating vector has
travelled is established, the amplitude of the
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wave at this instant can be determined
through use of the following expression:

e = E . sin 27ft

where,

¢ equals the instantaneous voltage,

Emax €quals maximum peak value of
voltage,

f equals frequency in hertz,

¢ equals period of time which has elapsed
since £ = 0 (expressed as a fraction of
one second) .

It is often easier to visualize the process
of determining the instantaneous amplitude
by ignoring the frequency and considering
only one cycle of the ac wave. In this case,
for a sine wave, the expression becomes:

e =E,axsin @

where 0 represents the angle through which
the vector has rotated since time (and am-
* plitude) were zero. As examples:

when 0 = 30°
sind = 0.5
and e = 0.5 Epax

when § = 60°

sin § = 0.866
and e = 0.866 Emu

when 0 = 90°
sinf = 1.0

ande = Emlx

when § = 1 radian
sin @ = 0.8415
and e = 0.8415 Epax

Effective Value
of an
Alternating Current

The instantaneous value
of an alternating cur-
rent or voltage varies
continuously through-
out the cycle, so some value of an ac wave:
must be chosen to establish a relationship
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between the effectiveness of an ac and a
dc voltage or current. The heating value
of an alternating current has been chosen
to establish the reference between the ef-
fective values of ac and dc. Thus an alter-
nating current will have an effective value
of 1 ampere when it produces the same heat
in a resistor as does 1 ampere of direct
current.

The effective value is derived by taking
the instantaneous values of current over a
cycle of alternating current, squaring these
values, taking an average of the squares,
and then taking the square root of the
average. By this procedure, the effective
value becomes known as the root mean
square, or rms, value. This is the value that
is read on ac voltmeters and ac ammeters.
The rms value is 70.7 percent of the peak
or maximum instantaneous value (for sine
waves only) and is expressed as follows:

En-” or Iil'lllr- = 0-707 X Em:uxv or

I«-H or Irm.u = 0.707 X Iln:w

The following relations are extremely use-
ful in radio and power work:

Eim« = 0.707 X E,u., and
Elnux = l~4l4 x Ermr-

Rectified Alternating [f an a]ternating cur-
Current or Pulsot-  rent is passed through a
ing Direct Current rectifier, it emerges in

the form of a current
of varying amplitude which flows in one
direction only. Such a current is known as
rectified ac or pulsating dc. A typical wave
form of a pulsating direct current as would
be obtained from the output of a full-wave
rectifier is shown in figure 6.

TIME

AMPLITUDE

Figure 6

FULL-WAVE RECTIFIED
SINE WAVE

Waveform obtained at the output of a full-wave

rectifier being fed with a sine wave and hav-

ing 100 percent rectification efficiency. Each

puilse has the same shape as one-half cycle of

a sine wave. This type of current is known as
pulsating direct current.

Measuring instruments designed for dc
operation will not read the peak or instan-
taneous maximum value of the pulsating dc
output from the rectifier; they will read
only the average value. This can be ex-
plained by assuming that it could be pos-
sible to cut off some of the peaks of the
waves, using the cutoff portions to fill in
the spaces that are open, thereby obtaining
an average dc value. A milliammeter and
voltmeter connected to the adjoining circuit,
or across the output of the rectifier, will
read this average value, It is related to peak
value by the following expression:

Ea\-‘ = 0.636 X Eumx

It is thus seen that the average value is 63.6
percent of the peak value.

Relotionship Between To summarize the three
Peak, RMS, or most significant values
Effective, and of an ac sine wave: the
Average Values peak value is equal to

1.41 times the rms or
effective, and the rms value is equal to
0.707 times the peak value; the average
value of a full-wave rectified ac wave is
0.636 times the peak value, and the average
value of a rectified wave is ecqual to 0.9
times the rms value.

rms = 0.707 X peak
average — 0.636 X peak

average = 0.9 X rms
rms = 1.11 X average
peak = 1.414 X rms

peak = 1.57 X average

Applying Ohm’s Law  Ohm’s law applies
to Alternoting Current cqua]]y to direct or al-

ternating current, pro-
vided the circuits under consideration are
purely resistive, that is, circuits which have
neither inductance nor capacitance. When
capacitive or inductive reactance is intro-
duced in the circuit, Ohm’s law still ap-
plies, but additional considerations are in-
volved; these will be discussed in a later
paragraph.
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3-2 Reactive Circuits

As was stated in Chapter Two, when a
changing current flows through an inductor
a back- or counterelectromotive force is de-
veloped, opposing any change in the initial
current. This property of an inductor causes
it to offer opposition or impedance to a
change in current. The measure of imped-
ance offered by an inductor to an alternating
current of a given frequency is known as
its inductive reactance. This is expressed as
X:. and is shown in figure 7.

TIME —

CURRENT LAGGING VOLTAGE BY 90°
(CIACUIT CONTAINING PURE INDUCTANGE ONLY )

Figure 7
LAGGING PHASE ANGLE

Showing the manner in which the current lags

the voltage in an ac circuit containing pure

inductance only. The lag is equal to one quar-
ter cycle or 30 degrees.

X], = 27rfL
where,
X,, equals inductive reactance expressed
in ohms,

7 equals 3.1416 (27 = 6.283),
f equals frequency in Hertz,
L equals inductance in henrys.

Inductive Reactance It is often necessary to
ot Radio Frequencies compute inductive re-

actance at radio fre-
quencies. The same formula may be used,
but to make it less cumbersome the induct-
ance is expressed in millibenrys and the
frequency in kilobertz. For higher frequen-
cies and smaller values of inductance, fre-
quency is expressed in megabertz and in-
ductance in microbenrys. The basic equation
need not be changed, since the multiplying
factors for inductance and frequency appear
in numerator and denominator, and are can-
celled out. However, it is not possible in the

same equation to express L in millihenrys
and f in Hertz without conversion factors.

Inductive reactance is the mea-
sure of the ability of an inductor
to offer impedance to the flow
of an alternating current. Capacitors have
a similar property although in this case the
opposition is to any change in the voltage
acrcss the capacitor, This property is called
capacitive reactance and is expressed as fol-
lows:

Capacitive
Reactance

1

Xo = 2xfC

where,
X equals capacitive reactance in ohms,
= equals 3.1416,
f equals frequency in Hertz,
C equals capacitance in farads.

Capacitive Re- Here again, as in the case
actance at of inductive reactance,
Radio Frequencies the units of capacitance

and frequency can be
converted into smaller units for practical
problems encountered in radio work. The
equation may be written:

10¢

Xe= 2=fC

where,

f equals frequency in megahertz,
C equals capacitance in picofarads.

Phase When an alternating current tlows
through a purely resistive circuit, it
will be found that the current will go

through maximum and minimum in perfect
step with the voltage. In this case the cur-
rent is said to be in step, or in phase with
the voltage. For this reason, Ohm’s law will
apply equally well for ac or dc where
pure resistances are concerned, provided that
the same values of the wave (either peak or
rms) for both voltage and current are used
in the calculations.

However, in calculations involving alter-
nating currents the voltage and current are
not necessarily in phase. The current
through the circuit may lag behind the
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voltage, in which case the current is said to
have lagging phase. Lagging phase is caused
by inductive reactance. If the current
reaches its maximum value ahead of the
voltage (figure 8) the current is said to
have a leading phase. A leading phase angle
is caused by capacitive reactance.

In an electrical circuit containing re-
actance only, the current will either lead or
lag the voltage by 90°. If the circuit con-
tains inductive reactance only, the current
will lag the voltage by 90°. If only capaci-

E

A\

—

TIME —o=

tive reactance is in the circuit, the current
will lead the voltage by 90°.

Reoctonces Inductive and capacitive re-
in Combination actance have exactly op-
posite effects on the phase
relation between current and voltage in a
circuit and when they are used in combina-
tion their effects tend to neutralize each
other. The combined effect of a capacitive
and an inductive reactance is often called
the net reactance of a circuit. The net re-
actance (X) is found by subtracting the
capacitive reactance from the inductive re-
actance (X = X, — X¢).
The result of such a combination of pure

____.

%0 >

CURRENT LEADING VOLTAGE BY 90°

(CIACUIT CONTAINING PURE CAPACITANCE ONLY )

Figure 8
LEADING PHASE ANGLE

Showing the manner in which the current leads

the voltage in an ac circuit containing pure

capacitance only. The jead is equal to one-
quarter cycle or 90 degrees.

reactances may be either positive, in which
case the positive reactance is greater so that
the net reactance is inductive, or it may be
negative in which case the capacitive react-
ance is greater so that the net reactance is
capacitive. The net reactance may also be
zero in which case the circuit is said to be
resonant. The condition of resonance will be
discussed in a later section. Note that in-
ductive reactance is always taken as being
positive while capacitive reactance is always
taken as being negative.

TABLE 2. Quantities, Units, and Symbols

Symbol Quontity Unit Abbreviation
f Frequency hertz Hz
A Wavelength meter M

X Inductive Reactance ohm Q
Xo Capacitive Reactance ohm Q
Q Figure of merit yeactance —_
resistance
z Impedance ohm Q
e = instantaneous value of voltage
Emax = peak value of voltage
i = instantaneous value of current
Imax = peak value of current
@ = phase angle, expressed in degrees

Eote or E:n, = effective or rms value of voltage
Iote OF Irmy = effective or rms value of current
§ = vector operator (90° rotation)
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Impedance; Circuits  Pure reactances intro-
Containing Reactance duce a phase angle of
and Resistance 90° between voltage

and current; pure re-
sistance introduces no phase shift between
voltage and current. Therefore it is not cor-
rect to add a reactance and a resistance di-
rectly. When a reactance and a resistance
are used in combination, the resulting phase
angle of current flow with respect to the
impressed voltage lies somewhere between
plus or minus 90° and 0° depending on the
relative magnitudes of the reactance and
the resistance.

The term impedance is a general term
which can be applied to any electrical entity
which impedes the flow of current. The
term may be used to designate a resistance,
a pure reactance, or a complex combination
of both reactance and resistance. The desig-
nation for impedance is Z. An impedance
must be defined in such a manner that both
its magnitude and its phase angle are es-
tablished. The designation may be accom-
plished in either of two ways—one of which
is convertible into the other by simple math-
ematical operations.

The j Operator The first method of des-

ignating an impedance is
actually to specify both the resistive and the
reactive component in the form R + jX.
In this form R represents the resistive com-
ponent in ohms and X represents the re-
active component. The j merely means that
the X component is reactive and thus can-
not be added directly to the R component.
Plus jX means that the reactance is positive
or inductive, while if minus jX were given
it would mean that the reactive component
was negative or capacitive.

Figure 9 illustrates a vector (4+A) lying
along the positive X-axis of the usual X-Y
coordinate system. 1f this vector is multi-
plied by the quantity ( — 1), it becomes
{ — A) and its position now lies along the
X-axis in the negative direction. The opera-
tor ( — 1) has caused the vector to rotate
through an angle of 180 degrees. Since
(— 1) is equal to (V= 1X v —1),
the same result may be obtained by operat-
ing on the vector with the operator ( V' — 1

. \V — 1). However if the vector is op-

Y-axts
-~ +A)x (-1) roTaves
A - v vcgfon(rnzmmw-
4 AN
/ o
180°
i f\ \
'I =A /\ xa ~\' X-axis
T 2
\
Q -JA
N J
\
~a
~ -
Figure 9

Operation on the vector (+A) by the quantity
(—1) causes vector to rotate through 180 degrees.

erated on but once by the operator ( V — 1),
it is caused to rotate only 90 degrees

(figure 10). Thus the operator ( VvV =1)
rotates a vector by 90 degrees. For conve-
nience, this operator is called the j operator.
In like fashion, the operator ( — j) rotates
the vector of figure 9 through an angle of
270 degrees, so that the resulting vector
( — jA) falls on the ( — Y) axis of the
coordinate system.

Y-axis
i +A) x (V=1 novares
e ¢ vr.c?ro's rnao\)mn %0°
\
+iA \\

.\y‘ \
Ao x-axis

Figure 10

Operation on the vector (+A) by the quantity
v —1, or j, causes vector to rotate through 90
degrees.

Polor Nototion The second method of repre-

senting an impedance is to
specify its absolute magnitude and the phase
angle of current with respect to voltage, in
the form Z £ 6. Figure 11 shows graphically
the relationship between the two common
ways of representing an impedance.

The construction of figure 11 is called an
impedance diagram. Through the use of
such a diagram we can add graphically a
resistance and a reactance to obtain a value
for the resulting impedance in the scalar
form. With zero at the origin, resistances




ALTERNATING-CURRENT CIRCUITS

+J3

x 4
TI
°s | Z=4+Jj3
'23’ ! [21:Vaz+32 ftan”" 3
i" | [zl= 5 /tan~' 0.75

- 1

o T 1zl= 5 /3688

RESISTANCE ~R
F‘R' 4ouus_-'i
Figure 11
THE IMPEDANCE TRIANGLE

Showing the graphical construction of a tri-

angle for obtaining the net (scalar) impedance

resulting from the connection of a resistance

and a reactance in series. Shown also alongside

is the alternative mathematical procedure for

obtainting the values aslsocuated with the tri.
angle.

are plotted to the right, positive values of
reactance (inductive) in the upward direc-
tion, and negative values of reactance (ca-
pacitive) in the downward direction.

Note that the resistance and reactance are
drawn as the two sides of a right triangle,
with the hypotenuse representing the result-
ing impedance. It is possible to determine
mathematically the value of a resultant im-
pedance through the familiar right-triangle
relationship—the square of the hypotenuse
is equal to the sum of the squares of the
other two sides:

22 =R® + X
2] =/ R? + X?
Note also that the angle 8 included between

R and Z can be determined from any of the
following trigonometric relationships:

or,

sin @ = I%l
cosf§ = -l&

z|
tan § = %

One common problem is that of determinin
the scalar magnitude of the impedance, |Zf
and the phase angle @, when resistance and
reactance are known; hence, of converting

from the Z = R + jX vo the |Z| Z 0 form.

3.9

In this case two of the expressions just given

can be used:
VvV R + X?

tan @ = —, (or @ = tan"% )

R

The inverse problem, that of converting
from the |Z| £ 6 to the R + jX form is
done with the following relationships, both
of which are obtainable by simple division

Z| =

from the trigonometric expressions just
given for determining the angle 6:

R = |Z| cos 8

iX = |Zljsin 6

By simple addition these two expressions
may be combined to give the relationship
between the two most common methods of
indicating an impedance:

R + jX =Z| (cos 8 + jsin 8)

In the case of impedance, resistance, or re-
actance, the unit of measurement is the
ohm; thus, the ohm may be thought of as
a unit of opposition to current flow, with-
out reference to the relative phase angle be-
tween the applied voltage and the current
which flows.

Further, since both capacitive and in-
ductive reactance are functions of fre-
quency, impedance will vary with fre-
quency. Figure 12 shows the manner in
which [Z| will vary with frequency in an
RL series circuit and in an RC series circuit.

Series RLC Circuits In a series circuit con-
taining R, L, and C, the
impedance is determined as discussed before
except that the reactive component in the
expressions defines the net reactance—that
is, the difference between X and X¢. (X,
— X¢) may be substituted for X in the

equations:

IZ| = VR* + (X\. — Xc)?
o X — Xo)
R

A series RLC circuit thus may present
an impedance which is capacitively reactive
if the net reactance is capacitive, inductively

f# = tan
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IMPEDANCE |2z}

o FREQUENCY —

Figure 12

IMPEDANCE—FREQUENCY GRAPH
FOR RL AND RC CIRCUITS

The impedance of an RC circuit approaches in-
finity as the frequency approaches zero (dc),
white the impedance of a series RL circuit ap-
proaches infiinity as the frequency approaches
infiinity. The impedance of an RC circuit ap-
proaches the impedance of the series resistor as
the frequency approaches infinity, white the im-
pedance of a series RL circuit approaches the
resistance as the frequency approaches zero.

reactive if the net reactance is inductive, or
resistive if the capacitive and inductive re-
actances are equal.

Addition of The addition of complex
Complex Quontities quantities (for example,

impedances in series) is
quite simple if the quantities are in the rec-
tangular form. If they are in the polar form
they only can be added graphically, unless
they are converted to the rectangular form
by the relationships previously given. As an
example of the addition of complex quanti-
ties in the rectangular form, the equation
for the addition impedance is:

(R, + jX,) + (R. + jX.) =
(R, + R;) + (X + Xu)

For example if we wish to add the imped-
ances (10 + j50) and (20 — j30) we ob-
tain:
(10 + jS0) + (20 — j30)
= (10 + 20) + j[50 + (—30)]
= 30 + j(50 — 30)
= 30 + j20
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Multiplication and It is often necessary in
Division of solving certain types of
Complex Quantities circuits to multiply or di-

vide two complex quan-
tities. It is a much simpler mathematical
operation to multiply or divide complex
quantities if they are expressed in the polar
form. If the quantities are given in the rec-
tangular form they should be converted to
the polar form before multiplication or
division is begun. Then the multiplication is
acccmplished by multiplying the |Z| terms
together and adding algebraically the £ 6
terms, as:

(1Z,] £61) (1Z:| 268.) =
Z\| 1Z) (26, + £6.)

For example, suppose that the two imped-
ances 20| £43° and [32] £ —23° are to be
multiplied. Then:
(|20] £43°) (|32 £ —23°) = [20-32]
(£43° + £—23°)
= 640 £20°

Division is accomplished by dividing the
denominator into the numerator, and sub-
tracting the angle of the denominator from
that of the numerator, as:
|Z| 26, _ |Z,]
= (46, —
iz 28, Tzl 4% T4
For example, suppose that an impedance of
|s0| 267° is to be divided by an impedance
of |10| Z45°. Then:

[so] z67° _ 50| o Jacon — o
0] Z45° llo|(467 245°) = [5)(£22°)

Ohm'’s Low for
Complex Quantities

The simple form of
Ohm’s law used for dc
circuits may be stated
in a more general form for application to ac
circuits involving either complex quantities
or simple resistive elements. The form is:

E

! z
in which, in the general case, I, E, and Z
are complex (vector) quantities. In the
simple case where the impedance is a pure
resistance with an ac voltage applied, the
equation simplifies to the familiar I = E/R.
In any case the applied voltage may be ex-
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pressed either as peak, rms, or average; the
resulting current always will be in the same
type used to define the voltage.

In the more general case vector algebra
must be used to solve the equation. And,
since either division or multiplication is in-
volved, the complex quantities should be
expressed in the polar form. As an example,
take the case of the series circuit shown in
figure 13 with 100 volts applied. The im-

o—
2000

100 VOLTS +J100

ol T -J 300
Figure 13
SERIES RLC CIRCUIT

pedance of the series circuit can best be ob-
tained first in the rectangular form, as:

200 + j(100 — 300) = 200 — j200

Now, to obtain the current we must con-
vert this impedance to the polar form.

1Z] =/ 2002 + (—200)2

= v/ 40,000 + 40,000

= /80,000
=282 Q

200

0 = tan“%= tan~! = tan-1(— 1)

= —45°
Therefore, Z = 282 /—45°

Note that in a series circuit the resulting
impedance takes the sign of the largest re-
actance in the series combination.

Where a slide rule is being used to make
the computations, the impedance may be
found without any addition or subtraction
cperations by finding the angle 4 first, and
then using the trigonometric equation below
for obtaining the impedance:

200

6 = tan"%= tan~! = tan~1(— 1)

= —45°,

3.1
R
Then, Z equal
en equals ——
and cos —45° = 0.707
200
| = = 282
1Z| 5707 ohms

Since the applied voltage will be the refer-
ence for the currents and voltages within
the circuit, it may be defined as having a
zero phase angle: E = 100 £0°. Then:

100 Z0°
[= —— —  ——=10.354 Z0°— (—45°
282/ —45° ( )

= 0.354 /45° amperes

This same current must flow through all
three elements of the circuit, since they are
in series and the current through one must
already have passed through the other two.
The voltage drop across the resistor (whose
phase angle of course is 0°) is:

E=IR
E = (0.354 Z45°) (200 £0°)
="70.8 Z45° volts

The voltage drop across the inductive re-
actance is:

E=IXL
E = (0.354 Z45°) (100 £90°)
= 35.4 £135° volts

Similarly, the voltage drop across the capac-
itive reactance is:

E = IXc
E = (0.354 £45°) (300 £—90°)
=106.2 L—45°

Note that the voltage drop across the ca-
pacitive reactance is greater than the supply
voltage. This condition often occurs in a
series RLC circuit, and is explained by the
fact that the drop across the capacitive re-
actance is cancelled to a lesser or greater
extent by the drop across the inductive re-
actance.

It is often desirable in a problem such as
the above to check the validity of the an-
swer by adding vectorially the voltage drops
across the components of the series circuit




3.12

to make sure that they add up to the supply
voltage or (to use the terminology of Kirch-
hoff’s Second Law) to make sure that the
voltage drops across all elements of the
circuit, including the source taken as nega-
tive, is equal to zero.

In the general case of the addition of a
number of voltage vectors in series it is best
to resolve the voltages into their in-phase
and out-of-phase components with respect
to the supply voltage. Then these compo-
nents may be added directly:

Er = 70.8 Z45°
= 70.8 (cos 45° + jsin 45°)
= 70.8 (0.707 + j0.707)

......... P R

E., = 35.42135°
= 35.4 (cos 135° + jsin 135°)
= 35.4 (—0.707 + j0.707)

...................

Ec = 106.2 £45°
= 106.2 (cos—45° + jsin—45°)
=106.2 (0.707 —j0.707)

...................

Er +EL+EC= ($0+]$0)
+ (=25 + j25) + (75—j75)

= (s0—25 + 75) +
i(50 + 25 —75)

=100 Z0°,
which is equal to the supply voltage.

Checking by It is frequently desirable
Construction on the to check computations
Complex Plane involving complex quan-

tities by constructing
vectors representing the quantities on the
complex plane. Figure 14 shows such a con-
struction for the quantities of the problem
just completed. Note that the answer to
the problem may be checked by construct-
ing a parallelogram with the voltage drop
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VOLTAGE DROP ACROSS

Xi.= 35.4 [135° DROP ACROSS RESISTOR o

el 70.8 fase
'\/\LINE VOLTAGE =100 /Q®
1180° o°
4

e

4
7/ DROP ACROSS choc.z[-u'

NET DROP ACROSS Xt + XC =70.8/-45°
90°

Figure 14

Graphical construction of the voltage drops as-
sociated with the series RLC circuit of figure 13,

across the resistor as one side and the net
voltage drop across the capacitor plus the
inductor (these may be added algebraically
as they are 180° out of phase) as the ad-
jacent side. The vector sum of these two
voltages, which is represented by the diag-
onal of the parallelogram, is equal to the
supply voltage of 100 volts at zero phase
angle.

Resistance and Re- In a series circuit, such
actance in Parallel 35 just discussed, the cur-

rent through all the ele-
ments which go to make up the series cir-
cuit is the same. But the voltage drops
across each of the components are, in gen-
eral, different from one another. Conversely,
in a parallel RLC or RX circuit the voltage
is, obviously, the same across each of the
elements. But the currents through each of
the elements are usually different.

There are many ways of solving a prob-
lem involving paralleled resistance and re-
actance; several of these ways will be de-
scribed. In general, it may be said that the
impedance of a2 number of elements in par-
allel is solved using the same relations as are
used for solving resistors in parallel, except
that complex quantities are employed. The
basic relation is:

1 1 1 1
— =+ —+==+..... ,
ZTotnl ZI Z:: Z:{
or when only two impedances are involved:
_ 27
Z‘l‘olnl - ZI + Z-_.
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As an example, using the two-impedance
relation, take the simple case, illustrated in
figure 15, of a resistance of 6 ohms in paral-
lel with a capacitive reactance of 4 ohms.
To simplify the first step in the computa-
tion it is best to put the impedances in the
polar form for the numerator, since multi-
plication is involved, and in the rectangular
form for the addition in the denominator.

(6 £0°) (4 L—90°)

Zroim = c—4
_ 24 /—90°
T T e—j4
o—— O
Sen ]— -Jjan T resa
i ’ Y T
o— B
PARALLEL EQUIVALENT SERIES
CIRCUIT CIRCUIT

Figure 18
THE EQUIVALENT SERIES CIRCUIT

Showing a parallel RC circuit and the equiva-
lent series RC circuit which represents the same
net impedance as the parallel circuit.

Then the denominator is changed to the
polar form for the division operation:

—4
= tan-! —= tan~! —0.667 = —33.,7°

6 6
Z| = = = 7.
2l = &= 337° 0832 7-21ohms

6 —j4 = 7214 —33.7°

Then:

24 £ — 90°
== . = 333/—56.3°
Zrota, 7.21Z —33.7°

= 3.33 (cos — 56.3° + jsin — 56.3°)
= 3.33 [0.5548 + j (—0.832)]
= 1.85 — j2.77

Equivalent Series

Through the series of op-
Circuit

erations in the previous
paragraph a circuit com-
posed of two impedances in parallel has been
converted into an equivalent series circuit
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composed of impedances in series. An equiva-
lent series circuit is one which, as far as the
terminals are concerned, acts identically to
the original parallel circuit; the current
through the circuit and the power dissipa-
tion of the resistive elements are the same for
a given voltage at the specified frequency.

The mathematical conversion from series
to parallel equivalent and vice-versa is im-
portant in antenna and circuit studies, as
certain test equipment makes one form of
measurement and others make the opposite
form. This conversion exercise may be re-
quired to compare the two types of data.

It is possible to check the equivalent series
circuit of figure 15 with respect to the
original circuit by assuming that one volt
ac (at the frequency where the capacitive
reactance in the parallel circuit is 4 ohms)
is applied to the terminals of both the series
and parallel circuits.

In the parallel circuit the current through
the resistor will be 14 ampere (0.166 amp)
while the current through the capacitor will
be j Y4 ampere (- j 0.25 amp). The total
current will be the sum of these two cur-
rents, or 0.166 - j 0.25 amp. Adding these
vectorially, as follows:

1l = Vo.1662 + 0.25 = 1/0.09

= 0.3 amp.

The dissipation in the resistor will be 12/6
= 0.166 watts.

In the case of the equivalent series cir-
cuit the current will be:

And the dissipation in the resistor will be:
W = I’R = 0.3 X 1.8§
=0.09 X 1.85
= 0.166 watts

Thus the equivalent series circuit checks
exactly with the original parallel circuit.

Parallel RLC [n solving a more complicated
Circuits circuit made up of more than

two impedances in parallel it
is possible to use either of two methods of
solution. These methods are called the ad-
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mittance method and the assumed-voltage
method. However, the two methods are
equivalent since both use the sum-of-recip-
rocals equation:
1 1 1 1
ZTolll Zl + Z'-' + Z“ ......

In the admittance method we use the rela-
tion Y = 1/Z, where Y = G + jB; Y is
called the admittance, defined above, G is
the conductance or R/Z? and B is the sus-
ceptance or —X/Z%. Then Yot = 1/Z¢ora1
=Y, + Y.+ Y;....In the assumed-
voltage method we multiply both sides of
the equation above by E, the assumed volt-
age, and add the currents, as:

E E E E

L
zTolll zl z2 Z.’!

. =Izl+lzz+lza. .o

Then the impedance of the parallel com-
bination may be determined from the rela-
tion:

z'l‘oull = E/IZToul

AC Voltage
Dividers

Voltage dividers for use with
alternating current are quite
similar to dc voltage dividers.
However, since capacitors and inductors as
well as resistors oppose the flow of ac cur-
rent, voltage dividers for alternating volt-
ages may take any of the configurations
shown in figure 16.

R ==C (W]
E1 " E —!0 E1
1 IRz E2 l H<Cz E2 l Lz E2
o o ot EDY o a
EesEr mivma S Ry T N W E T

C1
E2t€1 Trec
® ® ©®

Figure 16
SIMPLE AC VOLTAGE DIVIDERS

Since the impedances within each divider
are of the same type, the output voltage is
in phase with the input voltage. By using
combinations of different types of imped-
ances, the phase angle of the output may be
shifted in relation to the input phase angle
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at the same time the amplitude is reduced.
Several dividers of this type are shown in
figure 17. Note that the ratio of output
voltage is equal to the ratio of the output
impedance to the total divider impedance.
This relationship is true only if negligible
current is drawn by a load on the output

terminals.
\ /"
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' TRO-Xc REe (XL-Xc)2
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XL—X¢

Ee*Ey
o VR‘#(&-X:)*

Figure 17
COMPLEX AC VOLTAGE DIVIDERS

3-3 Resonant Circuits

A series circuit such as shown in figure 18
is said to be in resonance when the applied
frequency is such that the capacitive reac-
tance is exactly balanced by the inductive
reactance. At this frequency the two reac-
tances will cancel, and the impedance of the
circuit will be at 2 minimum so that maxi-
mum current will flow. The net impedance
of a series circuit at resonance is equal to
the resistance which remains in the circuit
after the reactances have been cancelled.

Resonant Frequency Some resistance is always

present in a circuit be-
cause it is possessed in some degree by both
the inductor and the capacitor. If the fre-
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Figure 18
SERIES-RESONANT CIRCUIT

quency of the alternator E is varied from
nearly zero to some high frequency, there
will be one particular frequency at which
the inductive reactance and capacitive re-
actance will be equal. This is known as the
resonant frequency, and in a series circuit
it is the frequency at which the circuit
current will be a maximum. Such series-
resonant circuits are chiefly used when it is
desirable to allow a certain frequency to pass
through the circuit (low impedance to this
frequency), while at the same time the cir-
cuit is made to offer considerable opposition
to currents of other frequencies.

If the values of inductance and capaci-
tance both are fixed, there will be only one
resonant frequency.

If either the inductance or the capacitance
are made variable, the circuit may then be
changed or tuned, so that a number of com-
binations of inductance and capacitance can
resonate at the same frequency. This can be
more easily understood when one considers
that inductive reactance and capacitive re-
actance change in opposite directions as the
frequency is varied. For example, if the
frequency were to remain constant and the
values of inductance and capacitance were
then changed, the following combinations
would have equal reactance:

L X C Xc
265 100 | 26.5 100
2.65 1000 | 2.65 1000
26.5 10,000 265 10,000
265.00 100,000 0265 100,000
2,650.00 | 1,000,000 .00265 | 1,000,000

Frequency is constant at 60 Hz.
L is expressed in henrys.

C is expressed in microfarads (107 farad).
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Frequency  From the formula for reso-
of Resonance nance (2#fL = 1/2xfC) the

resonant frequency is deter-
minded by use of the following equation:

1
f=3-vic

where,

f equals frequency in hertz,
L equals inductance in henrys,
C equals capacitance in farads.

It is more convenient to express L and
C in smaller units, especially in making
radio-frequency calculations; f can also be
expressed in MHz or kHz.

Impedance of Series The
Resonant Circuits

impedance across
the terminals of a series-
resonant circuit (figure
18) is:

Z=Vr + (X. — Xc)?

where,
Z equals impedance in ohms,
r equals resistance in ohms,
Xc equals capacitive reactance in ohms,
X, equals inductive reactance in ohms.

From this equation, it can be seen that
the impedance is equal to the vector sum of
the circuit resistance and the difference be-

+

RESONANCE
|
|
|
|

—

xe

[o]

FREQUENCY — ==

RESISTANCE-REACTANCE-IMPEDANCE

Figure 19

IMPEDANCE OF A
SERIES-RESONANT CIRCUIT

Showing the variation in reactance of the sepa-
rate elements and in the net impedance of a
series resonant circuit (such as figure 18) with
changing frequency. The vertical line is drawn
at the point of resonance (X, —X. = 0) in the

series circuit.
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tween the two reactances. Since at the
resonant frequency Xi, equals Xc, the dif-
ference between them (figure 19) is zero,
so that at resonance the impedance is sim-
ply equal to the resistance of the circuit;
therefore, because the resistance of most
normal radio-frequency circuits is of a very

low order, the impedance is also low.
At frequencies higher and lower than the

resonant frequency, the difference between
the reactances will be a definite quantity
and will add with the resistance to make the
impedance higher and higher as the circuit
is tuned off the resonant frequency.

If X should be greater than X, then the
term (X:, — Xc¢) will give a negative num-
ber. However, when the difference is squared
the product is always positive. This means
that the smaller reactance is subtracted
from the larger, regardless of whether it be
capacitive or inductive, and the difference is
squared.

Current and Voltage Formulas for calculat-
in Series-Resonant  ing currents and volt-
Circuits ages in a series-resonant

circuit are similar to
those of Ohm’s Law.

=E p=
1= E=IZ

The complete equations are:

E

I=
\/"2 + (Xy — Xc)?

E=1Vr+ (Xy, — Xo)?

Inspection of the above formulas will
show the following to apply to series-reso-
nant circuits: When the impedance is low,
the current will be high; conversely, when
the impedance is high, the current will be

low. ) )
Since the impedance is very low at the

resonant frequency, it follows that the cur-
rent will be a maximum at this point. If a
graph is plotted of the current versus the
frequency either side of resonance, the re-
sultant curve is known as a resonance curve.
Such a curve is shown in figure 20, the
frequency being plotted against current in
the series-resonant circuit.
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CURRENT - SERIES RESONANT CIRCUIT — =

IMPEDANCE ~ PARALLEL RESONANT CIRCUIT

FREQUENCY

Figure 20
RESONANCE CURVE

Showink the increase in impedance at reso-

nance for a paraliel-resonant circuit, and simi-

larly, the increase in current at resonance for

a series-resonant circuit. The sharpness of reso-

nance is determined by the Q of the circuit, as

illustrated by a comparison between the three
curves.

Several factors will have an effect on the
shape of this resonance curve, of which re-
sistance and L-to-C ratio are the important
considerations. The lower curves in figure
20 show the effect of adding increasing val-
ues of resistance to the circuit. It will be
seen that the peaks become less and less
prominent as the resistance is increased;
thus, it can be said that the selectivity of
the circuit is thereby decreased. Selectivity
in this case can be defined as the ability of
a circuit to discriminate against frequencies
adjacent to (both above and below) the
resonant frequency.

the ac or r-f
voltage across a coil and
capacitor is proportional
to the reactance (for a
given current), the actual voltages across
the coil and across the capacitor may be
many times greater than the ferminal volt-
age of the circuit. At resonance, the voltage
across the coil (or the capacitor) is Q
times the applied voltage. Since the Q (or
merit factor) of a series circuit can be in
the neighborhood of 100 or more, the volt-
age across the capacitor, for example, may

Voltage Across Coil Because
and Capacitor in
Series Circuit
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be high ¢nough to cause flashover, even
though the applied voltage is of a value con-
siderably below that at which the capacitor
is rated.

Circuit Q — Sharp-
ness of Resonance

An extremely important
property of a capacitor
or an inductor is its fac-
tor-of -merit, more generally called its Q.
It is this factor, Q, which primarily deter-
mines the sharpness of resonance of a tuned
circuit. This factor can be expressed as the
ratio of the reactance to the resistance, as
follows:

2=fL
R

Q =
where,

R equals total resistance.
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Skin Effect The actual resistance in a wire
or an inductor can be far greater
than the dc value when the coil is used in a
radio-frequency circuit; this is because the
current does not travel through the entire
cross section of the conductor, but has a
tendency to travel closer and closer to the
surface of the wire as the frequency is in-
creased. This is known as the skin effect.
In the hf region, skin effect limits the
depth of electron flow in a conductor to a
few thousandths of an inch. The resistance
and r-f losses in a conductor increase with
the square root of the frequency and become
of increasing importance above 100 MHz
(figure 21).

Yoriation of Q
with Frequency

Examination of the equation
for determining Q might
seem to imply that even
though the resistance of an inductor in-
creases with frequency, the inductive react-

I

SMETER

DEPTH OF PENETRATION 10-8 METER

E ____ 1.0
S
.
__ 200 | 800 | [1000 M 2 | [ |_ né) 20 80 Ghz| 100
F{mHz)
Figure 21
SKIN EFFECT, OR DEPTH OF PENETRATION

IN METAL

The resistance and r-f loss n a conductor increase

with the square root of frequency because the lay-

er in which current flows decreases in thickness as
the frequency incCreases.
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ance does likewise. so that the Q might be
a constant. Actually, however, it works out
in practice that the Q of an inductor will
reach a relatively broad maximum at some
particular frequency. Thus, coils normally
are designed in such a manner that the peak
in their curve of Q-versus-frequency will
occur at the normal operating frequency of
the coil in the circuit for which it is de-
signed.

The Q of a capacitor ordinarily is much
higher than that of the best coil. Therefore,
it usually is the merit of the coil that limits
the overall Q of the circuit.

At audio frequencies the core losses in an
iron-core inductor greatly reduce the Q
from the value that would be obtained sim-
ply by dividing the reactance by the resist-
ance. Obviously the core losses also represent
circuit resistance, just as though the loss
occurred in the wire itself.

Parallel In radio circuits, parallel reso-
Resonance nance (more correctly termed

antiresonance) is more frequently
encountered than series resonance; in fact.
it is the basic foundation of receiver and
transmitter circuit operation. A circuit is
shown in figure 22.

s
M2

. ek
T

Figure 22
PARALLEL-RESONANT CIRCUIT

The inductance L and capacitance C comprise
the reactive elements of the parallel-resonant
&aqmgsonant) tank circuit, and the resistance

indicates the sum of the r-f resistance of the
coil and capacitor, plus the resistance coupled
into the circuit from the external load. In most
cases the tuning capacitor has much lower r-f
resistance than the coil and can therefore be
ignored in comparison with the coil resistance
and the coupled-in resistance. The instrument
M, indicates the “line current” which keeps the

circuit in a state of oscillation—this current is
the same as the fundamental component of the
late current of a class-C amnlifier which might
e feeding the tank circuit. The instrument M,

indicates the *tank current” which is equal to

the line current muitiplied by the operating Q
of the tank circuit.
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The “Tank” In this circuit, as contrasted
Circuit with a circuit for series reso-

nance, L (inductance) and C
(capacitance) are connected in parallel, yet
the combination can be considered to be in
series with the remainder of the circuit. This
combination of L and C, in conjunction
with R, the resistance which is principally
included in L, is sometimes called a tank
circuit because it effectively functions as a
storage tank when incorporated in electronic
circuits.

Contrasted with series resonance, there
are two kinds of current which must be con-
sidered in a parallel-resonant circuit: (1)
the line current, as read on the indicating
meter M, (2) the circulating current which
flows within the parallel LCR portion of the
circuit.

At the resonant frequency, the line cur-
rent (as read on the meter M;) will drop to
a very low value although the circulating
current in the LC circuit may be quite large.
The parallel-resonant circuit acts in a dis-
tinctly opposite manner to that of a series-
resonant circuit, in which the current is at
a maximum and the impedance is minimum
at resonance. It is for this reason that in a
parallel-resonant circuit the principal con-
sideration is one of impedance rather than
current. It is also significant that the im-
pedance curve for parallel circuits is very
nearly identical to that of the current curve
for series resonance. The impedance at reso-
nance is expressed as:

(2=fL)?

Z= R

where,

Z equals impedance in ohms,
L equals inductance in henrys,
f equals frequency in hertz,
R equals resistance in ohms.

Or, impedance can be expressed as a func-
tion of Q as:

Z = 2xfLQ

showing that the impedance of a circuit is
directly proportional to its effective Q at
resonance.

The curves illustrated in figure 20 can be
applied to parallel resonance. Reference to
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the curve will show that the effect of adding
resistance to the circuit will result in both a
broadening out and lowering of the peak of
the curve. Since the voltage of the circuit
is directly proportional to the impedance,
and since it is this voltage that is applied to
a detector or amplifier circuit, the imped-
ance curve must have a sharp peak in order
for the circuit to be selective. If the curve
is broadtopped in shape, both the desired
signal and the interfering signals at close
proximity to resonance will give nearly equal
voltages, and the circuit will then be non-
selective; that is, it will tune broadly.

Effect of L/C Ratio In order that the highest
in Parallel Circuits possible voltage can be

developed across a paral-
lel-resonant circuit, the impedance of this
circuit must be very high. The impedance
will be greater with conventional coils of
limited Q when the ratio of inductance to
capacitance is great, that is, when L is large
as compared with C. When the resistance of
the circuit is very low, X, will equal X¢ at
maximum impedance. There are innumer-
able ratios of L and C that will have equal
reactance, at a given resonant frequency,
exactly as in the case in a series-resonant
circuit.

In practice, where a certain value of in-
ductance is tuned by a variable capacitance
over a fairly wide range in frequency, the
L/C ratio will be small at the lowest-fre-
quency end and large at the high-frequency
end. The circuit, therefore, will have un-
equal gain and selectivity at the two ends
of the band of frequencies which is being

NN E: I X
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tuned. Increasing the Q of the circuit (low-
ering the resistance) will obviously increase
both the selectivity and gain.

Circulating Tank The Q of a circuit has
Current ot Resonance a definite bearing on

the circulating tank
current at resonance. This tank current is
very nearly the value of the line current
multiplied by the effective circuit Q. For
example: an r-f line current of 0.050 am-
pere, with a circuit Q of 100, will give a
circulating tank current of approximately
§ amperes. From this it can be seen that
both the inductor and the connecting wires
in a circuit with a high Q must be of very
low resistance, particularly in the case of
high-power transmitters, if heat losses are
to be held to 2 minimum.

Because the voltage across the tank at
resonance is determined by the Q, it is pos-
sible to develop very high peak voltages
across a high-Q tank with but little line
current.

Coupled Circuits  If a parallel-resonant cir-
cuit is coupled to another
circuit, such as an antenna output circuit,
the impedance and the effective Q of the
parallel circuit is decreased as the coupling
becomes closer. The effect of closer (tighter)
coupling is the same as though an actual
resistance were added in series with the par-
allel tank circuit. The resistance thus cou-
pled into the tank circuit can be considered
as being reflected from the output or load
circuit to the driver circuit.
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Figure 23

EFFECT OF COUPLING ON CIRCUIT IMPEDANCE AND @




3.20

The behavior of coupled circuits depends
largely on the amount of coupling, as shown
in figure 23. The coupled current in the
secendary circuit is small, varying with fre-
quency, being maximum at the resonant
frequency of the circuit. As the coupling
is increased between the two circuits, the
secondary resonance curve becomes broader
and the resonant amplitude increases, until
the reflected resistance is equal to the pri-
mary resistance. This point is called the crit-
ical coupling point. With greater coupling,
the secondary resonance curve becomes
broader and develops double resonance
humps, which become more pronounced and
farther apart in frequency as the coupling
between the two circuits is increased.

Cc

Figure 24

COUPLING THROUGH COMMON
CIRCUIT ELEMENT

A—Capacitive coupling through C.
B—Inductive coupling through L.

The coupled circuit can act as an im-
pedance matching device, depending on the
coupling between the circuits and the de-
gree of secondary loading of the circuit.

Instead of magnetic coupling, two res-
onant circuits may be coupled through a
common circuit element, as shown in figure
24. The degree of coupling is a function of
the common clement, which may be adjusted
to provide a bandpass circuit, suitable for
wideband applications.

A form of inductive coupling is link
conpling where two circuits are coupled by
means of small linking coils (figure 25).
The degree of coupling is adjusted by alter-
ing the position of the coils with respect to
the resonant circuits. Additional data on
link-coupled circuits is given in chapter 11.
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Impedance and
Resonance in
Antenna Systems

The preceding discussion
has been limited to the
study of lumped circuits;
that is, circuits contain-
ing discrete elements of resistance, induct-
ance, and capacitance arranged in series or
parallel configuration. An antenna, on the
other hand, has distributed quantities of re-
sistance, inductance, and capacitance
throughout the length of the radiator. For
the sake of study and computation, the dis-
tributed values are commonly considered to
be lumped into discrete components and
clectrically equivalent circuits for a given
antenna can be expressed and manipulated
in terms of the equivalent lumped constants.

i

Figure 25
LINK COUPLING

Coupling is adjusted by .allterinz position of link
coils

For example, a dipole operating near the first
resonant frequency bears an electrical re-
semblance to a series lumped circuit. Below
resonance, the antenna may be defined in
terms of a series RC circuit, at resonance
in terms of a series-resonant circuit, and
above rescnance in terms of a series RL cir-
cuit. The plot of figure 19, in fact, may be
compared to the characteristics of a dipole
at near resonance. Transmission lines, in ad-
dition, may be expressed in terms of lumped
constants for convenience, and some of the
more important electrical characteristics of
antennas and transmission lines are discussed
in later chapters of this handbook.

3-4 Nonsinusoidal Waves
and Transients

Pure sine waves, discussed previously, are
basic wave shapes. Waves of many different
and complex shapes are used in electronics,
particularly square waves, sawtooth waves,
and peaked waves.
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Wave Composition Any periodic wave (one

that repeats itself in defi-
nite time intervals) is composed of sine
waves of different frequencies and ampli-
tudes, added together. The sine wave which
has the same frequency as the complex, peri-
odic wave is called the fundamental. The
frequencies higher than the fundamental are
called harmonics, and are always a whole
number of times higher than the funda-
mental. For example, the frequency twice as
high as the fundamental is called the second
barmonic.

The Square Wave  Figure 26 compares a
square wave with a sine
wave (A) of the same frequency. If another
sine wave (B) of smaller amplitude, but
three times the frequency of A, called the
third harmonic, is added to A, the resultant
wave (C) more nearly approaches the de-
sired square wave,.
FUNDAMENTAL SINE wavE (A)

FUNDAMENTAL PLUS
3RD HARMONIC (C)

|, —3auare wave

T:no HARMONIC (8)
-~

= ~
\ s . .

Figure 26

COMPOSITE WAVE—
FUNDAMENTAL
PLUS THIRD HARMONIC

FUNDAMENTAL PLUS IRD HARMONIC

FUNDAMENTAL PLUS 3RD AND
STH HARMONICS (£)

STH HARMONIC (D)

Figure 27

THIRD-HARMONIC WAVE PLUS
FIFTH HARMONIC

This resultant curve (figure 27) is added

to a fifth-harmonic curve (D), and the sides
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of the resulting curve (E) are steeper than
before. This new curve is shown in figure
28 after a 7th-harmonic component has been
added to it, making the sides of the com-
posite wave even steeper. Addition of more
higher odd harmonics will bring the result-
ant wave nearer and nearer to the desired
square-wave shape. The square wave will be
achieved if an infinite number of odd har-
monics are added to the original sine wave.

FUNDAMENTAL PLUS 3RD, STH,
AND 7TH HARMONICS (G}

FUNDAMENTAL PLUS 3RD AND
STH HARMONICS
SQUARE WAVE

TTH HARMONIC (F)
S"\ SR Y
PR AN X

/N

Figure 28

RESULTANT WAVE, COMPOSED OF
FUNDAMENTAL, THIRD, FIFTH,
AND SEVENTH HARMONICS

Irregular
Waveforms

In the same fashion, a saw-
tooth wave is made up of dif-
ferent sine waves (figure 29).
The addition of all harmonics, odd and even,

produces the sawtooth waveform.

FUNO. PLUS 2MU, BRD, 4TH,
AND STH HARMONIC
PUND. PLUS 2NO, SRD, AND
Qe HARMONICS

STH HARMONIC
am wanue

FUND. PLUS ZND HARM.
FUNDAMENTAL

FUND, PLUS 2 ATH,
STH AND .\'N.ﬁmNICS

FUND. PLUS 2ND, JRD, &TH,
DRAND §

TH HARMONIES
‘?fﬂ HARMONIC

FUND, PLUS 2ND, 3RO, 4TH,
A STH, STH, AND TTH HARMS.

ONGIOAE ARy
&

FUND. PLUS 2ND, RO,
AND 4TH HARMONICS.

SAWTOOTH WAVE
FUND, PLUS 2ND, 3RD. 4TH, STH, 8TH,
AND 7TH HARMONICS

FIGURE 29

COMPOSITION OF A SAWTOOTH
WAVE
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Figure 30 shows the composition of a
peaked wave. Note how the addition of each
successive harmonic makes the peak of the
resultant higher, and the sides steeper.

FUNDAMENTAL PLUS
3AD HARMONIC

FUNDAMENTAL
3AD HARMONIC

-~

o~

FUNDAMENTAL PLUS 3RD
AND 5TH HARMONICS

FUNDAMENTAL PLUS 3RD HARM,
STH HARMONIC
\ “
R A
\

FUNDAMENTAL PLUS 3RD, STH,
AND 7TH HARMONICS

FUNDAMENTAL PLUS 3RD
AND 5TH HARMONIC

A

t‘n’n HARMONIC

-~ -~

Figure 30
COMPOSITION OF A PEAKED WAVE

The three preceding examples show how
a complex periodic wave is composed of a
fundamental wave and different harmonics.
The shape of the resultant wave depends on
the harmonics that are added, their relative
amplitudes, and relative phase relationships.
In general, the steeper the sides of the wave-
form, the more harmonics it contains.

AC Transient Circuits [f an ac voltage is
substituted for the dc
input voltage in the RC transient circuits
discussed in Chapter 2, the same principles
may be applied in the analysis of the tran-
sient behavior. An RC coupling circuit is

designed to have a long time constant with
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respect to the lowest frequency it must pass.
Such a circuit is shown in figure 31. If a
nonsinusoidal voltage is to be passed un-
changed through the coupling circuit, the
time constant must be long with respect
to the period of the lowest frequency con-
tained in the voltage wave.

ooV F<C=o.uF
1000 HERT Z —>
FReosw SN
O

R xC = 50000 LSECONDS
PERIOD OF € % 1000 L SECONDS

Figure 31

RC COUPLING CIRCUIT WITH
LONG TIME CONSTANT

RC Differentiator
and Integrator

An RC voltage divider
that is designed to distort
the input waveform is
known as a differentiator or integrator, de-
pending on the locations of the output taps.
The output from a differentiator is taken
across the resistance, while the output from
an integrator is taken across the capacitor.
Such circuits will change the shape of any
complex ac waveform that is impressed on
them. This distortion is a function of the
value of the time constant of the circuit as
compared to the period of the waveform.
Neither a differentiator nor an integrator
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Figure 32

RC DIFFERENTIATOR AND
INTEGRATOR ACTION ON
A SINE WAVE
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can change the shape of a pure sine wave,
they will merely shift the phase of the wave
(figure 32). The differentiator output is a
sinc wave leading the input wave, and the
integrator output is a sine wave which lags
the input wave. The sum of the two out-
puts at any instant equals the instantaneous
input voltage.

Square-Wave Input  If a square-wave volt-
age is impressed on the
circuit of figure 33, a square-wave voltage
output may be obtained across the integrat-
ing capacitor if the time constant of the
circuit allows the capacitor to become fully
charged. In this particular case, the capacitor
never fully charges, and as 2 result the out-
put of the integrator has a smaller ampli-
tude than the input. The differentiator out-
put has a maximum value greater than the
input amplitude, since the voltage left on
the capacitor from the previous half wave
will add to the input voltage. Such a circuit,
when used as a differentiator, is often called
a peaker. Peaks of twice the input amplitude
may be produced.

—0
« * 100V FRC0.100 > €¢® INTEGRATOR OUTPUT
(PEAK} —0
I000HERTZ
R=ion € = OIFFERENTIATOR OUTPUT
—0
—————— +100v.
€0 8\'"'\" 'IA\!RE”POIU
- =100V,

ouTeuT OF
oiFrEREnTIATOR (€0)
——- —sv.
———— === =125V

. S T b,
o S {NTEGRATOR (ec)

Figure 33

RC DIFFERENTIATOR AND
INTEGRATOR ACTION ON
A SQUARE WAVE
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If 2 back-to-back saw-
tooth voltage is applied
to an RC circuit having a time constant
one-sixth the period of the input voltage,
the result is shown in figure 34. The capaci-
tor voltage will closely follow the input
voltage, if the time constant is short, and
the integrator output closely resembles the
input. The amplitude is slightly reduced
and there is a slight phase lag. Since the
voltage across the capacitor is increasing at
a constant rate, the charging and discharg-
ing current is constant. The output voltage
of the differentiator, therefore, is constant
during each half of the sawtooth input.

Sawtooth-Wave Input

—0
L INTEGRATOR
e* 100V A0 }WTPVY(@()
(PEAK) p———o0
1000 HERTZ 2 DIFFERENTIATOR
ZR=3s0n UTPUT (€n)

ol

e OUTPUT WAVEFORM
° OF GENERATOR

—_——— — — ———t10
€0 —7 \__]_/-_ i Kﬁh%%‘{e';‘

/X e R )
OUTPUT OF
€o / \ INTEGRATOR (€c)
-—=--%

Figure 34

RC DIFFERENTIATOR AND
INTEGRATOR ACTION ON
A SAWTOOTH WAVE

Miscellaneous Various voltage waveforms
Inputs other than those represented

here may be applied to short-
time-constant RC circuits for the purpose of
producing across the resistor an output volt-
age with an amplitude proportional to the
rate of change of the input signal. The
shorter the RC time constant is made with
respect to the period of the input wave, the
more nearly the voltage across the capacitor
conforms to the input voltage. Thus, the
differentiator output becomes of particular
importance in very short-time-constant RC
circuits. Differentiator outputs for various
types of input waves are shown in figure 35.
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Differentiator outputs of short-time-constant RC

circuits for various input voitage wave-shapes.

The output voitage is proportional to the rate
of change of the input voltage.

Square-Wave Test  The application of a
for Audio Equipment square-wave input sig-

nal to audio equipment,
and the observation of the reproduced out-
put signal on an oscilloscope will provide
a quick and accurate check of the overall
operation of audio equipment.

CAL
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Low-frequency and high-frequency re-
sponse, as well as transient response can be
examined easily.

If the amplifier is deficient in low-fre-
quency response, the flat top of the square
wave will be canted, as in figure 36. If the

Figure 37

Output waveshape of plifier having defi-
ciency in high-frequency responss. Tested with
10-kHz square wave.

Figure 38

Output waveshape of amplifier having limited
fow-frequency and hlﬂh-!requancy response.
Tested with 1 kHz square wave.

high-frequency response is inferior, the rise
time of the output wave will be retarded
(figure 37).

An amplifier with a limited high- and
low-frequency response will turn the square
wave into the approximation of a sawtooth
wave (figure 38).

&

A
O

©

Figure 36

Amplifier deficient in low-frequency resnonse will distort square wave applied to the input

. circuit, as shown. A 60-Hz Square wave may be used.
A: Drop in gain at low frequencies )
B: Leading phase shift at fow frequencies
: Lagging phase shift at low frequencies
D: Accentuated low-frequency gain
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3-5 Transformers

When two coils are placed in such induc-
tive relation to each other that the lines of
force from one cut across the turns of the
other inducing a current, the combination
can be called a transformer. The name is
derived from the fact that energy is trans-
formed from one winding to another. The
inductance in which the original flux is
produced is called the primary; the induct-
ance which receives the induced current is
called the secondary. In a radio-receiver
power transformer, for example, the coil
through which the 120-volt ac passes is
the primary, and the coil from which a
higher or lower voltage than the ac line
potential is obtained is the secondary.

Transformers can have either air or mag-
netic cores, depending on the frequencies at
which they are to be operated. The reader
should thoroughly impress on his mind the
fact that current can be transferred from
one circuit to another only if the primary
current is changing or alternating. From
this it can be seen that a power transformer
cannot possibly function as such when the
primary is supplied with nonpulsating dc.

A power transformer usually has a mag-
netic core which consists of laminations of
iron, built up into a square or rectangular
form, with a center opening or window.
The secondary windings may be several in
number, each perhaps delivering a different
voltage. The secondary voltages will be
proportional to the turns ratio and the
primary voltage.

Transformers are used in alternating-cur-
rent circuits to transfer power at one volt-
age and impedance to another circuit at
another voltage and impedance. There are
three main classifications of transformers:
those made for use in power-frequency cir-
cuits, those made for audio-frequency appli-
cations, and those made for radio frequencies.

The Tronsformation
Ratio

In a perfect transformer
all the magnetic flux
lines produced by the
primary winding link crosses every turn of
the secondary winding (figure 39). For such
a transformer, the ratio of the primary and
secondary voltages is the same as the ratio of
the number of turns in the two windings:
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Figure 39
THE LOW-FREQUENCY
TRANSFORMER

Power is transformed from the primary to the
secondary winding by means of the varying
magnetic field. The voltage induced in the sec-
ondary for a %iven primary voitage is propor-
tional to the ratio of secondary to primary turns.
The impedance transformation is provortional
to the square of the primary to secondary
turns ratio.

where,
Np equals number of turns in the primary,
Ns equals number of turns in the sec-
ondary,
Ep equals voltage across the primary,
Eg equals voltage across the secondary.

In practice, the transformation ratio of a
transformer is somewhat less than the turns
ratio, since unity coupling does not exist
between the primary and secondary wind-
ings.

The current that flows in
the secondary winding as
a result of the induced voltage must pro-
duce a flux which exactly equals the primary
flux. The magnetizing force of a coil is ex-
pressed as the product of the number of
turns in the coil times the current flowing
in it:

Ampere Turns (NI)

Np Ig

N Iy =N Ig,
p X Ip s X sorNs I

where,

Ip equals primary current,
Ig equals secondary current.
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It can be seen from this expression that
when the voltage is stepped up, the current
is stepped down, and vice versa.

Leakage Reactance Since unity coupling does

not exist in a practical
transformer, part of the flux passing from
the primary circuit to the secondary circuit
follows a magnetic circuit acted on by the
primary only. The same is true of the sec-
ondary flux. These leakage fluxes cause leak-
age reactance in the transformer, and tend
to cause the transformer to have poor volt-
age regulation. To reduce such leakage re-
actance, the primary and secondary windings
should be in close proximity to each other.
The more expensive transformers have inter-
leaved windings to reduce inherent leakage
reactance.

Impedance
Transformation

In the ideal transformer, the
impedance of the secondary
load is reflected back into
the primary winding in the following rela-
tionship:

Zr = N?Zs,or N =/ Zp/Zg

where,

Z, equals reflected primary impedance,
N equals turns ratio of transformer,
Zs equals impedance of secondary load.

Thus any specific load connected to the
secondary terminals of the transformer will
be transformed to a different specific value
appearing across the primary terminals of
the transformer. By the proper choice of
turns ratio, any reasonable value of second-
ary load impedance may be “reflected” into
the primary winding of the transformer to
produce the desired transformer primary im-
pedance. The phase angle of the primary
“reflected” impedance will be the same as
the phase angle of the load impedance. A
capacitive secondary load will be presented
to the transformer source as a capacitance,
a resistive load will present a resistive “re-
flection” to the primary source. Thus the
primary source “‘sees” a transformer load
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entirely dependent on the secondary load
impedance and the turns ratio of the trans-
former (figure 40).

+8
Figure 40

IMPEDANCE-MATCHING
TRANSFORMER

The refiected impedance z, varies directly in
proportion to the secondary load Z, and directly

in proportion to the squaie of the primary-to-
secondary turns ratio.

The Auto-
transformer

The type of transformer in fig-
ure 41, when wound with heavy
wire over an iron core, is a com-
mon device in primary power circuits for
the purpose of increasing or decreasing the
line voltage. In effect, it is merely a con-
tinuous winding with taps taken at various
points along the winding, the input voltage
being applied to the bottom and also to
one tap on the winding. If the output is
taken from this same tap, the voltage ratio
will be 1 to 1; i.e., the input voltage will be
the same as the output voltage. On the other
hand, if the output tap is moved down to-
ward the common terminal, there will be
a stepdown in the turns ratio with a conse-
quent stepdown in voltage. The initial set-
ting of the middle input tap is chosen so
that the number of turns will have sufficient
reactance to hold the no-load primary cur-
rent to a reasonable value.

STEP-UP

L]

INPUT S ouTeyT
VOLTAGE VoLTAGE
Figure 41
THE AUTOTRANSFORMER

Schematic diagram of an autotransformer show-
ing the method of connecting it to the line and
to the load. When only a small amount of step
up or step down is required, the autotransformer
may be much smaller physically than would be a
transformer with a separate secondary winding.
Continuously variable autotransformers (Variac
and Powerstat) are widely used commercially.
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3-6 Electric Filters

There are many applications where it is
desirable to pass a dc component without
passing a superimposed ac component, or
to pass all frequencies above or below a
certain frequency while rejecting or attenu-
ating all others, or to pass only a certain
band or bands of frequencies while attenu-
ating all others.

Filter Operation A filter acts by virtue of its

property of offering very
high impedance to the undesired frequencies,
while offering but little impedance to the
desired frequencies. This will also apply to
dc with a superimposed ac component, as
dc can be considered as an alternating cur-
rent of zero frequency so far as filter dis-
cussion goes.

Fl Fe F2

STOP ST0P
RAND PASS BAND EAND
oweur o M _____ -
L] e SKIRT
RESPONSE
0+
0 o
Figure 42
FREQUENCY RESPONSE OF

REPRESENTATIVE FILTER

The cutoff frequencies (F, and F,) of the filter

are at the —3 dB points on the curve, which

are 0.707 of the maximum voltage or 0.5 of the

maximum power. Filters are designated as low-

pass, high-pass or bandpass. The filter illus-
trated is a bandpass filter.

Figure 42 illustrates the important char-
acteristics of an electric filter. The filcer
passband is defined as the frequency region
to the points at which the response is at-
tenuated 3 dB. The points are termed the
cutoff frequencies of the filter.

Basic Filters Early work done for the tele-
phone companies standardized
filter designs around the constant-k and
m-derived filter families. The constant-k
filter is one in which the input and output
impedances are so related that their arith-
metical product is a constant (k%). The
m-derived filter is one in which the series
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or shunt element is resonated with a reac-
tance of the opposite sign. If the comple-
mentary reactance is added to the series arm
of the filter, the device is said to be shunt-
derived; if added to the shunt arm, it is
said to be series-derived.

The basic filters are made up of elemen-
tary filter sections (L-sections) which con-
sist of a series element (Z,) and a parallel
element (Zp) as shown in figure 43. A num-
ber of L-sections can be combined into a
basic filter section, called a T metwork, or
a = network. Both the T and = networks
may be divided in half to form half sections.

ELEMENTARY FILTER SECTIONS

] {4 JI-NETWORK

[
1
|
|
1
|
1
1

Figure 43

Complex filters may be made up from these
basic filter sections.

Each impedance of the m-derived section
is related to a corresponding impedance in
the constant-£ section by some factor which
is a function of the constant m. In turn, m
is a function of the ratio between the cutoff
frequency and the frequency of infinite at-
tenuation, and will have some value between
zero and one. As the value of m approaches
zero, the sharpness of cutoff increases, but
the less will be the attenuation at several
times cutoff frequency. A value of 0.6 may
be used for m in most applications. The
“notch” frequency is determined by the
resonant frequency of the tuned filter ele-
ment. The amount of attenuation obtained
at the “notch” when a derived section is
used is determined by the effective Q of the
resonant arm (figure 44).

Filter Assembly Constant-4 sections and m-

derived sections may be cas-
caded to obtain the combined characteristics
of sharp cutoff and good remote frequency
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TYPICAL LOW-PASS AND HIGH-PASS FILTERS ILLUSTRATING SHUNT
AND SERIES DERIVATIONS

attenuation. Such a filter is known as a
composite filter. The amount of attenuation
will depend on the number of filter sec-
tions used, and the shape of the transmission
curve depends on the type of filter sec-
tions used. All filters have some insertion
loss. This attenuation is usually uniform to
all frequencies within the passband. The
insertion loss varies with the type of filter,
the Q of the components, and the type of
termination employed.

Filter Design  Electric wave filters are com-

mon in amateur equipment,
in both receiving and transmitting modes.
Low-frequency filters are used to shape the
audio passband or as frequency selectors,
high-frequency filters are used in ssb equip-
ments and vhf filters are commonly em-
ployed for TVI reduction.

The classic constant-k and m-derived fil-
ters may be designed with the aid of charts.
The charts of figures 47 through $0 give
design data for m- and T-section type filters.

The m-derived sections with an m value of
0.6 will be found to be generally satisfactory
as the input section (or half section) of the
usual filter, since the input impedance of
such a section is relatively constant over
the passband of the filter.

3-7 Low-Pass Filter

Nomographs

The Constant-k
Filter

The low-pass constant-£ fil-
ter has a passband from dc
to the cutoff frequency (f.).
Beyond this frequency, the signal is atten-
uated as shown in figure 46.

Pi and T configurations for constant-k
filters are shown in the illustration, with ap-
propriate design formulas. The nomograph
(#1 of figure 47) provides a graphical solu-
tion to these equations. The values of L and
C can be determined by aligning a straight-
edge from f. on the left-hand scale to
R(L) or R(C), respectively, on the right-
hand scale. The values of L and C are
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Through the use of the curves and equations which accompany the diagrams in the illustration
above it is possible to determine the correct values of inductance and capacitance for the usual
types of pi-section filters.

found where the straightedge intersects the  The Series The low-pass, m-derived
center scales. m-Derived Filter  filter has a passband from

dc to the cutoff frequen-
¢y, f.. Beyond this frequency, the signal is
attenuated considerably to f o, as shown in
figure 48.

The T section configuration used in series
m-derived filters is shown in the nomograph
of figure 48, with the appropriate design
formulas. The correct value of m is found
by the use of nomograph # 2 of figure 49.
No units are given for f. and f %, since

CAN e

TR any frequency may be used provided that
° l s it both scales use the same units. The value
. . « of m is determined by aligning a straightedge

¥ ¢ g
T T T from the value of f, on its scale through
T e st R —— the value of f. on its scale. The value of
- - m is found where the straightedge inter-

Figure 46 & sects the horizontal m scale.

The values of filter components L, Lg,
CONSTANT-k FILTER AND and Cy, are found with the aid of nomograph

LOW-FREQUENCY BANDPASS #3 of figure 50. Note that Ly, and Cy are
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NOMOGRAPH #1 CONSTANT-k FILTER

The filter termination value (R) is used on separate scales (right hand) for determination of
C and L. An example is shown for R = 90 ohms.

found by using the left-hand scales, and
Lg and C, are found by using the right-
hand scales.

By extending a straightedge from either
L or C to the value of m (as found in figure
49) on their appropriate scales, Ly, Lg, and
Cg are found where this line intersects the
center scale. Any units may be used for
L or C provided the same units are used
for Cg or L and Lg, respectively.

The Shunt,
m-Derived Filter

The pi section for the
shunt, m-derived filter is
shown in figure §1, using
the nomenclature shown. The values of
these components are found by using nomo-
graphs #2 and #3 of figures 49 and 50,
just as with the series, m-derived filcer de-
sign.

Example: Design a low-pass, series m-
derived filter with a cutoff frequency of
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Figure 48

SERIES m-DERIVED FILTER AND
LOW-FREQUENCY BANDPASS

Figure 49
NOMOGRAPH #2. FILTER CONSTANT m IS DETERMINED FROM foc and f.

7 kHz, a maximum attenuation at 8 kHz,
and terminating in 90 ohms. Using the
nomograph of figure 49, m is determined to
be 0.485.

On the nomograph (#1 of figure 47)
using fo = 7 kHz and R = 90 on both
R(C) and R(L) scales, the value of L and

C are determined to be: L, = 0.0042 henry
and C; = 0.51 uF. Therefore, on nomo-
graph #3 of figure 50, Ly = 0.002 henry
(2mH), Cy = 0.25 uF and Ly = 0.0017
henry (1.7 mH). The final filter design is
shown in figure 52,
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Figure 50

NOMOGRAPH #3. L, and ¢, ARE DETERMINED USING L and €
(NOMOGRAPH #1) and m (NOMOGRAPH #2). ALL NUMBERS ARE FOUND
WITH LEFT SIDE OF SCALES. L, AND C, ARE DETERMINED IN THE
SAME MANNER USING RIGHT SIDE OF SCALES.
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SHUNT m-DERIVED FILTER pi
SECTIONS
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Figure 52

SERIES m-DERIVED FILTER
DESIGNED FOR f; = 7 kHz,
fco = 8 kHz AND R = 90 OHMS

3-8 Modern Filter Design

The constant-k and m-derived filters of
traditional image-parameter design have
been surpassed by newer techniques and de-
signs based upon Butterworth and Tcheby-
cheff polynominals. Optimized filter con-
figurations for sharp-cutoff filters (often
using less components than the more tradi-
tional design filter) can be derived from
filter tables based upon the new designs. This
technique is well suited to computer pro-
gramming which stores a file of precalcu-
lated and catalogued designs normalized to
a cutoff frequency of one Hz, or one radian
per second (6.28 Hz) and terminations of
one ohm. The catalog may be readily adapted
to a specific use by scaling the normalized
parameters to the cutoff frequency and ter-
minating resistance desired. To scale fre-
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PASSBAND OF MODERN FILTERS

A—Butterworth filter
B—Tchebycheff filter
C—Elliptic-function filter

quency, all L and C values are divided by
the new frequency and to scale impedance,
all R and L values are multiplied, and all C
values divided, by the new impedance level.
The filter response remains the same after
scaling as before.

The Butterworth filter has a smooth re-
sponse and does not exhibit any passband
ripple. Tts stopband, or cutoff, contains no
point of infinite rejection except at infinite
frequency. The steepness of the cutoff re-
sponse depends on the number of poles in
the filter.

The Tchebycheff filter exhibits a steeper
cutoff slope than a Butterworth filter of the
same number of poles, but has a known
amount of passband ripple. The elliptic-
function filter has a steeper cutoff slope than
the Butterworth and exhibits infinite re-
jection frequencies in the stopband (figure
53).
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A catalog of synthesis systems may be  Geffe, published by Rider, and Network
found in Simplified Modern Filter Design, by  Analysis and Synthesis, by Weinberg, pub-

Filter Chart
891 2 3 .
Scaling Equations [ f 7 [
For cutoff frequencies outside the 0.1 to 1 3s !
MHz range and termination other than 50 @, use VSWR- 1.299
the following scaling equations: o VSWR-1.00
) R ,_ _C
Bk (F) C=®DH
L’ & C' = New Component Values - 25 /
L& C = Tabulated Values s 4
R’ 5 20
Multiplier R = 30 =4
Where R’ is a new termination resistance chosen g Vs
to make R an integral power of ten. E } /
Multiplier F = = 10
f. bl [ ¥ ATTEN VS FREQ
Where ', i8 a new cutoff frequency and f,, i8 a 5? FOR
tabulated cutoff frequency, both chosen to make ¥ S-ELEuEr:YTé;P 8 H-p +=
F an integral power of ten. _.h’ ki
L L1l elpLes
8 [} 2 3

FREQ. (/fcy (L=P) OR fgg /1 (H=P)

Low-pass Filters High-pass Filters
e =~ et o—i¢ i€ —o
(4] c3 cs
0 fA- T O T~c3 T~cs =00 50 ne w2 e -0

O —) O —

« Jt.309 c. c. L + |t 308 c. | « L.,

VSWR VSWR

Key [(MHz) uF uH Key |(MHz) uF uH
A 0.10 1.299 |0.039 0.068 125.0 o 0.10 1.073 }0.033 0.015 45.0
x| 0.11 1.020 [0.022 0.056 119.0 x | 0.13 1.210 [0.022 0.012 38.3
o| 0.14 1.083 0.022 0.047 98.5 A|0.14 1.286 [0.018 0.010 34.7
x| 0.17 1.260 |0.022 0.039 73.7 o|0.16 1.000 (0.033 0.010 315
o] 0.19 1.062 [0.015 0.033 70.7 x | 0.18 1.235 |0.015 0.0082 27.1
o | 0.20 1.000 |0.010 0.033 65.5 x | 0.20 1.151 0.015 0.0075 238
x | 0.24 1.010 |0.010 0.027 56.8 o |0.23 1.000 [0.022 0.0068 21.0
o | 0.29 1.000 [0.0068 | 0.022 445 x | 0.26 1.030 [0.015 0.0062 18.1
x | 0.35 1.010 [0.0068 | 0.018 38.6 x | 0.30 1.151 0.010 0.0050 15.9
o| 042 1.000 [0.0047 | 0.015 30.8 0]034 1.000 |[0.015 0.0047 14.3
A 047 1.273 0.0082 | 0.015 27.0 x | 041 1.020 [0.010 0.0039 11.6
x | 0.53 1.020 [0.0047 | 0.012 25.3 o |0.48 1.105 [0.0068 | 0.0033 10.0
x | 0.57 1.273 [0.0068 | 0.012 224 x | 0.53 1.051 0.0068 | 0.0030 8.77
o |0.64 1.083 0.0047 0.010 21.0 x | 0.60 1.020 |[0.0068 | 0.0027 7.88
x | 0.71 1.151 0.0047 | 0.0091 18.5 x | 0.65 1.139 |0.0047 0.0024 7.32
x | 0.76 1.020 |0.0033 0.0082 17.8 o |0.72 1,083 0.0047 0.0022 6.56
x | 0.85 1.051 0.0033 0.0075 16.0 x |0.85 1.210 ]0.0033 0.0018 5.75
o | 095 1.105 [0.0033 | 0.0068 14.1 x | 0.96 1.116 [0.0033 | 0.0016 4.93

*Key
o — C,, C,. and C, are common standard values.
x — C, & C, are common standard values; C, is a less-common standard value.

A - C, & C, are less-common standard values; C, is a common standard vaiue.

Figure 54




ALTERNATING-CURRENT CIRCUITS

lished by McGraw-Hill. Either or both of
these books may be available at the engi-
neering library of any large university.

Computer-
Designed Filters

Designing a filter is time
consuming and requires
specialized knowledge, and
the designs frequently yield circuits with
nonstandard components. The chart of fig-
ure 54 is based on selections from computer-
calculated filter designs. They will work at
frequencies from 1 kHz to 100 MHz, and
use standard capacitor values.

Thirty-six designs (18 low-pass and 18
high-pass) of five-element circuits were
chosen for tabulation, and they were nor-
malized for $0-ohm terminations and a
0.1- to 1-MHz frequency range. To select a
filter, simply choose a frequency nearest the
desired 3-dB cutoff frequency (feo). Read
the L and C component values from the
table, and assemble the components in ac-
cordance with the appropriate diagram. Al-
though the filter tabulation covers directly
only a 0.1- to 1-MHz frequency range and
50-ohm terminations, filter parameters for
other cutoff frequencies and termination
impedances can easily be determined by a
simple scaling operation.

Termination of input and output with
equal impedances makes possible equal val-
ues for the inductors (L. = L,) and capac-
itors (C, = C.). This simplifies component
selection. Also a = configuration for the low-
pass filter, and T for the high-pass, mini-
mizes the number of inductors.

The tabulated filter cutoff frequencies
(fco in megahertz at — 3 dB) have been se-
lected to provide values to within about
15% of any value in the 0.1- to 1-MHz
range. The designs are keyed to indicate
three levels of standard capacitor use. For
example, those with the symbol 0" have all
capacitors of the more common standard
sizes, Where the choice of cutoff frequency
is flexible, sclection of designs with a greater
number of the more common standard capaci-
tance values makes component procurement
easier. Inductor values are nonstandard, but
this should present no problem, since induc-
tors are often hand-wound or available with
a slug adjustment.

3.35

Filter attenuation slope, VSWR (voltage
standing-wave ratio), and passband ripple
are interrelated. In the first octave after
cutoff, the tabulated designs have a mini-
mum and maximum attenuation slope that
lies between 30 and 40 dB/octave. The min-
imum and maximum values of VSWR and
passband ripple are 1.00 to 1.29 and zero to
0.079 dB, respectively. The attenuation slope
increases as the filter VSWR and passband
ripple increase. Beyond 3 f., the attenuation
slope becomes 30 dB/octave and is indepen-
dent of the VSWR. Because the VSWR and
passband ripple of these designs are low, they
should prove adequate for most ordinary fil-
ter requirements. Attenuation curves plotted
for the filters are normalized in terms of
f/feo for low-pass filters or f../f for high-
pass.

For termination resistances other than 50
ohms and cutoff frequencies outside the 0.1-
to 1-MHz range, use the scaling equations
shown with the tabulations. However, to re-
tain the new capacitor values in standard
sizes, the resistance or frequency multipliers,
F or R, must each be an integral power of
10. For example, if a 500-ohm, 2-kHz low-
pass filter is required, the resistance and fre-
quency multipliers are R = 10 and F =
1072 The tabulated 0.20-MHz low-pass fil-
ter design would be selected. The corre-
sponding capacitances and inductances—.01
uF, .033 uF, and 65.5 uH—then become
0.1 uF, 0.33 uF, and 65.5 mH, respectively.

To match a 500-ohm filter to a 600-ohm
line, two minimum-loss, $00/600-ohm L-
pads can be installed, one at each end of the
filter. For instance, each pad could consist
of a series-connected, 240-ohm resistor and
a shunt-connected, 1200-ohm resistor. The
insertion loss of these two pads is approxi-
mately 7.5 dB.

Though capacitors and inductors with
tolerances of § or 109 can be used, the ac-
tual cutoff frequency obtained will vary ac-
cordingly from the tabulated f., values.

(The preceding section material and il-
lustration are reprinted with permission from
Electronic Design 24, November 23, 1973,
Hayden Publishing Co., Inc. Rochelle Park,
NJ 07662.)







CHAPTER FOUR

Semiconductor Devices

Part I—Diodes and Bipolar Devices

One of the earliest detection devices used
in radio was the galena crystal, a crude ex-
ample of a semiconductor. More modern ex-
amples of semiconductors are the selenium
and silicon rectifiers, the germanium diode,
and numerous varieties of the transistor and
integrated circuit. All of these devices offer
the interesting property of greater resistance
to the flow of electrical current in one direc-
tion than in the opposite direction. Typical
conduction curves for some semiconductors
are shown in figure 1. The #ransistor, a three-
terminal device, moreover, offers current
amplification and may be used for a wide
variety of control functions including am-
plification, oscillation, and frequency con-
version.

Semiconductors have important advan-
tages over other types of electron devices.
They are very small, light and require no
filament voltage. In addition, they consume
very little power, are rugged, and can be
made impervious to many harsh environ-
mental conditions.

Transistors are capable of usable amplifi-
cation into the microwave region and pro-
vide hundreds of watts of power capacity at
frequencies through the vhf range.

Common transistors are current-operated
devices whereas vacuum tubes are voltage-
operated devices so that direct comparisons
between the two may prove to be mislead-
ing, however economic competition exists
between the two devices and the inexpensive
and compact transistor has taken over most
of the functions previously reserved for the
more expensive vacuum tube.

4.1

4.1 Atomic Structure of

Germanium and Silicon

Since the mechanism of conduction of a
semiconductor is different from that of a
vacuum tube, it is well to briefly review the
atomic structure of various materials used
in the manufacture of solid-state devices.

It was stated in an earlier chapter that
the electrons in an element having a large
atomic number are conveniently pictured as
being grouped into rings, each ring having a
definite number of electrons. Atoms in
which these rings are completely filled are
termed inert gases, of which helium and
argon are examples. All other elements have
one or more incomplete rings of electrons.
If the incomplete ring is loosely bound, the
electrons may be easily removed, the element
is called metallic, and is a conductor of
electric current. Copper and iron are ex-
amples of conductors. If the incomplete
ring is tightly bound, with only a few elec-
trons missing, the element is called non-
metallic, and is an insulator (nonconductor)
to electric current. A group of elements, of
which germanium, gallium, and silicon are
examples, fall between these two sharply
defined groups and exhibit both metallic and
nonmetallic characteristics. Pure germanium
or silicon may be considered to be a good
insulator. The addition of certain impurities
in carefully controlled amounts to the pure
element will alter the conductivity of the
material. In addition, the choice of the im-
purity can change the direction of conduc-
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DIODE CHARACTERISTICS
AND CODING
The semiconductor diode offers greater resist-
ance to the flow of current in one direction
than in the opposite direction. Note expansion
of negative current and positive voltage scales.

Diode coding is shown above, with notations
usually placed on cathode (positive) end of unit.

tivity through the element, some impurities
increasing conductivity to positive poten-
tials and others increasing conductivity to
negative potentials. Early transistors were

RADIO HANDBOOK

mainly made of germanium but most mod-
ern transistors possessing power capability are
made of silicon. Experimental transistors
are being made of gallium arsenide which
combines some of the desirable features of
both germanium and silicon.

Both germanium and silicon may be
“grown” in a diamond lattice crystal con-
figuration, the atoms being held together
by bonds involving a shared pair of electrons
(figure 2). Electrical conduction within the
crystal takes place when a bond is broken,
or when the lattice structure is altered to
obtain an excess electron by the addition of
an impurity, When the impurity is added,
it may have more or less loosely held elec-
trons than the original atom, thus allowing
an electron to become available for conduc-
tion, or creating a vacancy, or hole, in the
shared electron bond. The presence of a hole
encourages the flow of electrons and may be
considered to have a positive charge, since
it represents the absence of an electron. The
hole behaves, then, as if it were an electron,
but it does not exist outside the crystal.

4.2 Mechanism of

Conduction

There exist in semiconductors both neg-
atively charged electrons and absence of
electrons in the lattice (holes), which be-
have as though they had a positive electrical
charge equal in magnitude to the negative
charge on the electron. These electrons and
holes drift in an electrical field with a ve-
locity which is proportional to the field
itself:

Van = uE

where,
Van equals drift velocity of hole,
E equals magnitude of electric field,
¢n equals mobility of hole.

In an electric field the holes will drift in a
direction opposite to that of the electron
and with about one-half the velocity, since
the hole mobility is about one-half the elec-
tron mobility. A sample of a semiconductor,
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SEMICONDUCTOR CRYSTAL LATTICE

Silicon and germanium lattice configuration made up of atoms held by bonds involving a shared
pair of electrons. Conduction takes place when bond is altered to provide excess electron (B) or to
create electron vacancy or conducting “hole” (C).

such as germanium or silicon, which is both
chemically pure and mechanically perfect
will contain in it approximately equal num-
bers of holes and electrons and is called an
intrinsic semiconductor. The intrinsic resis-
tivity of the semiconductor depends strongly
on the temperature, being about 50 ohm/cm
for germanium at room temperature. The
intrinsic resistivity of silicon is about 65,000
ohm/cm at the same temperature.

If, in the growing of the semiconductor
crystal, a small amount of an impurity, such
as phosphorus is included in the crystal,
each atom of the impurity contributes one
free electron. This electron is available for
conduction. The crystal is said to be doped
and has become electron-conducting in na-
ture and is called N (negative)-type silicon.
The impurities which contribute electrons
are called donors. N-type silicon has better
conductivity than pure silicon in one direc-
tion, and a continuous stream of electrons
will flow through the crystal in this direc-
tion as long as an external potential of the
correct polarity is applied across the crystal.

Other impurities, such as boron add one
hole to the semiconducting crystal by ac-
cepting one electron for each atom of im-
purity, thus creating additional holes in the
semiconducting crystal. The material is now
said to be hole-conducting, or P (positive)-
type silicon. The impurities which create
holes are called acceptors. P-type silicon has
vetter conductivity than pure silicon in one
direction. This direction is opposite to that
of the N-type material. Either the N-type or

the P-type silicon is called extrinsic con-
ducting type. The doped materials have
lower resistivities than the pure materials.
and doped semiconductor material in the
resistivity range of .01 to 10 ohm/cm is
normally used in the production of tran-
sistors.

The electrons and holes are called carriers;
the electrons are termed majority carriers.
and the holes are called minority carriers.

4-3 The PN Junction

The semiconductor diode is a PN junction,
or junction diode having the general electri-
cal characteristic of figure 1 and the electri-
cal configuration of figure 3. The anode of
the junction diode is always positive type

CATHODE

ANODE P~N
(r-una\ulu) JUNCTION (N-MATERIAL)

L %

(<) 0 - T _

+ ° o - -
o - —_—
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HOLES ELECTRONS
@—— ELECTRON FLOW

Figure 3
PN JUNCTION DIODE

P-type and N-type materials form junction di-

ode. Current flows when P anode is positive

with respect to the N cathode (forward bias L

Electrons and holes are termed carriers, wit

holes behaving as though they have a positive
charge.
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(P) material while the cathode is always
negative-type (N) material. Current flow
occurs when the P-anode is positive with
respect to the N-cathode. This state is
termed forward bias. Blocking occurs when
the P-anode is negative with respect to the
N-cathode. This is termed reverse bias.
When no external voltage is applied to the
PN junction, the energy barrier created at
the junction prevents diffusion of carriers
across the junction. Application of a positive
potential to the P-anode effectively reduces
the energy barrier, and application of a
negative potential increases the energy
barrier, limiting current flow through the
junction.

In the forward-bias region shown in figure
1, current rises rapidly as the voltage is in-
creased, whereas in the reverse-bias region
current is much lower. The junction, in
other words is a high-resistance element in
the reverse-bias direction and a low-resist-
ance element in the forward-bias direction.

Junction diodes are rated in terms of
average and peak-inverse voltage in a given
environment, much in the same manner as
thermionic rectifiers. Unlike the latter, how-
ever, a small leakage current will flow in
the reverse-biased junction diode because of
a few hole-electron pairs thermally gener-
ated in the junction. As the applied inverse
voltage is increased, a potential will be
reached at which the leakage current rises
abruptly at an avalanche voltage point. An
increase in inverse voltage above this value
can result in the flow of a large reverse cur-
rent and the possible destruction of the
diode.

Maximum permissible forward current in
the junction diode is limited by the voltage
drop across the diode and the heat-dissipa-
tion capability of the diode structure. Power
diodes are often attached to the chassis of
the equipment by means of a beat-sink to
remove excess heat from the small junction.

Silicon diode rectifiers exhibit a forward
voltage drop of 0.4 to 0.8 volts, depending
on the junction temperature and the impur-
ity concentration of the junction. The for-
ward voltage drop is not constant, increasing
directly as the forward current increases.
Internal power loss in the diode increases as
the square of the current and thus increases
rapidly at high current and temperature
levels.
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ZENER-DIODE CHARACTERISTIC
CURVE

Between zener-knee and point of maximum cur-

rent, the zener voltage is essentially constant

at 30 voits. Units are available with zener voit-
ages from approximately 4 to 200.

After a period of conduction, a silicon
rectifier requires a finite time interval to
elapse before it may return to the reverse-
bias condition. This reverse recovery time
imposes an upper limit on the frequency at
which a silicon rectifier may be used. Opera-
tion at a frequency above this limit results in
overheating of the junction and possible
destruction of the diode because of the power
loss during the period of recovery.

The Zener
Diode

The zener diode (reference diode)
is 2 PN junction that can be used
as a constant-voltage reference,
or as a control element. It is a silicon element
operated in the reverse-bias avalanche break-
down region (figure 4). The break from
nonconductance to conductance is very
sharp and at applied voltages greater than
the breakdown point, the voltage drop across
the diode junction becomes essentially con-
stant for a relatively wide range of currents.
This is the zener control region. Zener diodes
are available in ratings to 50 watts, with
zener voltages ranging from approximately
4 volts to 200 volts.

Thermal dissipation is obtained by mount-
ing the zener diode to a heat sink composed
of a large area of metal having free access
to ambient air.

The zener diode has no ignition potential
as does a gas regulator tube, thus eliminating
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the problems of relaxation oscillation and
high firing potential, two ailments of the gas
tube. Furthermore, the zener regulator or
combinations can be obtained for almost
any voltage or power range, while the gas
tubes are limited to specific voltages and
restricted current ranges.

Actually, only the zener diode having a
voltage rating below approximately 6.8 volts
is really operating in the zener region. A
higher voltage zener diode displays its con-
stant voltage characteristic by virtue of the
avalanche effect, which has a very sharp knee
(figure 4). A diode for a voltage below 6.8
operates in the true zener region and is char-
acterized by a relatively soft knee.

Avalanche and zener modes of breakdown
have quite different temperature character-
istics and breakdown diodes that regulate in
the 5.6- to 6.2-volt region often combine
some of each mechanism of breakdown and
have a voltage versus temperature charac-
teristic which is nearly flat. Many of the
very stable reference diodes are rated at 6.2
volts. Since the avalanche diode (breakdown
voltage higher than 6.8 volts) displays a
positive voltage-temperature slope, it is pos-
sible to temperature-compensate it with one
or more series forward-biased silicon diodes
(D,) as shown in figure 5. The 1N935 series

+ UNREGULATED

R
+REGULATED
D1
r4
Figure 5

TEMPERATURE-COMPENSATED
ZENER DIODE

(9 volt) is apparently of this sort, since the
voltage is not 6.2 or some integer multiple
thereof.

Several manufacturers have been success-
ful in extending the avalanche mode of
breakdown into the low-voltage region nor-
mally considered the domain of zener
breakdown. By using such 2 low-voltage
avalanche (LVA) diode instead of a zener,
a sharp knee may be obtained at breakdown
voltages below 6.8 volts.

National Semiconductor also has a series
of 1.8 to 5.6 volt regulator diodes that dis-
play sharp knees compared to zener equiva-
lents. These “diodes” are actually very small
IC chips with a number of transistors on
them. Only two leads are brought out of
the package for use as a diode. The LM-
103-1.8 through LM-103-5.6 comprise the
diode family of 13 devices. A more complex
IC is available as a 1.22 volt reference diode,
the LM-113.

Silicon epitaxial transistors may also be
used as zener diodes, if the current require-
ment is not too large. Most small, modern,
silicon signal transistors have a Vggo (back
emitter-base breakdown voltage) between 3
and § volts. If the base and emitter leads are
used as a zener diode, the breakdown will
occur at a volt or so in excess of the Vggo
rating. Figure 6 shows NPN and PNP tran-

A +i2Vv.
UNREGULATED UNREGULATED
2 2
e
) -sTO6V. [ +sTO6 YV,
REGULATED REGULATED
N.C. N.C,
2N364) 2N3638
®
Figure 6

SMALL-SIGNAL SILICON TRANSISTOR
USED AS ZENER DIODE

sistors used in this fashion. For safety, no
more than one quarter the rated power dis-
sipation of the transistor should be used
when the device is operated this way.

All types of zener diodes are a potential
source of noise, although some types are
worse than others. If circuit noise is critical,
the zener diode should be bypassed with a
low-inductance capacitor. This noise can be
evident at any frequency, and in the worst
cases it may be necessary to use LC decou-
pling circuits between the diode and highly
sensitive r-f circuits.

Junction The PN junction possesses ca-
Copacitance pacitance as the result of op-

posite electric charges existing
on the sides of the barrier. Junction capaci-
tance may change with applied voltage, as
shown in figure 7.




4.6 RADIO HANDBOOK

10
= A
s \\
> 9 \\
= N
g N
a N
<« N
o N
z 8
°
- oy
2
p=)
el

7
[ 2 14

4 8 8
REVERSE BIAS
Figure 7

JUNCTION CAPACITANCE VARIATION
WITH RESPECT TO REVERSE VOLTAGE

A voltage-variable capacitor (varactor or
varicap) is generally made of a silicon junc-
tion having a special impurity concentration
to enhance the capacitance variation and to
minimize series resistance losses.

The varicap and the varactor are funda-
mentally the same type of device, the former
used in tuning resonant circuits electrically
and the latter used in parametric amplifiers
and frequency multipliers. Both devices have
been designed to give a high-Q capacitance
vs. voltage relationship at radio frequencies.

The circuit of figure 8A shows a varicap
used to electrically tune a resonant circuit.
This form of tuning is restricted to circuits
which have a very small r-f voltage across
them, such as in receiver r-f amplifier stages.
Any appreciable ac voltage (compared to
the dc control voltage across the device)

vCi (Kf; = +Ecc
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will swing its capacitance at the r-f rate,
causing circuit nonlinearity and possible
crossmodulation of incoming signals. This
nonlinearity may be overcome by using two
varicap devices as shown in figure 8B. In
this case, the ac component increases the
capacitance of one varicap while decreasing
that of the other. This tuning method may
be used in circuits having relatively high r-f
voltages without the danger of nonlinearity.
The Varactor  The varactor frequency mul-
tiplier (also called the para-
metric multiplier) is a useful vhf/uhf
multiplier which requires no dc input power.
The input power consists only of the funda-
mental-frequency signal to be multiplied and
typically 509 to 70% of that r-f power is
recovered at the output of the multiplier
unit. Since the efficiency of a varactor multi-
plier drops as the square of the multiple
(n), such devices are not usually used for
values of » greater than five.

Examples of varactor multipliers are
shown in figure 9. There are usually 2 num-
ber of idlers (series-resonant circuits) in a
varactor multiplier. In general, there will be
n-2 idlers. These idlers are high-Q selective
short circuits which reflect undesired har-
monics back into the nonlinear capacitance
diode.

An interesting development in multiplier
diodes is the sfep-recovery diode. Like the
varactor, this device is a frequency multi-
plier requiring no dc input. The important
difference between the step-recovery diode
and the varactor is that the former is de-
liberately driven into forward conduction
by the fundamental drive voltage. In addi-
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™ .00t .Q' L ool
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Figure 8
VOLTAGE VARIABLE CAPACITORS

A—Single varicap used to tune resonant circuit . X
B—Back-to-back varicaps provide increased tuning range with improved linearity
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BASIC VARACTOR DOUBLING AND TRIPLING CIRCUITS

If “step-recovery” diode is used, idler loop may be omitted.

tion, the step-recovery diode multiplier re-
quires no idler circuits and has an output
efficiency that falls off only as 1/n1. A “times-
ten” frequency multiplier could then ap-
proach 109 efficiency, as compared to a
varactor multiplier whose efficiency would
be in the neighborhood of 17;. A typical
step-recovery multiplier is shown in figure
10. Diode multipliers are capable of provid-
ing output powers of over 25 watts at |
GHz and several watts at § GHz. Experi-
mental devices have been used for frequency
multiplication at frequencies over 20 GHz,
with power capabilities in the milliwatt
region.

Point-Contact
Diodes

A rectifying junction can be
made of a metal “whisker”
touching a very small semi-
conductor die. When properly assembled.
the die injects electrons into the metal. The
contact area exhibits extremely low capaci-
tance and point-contact diodes are widely

used as uhf mixers, having noise figures as
low as 6 dB at 3 GHz. The 1N21-1N2¢
series and the 1N82 are typical versions of
point-contact silicon diodes for mixer use.
The germanium point-contact diode, as ex-
emplified by the 1N34 and 1N270, has been
most used as an r-f detector at vhf and lower
frequencies. The germanium point-contact

200MHZ 2000 MHZ
tN (i?l ) [ELL 2nH our
" O O e
B8R R e
.oon:_[ Bl i
Figure 10
STEP-RECOVERY FREQUENCY
MULTIPLIER

Step-recovery diode is used as multiolier. No
idler circuits are required, such as used with
varactor.
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diode is still quite useful as a detector, but
is being replaced in more modern designs
by the silicon Schottky-barrier (hot-carrier)
diode. The Schottky-barrier diode is similar
to the silicon point-contact diode, with the
metal-to-silicon interface made by metal
deposition on silicon. This device behaves
like a silicon point-contact diode, having a
lower forward voltage drop than an equiva-
lent silicon unit, good high-frequency re-
sponse, and a lower noise figure.

Other Diode
Devices

Impatt, Trapatt, and Gunn
diodes are used to produce r-f
directly from dc when used
in microwave cavities. The PIN diode is
useful as an attenuator or switch at radio
frequencies. This is a PN junction with a
layer of undoped (intrinsic) silicon between

25V,
0-8 MA. 22

4.7UH 10UH 10UH

Figure 11

PIN DIODE USED AS R-F
ATTENUATOR OR SWITCH

Diode D, appears resistive to frequencies whose

period is shorter than “carrier” lifetime. Control
voltage varies r-f attenuation of diode.

the P and N regions. Because of the neutral
intrinsic layer, the charge carriers in the
diode are relatively slow; that is, they have
a long carrier lifetime. If this lifetime is
long compared to the period of the radio
frequency impressed on the device, the diode
appears resistive to that frequency. Since
PIN diodes appear resistive to frequencies
whose period is shorter than their carrier
lifetime, these diodes can be used as attenua-
tors and switches. An example of such an
electrically variable PIN diode attenuator is
shown in figure 11.
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4-4 Diode Power Devices

Semiconductor devices have ratings which
are based on thermal considerations similar
to other electronic devices. The majority of
power lost in semiconductors is lost inter-
nally and within a very small volume of the
device. Heat generated by these losses must
flow outward to some form of heat ex-
changer in order to hold junction tempera-
ture to a reasonable degree. The largest
amount of heat flows out through the case
and mounting stud of the semiconductor
and thence through the heat exchanger into
the air. The heat exchanger (or heat sink)
must be in intimate contact with the case
or leads of the semiconductor to achieve
maximum uniform contact and maximum
heat transfer. The matching surfaces are
often lubricated with a substance having
good thermal conductivity to reduce oxides
or galvanic products from forming on the
surfaces (Dow-Corning Silicone Greasce
#200 and Corning PC-4 are often used).
The latter is silicone grease loaded with zinc
oxide for improved heat transfer.

Care must be exercised in the contact
between dissimilar metals when mounting
semiconductor devices, otherwise electrolytic
action may take place at the joint, with
subsequent corrosion of one or more surfaces.
Many rectifiers come with plated finishes to
provide a nonactive material to be placed in
contact with the heat sink.

When it is necessary to electrically insulate
the case of the semiconductor from the heat
sink, a thin mica or plastic washer may be
placed between the device and the heat sink
after lubricating the surfaces with a thermal
lubricant.

Diode Semiconductor power rectifiers are
Rectifiers the most-used solid-state devices

in the electronics industry. Cop-
per-oxide disc rectifiers have been used for
decades, as have selenium disc rectifiers. The
germanium junction rectifier, too, has been
used extensively in electronics; the represent-
ative type 1N91 is still available.

Almost all new rectifier system design to-
day uses the silicon junction rectifier (fig-
ure 12). This device offers the most promis-
ing range of applications; from extreme cold
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Figure 12
SILICON RECTIFIER

Silicon pellet is soldered to copper stud to pro-

vide low thermal resistance path between PN

junction and heat sink. Copper anode is sol-

dered to top of junction. Temperature of junc-

tion must be held to less than 200°C, as a

result of increasing temperature on reverse cur-
rent flow through junction.

to high temperature, and from a few watts
of the output power to very high voltage
and currents. Inherent characteristics of sili-
con allow junction temperatures in the order
of 200°C before cthe material exhibits intrin-
sic properties. This extends the operating
range of silicon devices beyond that of any
other efficient semiconductor and the excel-
lent thermal range coupled with very small
size per watt of output power make silicon
rectifiers applicable where other rectifiers
were previously considered impractical.

Silicon The current density of a
Current Density silicon rectifier is very high,

and on present designs ranges
from 600 to 900 amperes per square inch of
effective barrier layer. The usable current

density depends on the general construc-
tion of the unit and the ability of the heat
sink to conduct heat from the crystal. The
small size of the crystal is illustrated by the
fact that a rectifier rated at 15 dc amperes,
and 150 amperes peak surge current has a
total cell volume of only .00023 inch. Peak
currents are extremely critical because the
small mass of the cell will heat instantane-
ously and could reach failure temperatures
within a time lapse of microseconds.

Operating The reverse direction of a sil-
Characteristics jcon rectifier is characterized

by extremely high resistance,
up to 10" ohms below a critical voltage
point. This point of avalanche voltage is the
region of a sharp break in the resistance
curve, followed by rapidly decreasing resist-
ance (figue 13A). In practice, the peak in-
verse working voltage is usually set at least
20% below the avalanche point to provide
a safety factor.

A limited reverse current, usually of the
order of 0.5 mA or less flows through the
silicon diode duing the inverse-voltage cycle.
The reverse current is relatively constant to
the avalanche point, increasing rapidly as
this reverse-voltage limit is passed. The maxi-
mum reverse current increases as diode tem-
perature rises and, at the same time, the ava-
lanche point drops, leading to a “‘runaway”
reverse-current condition at high tempera-
tures which can destroy the diode.
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SILICON RECTIFIER CHARACTERISTICS

A—Reverse direction of silicon rectifier is characterized by extremely high resistance up to point of

avalanche voltage.

B—Threshold voltage of silicon cell is about 0.6 voit. Once device starts conducting the current in-

creases exponentially with small increments of voltage, then nearly linearly on a very steep slope.
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The forward characteristic, or resistance
to the flow of forward current, determines
the majority of power lost within the diode
at operating temperatures. Figure 13B shows
the static forward current characteristic rel-
ative to the forward voltage drop for a typi-
cal silicon diode. A small forward bias (a
function of junction temperature) is re-
quired for conduction. The power loss of a
typical diode rated at 0.5 ampere average
forward current and operating at 100°C,
for example, is about 0.6 watt during the
conducting portion of the cycle. The for-
ward voltage drop of silicon power rectifiers
is carefully controlled to limit the heat dis-
sipation in the junction.

Silicon diodes are rated in
terms similar to those used
for vacuum-tube rectifiers.
Some of the more important terms and their
definitions follow: Peak Inverse Voltage
(PIV). The maximum reverse voltage that
may be applied to a specific diode type be-
fore the avalanche breakdown point is
reached.

Maximum RMS Input Voltage—The max-
imum rms voltage that may be applied to a
specific diode type for a resistive or induc-
tive load. The PIV across the diode may be
greater than the applied rms voltage in the
case of a capacitive load and the maximum
rms input voltage rating must be reduced
accordingly.

Maximum Average Forward Current—
The maximum value of average current al-
lowed to flow in the forward direction for
a specified junction temperature. This value
is specified for a resistive load.

Peak Recurrent Forward Current— The
maximum repetitive instantaneous forward
current permitted to flow under stated con-
ditions. This value is usually specified for 60
Hz and a specific junction temperature.

Maximum Single-Cycle Surge Current—
The maximum one-cycle surge current of a
60-Hz sine wave at a specific junction tem-
perature. Surge currents generally occur
when the diode-equipped power supply is
first turned on, or when unusual voltage
transients are introduced in the supply line.

Derated Forward Current—The value of
direct current that may be passed through a
diode for a given ambient temperature. For

Diode Rotings
and Terms
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higher temperatures, less current is allowed
through the diode.

Maximum Reverse Current—The maxi-
mum leakage current that flows when the
diode is biased to the peak-inverse voltage.

Silicon diodes may be mounted on a con-
ducting surface termed a beat sink that, be-
cause of its large area and heat dissipating
ability, can readily dispose of heat generated
in the diode junction, thereby safeguarding
the diode against damage by excessive tem-
perature.

A recent silicon rectifier de-
sign has been developed hav-
ing most of the advantages
of silicon, but also low forward voltage drop.
This device is the Schottky-barrier or hot-
carrier diode in a large format for power
use. For two equal volume units, the
Schottky-barrier type provides a higher cur-
rent rating than does the equivalent silicon
unit, bought about by the lower forward
voltage drop.

The Schottky-barrier device is also a very
fast rectifier; operation in high-frequency
inverter circuits ( up to several hundred
kHz) is quite practical. So far the PIV of
these diodes remains quite low (less than 50
volts) .

A second semiconductor rectifier which

Improved
Rectifier Types

combines most of the features of the
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ION-IMPLANTED DIODE FEATURES
LOW FORWARD DROP AND FAST
RECOVERY TIME
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Schottky-barrier and the common junction
device is the ion-implanted diode. This diode
has impurities implanted in the silicon by
means of an “atom smasher.” The impurity
ions are fired from a particle accelerator into
the silicon target wafer. The resultant silicon
cystal lattice is modified in such a way as
to cause the diodes made from this wafer to
have a low forward drop and a fast recovery
time (figure 14).

SCR Devices The thrystor is a generic term

for that family of multilayer
semiconductors that comprise silicon con-
trolled rectifiers (SCR’s), Triacs, Diacs,
Four Layer Diodes and similar devices. The
SCR is perhaps the most important member
of the family, at least economically, and is
widely used in the control of large blocks of
60-Hz power.

The SCR is a three-terminal, three-junc-
tion semiconductor, which could be thought
of as a solid-state thyratron. The SCR will
conduct high current in the forward direc-
tion with low voltage drop, presenting a
high impedance in the reverse direction. The
three terminals (figure 15) of an SCR de-

Figure 15

THE SILICON CONTROLLED
RECTIFIER

This three-terminal semiconductor is an open

switch until it is triggeied in the foiward direc-

tion by the gate element. Conduction will con-

tinue until anode cunent is reduced below a
critical value.

4.1

vice are anode, cathode, and gate. Without
gate current the SCR is an open switch in
either direction. Sufficient gate current will
close the switch in the forward direction
only. Forward conduction will continue even
with gate current removed until anode cur-
rent is reduced below a critical value. At
this point the SCR again blocks open. The
SCR is therefore a high-speed unidirectional
switch capable of being latched on in the
forward direction.

The gate signal used to trigger an SCR
may be an ac wave, and the SCR may be
used for dimming lights or speed control of
small ac universal series-wound motors, such
as those commonly used in power tools. Sev-
eral power-control circuits using SCR de-
vices and friacs (bidirectional triode thy-
ristors) are shown in figure 16.

The triac is similar to the SCR except
that when its gate is triggered on, it will
conduct either- polarity of applied voltage.
This makes full-wave control much easier
to achieve than with an SCR. An example
of the triac in a full-wave power control
circuit is shown in figure 16C.

The four layer diode is essentially an SCR
without a gate electrode. As the forward
voltage is increased across it, no conduction
occurs until the voltage rises to the holdoff
value, above which the device conducts in
much the same fashion an SCR does when
its holdoff voltage has been exceeded.

The diac is analogous to the triac with no
gate electrode. It acts like a four layer diode,
except that it has similar holdoff in both
directions. The diac is used principally to
generate trigger pulses for triac gating cir-
cuits.

The silicon unilateral switch (SUS) is
similar to the four layer diode and the
silicon bilateral switch (SBS) is similar to
the diac. There are also a number of other
variously named “trigger diodes” for use
with thyristors, but they are all found to
be functionally similar to the four layer di-

ode or diac, . )
There exists one other thyristor of im-

portance: it is the silicon controlled switch
(SCS). This device has two electrodes: a
gate to turn it on, and a second terminal
called a turn-off gate. The SCS has, so far,
only been available in low-voltage low-cur-
rent versions, as exemplified by the 3N8l-
3N8S series.
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Figure 16
SCR CIRCUITS FOR MOTOR OR LIGHT CONTROL

A—Haif-wave control circuit for series motor or light. B— Full-wave control circuit for series mator or
light. C— Triac controi light circuit. D— Symbols for SCR and Triac units.

The Unijunction
Transistor

The unijunction transistor
(UJT) was originally
known as the double-base
diode, and its terminal designations (emit-
ter, base 1, base 2) still reflect that nomen-
clature. If a positive voltage is placed be-
tween B. and B,, no conduction occurs until
the emitter voltage rises to a fixed fraction
of this voltage. The fixed fraction is termed
n (the Greek letter efa) and is specified for
each type of UJT. In the manner of the
thyristor, when the emitter reaches » times
the voltage between B, and B., the resistance
between the base elements suddenly and
markedly decreases. For this reason, the UJT
makes a good relaxation oscillator. A simple

relaxation oscillator is shown in figure 17.
+15V,
F20x 5
2N6027] U1
0.15 53 L2.2
322
Figure 17

UNIJUNCTION TRANSISTOR SERVES
AS RELAXATION OSCILLATOR

Sawtooth or spike waveforms are nroduced by
this simple circuit using single 2N6027 PUT.

Packaged equivalents are termed programmed
unijunction transistors (PUT).

4.5 The Bipolar Transistor

The device event in the creation of the
modern semiconductor was the invention of
the transistor in late 1947. In the last decade
semiconductor devices have grown prodig-
iously in variety, complexity, power capa-
bility, and speed of operation. The transistor
is a solid-state device having gain properties
previously found only in vacuum tubes.
The elements germanium and silicon are the
principal materials exhibiting the proper
semiconducting properties which permit their
application in transistors. However, other
semiconducting materials, including the
compounds of Gallium and Arsenic have
been used experimentally in the production
of transistors.

Closses of Thousands of type numbers of

Tronsistors transistors exist, belonging to

numerous families of construc-

tion and use. The large classes of transistors,
based on manufacturing processes are:

Point Contact Transistor—The original

transistor was of this class and consisted of
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emitter and collector electrodes touching a
small block of germanium called the base.
The base could be either N-type or P-type
material and was about .05” square. Because
of the difficulty in controlling the character-
istics of this fragile device, it is now con-
sidered obsolete.

Grown  Junction  Transistor—Crystals
made by this process are grown from molten
germanium or silicon in such a2 way as to
have the closely spaced junctions imbedded
in the wafer. The impurity material is
changed during the growth of the crystal to
produce either PNP or NPN ingots, which
are then sliced into individual wafers. Junc-
tion transistors may be subdivided into
grown juncton, alloy junction, or drift field
types. The latter type transistor is an alloy
junction device in which the impurity con-
centration is contained within a certain
region of the base in order to enhance the
high-frequency performance of the transis-
tor.

Diffused Junction Transistor—This class
of semiconductor has enhanced frequency
capability and the manufacturing process
has facilitated the use of silicon rather than
germanium, which aids the power capability
of the unit. Diffused junction transistors may
be subdivided into single diffused (home-
taxial), double diffused, double difused
flanar and triple diffused planar types.

Epitaxial Transistors—These junction
transistors are grown on a semiconductor
wafer and photolithogaphic processes are
used to define emitter and base region dur-
ing growth. The units may be subdivided
into epitaxial-base, epitaxial-layer, and over-
lay transistors. A representation of an epi-
taxial-layer transistor is shown in figure 18.

Field-Effect Transistors—Developed in the
last decade from experiments conducted over

CONTACT
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Figure 18
EPITAXIAL TRANSISTOR

Epitaxial, dual-epitaxial and overlay transistors
are grown on semiconductor wafer in a lattice
structure. After fabrication, individual transistors
are separated from wafer and mounted on head-
ers. Connector wires are bonded to metalized
regions and unit is sealed in an incl e.
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forty years ago, the field-effect (FET)
transistor may be expected to replace many
more common transistor types. This ma-
jority carrier device is discussed in a later
section of this Handbook.

Manufacturing techniques, transistor end-
use, and patent restrictions result in a multi-
tude of transistors, most of which fall into
the broad groups discussed previously. Tran-
sistors, moreover, may be gouped in families
wherein each member of the family is a
unique type, but subtile differences exist be-
tween members in the matter of end-use,
gain, capacitance, mounting, case, leads,
breakdown-voltage characteristics, etc. The
differences are important enough to warrant
individual type identification of each mem-
ber. In addition, the state of the art permits
transistor parameters to be economically de-
signed to fit the various equipment, rather
than designing the equipment around avail-
able transistor types. This situation results in
a great many transistor types having nearly
identical general characteristics. Finally, im-
proved manufacturing techniques may “ob-
solete” a whole family of transistors with a
newer, less-expensive family. It is recom-
mended, therefore, that the reader refer to
one of the various transistor substitution
manuals for up-to-date guidance in transis-
tor classification and substitution.

Transistor Semiconductors are generally
Nomenclature divided into product groups

classified as “entertainment,”
“industrial,” and “military.” The latter class-
sifications often call for multiple testing,
tighter tolerances, and quality documenta-
tion; and transistors from the same produc-
tion line having less rigorous specifications
often fall into the first, and least-expensive,
category. Semiconductors are type numbered
by several systems. The oldest standard is
the JEDEC system. The first number of the
identifier establishes the number of elec-
trodes, or ports (1 = diode, 2 = triode,
3 = tetrode and 4+ — heptode). The letter
N stands for a semiconductor, followed by
a sequential number under which the device
was registered.

European manufacturers employ an iden-
tifier consisting of a type number composed
of two or three letters followed by two or
thrce numbers, the letters indicating the
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type of tansistor and use and the numbers
indicating the sequential number in the par-
ticular classification. Japanese transistors are
usually identified by the code 2S, followed
by an identifying letter and sequential num-
ber. In addition to these generally recognized
codes, numerous codes adapted by individual
manufacturers are also in use.

The Junction The junction transistor is fab-
Tronsistor ricated in many forms, with
the planar silicon type provid-

ing the majority of units. A pictorial equiv-
alent of a silicon planar power transistor is
shown in figure 19. In this type of transis-
tor the emitter and base junctions are often
fcrmed by a photolithographic process in se-
lected areas of the silicon dice. Many varia-
tions of this technique and design are in use.
The transistcr has three essential actions
which collectively are called fransistor ac-
tion. These are: minority carrier injection,

EMITTER
/- CONTACT
COLLECTOR

/—CASE

€ —

CONTACT.
DIFFUSED BASE

SILICON DIOXIDE
SOLDER

Figure 19
DIFFUSED JUNCTION TRANSISTOR

Emitter and base junctions are diffused into

same side of semiconductor wafer which serves

as collector. Junction heat is dissipated through
solder joint between collector and package.

Nb-PC JUNCTION
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Figure 20

PICTORIAL EQUIVALENT OF PNP
JUNCTION TRANSISTOR

transport, and collection. Fig. 20 shows a
simplified drawing of a PNP junction-type
transistor, which can illustrate this collective
action. The PNP transistor consists of a
picce of N-type silicon on opposite sides of
which a layer of P-type material has been
grown by the fusion process. Termjnals are
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connected to the two P-sections and to the
N-type base. The transistor may be consid-
ered as two PN junction rectifiers placed in
close juxtaposition with a semiconduction
crystal coupling the two rectifiers together.
The left-hand terminal is biased in the for-
ward (or conducting) direction and is called
the emitter. The right-hand terminal is bi-
ased in the back (or reverse) direction and
is called the collector. The operating poten-
tials are chosen with respect to the base fer-
minal, which may or may not be grounded.
If an NPN transistor is used in place of the
PNP, the operating potentials are reversed.

The P.—N, junction on the left is biased
in the forward direction and holes from the
P. region are injected into the N, region,
producing therein a concentration of holes
substantially greater than normally present
in the material. These holes travel across the
base region toward the collector, attracting
neighboring electrons, finally increasing the
available supply of conducting clectrons in
the collector loop. As a result, the collector
loop possesses lower resistance whenever the
emitter circuit is in operation. In junction
transistors this charge fransport is by means
of diffusion wherein the charges move from
a region of high concentration to a region
of lower concentration at the collector. The
collector, biased in the opposite direction,
acts as a sink for these holes, and is said to
collect them.

Alpha It is known that any rectifier biased
in the forward direction has a very
low internal impedance, whereas one biased
in the back direction has a very high internal
impedance. Thus, current flows into the
transistor in a low-impedance circuit, and
appears at the output as current flowing in
a high-impedance circuit. The ratio of a
change in dc collector current to a change
in emitter current is called the current am-
plification, or al pha:
&
a = -
1,
where,
a equals current amplification,
i. equals change in collector current,
i. equals change in emitter current.
Values of alpha up to 3 or so may be ob-
tained in commercially available point-con-
tact transistors, and values of alpha up to
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about 0.999 are obtainable in junction

transistors.

Beto The ratio of change in dc¢ collector
current to a change in base current
(i) is a measure of amplification, or beta:

_ [¢4 _ 4.
A= 1 —a i

Values of beta run to 100 or so in inex-
pensive junction transistors. The static dc¢
forward current gain of a transistor in the
common-emitter mode is termed the dc
heta and may be designated By or by
Cutoff Frequencies The alpba cutoff fre-
quency (fum) of a tran-
sistor is that frequency at which the
grounded base current gain has deceased to
0.7 of the gain obtainable at 1 kHz. For
audio transistors the alpha cutoff frequency
is about 1 MHz. For r-f and switching tran-
sistors the alpha cutoff frequency may be
50 MHz or higher. The upper frequency
limit of operation of the cransistor is deter-
mined by the small but finite time it takes
the majority carriers to move from one
electrode to the other.

The beta cutoff frequeney (fur.) is that
frequency at which the grounded-emitter
current gain has decreased to 0.7 of the
gain obtainable at 1 kHz. Transcomductance
cutoff frequency (feu) is that frequency at
which the transconductance falls to 0.7 of
that value obtainable at 1 kHz. The mavi-
mient frequency of oscillation (f,,.,) is that
frequency at which the maximum power
gain of the transistor drops to unity.

Various internal time constants and tran-
sit. times limit the high-frequency response
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GAIN-BANDWIDTH CHART FOR
TYPICAL HF TRANSISTOR
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of the transistor and these limitations are
summarized in the gain-bandwidth product
(fi), which is identified by the frequency at
which the beta current gain drops to unity.
These various cutoff frequencies and the
gain-bandwith products are shown in figure
21.

The Transition Region A usefu] ru]e common
to both PNP and NPN
transistors is: moving the base potential to-
ward the collector voltage point turns the
transistor on, while moving the base poten-
tial away from the collector voltage point
turns the transistor off. When fully on, the
transistor is said to be saturated. When fully
off, the transistor is said to be cut off. The
region between these two extremes is termed
the fransition region. A transistor may be
used as a switch by simply biasing the base-
emitter circuit on and off. Adjusting the
base-emitter bias to some point in the tran-
sition region will permit the transistor to
act as a signal amplifier. For such operation,
base-emitter dc bias will be about 0.3 volt
for many common germanium transistors,
and about 0.6 volt for silicon transistors.

Handling
Transistors

Used in the proper circuit under
correct operating potentials the
life of a transistor is practically
unlimited. Unnecessary  transistor  failure
often occurs because the user does not know
how to handle the unit or understand the
limitations imposed on the user by virtue of
the minute size of the transistor chip. Micro-
wave transistors, in particular, are subject
to damage due to improper handling. The
following simple rules will help the user
avoid unnecessary transistor failures:

Knoiw hoiw to bandle the transistor. Static
discharges may damage microwave transis-
tors or certain types of field-effect transis-
tors because of small emitter areas in the
former and the thin active layer berween
the channel and the gate in the latter. The
transistor should always be picked up by
the case and not by the leads. The FET,
morcover, should be protected against static
clectricity by wrapping the leads with tin-
foil when it is not in use, or otherwise inter-
connecting the leads when the unit is moved
about or stored. Finally, no transistor should
be inserted into or removed from a socket
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when power is annlied to the socket pins.
Never use an ohmmeter for continuity
checks. An ohmmeter may be used at some
risk to determine if certain types of transis-
tors are open or shorted. On the low ranges,
however, an ochmmeter can supply over 250
milliamperes into a low-resistance load. Many
small transistors are rated at a maximum
emitter current of 20 to 50 milliamperes
and should be tested only in a transistor test
set wherein currents and voltages are adjust-
able and limited. Don’t solder transistor
leads unless you can do it fast. Always use a
low-wattage (20 watts or so) pencil iron
and 2 heat sink when soldering transistors
into or removing them from the circuit.
Long-nose pliers grasping the lead between
iron and transistor body will help to prevent
transistor chip temperature from becoming
excessive. Make the joint fast so that time
does not permit the chip to overheat.
In-circuit precautions should also be ob-
served. Certain transistors may be dam-
aged by applying operating potential of
reversed polarity, applying an excessive surge
of transient voltage, or subjecting the equip-
ment to excessive heat. Dissipation of heat
from intermediate-size and power transistors
is vital and such units should never be run
without an adequate heat-sink apparatus.
Finally, a danger exists when operating a
transistor close to a high-powered trans-
mitter. The input circuit of the transis-
torized equipment may be protected by
shunting it with two small diodes back to
back to limit inpur voltage excursions.

Transistor  The electrical symbols for com-
Symbols mon three-terminal transistors

are shown in figure 22. The left
drawing is of a PNP transistor. The symbol
for an NPN transistor is similar except that
the direction of the arrow of the emitter
points away from the base. This suggests
that the arrouw: points toward the negative
terminal of the power source, and the source
potentials are reversed when going from
NPN to PNP transistors, or vice-versa. As
stated earlier, a useful rule-of-thumb com-
mon to both NPN and PNP transistors con-
cerns the base-emitter bias: Moving the base
toward the collector voltage turns the tran-
sistor on, and moving the base away from
the collector voltage turns the transistor
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COLLECTOR COLLECTOR
BASE BASE
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Figure 22

TRANSISTOR SYMBOLS AND BIAS

Movin¥ the base potential toward the collector
turns the transistor on. Moving the base poten-
tial away from the collector turns the transistor
off. Voltage notations are: Collector-to-base volt-
age, V.,; base-to-emitter voltage, V. collector-

to.emitter voltage, V.

off. As shown in the illustration, capital let-
ters are used for dc voltages. The important
dc voltages existing in transistor circuitry
are: base-emitter voltage (Vge), collector-
emitter voltage (Veg), and collector-base
voltage (Ven). Signal and alternating volt-
ages and currents are expressed by lower-case
letters.

4-6 Transistor

Characteristics

The transistor produces results that may
be comparable to a vacuum tube, but there
is a basic difference between the two devices.
The vacuum tube is a voltage-controlled
device whereas the transistor is a current-
controlled device. A vacuum tube normally
operates with its grid biased in the negative,
or high-resistance, direction, and its plate
biased in the positive, or low-resistance, di-
rection. The tube conducts only by means
of electrons, and has its conducting counter-
part in the form of the NPN transistor,
whose majority carriers are also electrons.
There is no vacuum-tube equivalent of the
PNP transistor, whose majority carriers are

holes.
As discussed carlier, the transistor may be

turned off and on by varying the bias on the
base electrode in relation to the emitter
potential. Adjusting the bias to some point
approximately midway between cutoff and
saturation will place the transistor in the
active region of operation. When operated

o
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CHARACTERISTIC PLOT OF
JUNCTION TRANSISTOR
Characteristics of junction transistor biased in
active region may be expressed in terms of plot
of collector voltage versus collector current.
Load line and limits of operation (points A, C)
are plotted. as well as operating point (B) in the
manner shown in Chal:(:r Six for vacuum-tube
plots.

in this region the transistor is capable of
amplification. The characteristics of a tran-
sistor biased in the active region may be
expressed in terms of electrode voltages and
currents as is done for vacuum tubes in
Chapter Five. The plot of V. versus I.
(collector-emitter voltage versus collector
current) shown in figure 23, for example,
should be compared with figure 16, Chapter
Five, the plot of I, versus F, (plate current
versus plate voltage) for a pentode tube.
Typical transistor graphs are discussed in
this chapter, and the use of similar vacuum-
tube plots is discussed in Chapter Six.

Transistor
Analysis

Transistor behavior may be
analyzed in terms of mathema-
tical equations which express the
relationships among currents, voltages, resis-
tances, and reactances. These relationships
are termed bybrid parameters and define
instantaneous voltage and current values
existing in the circuit under examination.
The parameters permit the prediction of
the behavior of the particular circuit with-
out actually constructing the circuit.
Equivalent circuits constructed from
parameter data allow formulas to be derived
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for current gain, voltage gain, power gain,
and other important information necessary
to establish proper transistor operation. A
complete discussion of hybrid parameters and
transistor circuitry may be obtained in the
book Basic Theory and Application of Tran-
sistors, technical manual TM-11-690, avail-
able from the Superintendent of Documents,
U.S. Government Printing Office, Washing-
ton, D.C. 20402.

Some of the more useful parameters for
transistor application are listed below:

The resistance gain of a transistor is ex-
pressed as the ratio of output resistance to
input resistance. The input resistance of a
typical transistor is low, in the neighbor-
hood of 500 ohms, while the output resist-
ance is relatively high, usually over 20,000
ohms. For a junction transistor, the resist-
ance gain is usually over 50.

The toltage gain of a transistor is the
product of alpha times the resistance gain.
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PLOT OF JUNCTION TRANSISTOR

Plot resembles that of a pentode tube except that
emitter current, not grid voltage, defines each
member of the curve family. Collector current
is practically independent of collector voltage.

A junction transistor which has a value of
alpha less than unity nevertheless has a
resistance gain of the order of 2000 because
of its extremely high output resistance, and
the resulting voltage gain is about 1800 or
so. For this type of transistor the power gain
is the product of alpha squared times the
resistance gain and is of the order of 400 to
500.

The output characteristics of the junction
transistor are of great interest. A typical
example is shown in figure 24. It is seen
that the junction transistor has the charac-
teristics of an ideal pentode vacuum tube.
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The collector current is practically inde-
pendent of the collector voltage. The range
of linear operation extends from a minimum
voltage of about 0.2 volts up to the maxi-
mum rated collector voltage. A typical load
line is shown, which illustrates the very high
load impedance that would be required for
maximum power transfer. A common-emit-
ter circuit is usually used, since the output
impedance is not as high as when a common-
base circuit is used.

Equivalent Circuit
of a Transistor

As is known from net-
work theory, the small-
signal performance of
any device in any network can be represented
by means of an equivalent circuit. The most
convenient equivalent circuit for the low-
frequency small-signal performance of junc-

ole

EMITTER COLLECTOR
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JUNCTION
PARAMETER . TRANSISTOR
(le= 1ma., Vee 3v)
Te-EMITTER (n
REJISTANCE Axe
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L] ISTANCE oo/n
[ ECTOR
ST [Ee=y
- CURRENT
[ ATL S
Figure 25

LOW-FREQUENCY EQUIVALENT
{(COMMON-BASE) CIRCUIT FOR
JUNCTION TRANSISTOR

Parameter r, is equivalent to S2/ie for silicon
and 26/ie for germanium
tion transistors is shown in figure 25. r,,
ry, and r. are dynamic resistances which can
be associated with the emitter, base, and
collector regions of the transistor. The cur-
rent generator al., represents the transport
of charge from emitter to collector.
Tronsistor There are three basic transis-
Configurations tor configurations; grounded-
base connection, grounded-
emitter connection, and grounded-collector
connection. These correspond roughly
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to grounded-grid, grounded-cathode, and
grounded-plate circuits in vacuum-tube ter-
minology (figure 26).

L

Y L
.;. =
GROUNDED-BASE GROUNDED-EMITTER
CONNECTION CONNECTION
~
Ru
T R
GROUNDED’-(“ZOLLECTOR
CONNECTION
Figure 26
COMPARISON OF BASIC VACUUM-
TUBE AND TRANSISTOR
CONFIGURATIONS

The grounded-base circuit has a low input
impedance and high output impedance, and
no phase reversal of signal occurs from input
to output circuit. The grounded-emitter cir-
cuit has a higher input impedance and a
lower output impedance than the grounded-
base circuit, and a reversal of phase be-
tween the input and output signal occurs.
This usually provides maximum voltage gain
from a transistor. The grounded-collector
circuit has relatively high input impedance,
low output impedance, and no phase reversal
of signal from input to output circuit.
Power and voltage gain are both low.

Bias Stabilizaton To establish the correct
operating parameters of
the transistor, a bias voltage must be estab-
lished between the emitter and the base.
Since transistors are temperature-sensitive
devices, and since some variation in charac-
teristics usually exists between transistors
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Figure 27
BIAS CONFIGURATIONS FOR TRANSISTORS

The voltage divider system of C is recommended for general transistor use. Ratio of R,/R,

establishes base bias, and emitter bias is provided by voitage drop
across R,. Battery polarity is reversed for NPN transistors.

of a given type, attention must be given to
the bias system to overcome these difficulties.
The simple self-bias system is shown in
figure 27A. The base is simply connected
to the power supply through a large resist-
ance which supplies a fixed value of base
current to the transistor. This bias system
is extremely sensitive to the current-trans-
fer ratio of the transistor, and must be
adjusted for optimum results with each
transistor.

When the supply voltage is fairly high
and wide variations in ambient temperature
do not occur, the bias system of figure 27B
may be used, with the bias resistor connected
from base to collector. When the collector
voltage is high, the base current is increased,
moving the operating point of the transistor
down the load line. If the collector voltage
is low, the operating point moves upward
along the load line, thus providing auto-
matic control of the base bias voltage. This
circuit is sensitive to changes in ambient
temperature, and may permit transistor fail-
ure when the transistor is operated near
maximum dissipation ratings.

These circuits are often used in small im-
ported transistor radios and are not recom-
mended for general use unless the bias resis-
tor is selected for the value of current gain
of the particular transistor in use. A better
bias system is shown in figure 27C, where
the base bias is obtained from a voltage di-
vider, (R,, R;), and an emitter resistor
(R¢) is used. To prevent signal degenera-
tion, the emitter bias resistor is bypassed
with a large capacitance. A high degree of
circuit stability is provided by this form of
bias, providing the emitter capacitance is of

the order of 50 uF for audio-frequency ap-
plications.

Bias Circuitry
Calculation

The voltage-divider bias tech-
nique illustrated in figure
27C is redrawn in generalized
form in figure 28. This configuration di-
vides the emitter resistor into two units
(R and R;), one of which is bypassed. This
introduction of a slight degree of feedback
allows the designer more freedom to deter-
mine ac gain, while maintaining good dc
stability. The assumption is made that a
modern junction transistor is used having a
bee of at least 40 and a low value of Igmo
(collector-cutoff current, emitter open).
The procedure to determine bias circuitry is
given in the following steps:

1. Collector current (I.) is chosen from
the data sheet. .

2. Collector load resistor (R;) is calcu-
lated so that the collector voltage is
a lictle more than one-half the supply
voltage.

3. Ac gain value (A) is chosen and
emitter resistor Ry calculated, letting
R, = Ry/A.

4. Emitter resistor R, is calculated to
raise emitter voltage (E.) to about
10% to 15% of supply voltage:

R, = (E./l.) — R,

5. Total base voltage (En) is sum of E.
plus  base-to-emitter voltage drop
(about 0.7 volt for small-signal silicon
devices).

6. The sum of base bias resistors R; and
R. is such that one-tenth the value
of the dc collector current flows
through the bias circuit.
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Figure 28
BIAS CIRCUITRY CALCULATION

Generalized form of voltage-divider bias
technique.

7. Values of resistors R, and R, are cal-
culated, knowing current and value
of base voltage at midpoint of R,
and R..

8. The ac input impedance is approxi-
mately equal to the paralle] combina-
tion of R,, R, and h;. X R..

To illustrate the design method, an ex-
ample based on the 2N3565 is chosen. It
is assumed that 1 mA of collector-emitter
current flows. Collector load resistor R is
estimated to be 6.2K, so that the voltage drop
across it is 6.2 volts, placing the collector
at a potential of 15 — 6.2 — 8.8 volts.

The data sheet of the 2N3565 shows that
the range value of . at 1 mA of collector
current is 150 to 600. An ac gain value (A)
of 62 may be chosen, which is well below
the ultimiate current gain of the device.
Emitter resistor R, is now calculated, being
equal to Ry/A = 6200/62 = 100 ohms.
Emitter resistor R is now calculated to be
1.8K, which raises the emitter voltage to
1.9 volts.

The base-emitter drop is between 0.6 to
0.7 volt for small-signal silicon devices, so
this places the base at approximately 2.6
volts. Assuming no base current, the values
of resistors R, and R.. can now be determined
as they are a simple voltage divider. The
series current through R, and R. is to be
one-tenth of the collector current, or 100
pA. Resistor R. = 2.6V/.0001 mA =
26,000 ohms and R, = 1§ — 2.6V/.0001
mA — 124,000 ohms. These are nonstan-
dard values of resistance so 27K and 130K
are used.
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Once these calculations have been com-
pleted, the approximate value of the ac in-
put impedance may be determined. This is
the parallel combination of Ry, Ry, and b,
X R. Thus, R, and R; in parallel are 22.3K
and by, X R, is 15K. Finally, 22.3K and
15K in parallel are 9K.

Actually, the ac input impedance will be
higher than 9K because a minimum value
of b, was used. Also, it is worth noting that
the dc collector voltage is 8.8 volts. This is
about half-way between + 15V and +
2.6V, permitting the collector to swing = 6
volts in response to the ac input voltage
without clipping the peaks of the waveform.

This method of determining circuit pa-
rameters is quite simple and effective for RC
amplifier design. With practice, the designer
can juggle resistance values as calculations
are made to avoid doing the design over at
the end of the process.

Calculation of the
current, voltage and
power gain of a com-
mon-emitter amplifier may be accomplished
by using the common-emitter output static

Output Characteristic
Curves
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CHARACTERISTIC CURVES AND
LOAD LINE FOR COMMON-EMITTER
CIRCUIT

Calculation of current, voltage and power gain of

a common-emitter tiansistor amplitier can be ac-

complished by using output characteristic curves
as discussed in the text.
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characteristic curves (figure 29) which plot
collector current against collector voltage
with the base current as a fixed value. In
this example, the collector voltage supply
is 10 volts, the load resistance is 1500 ohms,
the input resistance is 500 ohms, the peak-
to-peak input current is 20 microamperes
and the vperating point (X) is chosen at
25 microamperes of base current and 4.8
volts on the collector.

The first step is to establish a load line
on the characteristic curves representing
the voltage drop across the load resistor
(R.). When the collector current is zero,
the total collector supply voltage (10 volts)
equals the collector voltage, V.. Point Z
(one point of the load line) then is at the
10-volt mark on the collector voltage axis
(x-axis). When the collector current is zero,
the total collector supply voltage (10 volts)
is dropped across load resistor R.. The total
current (I.) then is:

10

= 1500

Point Y (a second point of the load line)
then is at the 6.6-mA mark on the collector-
current axis (y-axis). Connect points Y
and Z to establish the load line. The oper-
ating point is located at point X on the load-
line. Since the peak-to-peak input current is
20 microamperes, the deviation is 10 micro-
amperes above the operating point (point
M) and 10 microamperes below the oper-
ating point (point N).

The input current, output current, and
output voltage waveforms may now be es-
tablished by extending lines from the oper-
ating point perpendicular to the load line
and to the y and x axes respectively and
plotting the waveforms from cach deviation
point along the load-line excursions between
points M and N.

Current gain (beta) in this configuration
is the ratio of the change in collector cur-
rent to the change in base current:

= 0.0066 amp = 6.6 mA

A' — AI(‘ — IC(mnx) — I(‘(mim

AIn - Illmmxl - Illlminl

where,

A, is current gain,

I+ is collector current,

I is base current,

A equals a small increment.
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Substituting known values in the for-
mula:
Current Gain (A,) =
47 —2.1 _ 2.6 mA
35 — 15~ 20 pA
Voltage gain in this configuration is the
ratio of the change in collector voltage to
the change in base voltage:
A — AV('E . V(‘Etnmn o V(‘l-:unim
T AV“E -

where,

=130

VRI-) tmax)y — VHE tmin}

A, is voltage gain,

Vi is collector to emitter voltage,

Vg is base to emitter voltage.

(Note: The change in input voltage is
the change in input current multiplied by
the input impedance. In this case the input
voltage is: 20 microamperes times 500 ohms,
or 0.01 volt).

Therefore:

U _67—27 _
Voltage Gain (A,) = — 400
Power gain is voltage gain times current

gain:
Power gain = 130 X 400 = 52,000
Power gain in decibels is:
Gain = 10 log 52,000 = 10 X 4.7
= 47 decibels

Constant-Power-
Dissipation Line

Each transistor has a maxi-
mum collector power that
it can safely dissipate with-
out damage to the transistor. To ensure that
the maximum collector dissipation rating is
not exceeded, a constant-power-dissipation
line (figure 30) is drawn on the character-
istic curves, and the collector load resistor
is selected so that its load line falls in the
area bounded by the vertical and horizontal
axes and the constant-power-dissipation line.
The dissipation line is determined by select-
ing points of collector voltage and current,
the products of which are equal to the max-
imum collector power rating of the transis-
tor. Any load line selected so that it is tan-
gent to the constant-power-dissipation line
will ensure maximum permissible power gain
of the transistor while operating within the
maximum collector power-dissipation rating.
This is important in the design and use of
power amplifiers.
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CONSTANT POWER-DISSIPATION
LINE :
Constant power-dissipation line is placed on out-
put characteristic curves, with collector load
line positioned so it falls within area bounded
by vertical and horizontal axes and constant
power-dissipation line. Load line tangent at (X)
permits maximum power gain within maximum
collector dissipation rating.

4.7 Transistor Audio

Circuitry

The transistor can be connected as either
a common-base, common-collector, or com-
mon-emitter stage, as discussed previously.
Similar to the case for vacuum tubes, choice
of transistor circuit configuration depends
on the desired operating characteristics of
the stage. The overall characteristics of these
three circuits are summarized in figure 31.
Common-emitter circuits are widely used
for high gain amplification, and common-
base circuits are useful for oscillator circuits
and high-frequency operation, and common-

collector circuits are used for various im-
pedance transformation applications. Exam-

ples of these circuits will be given in this
section.

Audio
Circuitry

As in the case of electron-tube
amplifiers, transistor amplifiers can
be operated Class A, class AB,
class B, or class C. The first three classes are
used in audio circuitry. The class-A tran-
sistor amplifier is biased so that collector
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current flows continuously during the com-
plete electrical cycle, even when no drive
signal is present. The class-B transistor am-
plifier can be biased either for collector cur-
ent cutoff or for zero collector voltage. The
former configuration is most often used,
since collector current flows only during
that half-cycle of the input signal voltage
that aids the forward bias. This bias tech-
nique is used because it results in the best
power cfficiency. Class-B transistor ampli-
fiers must be operated in push-pull to avoid
severe signal distortion. Class-AB transistor
amplifiers can be biased so that cither collec-
tor current or voltage is zero for less than
half a cycle of the input signal, and the
above statements for class-B service also ap-
ply for the class-AB mode.

A simple small-signal voltage amplifier
is shown in figure 32A. Direct-current
stabilization is employed in the emitter cir-
cuit. Operating parameters for the amplifier
are given in the drawing. In this case, the
input impedance of the amplifier is quite
low. When used with a high-impedance
driving source such as a crystal microphone,

COMMON BASE COMMON COLLECTOR

COMMON EMITTER

HIGH 2

LOAD
HIGH 2
INPUT '_LO—

NO W
PHASE NO PHASE SRL 2
SHIFT SHIFTT —our

INPUT Z $00-1.5K 30-150 QL 20K-500 K
OQUTPUT 2 30n-50K 300 K-500 K son-1Kk
[VOLTAGEGAIN| 300-1000 50-1500 LESS THAN |
ICURRENT GAINl  25- 80 LESS THAN | 2%-50

Figure 31

THREE BASIC TRANSISTOR CIRCUITS

Common-emitter circuits are used for high-gain

amplification, common-base circuits are useful

for oscillator circuits and common-collector cir-

cuits are used for various impedance trans-
formations.

an emitter-follower input should be em-
ployed as shown in figure 32B.

The circuit of a two-stage resistance-
coupled amplifier is shown in figure 33A.
The input impedance is approximately 1600
ohms. Feedback may be placed around such
an amplifier from the collector of the second
stage to the base of the first stage, as shown
in figure 33B. A direct-coupled version of
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SMALL-SIGNAL VOLTAGE
AMPLIFIERS

A—Low impedance, dc stabilized amplifier
B—Two stage amplifier features high input
impedance

the resistance-coupled amplifier is shown in
figure 34.

It is possible to employ NPN and PNP
transistors in a common com plementary cir-
cuit as shown in figure 35. There is no equiv-
alent of this configuration in vacuum-tube
technology. A variation of this interesting
concept is the complementary-symmetry cir-
cuit of figure 36 which provides all the ad-
vantages of conventional push-pull operation
plus direct coupling.

The Emitter The emitter-follower configura-
Follower  tion can be thought of as being

very much like the vacuum-
tube cathode follower, since both have a
high input impedance and a relatively low
output impedance. The base emitter fol-
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DIRECT-COUPLED TWO-STAGE
AMPLIFIER
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Figure 35

COMPLEMENTARY AMPLIFIER USING
NPN AND PNP DEVICES

lower is shown in figure 37A. The output
voltage is always 0.6 to 0.7 volt below the
input (for silicon small-signal devices) and
input and output impedances are approxi-
mately related by b, the current gain of
the transistor. Thus, a simple emitter fol-
lower with an emitter resistance of 500 ohms

+9V.
39K T430K T30k
Qi Q2
j_ouT
— {—
INPUT 34+ 4 0.1
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< <
390 $sik  $0
= Ra2 =
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RiZiok 3
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1
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Figure 33
TWO STAGE RC AMPLIFIERS

A—Input impedance of amplifier is about 1600 ohms.
B—Feedback amplifier with feedback loop from collector of Q, to base of Q,.
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COMPLEMENTARY-SYMMETRY
AMPLIFIER

Crossover distortion is reduced by use of diodes—
D, and D, Forward voltage drop in diodes is

equal to the emitter-base forward voltage drop
of transistors Q, and Q,.

using a transistor having an /. of 150 can

have an input impedance of over 75,000

ohms. A complementary emitter follower is

shown in figure 37B.

A variation of the emitter-follower design
is the Darlington pair (figure 37C). This ar-
rangement cascades two emitter-follower
stages with dc coupling between the devices.
Darlington-pair-wired dual transistors in
monolithic form (for near-perfect tempera-
ture tracking) are available in both NPN
and PNP pairs, even for power applications.
A disadvantage of the Darlington pair
emitter follower is that there are two
emitter-base diode voltage drops between
input and output. The high equivalent A,
of the Darlington pair, however, allows for
very large impedance ratios from input to
output.

For power output stages another type of
emitter follower is often used. A push-pull
complementary emitter follower is shown in
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figure 38A. This circuit exhibits an inherent
distortion in the form of a “dead zone”
which exists when the input voltage is too
low to turn on transistor Oy and too high
to turn on transistor Q.. Thus, a sine wave
would be distorted so as to appear as shown
in figure 38B. The circuit of figure 36 cor-
rects this problem by making the forward
voltage drop in diodes D, and D. equal to
the emitter-base forward voltage drop of
transistors Q, and Q..

Power-Amplifier The transistor may also be
Circuits used as a class-A power

amplifier as shown in fig-
ure 39.

Commercial transistors are available that
will provide 50 watts of audio power when
operating from a 28-volt supply. The smaller
units provide power levels of a few milli-
watts. The correct operating point is chosen
so that the output signal can swing equally
in the positive and negative directions, as
shown in the collector curves of figure 39B.

The proper primary impedance of the
output transformer depends on the amount
of power to be delivered to the load:

E.*
Re= 2P,
The collector current bias is:
__ 2P,
Ilc = Ee

In a class-A output stage, the maximum
ac power output obtainable is limited to 0.5
the allowable dissipation of the transistor.
The product IcEc determines the maximum
collector dissipation, and a plot of these

+ + +
2R Z R 4
Qi Qi Q2
e I T | ey RH
out
® 3Rz ER> 2R2 R ZR2 © 3rs
Figure 37

EMITTER-FOLLOWER CIRCUITS

A—Output voitage of emitter-follower is about 0.7 voit below input voltage

B—Complementary emitter follower

C—Darlington pair emitter follower. Q, and @, are often on one chip
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Figure 38 R’
PUSH-PULL EMITTER- 1
FOLLOWER OUTPUT

INPUT =g
STAGE
A-—Crossover distortion exists
when input voitage is too e

low to turn on @, and too
high to turn on @,

B-—Waveform distortion. Circuit
of figure 36 corrects this

+22 8V

problem.

Figure 39 o3
TYPICAL CLASS-A o
AUDIO AMPLIFIER s

Operating goip! is chosen so 2rx
that output signal can swing
equally in a positive or nega-
tive direction without exceed-

ing maximum collector dissi-
pation.

values is shown in figure 39B. The load line
should always lie under the dissipation curve,
and should encompass the maximum possible
area between the axes of the graph for max-
imum output condition. In general, the load
line is tangent to the dissipation curve and
passes through the supply-voltage point at
zero collector current. The dc operating
point is thus approximately one-half the
supply voleage.

The circuit of a typical push-pull class-B
transistor amplifier is shown in figure 40A.
Push-pull operation is desirable for transistor
operation, since the even-order hamonics
are largely eliminated. This permits transis-
tors to be driven into high collector-current
regions without distortion normally caused
by nonlinearity of the collector. Crossover
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distortion is reduced to a minimum by pro-
viding a slight forward base bias in addition
to the normal emitter bias. The base bias
is usually less than 0.5 volt in most cases.
Excessive base bias will boost the quiescent
collector current and thereby lower the
overall efficiency of the stage.

The operating point of the class-B ampli-
fier is set on the Ic = 0 axis at the point
where the collector voltage equals the sup-
ply voltage. The collector-to-collector im-
pedance of the output transformer is:

Rc_c = ZE(;2
P,
In the class-B circuit, the maximum ac

power input is approximately equal to three
times the allowable collector dissipation of

OPERATING
POINT

09 oo “r2v. g/
2333000 C.T. ZP3soon c.r. H
Figure 40 H
CLASS-B AUDIO AMPLIFIER zomw g o sTEna
CIRCUITRY g 7

COLLECTOR VOLTAGE EC
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cach transistor. Power transistors, such as the
2NS514 have collector dissipation ratings of
80 watts and operate with class-B efficiency
of about 67 percent. To achieve this level of
operation the heavy-duty transistor relies on
efficient heat transfer from the transistor
case to the chassis, using the large thermal
capacity of the chassis as a beat sink. An in-
finite heat sink may be approximated by
mounting the transistor in the center of a
6” X 6" copper or aluminum sheet. This
area may be part of a larger chassis.

The collector of most power transistors is
clectrically connected to the case. For appli-
cations where the collector is not grounded
a thin sheet of mica may be used between
the case of the transistor and the chassis.

The “Bootstrap’’
Circuit

The bipolar transistor in
common-emitter configur-
ation presents a low input
impedance unsuitable for use with high-
impedance driving sources such as a crystal
microphone or a diode voltmeter probe.
The bootstrap circuit of figure 41 provides

2N3428/HEP-254

—5v.
23k
Lt [
INPUT s

2 100 RS
2 3
I our
g0k L o3
Figure 41
HIGH INPUT IMPEDANCE
(BOOTSTRAP) AMPLIFIER

High input impedance provided by simple feed-

back circuit makes this amplifier attractive for

use with crystal microphones and other high-

impedance devices. Input impedance may run
from 100K to 10 megohms.

a very high input impedance for these spe-
cial circuits. The low-impedance base-bias
network is isolated from the input circuit by
the 100K resistor. The signal is fed to the
base of the transistor and the output signal,
taken across the emitter resistor, is also
coupled to the bottom of the 100K isolating
resistor via a capacitor. When a signal ap-
pears at the base, it also appears at the emit-
ter in the same phase and almost the same
amplitude. Thus, nearly identical signal
voltages appear at the ends of the isolat-
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ing resistor and little or no signal cur-
rent flows through it. The resistor then
resembles an infinitely high impedance to
the signal current, thus effectively iso-
lating the base-bias resistors. Since the
isolating resistor has no effect on the bias
level, the base bias remains unchanged. In
practice, the signal voltage at the cmitter
is slightly less than at the base, thus limiting
the overall effectiveness of the circuit. For
example, if the emitter-follower voltage
gain is 0.99, and the value of the isolating
resistor is 100K, the effective resistance to
the ac input signal is 100K raised to 10
megohms, an increase in value by a factor
of 100 times.

4-8 R-F Circuitry

The bipolar transistor, almost from its
commercial inception, proved to be operable
up into the hf range. The device has been
refined and improved to the point where,
now, operation into the gigahertz region is
feasible. External feedback circuits are often
used to counteract the effects of internal
transistor feedback and to provide more
stable performance at high gain figures.
It should be noted, however, the bipolar
transistor is not like a vacuum tube or
FET device and must have its basc-emitter
junction forward-biased to display gain.
The result of this requirement is that the
driving stage is driving a nonlinear diode
into forward conduction by the r-f sig-
nal intended to be amplified. This indi-
cates the bipolar device is a nonlinear ampli-
fier, to a greater or lesser degree. If the
bipolar transistor is only required to amplify
one frequency at a time, and that frequency
is of constant amplitude, the bipolar transis-
tor makes a satisfactory amplifier. When an
enscmble of signals of different frequencies
and ‘or amglitudes is present, the typical bi-
polar device will demonstrate the effect of its
inherent nonlincarity in a high level of cross-
modulation distortion. The fact the bipolar
transistor exhibits such nonlinearity makes it
useful as a frequency multiplier and mixer.

The severity of the nonlinearity of a bi-
polar device depends to a degree upon how it
is used in a given circuit. The current gain
(be.) of a transistor drops rapidly with in-
creasing frequency (figure 21) and the ten-
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dency is to use the transmitter in a common-
emitter configuration to optimize gain. This
circuit configuration also unfortunately opti-
mizes nonlinearity. The common emitter cir-
cuit may be improved by leaving a portion
of the emitter resistor unbypassed as shown
in figure 42. This reduces stage gain, but
also reduces nonlinearity and resultant cross-
modulation problems to a greater degree. The
unbypassed emitter resistor also boosts the
input impedance at the base of the ampli-
fier.

TTIL
I

T

Figure 42
COMMON EMITTER R-F AMPLIFIER

Linearity is improved by leaving a portion of the
emitter resistor unbypassed. Stage gain and
cross modulation are both reduced.

R-F Amplifiers A representative common-
base r-f amplifier is shown
in figure 43. This configuration generally
has lower gain than the common-emitter
circuit and is less likely to require neutrali-
zation. The linearity is better than that of
the common-emitter circuit because of
matching considerations. The input imped-
ance of a common-base amplifier is in the
region of 50 ohms, so no voltage step up is
involved in matching the transistor to the
common $0-ohm antenna circuit. In the
common-emitter stage the input impedance
of a small hf transistor is about 500 ohms

Ll 001 40235
T (1 Q
1kS f>—-|
=] ‘o\ll =] ;4
Ll
N I
; +9V,
Figure 43

COMMON-BASE R-F AMPLIFIER

Linearity of this circuit is better than that
of common-emitter configuration,
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and a step-up impedance network must be
used, causing the base voltage to be higher
and aggravating the crossmodulation prob-
lem.

The relatively low gain of the common-
base circuit may not be a detriment for hf
operation because good receiver design calls
for only enough gain to overcome mixer
noise at the frequency of operation.

Mixers and
Converters

As mentioned previously, the
bipolar transistor is an inher-
ently nonlinear device and, as
such, can be used as an effective mixer or
converter. Figure 44 shows two widely used

; E
‘-°-_'{"‘” = -rouT

Figure 44
REPRESENTATIVE MIXER CIRCUITS

A—Base circuit injection of local oscillator.
B—Emitter injection from low-impedance source.

transistor mixer circuits. The local oscillator
signal can be injected into the base cicuit in
parallel with the r-f signal, or injected sep-
arately from a low-impedance source into
the emitter circuit. The mixer products ap-
pear in the collector circuit and the desired
one is taken from a selective output circuit.

A single transistor may be used in an
autodyne converter circuit, as shown in fig-
ure 45. This is a common-emitter mixer
with a tuned feedback circuit between
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Figure 45

THE AUTODYNE CONVERTER CIRCUIT
USING A 2N168A AS A MIXER

emitter and collector and is often used in
inexpensive transistorized broadcast receivers.
The circuit has only economy to recommend
it and often requires selection of transistors
to make it oscillate.

Transistor
Oscillators

The bipolar transistor may be
used in the oscillator circuits dis-
cussed in Chapter 11 (Genera-
tion of Radio Frequency Encrgy). Because
of the base-emitter diode, the oscillator is of
the self-limiting type, which produces a
waveform with high harmonic content. A
representative NPN transistor oscillator cir-
cuit is shown in figure 46. Sufficient coup-

FEEDBACK
PATH

Figure 46
NPN OSCILLATOR CIRCUIT

External feedback path permits oscillation up
to approximately (hed alpha-cutoff trequency of
evice.

ling between input and output circuits of
the transistor via collector-base capacitance
or via external circuitry will permit oscilla-
tion up to or slightly above the alpha-cutoff
frequency.

Because of the relatively low impedance
associated with bipolar transistors, they are
best used with crystals operating in the se-
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Figure 47

SERIES-MODE TRANSISTOR
OSCILLATOR

Crystal is placed in teedback path and oscillates
in series mode.

ries mode, as shown in figure 47. If a stand-
ard parallel-mode type crystal is used in one
of these series circuits, it will oscillate at its
series-resonant frequency which is slightly
lower than that frequency marked on the

holder.

Tronsistor
Detectors

The bipolar device can be used
as an amplitude detector, very
much as a diode is used since
the emitter-base junction is, after all, a
diode. The transistor detector offers gain,
however, since current passed by the base-
emitter diode is multiplied by the factor by..
The detected signal is recovered at the col-
lector. Since germanium transistors have a
lower forward conduction voltage than sili-
con types, they are often used in this circuit.
This allows the detector to operate on a few
tenths of a volt (peak) as opposed to about
0.6 volt (peak) required for a silicon tran-
sistor. The bipolar transistor can also be used
as a product detector for SSB and c-w, such
as shown in figure 48,

oot
:

Figure 48
PRODUCT DETECTOR

Bfo is injected into the emitter circuit from a
low-impedance source. Audio is recovered in the
collector circuit.




SEMICONDUCTOR DEVICES

Automatic Gain The gain of a transistor am-
Control plifier stage will decrease as

the emitter current is de-
creased. This property can be used to control
the gain of an r-f or i-f amplifier strip so
that weak and strong signals will produce the
same audio output level. Automatic gain
control voltage may be derived as described
in Chapter 10 (Radio Receiver Fundamen-
tals). If NPN transistors are used in the
gain controlled stages, a negative agc voltage
is required which reduces the fixed value of
forward bias on the stage, decreasing the
emitter current. If PNP transistors are used,
a positive agc voltage is required.

There are also transistors especially de-
signed for agc controlled amplifier service
which are forward-biased to decrease gain.
The Fairchild SE-5003 has a gain curve as
shown in figure 49 and normally operates at
a collector current of 4 mA. As can be secn,

Figure 49

TYPICAL GAIN VERSUS
COLLECTOR CURRENT, SE 5003
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an increase in collector current will decrease
the gain. This is a result of by, decreasing af-
ter it peaks at about 4 mA. All bipolar de-
vices have a similar h.. peak, but the SE-
$003 is designed to peak at a low enoueh
current so that increasing collector current
bevond the b¢. peak value is still within the
dissipation rating of the device.
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Part I1—Field-Effect Devices, Integrated Circuits
and Numeric Displays

4-9 Field-Effect Devices

The junction field-cffect transistor
(JFET), or unipolar transistor was explored
in 1928 but it was not until 1958 that the
first practical field-effect transistor was de-
veloped. This device may be most easily
visualized as a bar, or channel, of semicon-
ductor material of either N-type or P-type
silicon. An ohmic contact is made to each
end of the bar as shown in figure 1A, which
represents an N-type field-effect transistor
in its simplest form. If two P-regions are
diffused into a bar of N-material (from
opposite sides of the N-channel) and ex-
ternally connected together electrically, a
gate is produced. One ohmic contact is called
the source and the other the drain; it mat-
ters not which if the gate diffusion is in the
center of the device. If a positive voltage is
applied between drain and source (figure 1B)

SOURCE N DRAIN SOURCE. ?:)AlN
[EX) [:}] (s)
B GATE (GC) I
GATE
(¢) _—mul e
®
Figure 1
JUNCTION FIELD-EFFECT
TRANSISTOR

A—Basc JFET is channel of N- or P-type mate-
rial with contact at each end. Two P or N re-
gions are diffused into the bar. B—If a positive
voltage is applied across contacts a current
flows through the gate region. Control of gate
bias changes current flow from source contact
to drain contact. Orain current is thus con-
trolled by gate voltage.

and the gate is connected to the source, a
current will flow. This is the most important
definitive current in a field-effect device and
is termed the zero bias drain current (lpgs).
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This current represents the maximum cur-
rent flow with the gate-source diode at zero
bias. As the gate is made more negative rela-
tive to the source, the P-region expands cut-
ting down the size of the N-channel through
which current can flow. Finally, at a nega-
tive gate potential termed the pinch-off
roltage, conduction in the channel ceases.
The region of control for negative gate
voltages lies between zero and the gate-to-
source cutoff voltage (Vis.orr). These volt-
ages causc the gate-source junction to be
back-biased, a condition analogous to the
vacuum tube, since drain current is con-
trolled by gate voltage. In the vacuum tube

JFET IGFET

(DEPLETION TYPE) (ENMANCEMENT TYPE)

N-CHANNEL N-CHANNEL N-CHANNEL

DRAIN DRAIN DRAIN
GATE: GATE B80DY GATE BOaY
SOURCE SOURCE SOuRCE

P-CHANNEL P-CHANNEL P-CHANNEL

DRAIN DRAIN DRAIN
GATE: GATE! BO0Y GATE oY
SOURCE SOURCE SOURCE
Figure 2

SYMBOLS AND NOMENCLATURE FOR
FIELD-EFFECT TRANSISTORS

a potential on the grid affects the plate cur-
rent, however the charge carrying the sig-
nal does not flow in the region between
cathode and plate to any significant extent.

It is possible to build a P-channel JFET
device that requires a negative drain voltage
and is biased with positive gate voltage.
Combining both N-channel and P-channel
JFET's makes it possible to design comple-
mentary circuits as in the manner previously
described for NPN and PNP bipolar transis-
tors. The symbols used to depict N-channel
and P-channel JFET’s are shown in figure 2.

The Insulated Gate Field-Effect Transis-
tor (IGFET) differs from the JFET in
1 number of ways. The gate element is in-
sulated from the rest of the device and con-
trol is by means of capacitance variation.
The IGFET may be visualized as in figure
3, again an N-channel device. The basic
form of the device is P-type material, into
which has been diffused two N-type regions

RADIO HANDBOOK

to form the source and drain. The gate is a
layer of metalization laid down directly over
the P-type region between source and drain,
but separated from the region by a thin
layer of insulating silicon dioxide (silicon
nitride is also used in some types). If a pos-
itive voltage is applied to the drain, relative

INSULATED
SOURCE GATE _DRAIN
.--Ju., ) :[\ ) e METALIZATION
Jeial RN =—SI1LICON
=T ; = DIOXIDE
i : '.;-suusrau:\&x;\-
"N CHANNEL
GATE2
Figure 3
INSULATED-GATE FIELD-EFFECT
TRANSISTOR

IGFET has insulated gate element and current
control is by means of capacitance variation,
Enhancement mode (positive gate control) and
depletion mode (negative Ple control) IGFETs
are available. Gate voltage limitation is point of
breakdown of oxide dietectric in the gate.
Diode-protected IGFET has zener diodes on the
chip to limit potential between gate and body
of device.

to the source, and there is no potential dif-
ference between gate and substrate, no cur-
rent will flow because the path appears as
two back-to-back diodes (NP-PN). If a
positive voltage is applied to the gate relative
to the substrate, it will indnce an N-region
between source and drain and conduction
will occur. This type of IGFET is ternmed an
enbancement mode type; that is, application
of forward bias to the gate enhances current
flow from source to drain. (It is not possible
to build an enhancement mode JFET because
the gate is a diode which will conduct if
forward-biased) .

A depletion mode \GFET is built by dif-
fusing a small N-region between the source
and drain to cause conduction even if there
is no voltage applied between gate and sub-

“strate. Similar to the JFET, this depletion

mode IGFET must have its gate reverse-
biased to reduce source-to-drain current. The
depletion mode IGFET is used in the same
manner as the JFET except that the gate
may also be driven forward and the drain
current can be increased to values even
greater than the zero-bias drain current,
Inss.

Gate voltage of the JFET is limited in the
reverse direction by the avalanche breakdown
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potential of the gate-source and gate-drain
circuits. In the IGFET, on the other hand,
the gate voltage limitation is the point of
destructive breakdown of the oxide diclectric
under the gate. This breakdown must be
avoided to prevent permanent damage to
the oxide.

Static electricity represents the greatest
threat to the gate insulation in IGFET de-
vices. This type of charge accumulation can
be avoided by wrapping the leads in tinfoil,
or by otherwise connecting the leads when
the devices are being transported and in-
stalled. The user of the device, moreover,
may accumulate a static potential that will
damage the IGFET when it is handled or
installed and a grounding strap around the
clectrodes is recommended. Gate protection
is often included within the device in the
form of zener diodes on the chip between the
gate and the body, forming a diode-pro-
teeted IGFET.

FET Terminal Note in figures 1 and 3 there
Leads are really four terminations

associated with any FET de-
vice. In the JFET they are source, drain, and
the two connections to the two P-diffusions
made in the channel. In the IGFET they are
source, drain, gate, and substrate. In some
JFETs all four leads are brought out of the
package and in others only three leads are
available. In a three-lead configuration, it
is considered that the two P-diffusion gate
connections are tied together inside the pack-
age. In the case of the IGFET, all four leads
are generally available for use; but more
often than not, the substrate is externally
connected to the source in the actual circuit.
The advantage of the four-lead package is
the ability to allow separate control ports,
much like a multigrid vacuum tube.

SOURCE G G2 DRAIN

o METALIZATION

e SILICON
{ DiOXIDE
. P-SUBSTRATE =

R e e R P e L o |

SUBSTRATE

Figure 4
DUAL-GATE IGFET

Depletion type, dual-gate IGFET is intended for
r-f use through the vht range. One port is for
input signal and the other for agc control.
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An improved dual-gate IGFET of the de-
pletion type has recently become available,
intended for r-f use through the vhf range.
The 3N140, 3N141, and 40673 of RCA,
and the Motorola MFE-3006'and MFE-3007
are representative types. Their construction
is shown in figure 4. These devices serve
where dual ports are required, such as in
mixers, product detectors, and agc-controlled
stages, with one gate used as the signal port
and the other the control port.

4-10 Circuitry

JFET and depletion-mode IGFET devices
are used in linear circuitry in very much the
same way as are vacuum tubes, but at lower
voltages. As an example, the drain charac-
teristics of an inexpensive and popular FET
(Siliconix E300) are shown in figure 5. The
line that is labeled Vi« = 0 is the one that
represents the zero-bias drain current state,
or Ljxx. At a drain to source potential of 10
volts, Livis 15 milliamperes and. according to
the data sheet. I, could be any value between
6 mA and 30 mA at this potential. This
spread of Ly is fairly typical of the lower
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Figure 5

DRAIN CHARACTERISTICS OF
E300 FET

Drain characteristic curves of FET resemble the

characteristic curves of pentode vacuum tube

as the current plots are nearly horizontal in

slope above V., of about 6 volts, Load line is

drawn on plot for gate hias of —1 volt, drain

voltage of +15 volts, and drain current of 7
milliamperes.
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cost FETs and the curve shown is also
tvpical. as is the value of ), read from it.

The E300 drain characteristics look very
similar in shape to the characteristics of a
pentode vacuum tube; that is, at V. (drain
to source potential) greater than about 6
volts, the drain current curves are nearly
horizontal in slope. The FET, then, like the
pentode, is generally used in circuits in this
so-called constant current region of the
characteristics.

A 1000-ohm load line is drawn on the
characteristic plot in the same manner as
one is drawn on a vacuum-tube plate char-
acteristic curve (see figure 17, Chapter §
and figure 4, Chapter 7 ). The load line is

+22v 22V

Figure 6

COMMON-SOURCE
AMPLIFIERS USING
E300 FET

Common-source amplifiers operating under con-
ditions shown in figure 5. A—Separate gate bias.
B—Source setf-bias.

marked for a gate-bias voltage of —1 volt,
a drain voltage of + 15 volts, and a resting
drain current of 7 milliamperes. The circuit
of a common-source amplifier operating
under these conditions is shown in figure 6.

It can be observed from the load line that,
at the bias point of —1 volt, as the input
signal swings plus and minus 1 volt, the
drain voltage will swing between +38 to
+20 volts. The gate bias may be supplied
cither from a separate supply or from a
source resistor (equivalent to a cathode resis-
tor in vacuum-tube technology). Typical
input impedance of the common-source
small-signal audio amplifier is quite high,
with 10 megohms a not-uncommon value
for low leakage JFETs and values higher
than this for IGFETs,

The common-gate configuration shown in
figure 7 may be compared in performance to
the cathode-driven vacuum-tube amplifier.
having a rather low value of input imped-
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Figure 7

COMMON-GATE AMPLIFIER
USING E300 FET

Input impedance of common-gate circuit is
about 150 ohms. Stage gain is lower than com-
mon-source circuit.

ance. A typical value of input impedance
is approximately 1 ‘g, where g(. is the trans-
conductance (similar to g, in the vacuum
tubes). The g« for the E300 device is about
6600 microhmos; so the circuit of figure 7
will have an input impedance around 150
ohms. The common-gate configuration will
have somew hat lower gain than the common-
source circuit, but has other advantages dis-
cussed later.

The FET analogy to the cathode follower
is shown in figure 8. This source follower,
shown with self-bias, has a very high input
impedance and very low output impedance

(1/8e) -

17MA.

INPUT S J+8v

0.1
——— Low-2
143

OUTPUT

+TV.
> 1 K
3

Figure 8

SOURCE-FOLLOWER AMPLIFIER
USING E300 FET

Source-follower circuit has very high input
impedance and low output impedance.

The FET in The FET makes a very
Speciolized Circuits good r-f device because

of some of its unique
characteristics. In particular, the FET has
a transfer characteristic that is remarkably
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free of third-order curvature, which en-
sures that intermodulation distortion and
crossmodulation will be at 2 minimum in a
properly designed circuit. A typical IGFET
(depletion mode) vhf r-f amplifier is shown
in figure 9.

FET devices have second order curvature
in their transfer functions and operate as

3aNI28
3N

VHF OUT

JKSE

Figure 9

IGFET DEPLETION-MODE
VHF AMPLIFIER

3N128 is neutralized for best circuitry stability
and optimum noise figure,

good mixers having little intermodulation
distortion. The use of FET devices in re-
ceivers is discussed in Chapter 10.

Aside from common usage discussed eclse-
where in this handbook, the characteristics
of the FET permit it to do a good job in
specialized circuits. A phase-shift audio os-
cillator using the HEP 801 is shown in fig-

+I18 V.

1K
HEP8OI

Figure 10

PHASE-SHIFT AUDIO OSCILLATOR
WITH HEP 801

ure 10. This configuration employs the
tapered RC network wherein cach RC pair
has the same time constant but successively
higher impedance. The bridge-T and Wien
bridge circuits also adapt themselves easily
to the FET as shown in figures 11 and 12.
Since the FET is commonly operated in
the constant-current region, it is often used
as a constant-current generator with the
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Figure 11

BRIDGE-T AUDIO OSCILLATOR USING
HEP 801 AND 2N3643

t,—Sylvania 120 MB lamp.
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Figure 12

WIEN BRIDGE AUDIO OSCILLATOR
USING HEP 801 AND 2N708

I,—Sylvania 120 MB lamp.

gate and source connected together to form
a two-terminal device. A linear ramp gener-
ator using a FET in place of a transistor to
charge a capacitor is shown in figure 13. A

* +i18V
S
£ HEP803 100
LINEAR
RAMP OUT € 82
— 2N2646

111 o,l "l ewuseour.
’ 223 A NAA
Figure 13

LINEAR RAMP GENERATOR

HEP 803 FET used as constant current source
to generate linear ramp waveforms.
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unijunction transistor is used to discharge
the capacitor.

A combination FET and zener diode cir-
cuit (figure 14A) provides improved regu-
lation since the current flow through the
zener is constant. Special JFETs that serve
as constant-current diodes are available, but
the experimenter can use nearly any small
JFET in a similar manner by connecting the
gate to the source. If the FET is used with
a variable resistance in the source lead, as
shown in figure 14B, an adjustable but con-
stant-current source is available.

The enhancement-mode IGFET (P-chan-
nel) is almost exclusively used as a switch
for computing or for logic circuits and
the basic building block upon which one
form of logic integrated circuit is based, as
discussed in a later chapter. Discrete en-

+idv, +I8 V.
(3 L G L
HEP80I HEP80I
& ADJUST
3.6V, RECULATIDN
REGULATED
REGULATED
HEPI102 HEPI02
Figure 14

FET AND ZENER DIODE PROVIDE
IMPROVED REGULATION

A—Constant current source. B—Variable current
source.

hancement-mode IGFETs are used in sam ple
and bold circuits, such as shown in figure
15. The waveform at the input is sampled
only when the negative sample pulse, applied
between substrate and gate, is present. The
capacitor (C) is then charged to whatever
value the input received during the sample
pulse, and holds this value because the
IGFET represents an open circuit at all
other times. The voltage on the capacitor
may be used to drive another FET (depletion
mode) so that the input impedance of the
sensing amplifier does not discharge the ca
pacitor to any degree during sampling times.
The enhancement-mode IGFET also serves
as a fast switch in chopper service or as a
series switch in certain types of noise sup-
pression devices.

As the technology of FET construction
develops, JFETSs and IGFETs continue to
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+18v, +18v
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Figure 15

SAMPLE AND HOLD CIRCUIT WITH
ENHANCEMENT MODE IGFET
Input waveform is sampled only when negative
sample pulse applied between substrate and
gate of IT-1701 IGFET is present. Capacitor C is
then charged to value of input voltage and
drives sensing amplnf’er through operational
amplifier LM310H, at right. Capacitor holds
charge because IGFET represents open circuit
after pulse passes.

invade new circuit areas. JFETs for 1-GHz
operation are available and so are 10-watt
stud-mounted types for lower-frequency
power application. IGFETs are being de-
signed for 1-GHz operation to satisfy the
demands of UHF-TV reception. Some ex-
perimental FETs have been built to operate
at 10 GHz. Other experimental JFETs avail-
able for low-frequency work can withstand
100 volts between source and drain.

It appears that virtually every circuit
that can be realized with receiving type vac-
uum tubes can also be eventually dupli-
cated with some sort of FET package and
interesting variations of this eflicient and
inexpensive solid-state device that will apply
to high-frequency communication are on
the horizon.

The Fetron A JFET called & Fetron has
been developed that replaces a
vacuum tube in a circuit directly, without
requiring major modifications in the circuit.
High-voltage FETS are used and the Fetron
can either be a single JFET or two cascode
connected JFETs in a hybrid integrated
circuit. The Fetron is packaged in an over-
size metal can that has the same pin config-
uration as the tube it replaces. The JFET
characteristics can be chosen to simulate the
dynamic performance of a tube. Two JFETs
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are required to simulate the performance of
a pentode. Fetrons feature long life, low
aging, and reduced power consumption as
compared to an equivalent vacuum tube.

Microwove  Gallium Arsenide (GaAs) FETS
FETs have been developed that prom-

1s¢ superior low-noise perform-
ance for microwave applications. Typical
noise figures for these devices are about 3
dB at 4 GHz, 4 dB at 8 GHz, and 5§ dB a
12.5 GHz. Developmental GaAs FETs with
a Schottky-barrier gate exhibit a noise figure
of 3.3 dB at 10 GHz and a power gain of
9 dB. Many of these new experimental FETs
have an f,,,. in excess of 30 GHz. Enhanced
noise figures have been produced by cooling
the FET device with liquid nitrogen to
77¢ K.

4-11

The integrated circuit (1C) comprises a
family in the field of microelectronics in
which small, conventional components are
combined in an orderly fashion in compact,
high-density assemblies (micromodules) as
shown in figure 16. Integrated circuits may

Integrated Circuits

Figure 16
INTEGRATED CIRCUIT ASSEMBLY

This 36-lead integrated circuit complex is

smalier than a postage stamp and includes 285

gates fabricated on a single chip. It is used for

access to computer memory circuits. (Fairchild
TT.L 9035).

be composed of passive elements (resistors,
capacitors, and interconnections), and active
elements such as diodes and transistors. The
IC family may be divided into monolithic
and multichip, or hybrid, circuits. The for-
mer category consists of an entire circuit
function constructed in a single semicon-
ductor block. The latter consists of two or
more semiconductor blocks, each containing
active or passive clements interconnected to
form a complete circuit and assembled in a
single package.

Integrated circuits offer relief in complex
systems by permitting a reduction in the
number of pieces and interconnections mak-
ing up the system, a reduction in overall
system size, better transistor matching and
potentially lower system cost.

Using very small monolithic IC's makes
it possible to make thousands of circuits
simultaneously. For example, several hundred
dice (plural of die) may be produced side
by side from a single silicon slice in the
simultaneous processing of about a hundred
slices. Each die contains a complete circuit
made up of ten to one hundred or more
active and inactive components.

The silicon slice is prepared by an cpitas-
ial process, which is defined as “the place-
ment of materials on a surface.” Epitaxy
is used to grow thin layers of silicon on the
slice, the layer resistivity controlled by the
addition of N-type or P-type impurities
(diffusion) to the silicon atoms being de-
posited. When localized regions are diffused
into the base material (substrate), isolated
circuits are achieved. Diffusion of additional
P-type or N-type regions forms transistors.

Once the die is prepared by successive
diffusions, a photomasking and etching proc-
ess cuts accurately sized-and-located win-
dows in the oxide surface, setting the circuit
¢lement dimensions simultaneously on every
circuit in the slice. The wafer is then coated
with an insulating oxide layer which can be
opened in areas to permit metalization and
interconnection.

The metalization process follows next,
connecting circuit elements in the substrate.
Electrical isolation barriers (insulators) may
be provided in the form of reverse-biased
PN junctions, or the resistance of the sub-
strate may be used. Dielectric insulation,
making use of a formed layer around a
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sensitive region is also employed. Successive
diffusion processes produce transistors and
circuit elements of microscopic size, ready
to have external leads bonded to them, and
suitable for encapsulation.

Typical IC dice range in size from less
than 0.02” squarc up to 0.08” X 0.2".
Many package configurations are used, the
most popular being the multipin TO-5
package, the duwal in-linc package, the flat
fackage, and the inexpensive cpoxy package.

Digital and
Lineor IC's

Integrated circuits may be clas-
sified in terms of their func-
tional end-use into two fami-
lies:

Digital—A family of circuits that oper-
ate effectively as “‘on-of” switches. These
circuits are most frequently used in com-
puters to count in accord with the absence
or presence of a signal.

Linear (Analog)—A family of circuits
that operate on an electrical signal to change
its shape, increase its amplitude, or modify
it for a specific use.

The differential amplifier is a basic cir-
cuit configuration for ICs used in a wide
variety of linear applications (figure 17).
The circuit is basically a balanced amplifier

4
2 b3
b3 s |

OUTPUT ’
=1

INPUT INPUT
LYl B2
|:;UV
O—
INPUTS OUTPUTS
oO—
SYMBOL
Figure 17
DIFFERENTIAL INTEGRATED-CIRCUIT
AMPLIFIER
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in which the currents to the emitter-cou-
pled differential pair of transistors are sup-
plied from a constant-current source, such
as a transistor. An operational amplifier is
a high-gain direct-coupled amplifier which
is designed to use feedback for control of
response characteristics (figure 18). The cir-
cuit symbol for these amplifiers is a triangle.
with the apex pointing in the direction of
operation.

.I e EXTERNAL
FREQUENCY
COMPENSATION
GROUND O— OLAG
'”'UED—GW""'
Figure 18
OPERATIONAL INTEGRATED-CIRCUIT
AMPLIFIER

The MOSFET  The basic monolithic bipolar
Ic IC requires a seven-mask

process; that is, seven differ-
ent photographic masks (negatives) must be
used in diffusion, etching, and oxidizing
cycles. The necessity for all of these masks
to exactly overlay (or register) is one very
critical factor in getting the yield of an IC
fabrication process up to a reasonable per-
centage of functional chips.

Another monolithic IC, that is more
simple to fabricate, is the MOSFET type.
The MOSFET IC is principally used in logic
type functional blocks. Unlike the bipolar
monclithic IC, no separate diffusion is
necessary to make resistors—FETs are used
as resistors as well as active devices. Since
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Figure 19
I-C CIRCUIT BOARD PERFORMS AS VOLTAGE REGULATOR

Complicated circuitry is reduced to printed-circuit board, eight “in-line” IC’s and ten TO-5 style
IC’s. Transistor version would occupy many times this volume and have hundreds of discrete
components. Final voitage regulator IC is at left with heat sink.

MOSFET’s have capacitors inherent in them
(gate to channel capacitance), the smali
capacitors nceded are already present. So,
with cvery device on the chip a MOSFET,
only several maskings must be made. The
smaller number of mask processes has the
effect of increasing yields, or alternately al-
lowing more separate elements to be put on
the chip.

A simple MOS-IC circuit is shown in fig-
ure 20. This is a digital inverter, Q, serving
as the active device and Q. functioning as
a drain resistor. A typical MOS-IC chip has
literally hundreds or thousands of circuits
such as this on it, interconnected as a rela-
tively complex circuit system block, such
as a shift register.

4-12 Digital-Logic ICs

An electronic system that deals with dis-
crete events based on digits functions on an
“on-off” principle wherein the active de-
vices in the system are either operating in

one of two modes: cutoff (off) or saturation
(on). Operation is based on binary mathe-
matics using only the digits zero and one. In
general, zero is indicated by a low signal
voltage and one by a higher signal voltage.
In a negative logic system the reverse is true,
one being indicated by the most negative
voltage.

In either case, the circuits that perform
digital logic exercises may be made up of
hundreds or thousands of discrete compon-
ents, both active and inactive. Logic dia-
grams show symbols based on the specific
functions performed and not on the com-
ponent configuration which may consist of
many microscopic particles on a semicon-
ductor chip. Typical examples of symbolic
circuitry are shown in figure 21.

RTL Logic  The carliest practical IC logic

form was resistor-transistor
logic (RTL). A basic building block of
RTL is the inverter or NOT gate (figure
22A), whose output is the opposite or com-
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ourT

tNPUT Qi

Figure 20
BASIC MOS INTEGRATED CIRCUIT

Oevice Q, serves as active device and Q, serves
as drain resistor.

plement of the input level. The output and
input levels, thus, are not the same. The
NOR gate is shown in figure 22B. These
gates, plus the NAND gate permit the de-
signer to build up OR and AND gates, plus
multivibrators and even more complicated
logic functions.

The NOR gate (not OR) makes use of
two or more bipolar devices. If both NOR
inputs are at ground (state "'0”), then the
output level is at +3.6 volt in this example
(state “'1). However, if either input A
or input B is at a positive level, then the
output level drops to a voltage near ground.
The logic statement expressed in binary
mathematics by the NOR gate is (in Boole-
an algebra): A+B=C, or if A or B is one,
then C is zero. Simply, the statement says
input at gate 1 or gate 2 yields a zero
(NOR) at the output.

HANDBOOK

L s Jl )=
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Figure 21

NAND
EXAMPLES OF SYMBOLIC LOGIC
CIRCUITRY

By adding a NOT circuit after the NOR,
or OR circuit is formed (figure 22C);
now if either A or B are one, then C is one.
In Boolean notation: A +B =C.

If one is termed frue and zero termed
false, these terms relate the circuits to logic
in the common sense of the word. An AND
gate is shown in figure 22D.

These simple AND, OR, and NOT cir-
cuits can be used to solve complex prob-
lems, and systems may be activated by the
desired combination of true and false input
statements. In addition to use in logic func-
tions, NAND, NOR, and NOT gates can
be wired as astable (free-running) multivi-
brators, monostable (one-shot) multivibra-
tors, and Schmitt triggers. Representative
examples of such functions are shown in
figure 23.

+3.0 +3.8V.
840 840
our out
450 450 480 INA INA =T
N IN IN our | )—our
*1 .2 INB N B—/
= = NOR + NOT GATES EQUALS OR GATE
INA
INA INA o,
IN our our out —our
INB INB d
RTL NOT GATE RTL NOR GATE \NB NOR GATE EQUALS AND GATE
TWO NOT
GATES
® ®
Figure 22
RTL LOGIC

A—Inverter, or NOT gate. 8B—Noninverting NOR gate. C—NOR Dlus NOT gates form OR gate. D—Two
NOT gates pius NOR gate form AND gate.
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DTL Logic Some logic ICs are diode tran-
sistor logic (DTL) as shown
in figure 24, Illustration A shows one-quar-
ter of a quadruple-two-input NAND gate.
The DTL configuration behaves differently
than the RTL devices. If the two inputs of
figure 24A are open ("high,” or onc), the
output is "low,” (or zero). If any input is

-
U

' 0. '
2 HEPS584 ° - HEPS84

i

o <
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13K
+ 740IN
N —————
QUTPUT
x—]
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£ 7400N + 7400N
N —WE ouT
©
Figure 23

TTL AND RTL GATES USED AS
MULTIVIBRATORS AND TRIGGERS
A—Free-running muitivibrator using RTL dual
gate. B—Monostable_ _multivibrator (one-shot)

made from haif of a TTL quad-gate. C—Schmitt
trigger made from half of a TTL quad-gate.

grounded (zero), the output remains high.
Current has to flow out of the diode inputs
to place the output level at zero. This ac-
tion is termed current sinking.

The portion of the two-inpur NAND
gate shown in figure 24B is a member of
the TTL family, all of which can be inter-
faced electrically with each other and with
DTL as far as signal levels are concernced. it
is possible to use logic ICs in linear circuits
and figure 25 shows two crystal oscillators
built around RTL and TTL integrated ci:-
cuits.

RTL and DTL devices are inexpensive
and easily used in system designs. The RTL
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Figure 24

TTL AND DTL LOGIC GATES

A—DTL two input NAND gate using V4 of uL 948,
B—TTL two input NAND gate using V4 of
SN7400N.

devices require 2 + 3.6-volt supply and the
DTL devices require a -+ 5.0-volt supply.
Both these families suffer the disadvantage of
low immunity to transient noise and are
sensitive to r-f pickup.

Flip Flops
and Counters

A flip flop is a device which
provides two outputs which
can be driven to zero- and
one-level combinations. Usually when one
output is zero, the other is one. Flip-flop
devices may be interconnected to provide a
decade counter (a divide-by-ten operation
with ten input pulses required to provide
one output pulse). A programmed counter
can be used to divide frequencies by 2", 10,
or any programmed number for service in
frequency counters and synthesizers. A dec-
ade divider made up of four flip flops is
shown in figure 26. These flip flops are
toggled or clocked devices which change
state as a result of an input change.

Flip-flop devices to divide by a commun
integer are available on a single chip, a di-
vide-by-ten counter such as shown being
representative.
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CRYSTAL OSCILLATORS USING RTL
AND TTL INTEGRATED CIRCUITS

A—T7 MMz oscillator using RTL dual buffer.
B—1 MHz oscillator using TTL gates.

HTL Logic Another form of DTL type logic
device is designed to operate at
a higher signal level for noise and transient
immunity. High Threshold Logic (HTL)

and High Noise Immunity Logic (HNIL)

C. A Cz
(23 12 1
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are devices often used in circuits that have
relays and control power, such as those
found in industrial systems. These families
of ICs are generally operated from +12 to
+ 15 volts and special HTL HNIL devices
are available to interface with the less ex-
pensive RTL, DTL, and TTL families.

ECL Logic  Emitter-coupled logic (ECL) is
a very high speed system capable
of operation as high as 1200 MHz with cer-
tain devices. A typical ECL configuration is
shown in figure 27. ECL operates on the
principle of nonsaturation of the internal
transistors. Logic swings are reduced in am-
plitude and the fact that the stored charge
of a saturated transistor does not have to be
discharged results in the speed increase. ECL
is, by convention, operated from a — 5.2
volt source and the swing from zero to one
in logic levels is comparatively small; zero
being — 1.55 volt and one being — 0.75
volt. This is still considered to be “positive”
logic because the most negative voltage level
is defined as zero.

Representative nonlogic IC usage as a
crystal-controlled oscillator and an astable
multivibrator is shown in figure 28. Inter-
face ICs are available to or from ECL and
RTL, DTL, and TTL.
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CLOCK | —q CLOCK 2
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~ 1S PIN IO

Figure 26
SN 7490N USED AS DECADE DIVIDER

Decade divider is made up of four flio-flon devices which provide zero and one level combina-

tions. If R, and R, terminals are grounded and terminals 1 and 12 jumpered, input frequency

applied to terminal 14 will be divided by 10 and appear at terminal 11. Output waveform has
20% on-cycle.
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Figure 27
HIGH SPEED ECL LOGIC CIRCUIT

ECL device operates up to 330 MMz with non-
saturation of internal transistors.
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Figure 28
ECL CRYSTAL-CONTROLLED
OSCILLATOR

Frequency range is 50 MH2 to 100 MH2 depend-
ent on crystal and resonant circuit tuning.

4-13 MOS Logic

Digital MOS devices have been recently
developed that handle logic problems whose
solution is impractical in other logic fami-
lies, such as problems requiring very high
capacity memories. Complementary MOS
(CMOS) will interface directly with RTL,
DTL, TTL, or HTL if operated on a com-
mon power buss. Because of the low power
consumption of CMOS, it is widely used for
the frequency-divider IC in quartz-crystal-
controlled watches.

A typical CMOS inverter is shown in
figure 29. It makes use of a P-channel,
N-channel pair (both enhancement-mode
types). If the gates are high (one), then
the N-channel MOSFET is on and the P-
channel is off, so the output is low (zcro).
If the gates are low (zcro), then the P-
channel MOSFET is on and the N-channel is
off, so the output is high (onc). Note that in

4.41

+

P-CHANNEL

CMOS
b—— INVERTER
ouTPUT

INPUT —o4

N-CHANNEL

L

"

Figure 29
CMOS INVERTER

CMOS device makes use of P-channel, N-chan-

nel, enhancement-mode devices and provides

low current consumption which is proportional
to switching speed.

cither state one device or the other is off
and the inverter pair draws only a very
small leakage current, with appreciable cur-
rent being drawn only during the transi-
tion from one to zero and vice versa. The

+iov. -+-CD400I/D
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TRICCER
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Figure 30
CMOS GATES USED AS

MULTIVIBRATORS

A—Astable multivibrator using CD4001/D dual gates.
B—O0ne-shot multivibrator using dual CMOS gates.



4.42

more transitions per second, the higher is
the average current drawn, thus the power
consumption of CMOS is directly propor-
tional to the frequency at which it s
switched.

As a result of the low power consump-
tion and the simplifications of MOS-type
fabrication CMOS is moving rapidly through
medium scale integration (MSI), with hun-
dreds of FETs per chip, into large scale
integration (LSI), with thousands of FETs
per chip—all in one package and at a rela-
tively low cost.

The CMOS devices now available allow
for quite a large variety of circuitry, and like
the types previously discussed, they may be
used in nonlogic ways. Figure 30 shows how
CMOS gates may be used as an astable multi-
vibrator and a one-shot multivibrator.

CMOS is now available in two families;
the original CD4000 series by RCA (second-
sourced by at least six other suppliers) and
the 74C00 family originated by National
Semiconductor. The latter family has the
same terminals and generally the same usage
rules as the popular 7400 TTL logic family.
Both CMOS families are compatible in logic
levels and it remains to be seen which will
become the dominant family.

P-MOS Memory)

Conventional P-MOS (P-
Logic

channel, enhancement
mode) logic provides low
cost, high capacity shift registers and mem-
ories. The shift register is a unique form of
memory device which has one input and
one output, plus a clock (timing) input.
One commonly used P-MOS shift register
has 256 bits of storage in it. The shift regis-
ter may be compared to a piece of pipe just
long enough to hold 256 marbles which are
randomly colored white and black. The
black marbles indicate a one value and the
white marbles indicate a zero value. The
sum of marbles makes up a 256-bit binary
word. The pipe is assumed to be opaque so
the sequence of marbles cannot be scen. In
order to determine the binary word, it is
necessary to push 256 marbles in at the
input end of the pipe and observe each
marble exiting from the output, noting the
binary sequence of the marbles. Each marble
pushed in the pipe is the equivalent of a
clock pulse. In a real shift register the out-
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put is wired back to the input, 256 clock
pulses are triggered, and the content of the
register is read and the binary word is loaded
back into the register.

The shift register form of memory repre-
sents a valid way of storing binary informa-
tion but it is slow because interrogating the
register takes as many clock pulses as the
register is long. To speed up access to the
content of a2 memory, it is possible to array
the bits of storage in better ways.

A more efficient organization of a large
memory bank is the use of a ferrite-core
memory, such as shown in figure 31. A bit
of information can be permanently stored
in a core by having it magnetized or not
magnetized. If the memory has a 30 X 30
matrix, there are 900 cores and 900 bits of
storage. Any X-line and Y-line combination
locates one particular core; this location is
referred to as the core address.

I 2 3 4 5 6 7 8 9 10
A
B
C
D
E
F
G
H
[}
J
K
L
Figure 31

FERRITE-CORE MEMORY

Representation of core memory showing cores

and sensing wires. Address of representative

sample core is D-S. This 'eqnﬁguntion is termed
a matrix.

If. instead ot ferrite memory cores, a
large number of MOS two-state circuits are
arranged in a similar matrix, an IC memory
is produced. Most small ICs, however, are
pin-limited by their packaging and to bring
cut 60 leads from one package is a mechan-
ical problem. The common package has 10
leads brought out for addressing purposes;
five leads for the X-line, and five for the
Y-line. By using all the lines in X and Y to
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define a location, 2°=32 X and Y coordi-
nates are available, thus the total bit stor-
age is thus 2°X2°=1024 bits of informa-
tion.

The Random- A random-access memory
Access Memory device (RAM) is organized

in the above fashion and
32 X 32 is a common size. These memories
can be written-into and read-out of, and
are used for purposes where the stored in-
formation is of a changing nature, such as
in signal processing systems. For this reason
a RAM is often referred to as a scratch-pad
memory.

There is a feature about MOS devices
which is unique and which allows the man-
ufacture of shift registers and RAMs that
are unlike any other semiconductor memory.
Since the gate of 2 MOSFET is a capacitor
it will store a charge, making a complete
two-state flip flop to store ones and zeros un-
necessary if the data rate is high enough.
Such a dynamic register will only hold data
for about one millisecond. Each cell of the
dynamic shift register is simpler than a cell
of a static shift register so the dynamic type
permits more bits on a chip and is cheaper
per bit to manufacture.

The Read- The read-only  memory
Only Memory (ROM) can only be pro-
grammed once and is read in
sequence. Certain ROMs, however, are made
in reprogrammable versions, where the
stored information can be changed. The
ROM is used in a type of Morse code auto-
matic keyer which employs a 256-bit device
custom-programmed to send a short message,
such as: CQ CQ DE W6SAI K. This type
of program is permanently placed in the
chip matrix in the manufacturing process
by a photomask process. However, at least
one semiconductor manufacturer makes a
frogrammable ROM (pROM) that may be
programmed in the field. The way in which
a pROM is programmed is by subjecting the
bits desired to be zeros to a pulse of current
which burns out a fusible link of nichrome
on the chip. Some manufacturers will pro-
gram a pROM for the buyer to his specifi-
cation for a nominal charge.
Another type of pROM has been devel-
oped that is not only programmable, but
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which may be erased and reprogrammed.
The avalanche-induced charge-migration
pROM is initially all zervs. By pulsing high
current into each location where a ome is
desired, the device is programmed. This
charge is apparently permanent, until a
flash of ultraviolet light is directed through
the quartz window atop the chip. Following
the ultraviolet erasure, the pPROM can be
programmed again. Some pROMs are avail-
able in up to 2048 bits, with 4096-bit ca-
pacity expected shortly.

Other ROM  There are several standard
Devices ROMS available that have fac-

tory mask programs of poten-
tial interest to the radio amateur. The char-
acter gencrator is useful for presenting let-
ters and numerals on a cathode-ray tube

ROW
ADDRESS

Os Os 03 02 O

CHARACTER

ADDRESS
Aa |As |As[AT|As |AS

' ] [N ] -]

ASCII
CHARACTER

Figure 32
TELETYPE-TO-CODE'CONVERTER

Signetics 2513 ROM device produces letters and

figures on screen of a cathode-ray tube from

an ASCIH teletype code input. ROM illustrates
letter “'S" readout.

such as is done in various electronic RTTY
(radio teletype) terminal units. An example
of such an ROM is the Signetics 2513 which
creates readable characters from an ASCII
8-level teletype code used in most time-
shared computer terminals (figure 32).
Radio amateurs use the older §-level Bau-
dot code in their RTTY systems, but an-
other ROM device can make the translation

]
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Figure 33
FAIRCHILD ,A709 INTERNAL
SCHEMATIC

cZ *Use R, = 50 2 when the
amplifier is operated with
capacitive loading.

from Baudot to ASCII code. Still another
ROM is now available to generate “The
quick brown fox jumps over the lazy dog
12345678907

4-14 Linear ICs

The linear integrated circuit is a device
whose internal transistors operate in the am-
plification region rather than snapping back
and forth from one state to another (such
as cutoff to saturation). Some linear 1Cs are
designed to replace nearly all the discrete
components used in earlier composite equip-
ment, Others perform unique functions
heretofore unavailable.

Operational amplifiers, differential am pli-
fiers and diode-transistor arrays are impor-
tant members of the linear IC family.

Integrated circuits are designed to replace dis-
crete components and perform functions here-
tofore unavailable.

The Fairchild pnA700 series of linear mono-
lith IC devices and particularly the nA709,
are the most widely used linear IC types
and more recent IC operational amplifiers
(op-amps) are compatible in their pin con-
figuration to this basic family of devices. The
basic pA709 schematic is shown in figure
33, along with the equivalent op-amp sym-
bol. Compensating networks may be re-
quired for stable operation and some of the
newer op-amps have the necessary compen-
sation buile inside the package.

The Operational The perfect operational am-
Amplifier plifier is a high-gain dc cou-

pled amplifier having two
differential inputs of infinite impedance, in-
finite gain, zero output impedance, and no
phase shift. (Phase shift is 180° between the
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output and inverting input and 0° between
.the output and noninverting input).

Two voltages may be added in a differ-
ential amplifier as shown in figure 34, In
illustration A, the noninverting (plus) in-

Rz
e
o
+ .
0
£]
INPUTS R3 £ [R—Z + 1'5
© o (O l
R)A
£} O—WA—
RiB
EzO——‘VV‘v
RiC
30— vWA—
(e &
@ —O0
+ - [EloRZ +Epe g“":lzc
Figure 34
OPERATIONAL AMPLIFIER
(OP-AMP) SYMBOL
A—Differential amplifier in inverting mode. B—

Summing amplifier. If input is applied to posi-
tive gate, output is subtractive. C—Differential
amplifier using noninverting mode. R, is chosen

to match input signal source

put is grounded and the amplifier is in the
inverting mode. The stage gain is the ratio

R:/R; and the input impedance is R,. The
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circuit may be modified as shown in illustra-
tion C so that a noninverting gain of

&--}- 1 is obtained.
1

(] R

(’_ |
Mﬁr‘> it
B uT o IENIPUT
o— b2 Eo [ =2 Eo
L o — o
EO=%J‘EIdt Eo=-Ruc|ﬂ
®
Flgure 33
INTEGRATING AND
DIFFERENTIATING AMPLIFIERS
A—Inverting integrating circuit, B—Inverting
differentating circuit.
8 son 1
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Figure 36
DIFFERENTIAL AMPLIFIER

The differential op-amp is a dual input dc cou-
pled amplifier comparable to a push-pull stage
fed from a constant-current source.
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Flgure 37

DIFFERENTIAL AMPLIFIERS IN R-F SERVICE
FAIRCHILD 1A703 ICs used in f-m i-f amplifier and limiter.
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Figure 38

HEP-590 IC USED AS
A-M MODULATOR

The op-amp can be connected to perform
the integral or differential of the input volt-
age as shown in figure 35. By combining
these operations in 2 number of coordinated
op-amps an analog computer may be con-
structed. This type of machine represents the
use of an electrical system as a model for
a second system that is usually more difficult
or more expensive to CONStruct or measure,
and that obeys the equations of the same
form. The term analog implies similarity of
relations or properties between the systems.
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The Differential The differential amplifier is
Amplifier a dc-coupled amplifier hav-

ing similar input circuits.
The amplifier responds to the difference be-
tween two input voltages or currents (fig-
ure 36). The differential amplifier may be
compared to a push-pull stage fed from a
constant current source.

Differential amplifiers are useful linear
devices over the range from dc to the vhf
spectrum and are useful as product detect-
ors, mixers, limiters, frequency multipliers
and r-f amplifiers. Various versions of the
differential amplifier are discussed in the fol-
lowing sections.

A widely used differential amplifier is the
r-f/i-f amplifier device used as an i-f ampli-
fier at 10.7 MHz in f-m tuners. The Fair-
child 4A703, Motorola HEP-590 and the
Signetics NE-510 are typical examples of
this device. A representative amplifier-lim-
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iter is shown in figure 37. These ICs can be
used for a variety of other purposes and an
a-m modulator using the HEP-590 is shown
in figure 38.

The National Semiconductor LM-373 IC
may be used for the detection of a-m, f-m,
cw, or SSB signals, as shown in figure 39.
Note that the gain of the LM-373 has been
divided into two blocks, with provisions for
insertion of an i-f bandpass filter between
the blocks.

Various ICs have been developed for use
as i-f/f-m detectors in TV receivers. One
unit comprises a complete 4.5-MHz TV
sound system using the quadrature method
of f-m detection similar to that employed
with the 6BN6 tube. This unit has a quadra-
ture f-m detector, 10.7-MHz i-f, and lim-
iter in one package (figure 40).

120
i
3K

|

u.7[—‘
+i2Vv.
!

2 9% 12 13

INPUT
10.7 MHZ

SIGNETICS

NSIlIA , 01, 0UTPUT

1t
=K

= TEST POINT

Figure 40

SIGNETICS N5111A AS QUADRATURE
F-M DETECTOR AT 10.7 MHz

An IC package that is useful in signal
processing applications—especially SSB—is
shown in figure 41. The circuit is a balanced
demodulator for SSB detection.

The PLLIC A recent development is the

phase-locked loop integrated
circuit which performs a remarkable range
of functions: selective amplifier, f-m detec-
tor, frequency multiplier, touchtone decoder,
a-m detector, frequency synthesizer, and
many more. The Signetics NE-560B shown
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ve

sS8
INPUT

-8V

Figure 41

MC-1596G AS BALANCED
MODULATOR FOR SS8
DETECTION

in figure 42 is configured as an f-m detector.
In this circuit the voltage-controlled oscil-
lator (VCO) in the PLL locks itself into a
90° phase relationship with the incoming
carrier signal. Variations of this circuit are
useful in solid-state color-TV receivers.

Diode-Transistor
Arroys

A category of linear ICs
that is of great use com-
prises the diode-transistor
array family, or array for short. The various
types of arrays available contain 2 number
of bipolar transistors inside the package
which are more or less uncommitted to any
particular configuration. Because of pin lim-
itations there are necessarily some intercon-
nections inside the package but there is still
great flexibility to interconnect the transis-
tors for a specific purpose. Examples of these
array devices are the CA 3018, CA 3036,
etc. of RCA. A voltage regulator buile
around the CA 3018 is shown in figure 43.
Note that one of the internal transistor base-
emitter junctions of the IC has been used as
a breakdown diode for a voltage reference.
This is only one of many circuits possible
using an IC array.

Many other types of linear ICs exist: video
amplifiers, logarithmic  amplifiers, TV
chroma demodulators, stereo-multiplex de-
modulators, squelch amplifiers, and so on.
These represent special interest areas and it
would be impossible to treat each category
here. Looking at the large market areas
wherein linear electronics is used, the ex-
perimenter will find ICs available or being
designed for TV receivers, auto ignition sys-
tems, CATV distribution, a-m/f-m radios,
stereo gear, and camera equipment. Doubt-
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less many of the ICs developed for these mar-
kets will be readily usable in the radio
communications field.

The area of greatest growth in recent
years in linear ICs has been in power-han-
dling capability. Most manufacturers of ICs
now have IC regulators and audio output
devices that will handle reasonable amounts
of power without external transistors to as-
sist them.

T
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Figure 43

RCA CA-3018 AS
VOLTAGE REGULATOR

T,—10/20/40 voits center tap. Triad F-91X. Use
red and yellow leads.

The Fairchild 1A-7800 and the National
LM-309K families of three terminal regu-
lators are of particular interest. The LM-
309K is a §-volt regulator capable of 1 am-

a .
available at output levels up to 1§ watts.

pere of regulated output. It is only necessary
to connect the common pin (the case of the
TO-3 package) to ground and the unregu-
lated input to the input pin; output is then
taken from the output pin (a 0.22 pF ca-
pacitor across the input is required for stabil-
ity). The Fairchild regulators offer similar
performance in a variety of positive regu-
lated output voltages. Motorola offers a sim-
ilar family, the MC-7800C series of devices.

Both Fairchild and Moterola also offer a
7900 series of negative, three-terminal regu-
lators as well as National Semiconductor.

Raytheon has introduced the RC-4194TK
in a 9-pin, TO-66 package. This device pro-
duces plus and minus regulated voltagés for
operating linear 1Cs. This regulator can pass
up to 250 mA at an output voltage adjust-
able from zero up to 42 volts.

In the audio-amplifier area, ICs are now

The National 1LM-380 will drive an 8-ohm
speaker up to § watts output and other de-
vices are on the market that will drive a
4-ohm speaker up to 15 watts.

4-15 Solid-State Light
Sources and Numeric Displays

A recent development is the light-emit-
ting diode (LED) which promises to replace

.
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the incandescent lamp as a light source in
displays—especially those subject to heavy
vibration.

The first LEDs were a deep red in color
and made of Gallium-Arsenide-Phosphide
and produced about 30 to 100 microwatts
of light power output. More recently, the
green LED of Gallium-Phosphide and the
amber LED of Gallium-Arsenide-Phosphide
have been made available.

Small LEDs have a forward voltage drop
of about 1.5 to 2.0 volts and they can be
driven up to about 40 ma. The LED does
not have a sudden end-of-life as does an in-
candescent lamp, instead the LED loses
brilliance with age. Predicted life (to half
brilliance) of a typical LED is 10° hours.

Another type of LED is the infrared diode
which has maximum radiation at about 9000
Angstrom units (107'" meters) wavelength
in the near-infrared region. Because it radi-
ates just outside the visible spectrum, the
infrared produced by this Gallium-Arsenide
diode is treated in the same manner as visible
light, using conventional optics. The IR
output of these diodes is very close to the op-
optimum sensitivity of most silicon photo-
diodes, light-sensitive transistors, and FETs.
The IR LED can be modulated (even at
megahertz rates) and serves as a transmitter
in voice and data links or as an intruder
alarm. A Gallium Arsenide emitter and Sili-
con detector may be combined in an opti-

Flgure 44

HEWLETT-PACKARD SOLID-STATE
NUMERIC INDICATORS

4.49

cally coupled isolator  (opto-electronic
switch) which combines the pair in an
opaque, plastic package. Light then couples
the input circuit of the emitter to the out-
put circuit of the detector, with no electrical
coupling between the ports. This isolator is
the equivalent of a relay, with none of the
mechanically fragile components.

An array of LEDs can be configured as a
seven-segment display for numeric indica-
tion and integrated circuits are available
that will convert the binary-coded decimal
system to the seven-segment coding required
for this display.

A solid-state numeric indicator is shown
in figure 44. This small unit is a hybrid
microcircuit consisting of a decoder-driver
and an array of light-emitting diodes. The
numeric indicator is enabled by a pulse and
the display will follow changes on the logic
inputs as long as the enable port is held at
zero (low). In this mode the device is oper-
ated as a real-time display. When the enable
line rises (high), the latches retain the cur-
rent inputs and the display is no longer
affected by changes on the logic input ports.
The decimal point voltage low corresponds
to point illumination.

Other Digital |n addition to light-emitting
Displays diodes, other forms of digital

display exist. The liquid crystal
display provides a brilliant indication that
consumes very little power and can be driven
at low voltage by CMOS circuitry. The dis-
play consists of a sandwich of two thin glass
sheets, coated on their inner surfaces with a
thin transparent conductor such as indium
oxide. The conductor is etched into seven
bars of the standard 7-segment display for-
mat (figure 45). Each bar, or segment, is
electrically separate and can be selected by
a logic driver circuit so that any numeral
can be formed.

The interior of the cell is filled with a
liquid crystal material whose molecular or-
der is disturbed when an electric field is ap-
plied to the segments. The optical appear-
ance of the crystal is thus altered to display
the digits.

Because crystal displays are relatively fast,
it is necessary to drive them at a frequency
which is above the observable flicker rate.
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Figure 45
LIQUID-CRYSTAL DISPLAY

Tyvpical drive frequencies are in the 30-Hz
to 60-Hz range.

Gas Discharge displays provide a large
digit and are composed of a glass sandwich
on which the segments are silk-screened. The
unit is sealed and filled with a neon gas mix-
ture. The display anodes and the keep-alive
cathode are sequentially gated, one anode at
a time to create the appropriate number or
character. The display is cycled at about 80
Hz to remain flicker-free.
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Large displays often make use of a matrix.
or array, of special incandescent lamps ar-
ranged to form the desired characters when
the lamps are appropriately driven. Lamps
are available for this purpose in a wide range
of size. color and style.

4-16 The Microprocessor

A recent LSI addition to the logic IC area
is the microprocessor. This device consists of
various ICs on a chip and resembles a small-
scale version of the central processor in a
computer. It is thus often called a “com-
puter on a chip.” This is not literally true,
since a computer comprises more than a cen-
tral processor, but the microprocessor is a
powerful data processing device when pro-
vided with support components. such as
memories. input/output elements, and signal
processors.

As communication equipment becomes
more complex, it is reasonable to expect to
see microprocessors built in receivers, trans-
mitters, Morse code keyers, and combina-
tions of these as a sequence controller to
make the operator-equipment interface sim-
pler.




CHAPTER FIVE

Vacuum-Tube Principles

In the previous chapters the manner in
which an electric current flows through a
metallic conductor as a result of an electron
drift has been discussed. This drift, which
takes place when there is a difference in po-
tential between the ends of the metallic con-
ductor, is in addition to the normal random
electron motion between the molecules of

the conductor.
An electric current can be caused to

flow through other media than a metallic
conductor. One such medium is an ionized
solution, such as the sulfuric acid electrolyte
in a storage battery. This type of current
flow is called electrolytic conduction. Fur-
ther, it was shown at about the turn of the
century that an electric current can be
carried by a stream of free electrons in an
evacuated chamber. The flow of a current
in such 2 manner is said to take place by
clectronic conduction. The study of elec-
tron tubes (also called vacuum tubes, or
valves) is actually the study of the control
and use of electronic currents within an
evacuated or partially evacuated chamber.
Since the current flow in an electron tube
takes place in an evacuated chamber, there
must be located within the enclosure both
a source of electrons and a collector for the
electrons which have been emitted. The elec-
tron source is called the cathode, and the
electron collector is usually called the anode,
or plate. Some external source of energy
must be applied to the cathode in order to

5.1

impart sufficient velocity to the electrons
within the cathode material to enable them
to overcome the surface forces and thus es-
cape into the surrounding medium. In the
usual types of electron tubes the cathode en-
ergy is applied in the form of heat; electron
emission from a heated cathode is called
thermionic emission. In another common
type of electron tube, the photoelectric cell,
energy in the form of light is applied to the
cathode to cause photoelectric emission.

3-1

Thermionic Emission

Electron
Emission

Emission of electrons from the
cathode of a thermionic tube takes
place when the cathode of the tube
is heated to a temperature sufficiently high
that the free electrons in the emitter have
sufficient velocity to overcome the restrain-
ing forces at the surface of the material.
These surface forces vary greatly with dif-
ferent materials. Thus, different types of
cathodes must be raised to different temper-
atures to obtain adequate electron emission.

Cathode Types The emitter or cathode used

in electron tubes may be
classified into two groups; the directly
heated or filament type and the indirectly
heated or heater-cathode type. Directly
heated cmitters may be further subdivided




5.2

RADIO HANDBOOK

aw.‘

3
Figure 1
ELECTRON-TUBE TYPES

At the left are two Nuvistor types intended for vhf operation in TV tuners and receivers up to 450 MHz
or so. Next is a typical miniature glass receiving tube alongside an old-style metal, octal-based tube.

At the right are an octal-based glass audio tube and ]
tended for use in color teievision receiveis (type 6LQE). This type o

at far right) a nine-pin based sweep tube in-
tube is often used as a linear

amplifier in amateur-type single-sideband transmitting equipment.

into three important groups, two of which
are used in modern vacuum tubes. These
classifications are: the pure-tungsten fila-
ment, the thoriated-tungsten filament, and
the oxide-coated filament.

The Pure-Tung- Pure-tungsten wire was used
sten Filament 35 the filament in nearly all

the earlier transmitting and
receiving tubes. However, the thermionic
efficiency of tungsten wire as an emitter
(the number of milliamperes emission per
watt of filament-heating power) is quite
low; the filaments become fragile after use;
their life is rather short, and they are sus-
ceptible to burnout at any time. Pure-tung-
sten filaments must be run at bright white
heat (about 2500° Kelvin). For these rea-
sons, tungsten filaments have been replaced
in all applications where another type of
filament could be used.

The Thoriated-
Tungsten Filament

In the course of experi-
ments made upon tung-
sten emitters, It Wwas
found that filaments made from tungsten
having a small amount of thoria (thorium
oxide) as an impurity had much greater
emission than those made from the pure
metal. Subsequent development has resulted

in the highly efficient carburized thoriated-
tungsten filament as used in many medium-
power transmitting tubes today.

The thoriated-tungsten filament may be
either temporarily or permanently damaged
by a heavy current overload which can strip
the surface layer of thorium from the fila-
ment. In some instances, the tube may be
reactivated by flashing the filament at about
150 percent of the normal voltage for about
20 seconds and then burning it at 15 per-
cent overvoltage for about 30 minutes.

The Oxide-
Coated Filament

The most efficient of all
modern filaments is the ox-
ide-coated type which con-
sists of a mixture of barium and strontium
oxides coated on a nickel alloy wire or strip.
This type of filament operates at a dull-red
to orange-red temperature (1050° to 1170°
K) at which temperature it will emit large
quantities of electrons. The oxide-coated fil-
ament is somewhat more efficient than the
thoriated-tungsten type in small sizes and it
is considerably less expensive to manufacture.
For this reason all receiving tubes and quite
a number of the low-powered transmitting
tubes use the oxide-coated filament. Another
advantage of the oxide-coated emitter is its
extremely long life—the average tube can
be expected to run from 3000 to 5000 hours.
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Figure 2
VHF AND UHF TUBE TYPES

At the left is an 8058 nuvistor tetrode, representative of the family of small vhi types useful
in receivers and low-power transmitters. The second type is a 6816 planar tetrode rated at 180
watts input to 1215 MHz. The third tube from the left is a 3CX100AS planar triode, an improved
and ruggedized version of the 2C39A, and rated at 100 watts input to 2900 MHz. The fourth tube
from the left is the X-843 (Eimac) planar triode designed to deliver over 100 watts at 2100 MHz.
The tube is used in a grounded-grid cavity configuration. The tube to the right is a 7213 planar
tetrode, rated at 2500 watts input to 1215 MHz. All of these vhf/uhf negative grid tubes make
use of ceramic insulation for the lowest envelope loss at the higher frequencies and the larger
ones have coaxial bases for use in resonant cavities.

Oxide-coated emitters have been found
capable of emitting an enormously large
current pulse with a high applied voltage
for a very short period of time without
damage. This characteristic has proved to
be of great value in radar work. For example,
the relatively small cathode in a microwave
magnetron may be called on to deliver 25 to
$0 amperes at an applied voltage of perhaps
25,000 voles for a period in the order of one
microsecond. After this large current pulse
has been passed, plate voltage normally will
be removed for 1000 microseconds or more
so that the cathode surface may recover
in time for the next pulse of current. If the
cathode were to be subjected to a contin-
uous current drain of this magnitude, it
would be destroyed in a short period of time.

The Heater The heater-type cathode was de-
Cathode  veloped as a result of the re-

quirement for a type of emitter
which could be operated from alternating
current and yet would not introduce any
ripple modulation even when used in low
level stages. It consists essentially of a small
nickel-alloy cylinder with a coating of stron-
tium and barium oxides on its surface simi-

lar to the coating used on the oxide coated
filament. Inside the cylinder is an insulated
heater element consisting usually of a double
spiral of tungsten wire. The heater may op-
erate on any voltage from 3 to 117 volts,
although 6.3 is the most common value. The
heater is operated at quite a high tempera-
ture so that the cathode itself usually may
be brought to operating temperature in a
matter of 15 to 30 seconds. Heat-coupling
between the heater and the cathode is mainly
by radiation.

Indirectly heated cathodes are employed
in all ac-operated tubes which are designed
to operate at a low level either for r-f or a-f
use.
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CUTAWAY DRAWING OF A
6C4 TRIODE
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The Emission The emission of electrons from
Equation a heated cathode is quite sim-

ilar to the evaporation of mole-
cules from the surface of a liquid. The
molecules which leave the surface are those
having sufficient kinetic (heat) energy to
overcome the forces at the surface of the
liquid. As the temperature of the liquid is
raised, the average velocity of the molecules
is increased, and a greater number of mole-
cules will acquire sufficient energy to be
evaporated. The evaporation of electrons
from the surface of a thermionic emitter is
similarly a function of average electron ve-
locity, and is a function of the temperature
of the emitter.

Electron emission per unit area of emitting
surface is a function of the temperature (T)
in degrees Kelvin, the work function of
emitting surface b (which is a2 measure of
the surface forces of the material and of the
energy required of the electron before it may
escape), and of the constant (A) which also
varies with the emitting surface. The rela-
tionship between emission current in am-
peres per square centimeter (I) and the
above quantities can be expressed as:

= AT?/"

Secondary The bombarding of most metals
Emission and a1 few insulators by electrons

will result in the emission of other
electrons by a process called sccondary emis-
sion. The secondary electrons are literally
knocked from the surface layers of the bom-
barded material by the primary electrons
which strike the material. The number of
secondary electrons emitted per primary
electron varies from a very small percent-
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CUTAWAY DRAWING OF A
6CB6 PENTODE

age to as high as § to 10 secondary electrons
per primary.

The phenomena of secondary emission is
undesirable for most thermionic electron
tubes. However, the process is used to ad-
vantage in electron tubes such as the image
orthicon (TV camera tube) and the photo-
electric cell. In types of devices which make
use of secondary emission, such as “‘electron
multiplier” tubes the secondary-electron
emitting surfaces are speciallv treated to pro-
vide a high ratio of secondary to primary
electrons. Thus a high degree of current
amplification in the electron-multiplier sec-
tion of the tube is obtained.

The Spoce- As a cathode is heated so that
Chorge Effect it begins to emit, those elec-

trons which have been dis-
charged into the surrounding space form a
negatively charged cloud in the immediate
vicinity of the cathode. This cloud of elec-
trons around the cathode is called the space
charge. The electrons comprising the charge
are continuously changing, since those elec-
trons making up the original charge fall
back into the cathode and are replaced by
others emitted by it.

5-2 The Diode

If a cathode capable of being heated either
indirectly or directly is placed in an evacu-
ated envelope along with a plate, such a
two-clement vacuum tube is called a diode.
The diode is the simplest of all vacuum tubes
and is the fundamental type from which all

the others are derived.
When the cathode within a diode is heated,

it will be found that a few of the electrons
leaving the cathode will leave with sufficient
velocity to reach the plate. If the plate is
electrically connected back to the cathode,
the electrons which have had sufficient veloc-
ity to arrive at the plate will flow back to
the cathode through the external circuit.
This small amount of initial plate current is
an effect found in all two-element vacuum
tubes.

If a source of dc voltage is placed in the
external circuit between the plate and cath-
ode so that it places a positive potential on
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the plate, the flow of current from the cath-
ode to plate will be increased. This is due to
the strong attraction offered by the posi-
tively charged plate for any negatively
charged particles (figure §).
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TYPICAL PLATE
CHARACTERISTICS OF A
POWER DIODE

The Three-Halves
Power Law

At moderate values of
plate voltage the cur-
rent flow from cath-
ode to anode is limited by the space charge
of electrons around the cathode. Increased
values of plate voltage will tend to neutral-
ize a greater portion of the cathode space
charge and will cause a greater current to
flow.

Under these conditions, with plate cur-
rent limited by the cathode space charge, the
plate current is not linear with plate voltage.
Rather, plate current increases as the three-
halves power of the plate voltage. The re-
lationship between plate voltage, (E) and
cathode current (I) can be expressed as:

I=KE"?

where,
K is a constant determined by the geome-

try of the element structure within the
diode tube.

Plate-Current
Saturation

As plate voltage is raised to
the potential where the cath-
ode space charge is neutral-
ized, all the electrons that the cathode is
capable of emitting are being attracted to

the plate. The electron tube is said then to
have reached saturation plate current. Fur-
ther increase in plate voltage will cause only
a relatively small increase in plate current.

The degree of flattening in the plate-volt-
age plate-current curve after the limited-
emission point will vary with different types
of cathodes. This effect is shown in figure 6.
The flattening is quite sharp with a pure
tungsten emitter. With thoriated tungsten
the flattening is smoothed somewhat, while
with an oxide-coated cathode the flattening
is quite gradual.

OxIDE COATED

AIATED TUNGSTON

TUNGSTEN FILAMENT

POINT OF MAXIMUM SPACE -
CHARGE -LIMITED EMISSION

PLATE CURRENT

PLATE VOLTAGE ——
Figure 6

MAXIMUM SPACE-CHARGE-LIMITED
EMISSION FOR DIFFERENT TYPES
OF EMITTERS

Electron Energy The current flowing in the
Dissipation plate-cathode space of a con-

ducting electron tube repre-
sents the energy required to accelerate elec-
trons from the zero potential of the cathode
space charge to the potential of the anode.
Then, when these accelerated electrons strike
the anode, the energy associated with their
velocity is immediately released to the anode
structure. In normal electron tubes this
cnergy release appears as heating of the plate
or anode structure.

5-3 The Triode

If an element consisting of a mesh or
spiral of wire is inserted concentric with the
plate and between the plate and the cathode,
such an element will be able to control by
electrostatic action the cathode-to-plate cur-
rent of the tube. The new element is called
a grid, and a vacuum tube containing a cath-



5.6

ode, grid, and plate is commonly called a
triode.

Action of
the Grid

If this new element through
which the electrons must pass in
their course from cathode to
plate is made negative with respect to the
cathode, the negative charge on this grid
will effectively repel the negatively charged
electrons back into the space charge sur-
rounding the cathode. Thus, the number of
electrons which are able to pass through the
grid mesh and reach the plate will be re.
duced, and the plate current will be reduced
accordingly. If the charge on the grid is
made sufficiently negative, all the electrons
leaving the cathode will be repelled back to
it and the plate current will be reduced to
zero. Any dc voltage placed on a control
grid is called a bias. The smallest negative
voltage which will cause cutoff of plate cur-
rent at a particular plate voltage is called
the value of cutoff bias (figure 7).
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Figure 7
ACTION OF THE GRID
IN A TRIODE

(A) shows the triode tube with cutoff bias on
the grid. Note that all the elections emitted by
the cathode remain inside the grid mesh. (8)
shows the same tube with an intermediate value
of bias on the grid. Note the medium value of
plate current and the fact that there is a re-
serve of electrons remaining within the grid
mesh. (C) shows the operation with a relatively
small amount of bias which with certain tube
types will allow substantially all the electrons
emitted by the cathode to reach the plate.

Amplification
Factor

The plate current in a triode
is a result of the net field at
the cathode from interaction
between the field caused by the grid bias
and that caused by the plate voltage. Both
grid bias and plate voltage affect the plate
current. The ratio between the change in
grid bias and the change in plate current
which will cause the same small change in
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plate current is called the amplification fac-
tor, or pn, of the electron tube. Expressed as
in equation:

AE,

AE.

"= —_—

with I, constant (A represents a small incre-
ment).

The p. of modern triodes ranges from § to
200.

Current Flow
in o Triode

In a diode the electrostatic
field at the cathode is propor-
tional to the plate potential
(Ev) and the total cathode current is pro-
portional to the three-halves power of the
plate voltage. Similarly, in a triode the field
at the cathode space charge is propor-
tional to the equivalent voltage (E. +
Ey/u), where the amplification factor (u)
actually represents the relative effectiveness
of grid potential and plate potential in pro-
ducing a field at the cathode.

The cathode current in a triode is pro-
portional to the three-halves power of (FE.
+ E./i) and can be represented with fair
accuracy by the expression:

Eb /2
cathode current = K (Ec + ——)
m

where,

K is a constant determined by element

geometry within the triode.
Plate Resistance  The dymamic plate resist-
ance of a vacuum tube is
the ratio of a change in plate voltage to the
change in plate current which the change
in plate voltage produces. To be accurate,
the changes should be very small with respect
to the operating values. Expressed as an
equation:

_ AE,
™7 AL

Plate resistance is expressed in ohms.

Transconductance The mutual conductance,
also referred to as franms-
conductance, is the ratio of a change in the

plate current to the change in grid voltage
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which brought about the plate-current
change, the plate voltage being held con-
stant. Expressed as an equation:

Al

Gm = 3L

where,
E, is held constant.

The transconductance is also numerically
equal to the amplification factor divided by
the plate resistance. Gm = u/r,,.

Transconductance is most commonly ex-
pressed in microreciprocal-ohms or micro-
l"l.)().\'.

The operating characteristics of a triode
may be summed up by the curves of figures
8 and 9, the latter representing the positive
grid characteristics of the triode. The plate
resistance (r,) may be observed from figure
8 and the transconductance from figure 9.
The amplification factor may be determined
from a plot of plate voltage versus grid
bias, for various values of plate current.
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NEGATIVE GRID CHARACTERISTICS
(1, VS. E,, CURVES) OF A
TYPICAL TRIODE

Average piate characteristics of this form are
most commonly used in determining the Class-
A operating characteristics of a triode amplifier
stage.
The Load Line A Joad line is a graphical rep-
resentation of the voltage on
the plate of a vacuum tube and the cur-
rent passing through the plate circuit of
the tube for various values of plate load
resistance and plate supply voltage. Figure 10
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POSITIVE GRID
CHARACTERISTICS (I, VS. E,)
OF A TYPICAL TRIODE

Plate characteristics of this type are most com-

monly used in determminf the pulse-signal op-

erating characteristics of a triode amplifier

stage. Note the large emission capability of the

oxide-coated heater cathode in tubes of the
general type of the 6J5.

illustrates a triode tube with a resistive plate
load, and a supply voltage of 300 volts. The
voltage at the plate of the tube (e,) may
be expressed as:

e, = Eh - (ill X Rl.)

where,
E\ is the plate supply voltage,
in is the plate current,
R, is the load resistance in ohms.

Assuming various values of i flowing in
the circuit, controlled by the internal resist-
ance of the tube (a function of the grid
bias), values of plate voltage may be plotted
as shown for each value of plate current
(iv). The line connecting these points is
called the load line for the particular value
of plate load resistance used. The slope of
the load line is equal to the ratio of the
lengths of the vertical and horizontal pro-
jections of any segment of the load line.

For this example it is:

dope — —{ 01 = .02
P¢= "\ Too — 200

= —.0001 = —

1
10,000

.

30 L. 10 L. 0 00
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THE STATIC LOAD LINE FOR A

TYPICAL TRIODE TUBE WITH A

PLATE LOAD RESISTANCE OF
10,000 OHMS

The slope of the load line is equal to
— 1/R;. At point A on the load line, the
voltage across the tube is zero. This would
be true for a perfect tube with zero inter-
nal voltage drop, or if the tube is short-cir-
cuited from cathode to plate. Point B on the
load line corresponds to the cutoff point of
the tube, where no plate current is flowing.
The operating range of the tube lies between
these two extremes.
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Application of Tube As an example of the ap-
Characteristics plication of tube charac-

teristics, the constants of
the triode amplifier circuit shown in figure 11
may be considered. The plate supply is 300
volts, and the plate load is 8000 ohms. If

ERLz8x

B | |t
Eczav= Ep=300V.
Figure 11

TRIODE TUBE CONNECTED FOR
DETERMINATION OF PLATE-
CIRCUIT LOAD LINE AND
OPERATING PARAMETERS OF
THE CIRCUIT

the tube is considered to be an open circuit
no plate current will flow, and there is no
voltage drop across the plate load resistor
(R),). The plate voltage on the tube is
therefore 300 volts. If, on the other hand,
the tube is considered to be a short circuit,
maximum possible plate current flows and
the full 300 volt drop appears across R;.
The plate voltage is zero, and the plate cur-
rent is 300/8000, or 37.5 milliamperes.
These two extreme conditions define the
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APPLICATION OF 1, VS. E,
CHARACTERISTICS OF
A VACUUM TUBE
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ends of the load line on the I, vs. K. char-
acteristic curve figure 12.

For this application the grid of the tube
is returned to a steady biasing voltage of — 4
volts. The steady or quiescent operation of
the tube is determined by the intersection of
the load line with the —4-volt curve at
point Q. By projection from point Q
through the plate-current axis it is found
that the value of plate current with no sig-
nal applied to the grid is 12.75 milliamperes.
By projection from point Q through the
plate-voltage axis it is found that the quies-
cent plate voltage is 198 volts. This leaves
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Figure 13

POLARITY REVERSAL BETWEEN
GRID AND PLATE VOLTAGES

a drop of 102 volts across R;, which is
borne out by the relation 0.01275 X 8000
= 102 volts.

An alternating voltage of 4 volts maxi-
mum swing about the normal bias value of
— 4 volts is applied now to the grid of the
triode amplifier. This signal swings the grid
in a positive direction to 0 volts, and in a
negative direction to —8 volts, and estab-
lishes the operating region of the tube along
the load line between points A and B. Thus

the maxima and minima of the plate voltage
and plate current are established. By projec-
tion from points A and B through the plate-
current axis the maximum instantaneous
plate current is found to be 18.25 milliam-
peres and the minimum is 7.5 milliamperes.
By projections from points A and B through
the plate-voltage axis the minimum instan-
taneous plate-voltage swing is found to be
154 volts and the maximum is 240 volts.

By this graphical application of the I, vs.
E,, characteristic of the 12AU7 triode the
operation of the circuit illustrated in figure
11 becomes apparent. A voltage variation of
8 volts (peak to peak) on the grid produces
a variation of 84 volts at the plate.

Polarity Inversion When the signal voltage

applied to the grid has its
maximum positive instantaneous value the
plate current is also maximum. Reference to
figure 11 shows that this maximum plate
current flows through plate-load resistor Ry,
producing a maximum voltage drop across
it. The lower end of Ry is connected to the
plate supply, and is therefore held at a con-
stant potential of 300 volts. With maximum
voltage drop across the load resistor, the
upper end of Rp is at a minimum instan-
taneous voltage. The plate of the tube is

connected to this end of Ry and is there-
fore at the same minimum instantaneous

potential.

This polarity reversal between instantane-
ous grid and plate voltages is further clari-
fied by a consideration of Kirchhoff’s law as
it applies to series resistance. The sum of the
IR drops around the plate circuit must at
all times equal the supply voltage of 300
volts. Thus when the instantaneous voltage
drop across Ry is maximum, the voltage drop
across the tube is minimum, and their sum
must equal 300 volts. The variations of grid
voltage, plate current, and plate voltage
about their steady-state values are illustrated
in figure 13.

Interelectrode
Capacitance

Capacitance always exists be-
tween any two pieces of metal
separated by a dielectric. The
exact amount of capacitance depends on the
size of the metal pieces, the dielectric be-
tween them, and the type of dielectric. The
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Figure 14

SCHEMATIC REPRESENTATION
OF INTERELECTRODE
CAPACITANCE

electrodes of a vacuum tube have a similar
characteristic known as interelectrode capac-
itance, illustrated in figure 14, These direct
capacitances in a triode are: grid-to-cathode
capacitance, grid-to-plate capacitance, and
plate-to-cathode capacitance. The interelec-
trode capacitance, though very small, has a
coupling effect, and often can cause un-
balance in a particular circuit. At very-high
frequencies (vhf), interelectrode capaci-
tances become very objectionable and pre-
vent the use of conventional tubes at these
frequencies. Special vhf tubes must be used
which are characterized by very small elec-
trodes and close internal spacing of the ele-
ments of the tube.

5-4 Tetrode and

Screen-Grid Tubes

Many desirable characteristics can be ob-
tained in a vacuum tube by the use of more
than one grid. The most common multiele-
ment tube is the fefrode (four electrodes).
Other tubes containing as many as eight
electrodes are available for special applica-
tions.

The Tetrode The quest for a simple and

easily usable method of elimi-
nating the effects of the grid-to-plate ca-
pacitance of the triode led to the develop-
ment of the screen-grid tube, or tetrode.
When another grid is added between the
grid and plate of a vacuum tube the tube is
called a tetrode, and the new grid is called
a screen grid, as a result of its screening or
shielding action. The interposed screen grid
acts as an electrostatic shield between the
grid and plate, with the consequence that
the grid-to-plate capacitance is reduced. Al-
though the screen grid is maintained at a
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TYPICAL 1, VS. E, TETRODE
CHARACTERISTIC CURVES

positive voltage with respect to the cathode
of the tube, it is maintained at ground po-
tential with respect to rf by means of a by-
pass capacitor of very low reactance at the
frequency of operation.

In addition to the shielding effect, the
screen grid serves another very useful pur-
pose. Since the screen is maintained at a
positive potential, it serves to increase or
accelerate the flow of electrons to the plate.
There being large openings in the screen
mesh, most of the electrons pass through it
and on to the plate. Due also to the screen,
the plate current is largely independent of
plate voltage, thus making for high ampli-
fication. When the screen voltage is held at
a constant value, it is possible to make large
changes in plate voltage without apprecia-
bly affecting the plate current, (figure 15).

When the electrons from the cathode ap-
proach the plate with sufficient velocity,
they dislodge electrons on striking the plate.
This effect of bombarding the plate with
high-velocity electrons, with the consequent
dislodgement of other electrons from the
plate, gives rise to the condition of second-
ary emission which has been discussed in a
previous paragraph. This effect can cause no
particular difficulty in a triode because the
secondary electrons so emitted are eventually
attracted back to the plate. In the screen-
grid tube, however, the screen is close to the
plate and is maintained at a positive poten-
tial. Thus, the screen will attract these elec-
trons which have been knocked from the
plate, particularly when the plate voltage
falls to a lower value than the screen volt-
age, with the result that the plate current is
lowered and the amplification is decreased.
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In the application of tetrodes, it is neces-
sary to operate the plate at a high voltage in
relation to the screen in order to overcome
thesc effects of secondary emission.

The Pentode  The undesirable effects of sec-

ondary emission from the
plate can be greatly reduced if yet another
element is added between the screen and
plate. This additional element is called a
suppressor, and tubes in which it is used are
called pentodes. The suppressor grid is some-
times connected to the cathode within the
tube; sometimes it is brought out to a con-
necting pin on the tube base, but in any
case it is established negative with respect to
the minimum plate voltage. The secondary
electrons that would travel to the screen if
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TYPICAL /. VS. E,. PENTODE
CHARACTERISTIC CURVES

there were no suppressor are diverted back
to the plate. The plate current is, therefore,
not reduced and the amplification possibili-
ties are increased (figure 16).

Pentodes for audio applications are de-
signed so that the suppressor increases the
limits to which the plate voltage may swing;
therefore the consequent power output and
gain can be very great. Pentodes for radio-
frequency service function in such a man-
ner that the suppressor allows high voltage
gain, at the same time permitting fairly
high gain at low plate voltage. This holds
true even if the plate voltage is the same or
slightly lower than the screen voltage.

Remote-Cutoff

Remote-cutoff tubes (vari-
Tubes

able-p) are screen-grid tubes
in which the control grid
structure has been physically modified so as
to cause the plate current of the tube to

s

drop off gradually, rather than to have a
well-defined cutoff point (figure 17). A
nonuniform control-grid structure is used,
so that the amplification factor is different
for different parts of the control grid.

= GAID = GRIO
ATHOOL

REMOTE CUTOFF SHARP CUTOFF
GRID GRID

Figure 17

REMOTE-CUTOFF GRID
STRUCTURE

Remote-cutoff tubes are used in circuits
where it is desired to control the amplifica-
tion by varying the control-grid bias. The
characteristic curve of an ordinary screen-
grid tube has considerable curvature near
the plate-current cutoff point, while the
curve of a remote-cutoff tube is much more
linear (figure 18). The remote-cutoff tube
minimizes cross-talk interference that would
otherwise be produced.

PLATE MA,

— GRID VOLTS 0

Figure 18

ACTION OF A REMOTE-CUTOFF
GRID STRUCTURE

Beam-Power A [eam-power tube makes use
Tubes of another method of suppres-

sing secondary emission. In this
tube there are four electrodes: a cathode, a
grid, a screen, and a plate, so spaced and
placed that secondary emission from the
plate is suppressed without actual power loss.
Because of the manner in which the elec-
trodes are spaced, the electrons which travel
to the plate are slowed down when the plate
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voltage is low, almost to zero velocity in a
certain region between screen and plate. For
this reason the clectrons form a stationary
cloud, or space charge. The effect of this
space charge is to repel secondary electrons
emitted from the plate and thus cause them
to return to the plate. In this way, secondary
emission is suppressed.

Another feature of the beam-power tube
is the low current drawn by the screen. The
screen and the grid are spiral wires wound
so that each turn in the screen is shaded
from the cathode by a grid turn. This align-
ment of the screen and the grid causes the
clectrons to travel in sheets between the
turns of the screen so that very few of them
strike the screen itself. This formation of
the electron stream into sheets or beams in-
creases the charge density in the screen-plate
region and assists in the creation of the space
charge in this region.

Because of the effective suppressor action
provided by the space charge, and because of
the low current drawn by the screen, the
beam-power tube has the advantages of high
power output, high power sensitivity, and
high efficiency.

Grid-Screen The grid-screen u factor (ps)
Mu Factor  is analogous to the amplification

factor in a triode, except that
the screen of a pentode or tetrode is sub-
stituted for the plate of a triode. p, denotes
the ratio of a change in grid voltage to a
change in screen voltage, each of which will
produce the same change in screen current.
Expressed as an equation:

= AEc2
# = aE.
where
I.. is held constant.

The grid-screen p factor is important in
determining the operating bias of a tetrode
or pentode tube. The relationship between
control-grid potential and screen potential
determines the plate current of the tube as
well as the screen current since the plate
current is essentially independent of the
plate voltage in tubes of this type. In other
words, when the tube is operated at cutoff
bias as determined by the screen voltage and
the grid-screen p. factor (determined in
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the same way as with a triode, by dividing
the operating voltage by the p factor), the
plate current will be substantially at cutoff,
as will be the screen current. The grid-screen
ps factor is numerically equal to the am-
plification factor of the same tetrode or
pentode tube when it is triode connected.

Current Flow The following equation is the
in Tetrodes  expression for total cathode
and Pentodes current in a triode tube. The

expression for the total cathode
current of a tetrode and a pentode tube is
the same, except that the screen-grid voltage
and the grid-screen u, factor are used in
place of the plate voltage and u of the
triode.

3/2
Cathode current =K (Ec1 + %—’-F%)
Cathode current, of course, is the sum of
the screen and plate currents plus control-
grid current in the event that the control
grid is positive with respect to the cathode.
It will be noted that total cathode current
is independent of plate voltage in a tetrode
or pentode. Also, in the usual tetrode or
pentode the plate current is substantially in-
dependent of plate voltage over the usual
operating range—which means simply that
the effective plate resistance of such tubes
is relatively high. However, when the plate
voltage falls below the normal operating
range, the plate current falls sharply, while
the screen current rises to such a value that
the total cathode current remains substan-
tially constant. Thus, the screen grid in a
tetrode or pentode will almost invariably be
damaged by excessive dissipation if the plate
voltage is removed while the screen voltage
is still being applied from a low-impedance
source.

Coefficients of In general it may be stated
Tetrodes and  that the amplification factor
Pentodes of tetrode and pentode tubes

is a coefficient which is not
of much use to the designer. In fact the
amplification factor is seldom given on the
design-data sheets of such tubes. Its value
is usually very high, due to the relatively
high plate resistance of such tubes, but
bears little relationship to the stage gain
which dctually will be obtained with such
tubes.
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On the other hand, the grid-plate trans-
conductance is the most important coeffi-
cient of pentode and tetrode tubes. Gain per
stage can be computed directly when the
Gm is known. The grid-plate transconduct-
ance of a tetrode or pentode tube can be
calculated through use of the expression:

G. = Al,

"™ AE.
with E., and E, constant.

The plate resistance of such tubes is of
less importance than in the case of triodes,
though it is often of value in determining
the amount of damping a tube will exert on
the impedance in its plate circuit. Plate re-
sistance is calculated from:

AE,
Al

e =

with E, and E,. constant.

5-5 Mixer and

Converter Tubes

The superheterodyne receiver always in-
cludes at least one stage for changing the
frequency of the incoming signal to the
fixed frequency of the main intermediate-
frequency amplifier in the receiver. This fre-
quency-changing process is accomplished by
selecting the beat-note difference frequency
between a locally generated oscillation and
the incoming signal frequency. If the oscil-
lator signal is supplied by a separate tube,
the frequency changing tube is called a
mixer. Alternatively, the oscillation may be
generated by additional elements within the
frequency-changer tube. In this case the
frequency changer is commonly called a
converter tube.

The conversion conductance
(G.) is a coefhicient of interest
in the case of mixer or con-
verter tubes, or of conventional triodes,
tetrodes, or pentodes operating as frequency
changers. The conversion conductance is
the ratio of a change in the signal-grid volt-
age at the input frequency to a change in
the output current at the converted fre-
quency. Hence G. in a mixer is essentially
the same as transconductance in an ampli-

Conversion
Conductance
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fier, with the exception that the input signal
and the output current are on different fre-
quencies. The value of G. in conventional
mixer tubes is from 300 to 3000 micromhos.
The value of G. in an amplifier tube oper-
ated as a mixer is approximately 0.3 the Gn
of the tube operated as an amplifier. The
voltage gain of a mixer stage is equal to
G. X R;, where Ry, is the impedance of the
plate load into which the mixer tube oper-
ates.

The Diode Mixer The simplest mixer tube is
the diode. The noise figure,
or figure of merit, for a mixer of this type
is not as good as that obtained with other
more complex mixers; however, the diode
is useful as a mixer in uhf and vhf equip-
ment where low interelectrode capacities are
vital to circuit operation. Since the diode
impedance is low, the local oscillator must
furnish considerable power to the diode
mixer. A good diode mixer has an overall
gain of about 0.5.

The Triode Mixer A triode mixer has better
gain and a better noise fig-
ure than the diode mixer. At low frequencies,
the gain and noise figure of a triode mixer
closely approaches those figures obtained
when the tube is used as an amplifier. In the
uhf and vhf range, the efficiency of the
triode mixer deteriorates rapidly. The opti-
mum local-oscillator voltage for a triode
mixer is about 0.7 as large as the cutoff
bias of the triode. Very little local-oscillator
power is required by a triode mixer.
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Muitigrid Mixers Tetrodes and pentodes may

serve as mixers, with the
local mixing signal injected on one of the
grids. Multigrid tubes, in general, provide
much better isolation between the input sig-
nal and the mixing signal than do triodes
(figure 19), but are much noisier in opera-
tion than the triode mixers.

Pentagrid converter tubes perform the
dual function of mixer and local oscillator.
Operation of these various converter tubes
is covered in the Receiver Fundamentals
chapter.

5-6 Electron Tubes at Very
High Frequencies

The vacuum tube has been largely re-
placed in low-power hf and vhf communi-
cation equipment. Aside from the lower cost
and better performance of the transistor, the
vacuum tube has inherent problems that
limit its usefulness as an effective vhf device.

Among the critical vacuum-tube param-
eters that affect vhf performance are the
interelectrode capacitances, lead inductance,
and electron transit time. Tubes designed to
overcome these difficulties are expensive, but
can operate to over 500 MHz. They bear lit-
tle or no resemblance to their low-frequency
counterparts.

Effects of
Lead Inductance

The effect of lead induct-
ance is twofold. First, as
shown in figure 20, the
combination of grid-lead inductance, grid-
cathode capacitance, and cathode-lead in-
ductance tends to reduce the effective grid-
cathode signal voltage for a constant volt-
age at the tube terminals as the frequency is
increased. Second, cathode-lead inductance
tends to introduce undesired coupling be-
tween the various elements within the tube.

Tubes especially designed for vhf and
uhf use have had their lead inductances
minimized. The usual procedures for reduc-
ing lead inductance are: (1) using heavy
lead conductors or several leads in parallel
(examples are the 6]J4 and 6AKS), (2) scal-
ing down the tube in all dimensions to re-
duce both lead inductances and interelec-
trode capacitances (examples are the 6CW4,
6F4, and other nuvistor and miniature
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SHOWING THE EFFECT OF
CATHODE LEAD INDUCTANCE

The degenerative action of cathode lead induc-
tance tends to reduce the effective grid-to-
cathode voltage with respect to the voltage
available across the tuned input circuit. Cath-
ode lead inductance also introduces undesirable
coupling between input and output circuits.

tubes), and (3) the use of very low-in-
ductance extensions of the elements them-
selves as external connections (examples are
lighthouse tubes such as the 2C40, planar
tubes such as the 3JCX100AS, and many
types of vhf transmitting tubes).
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CUTAWAY VIEW OF

WESTERN ELECTRIC 416-B/6280
VHF PLANAR TRIODE TUBE

TUBULATION

The 416-B, designed by the Bell Telephone Lab-
oratories is intended for amplifier or frequency
multiplier service in the 4000 MHz region. Em-
zloymg grid wires having a diameter equal to
fteen wavelengths of light, the 416-B has a
transconductance of 50,000. Spacing between
grid and cathode_is .0005”, to reduce transit-
time effects. Entire tube is gold plated.

e



VACUUM-TUBE PRINCIPLES 5.15

A representative vhf planar triode is
shown in figure 21.

Effect of When an electron tube is op-
Tronsit Time erated at a frequency high

enough that electron transit
time between cathode and plate is an ap-
preciable fraction of a cycle at the input
frequency, several undesirable effects take
place. First, the grid takes power from the
input signal even though the grid is negative
at all times. This comes about since the grid
will have changed its potential during the
time required for an electron to pass from
cathode to plate. Due to interaction, and a
resulting phase difference between the field
associated with the grid and that associated
with a moving electron, the grid presents a
resistance to an input signal in addition to
its normal “cold” capacitance. Further, as
a result of this action, plate current no
longer is in phase with grid voltage.

An amplifier stage operating at a fre-
quency high enough that tramsit time is
appreciable:

(a) Is difficult to excite as a result of
grid loss from the equivalent input grid re-
sistance,

(b) Is capable of less output since trans-
conductance is reduced and plate current is
not in phase with grid voltage.

The effects of transit time increase with
the square of the operating frequency, and
they increase rapidly as frequency is in-
creased above the value where they become
just appreciable. These effects may be re-
duced by scaling down tube dimensions; a
procedure which also reduces lead induct-
ance. Further, transit-time effects may be
reduced by the obvious procedure of in-
creasing electrode potentials so that electron
velocity will be increased. However, due to
the law of electron motion in an electric
field, transit time is increased only as the
square root of the ratio of operating poten-
tial increase; therefore this expedient is of
limited value due to other limitations on
operating voltages of small electron tubes.

5-7  Special Microwave

Electron Tubes

Due primarily to the limitation imposed
by transit time, conventional negative-grid

electron tubes are capable of affording
worthwhile amplification and power output
only up to a definite upper frequency. This
upper frequency limit varies from perhaps
100 MHz for conventional tube types to
about 2000 MHz for specialized types such
as the planar triode. Above the limiting fre-
quency, the conventional negative-grid tube
no longer is practicable and recourse must
be taken to totally different types of elec-
tron tubes in which electron transit time is
not a limitation to operation. Three of the
most important of such microwave tube
types are the klystron, the magnetron, and
the traveling-wave tube.

The Power The klystron is a rugged, micro-
Klystron wave power tube in which elec-

tron transit time is used to ad-
vantage (figure 22). The klystron consists
of a number of resonant cavitics linked to-
gether by metallic sections called drift tubes.
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THE POWER KLYSTRON

Large kiystrons are commonly used in uhf-TV

transmitter service providing upward of 35-kW

output at frequencies up to 300 MHz. The res-

onant cavities may be integral (as shown) or

external, clamped to the drift tube which has

targe ceramic insulating sections covering the
cavity gap.

The drift tubes provide isolation between
the cavities at the operating frequency of
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the tube and the output circuitry of the
klystron is effectively isolated from the in-
put circuitry, an important consideration in
vhf amplifiers.

The cathode, or electron gun, emits a
stream of electrons which is focused into a
tight beam. The beam passes through the
succession of cavities and drift tubes, ulti-
mately reaching the collector. The main
body of the tube is usually operated at
ground potential, with the cathode and as-
sociated focus electrode operated at a high
negative potential. The electron beam is
held on course by means of an axial mag-
netic field created by magnetic coils placed
about the tube. The strength of the mag-
netic field is adjustable to permit accurate
adjustment of the electron beam, which can
be made to travel long distances, with less
than one percent current interception by the
drift tube walls.

The input and output terminations of a
typical klystron are coaxial fittings, or wave-
guide connectors. The resonant cavities of
the klystron may be tuned either for maxi-
mum stage gain or for maximum efficiency.
For maximum gain, all cavities are tuned to
the, center operating frequency; but for bet-
ter bandwidth and higher efficiency the cavi-
ties are usually stagger-tuned across the op-
erating band.

“Bunching” The electron stream leaving the
cathode gun of a klystron is
uniform in density, but the action of the
cavities and drift tubes cause a large degree
of density modulation to appear in the beam
at the output cavity. This action, called
bunching, is a result of the beam being ex-
posed to the varying electric field which
appears across the gaps in the cavities. Elec-
trons passing through the gaps, when the
r-f field across the gap is zero, travel in the
drift regions at a velocity corresponding to
the beam voltage. When the gap appears
positive, the electrons are accelerated, and
when the gap appears negative the electrons
travel at reduced velocity. The result of
this velocity modulation is that the electrons
tend to bunch progressively.

The output cavity of the klystron is ex-
posed to a series of electron bunches which
are timed to arrive with a frequency equal
to the resonant frequency of the cavity and
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a net power flow from the beam to the cav-
ity exists. The energy is extracted trom the
cavity by means of a coupling loop.

The Reflex
Klystron

The multicavity klystron as de-
scribed in the preceding para-
graphs is primarily used as a
transmitting device since large amounts of
power are made available in its output cir-
cuit. However, for applications where a
much smaller amount of power is required
— power levels in the milliwatt range —
for low-power transmitters, receiver local
oscillators, etc., another type of klystron hav-
ing only a single cavity is more frequently
used.

The theory of operation of the single-
cavity klystron is essentially the same as the
multicavity type with the exception that the
velocity-modulated electron beam, after hav-
ing left the input cavity is reflected back
into the area of the cavity again by a repel-
ler electrode as illustrated in figure 23. The
potentials on the various electrodes are ad-
justed to a value such that proper bunching
of the electron beam will take place just as
a particular portion of the velocity-modu-
lated beam re-enters the area of the resonant
cavity. Since this type of klystron has only
one circuit it can be used only as an oscilla-
tor and not as an amplifier. Effective modu-
lation of the frequency of a single-cavity
klystron for f-m work can be obtained by
modulating the repeller electrode voltage.

H
O]

Figure 23
REFLEX KLYSTRON OSCILLATOR

13 v.a.C.

A conventional reflex klystron oscillator of the
type commonly used as a local oscillator in su-
gerheterodyne receivers operating above about
000 MHz is shown above. Frequency modula-
tion of the output frequency of the oscillator,
or afc operation in a receiver, may be obtained
by varying the negative voltage oh the repeller
electrode.
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The Magnetron The magnetron is a ubf
oscillator tube normally em-
ployed where very-high values of peak power
or moderate amounts of average power are
required in the range from perhaps 700
MHz to 30,000 MHz. Special magnetrons
were developed for wartime use in radar
cquipment which had peak power capabili-
ties of several million watts (megawatts)
output at frequencies in the vicinity of
3000 MHz. The normal duty cycle of oper-
ation of these radar units was approximately
1/10 of one percent (the tube operated
about 1/1000 of the time and rested for
the balance of the operating period) so that
the average power output of these magne-
trons was in the vicinity of 1000 watts.
In its simplest form the magnetron tube
is a filament-type diode with two half-cylin-
drical plates or anodes situated coaxially with
respect to the filament. The construction is
illustrated in figure 24A. The anodes of the
magnetron are connected to a resonant cir-
cuit as illustrated in figure 24B. The tube
is surrounded by an electromagnet coil.
which, in turn, is connected to a low-
voltage dc energizing source through a
rheostat (R) for controlling the strength of
the magnetic field. The field coil is oriented
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Figure 24
SIMPLE MAGNETRON
OSCILLATOR

An external tank circuit is used with this (yr‘e
of magnetron oscillator for operation in the
fower uhf range.
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so that the lines of magnetic force it sets up
are parallel to the axis of the electrodes.

Under the influence of the strong mag-
netic field, electrons leaving the filament
are deflected from their normal paths and
move in circular orbits within the anode
cylinder. This effect results in a negative
resistance which sustains oscillations. The
oscillation frequency is very nearly the value
determined by L and C. In other magnetron
circuits, the frequency may be governed by
the electron rotation, no external tuned cir-
cuits being employed. Wavelengths of less
than 1 centimeter have been produced with
such circuits.

More complex magnetron tubes employ no
external tuned circuit, but utilize instead
one or more resonant cavities which are in-
tegral with the anode structure. Figure 2%
shows a magnetron of this type having a
multicellular anode of eight cavities. It will
be noted, also, that alternate cavities (which
would operate at the same polarity when the
tube is oscillating) are strapped together.
Strapping was found to improve the effhi-
ciency and stability of high-power radar
magnetrons. In most radar applications of
magnetron oscillators, a powerful permanent
magnet of controlled characteristics is em-
ployed to supply the magnetic field, rather
than the use of an electromagnet.
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MODERN MULTICAVITY
MAGNETRON

lllustrated is an external-anode strapped mag-
netion of the type commonly used in radar
equipment for the 10-cm range. An integral per-
manent magnet is shown in the righthand por-
tion of the drawing, with the magnetion in place
between the pole pieces of the magnet.

A second class of magnetron oscillator is
the voltage tunable magnetron (VTM). This
device can be adjusted in frequency by
changing the anode voltage. Voltage tuning
requires a Jow-Q anode cavity and auxiliary
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injection electrodes, not used on the simpler
magnetron, are employed with the VTM. An
isolator is often used in the output circuit
as the frequency of operation and output
power are interrelated. Other classes of mag-
netrons include the injected-beam, backward-
wave oscillator (Carcinatron), and the
crossed-field backward-wave oscillator

(BWO).

The Traveling-
Wave Tube

The traveling-wave tube
(figure 26) consists of a
helix located within an
evacuated envelope. Input and output ter-
minations are affixed to each end of the helix.
An electron beam passes through the helix
and interacts with a wave traveling along
the helix to produce broadband amplification
at microwave frequencies.
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Figure 26
THE TRAVELING-WAVE TUBE

Operation of this tube is the result of interac-
tion between the electron beam and wave trav-
eling along the helix.

When the input signal is applied to the
gun end of the helix, it travels along the
helix wire at approximately the speed of
light. However, the signal velocity measured
along the axis of the helix is considerably
lower. The electrons emitted by the cathode
gun pass axially through the helix to the
collector, located at the output end of the
helix. The average velocity of the electrons
depends on the potential of the collector
with respect to the cathode. When the
average velocity of the electrons is greater
than the velocity of the helix wave, the ele-
trons become crowded together in the var-
ious regions of retarded field, where they im-
part energy to the helix wave. A power gain
of 100 or more may be produced by this
tube.
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5-8 The Cathode-Ray Tube

The cathode-ray tube is a special type of
electron tube which permits the visual obser-
vation of electrical signals. It may be in-
corporated into an oscilloscope for use as a
test instrument or it may be the display de-
vice for radar equipment or television.

Operation of
the CRT

A cathode-ray tube always in-
cludes an electron gun for pro-
ducing a stream of electrons, a
grid for controlling the intensity of the elec-
tron beam, and a [uminescent screen for con-
verting the impinging electron beam into
visible light. Such a tube always operates in
conjunction with either a built-in or an ex-
ternal means for focusing the electron stream
into a narrow beam, and a means for deflect-
ing the electron beam in accordance with an
electrical signal.

The main electrical difference between
types of cathode-ray tubes lies in the means
employed for focusing and deflecting the
electron beam. The beam may be focused
and/or deflected either electrostatically or
magnetically, since a stream of electrons can
be acted on either by an electrostatic or a
magnetic field. In an electrostatic field the
electron beam tends to be deflected toward
the positive termination of the field (figure
27). In a magnetic field the stream tends to
be deflected at right angles to the field. Fur-
ther, an electron beam tends to be deflected
so that it is normal (perpendicular) to the
equipotential lines of an electrostatic field—
and it tends to be deflected so that it is par-
allel to the lines of force in a magnetic field.

Large cathode-ray tubes used as kinescopes
in television receivers usually are both
focused and deflected magnetically. On the
other hand, the medium-size CR tubes used
in oscilloscopes and small television receivers
usually are both focused and deflected elec-
trostatically. Cathode-ray tubes for special
applications may be focused magnetically
and deflected electrostatically or vice versa.

There are advantages and disadvantages to
both types of focusing and deflection. How-
ever, it may be stated that electrostatic
deflection is much better than magnetic de-
flection when high-frequency waves are to
be displayed on the screen; hence the al-
most universal use of this type of deflec-
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tion for oscillographic work. When a tube
is operated at a high value of accelerating
potential so as to obtain a bright dis-
play on the face of the tube as for television
or radar work, the use of magnetic deflec-
tion becomes desirable since it is relatively
easier to deflect a high-velocity electron
beam magnetically than electrostatically.
An ion frap is required with magnetic de-
flection since the heavy negative ions emitted
by the cathode are not materiallv deflected
by the magnetic field and would burn an ion
spot in the center of the luminescent screen.
With electrostatic deflection the heavy ions
are deflected equally as well as the electrons
in the beam so that an ion spot is not
formed.

Construction of  The construction of a
Electrostatic CRT typical electrostatic-focus,

electrostatic - deflection
cathode-ray tube is illustrated in the pic-
torial diagram of figure 27. The indirectly
beated cathode (K) releases free electrons
when heated by the enclosed filament. The
cathode is surrounded by a cylinder (G)
which has a small hole in its front for the
passage of the electron stream. Although this
element is not a wire mesh as is the usual
grid, it is known by the same name because
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TYPICAL ELECTROSTATIC
CATHODE-RAY TUBE

its action is similar: it controls the electron
stream when its negative potential is varied.

Next in order, is found the first acceler-
ating anode (H) which resembles another
disk or cylinder with a small hole in its
center. This electrode is run at a high or
moderately high positive voltage, to accel-
erate the electrons toward the far end of
the tube.

The focusing electrode (F) is a sleeve
which usually contains two small disks, each
with a small hole.
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After leaving the focusing electrode, the
electrons pass through another accelerating
anode (A) which is operated at a high pos-
itive potential. In some tubes this electrode
is operated at a higher potential than the
first accelerating electrode (H) while in
other tubes both accelerating electrodes are
operated at the same potential.

The electrodes which have been described
up to this point constitute the electron gun,
which produces the free electrons and fo-
cuses them into a slender, concentrated,
rapidly traveling stream for projecting onto
the viewing screen.

Electrostatic
Deflection

To make the tube useful, means
must be provided for deflecting
the electron beam along two
axes at right angles to each other. The more
common tubes employ clectrostatic deflec-
tion plates, one pair to exert a force on the
beam in the vertical plane and one pair to
exert a force in the horizontal plane. These
plates are designated as B and C in figure 27.

Standard oscilloscope practice with small
cathode-ray tubes calls for connecting one
of the B plates and one of the C plates to-
gether and to the high-voltage accelerating
anode. With the newer three-inch tubes and
with five-inch tubes and larger, all four de-
flection plates are commonly used for deflec-
tion. The positive high voltage is grounded,
instead of the negative as is common prac-
tice in amplifiers, etc., in order to permit
operation of the deflecting plates at a dc
potential at or near ground.

An Aquadag coating is applied to the in-
side of the envelope to attract any secondary
electrons emitted by the fluorescent screen.

In the average electrostatic-deflection CR
tube the spot will be fairly well centered if
all four deflection plates are returned to the
potential of the second anode (ground).
However, for accurate centering and to
permit moving the entire trace either hori-
zontally or vertically to permit display of a
particular waveform, horizontal- and verti-
cal-centering controls usually are provided
on the front of the oscilloscope.

After the spot is once centered, it is nec-
essary only to apply a positive or negative
voltage (with respect to ground) to one of
the ungrounded or “free” deflector plates
in order to move the spot. If the voltage is
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positive with respect to ground, the beam
will be attracted toward that deflector plate.
If it is negative, the beam and spot will
be repulsed. The amount of deflection is
directly proportional to the voltage (with
respect to ground) that is applied to the
free electrode.

With the larger-screen higher-voltage tubes
it becomes necessary to place deflecting volt-
age on both horizontal and both vertical
plates. This is done for two reasons: First,
the amount of deflection voltage required
by the high-voltage tubes is so great that
a transmitting tube operating from a
high-voltage supply would be required to
attain this voltage without distortion. By
using push-pull deflection with two tubes
feeding the deflection plates, the necessary
plate-supply voltage for the deflection am-
plifier is halved. Second, a certain amount of
defocusing of the electron stream is always
present on the extreme excursions in deflec-
tion voltage when this voltage is applied
only to one deflecting plate. When the de-
flecting voltage is fed in push-pull to both
deflecting plates in each plane, there is no
defocusing because the average voltage act-
ing on the electron stream is zero, even
though the net voltage (which causes the
deflection) acting on the stream is twice
that on either plate.

The fact that the beam is deflected by a
magnetic field is important even in an oscil-
loscope which employs a tube using electro-
static deflection, because it means that pre-
cautions must be taken to protect the tube
from the transformer fields and sometimes
even the earth’s magnetic field. This nor-
mally is done by incorporating a magnetic
shield around the tube and by placing any
transformers as far from the tube as pos-
sible, oriented to the position which pro-
duces minimum effect on the electron stream.

Construction of Electro- The electromagnetic
magnetic CRT cathode-ray tube al-
lows greater defini-
tion than does the electrostatic tube. Also,
electromagnetic definition has a number of
advantages when a rotating radial sweep is
required to give polar indications.
The production of the electron beam in
an electromagnetic tube is essentially the
same as in the electrostatic tube. The grid
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TYPICAL ELECTROMAGNETIC
CATHODE-RAY TUBE

structure is similar, and controls the electron
beam in an identical manner. The elements
of a typical electromagnetic tube are shown
in figure 28. The focus coil is wound on an
iron core which may be moved along the
neck of the tube to focus the electron beam.
For final adjustment, the current flowing in
the coil may be varied. A second pair of
coils, the deflection coils, are mounted at
right angles to each other around the neck
of the tube. In some cases, these coils can
rotate around the axis of the tube.

Two anodes are used for accelerating the
electrons from the cathode to the screen.
The second anode is a graphite coating
(Aquadag) on the inside of the glass enve-
lope. The function of this coating is to
attract any secondary electrons emitted by
the fluorescent screen, and also to shield
the electron beam.

In some types of electromagnetic tubes, a
first, or accelerating anode is also used in
addition to the Aquadag.

Electromagnetic A magnetic field will deflect
Deflection an electron beam in a direc-

tion which is at right angles
to both the direction of the field and the

direction of motion of the beam.

In the general case, two pairs of deflection
coils are used (figure 29). One pair is for
horizontal deflection, and the other pair is
for vertical deflection. The two coils in a
pair are connected in series and are wound
in such directions that the magnetic field
flows from one coil, through the electron
beam to the other coil. The force exerted
on the beam by the field moves it to any
point on the screen by the application of the
proper currents to these coils.

The Trace The human eye retains an image
for about one-sixteenth sccond
after viewing. In a CRT, the spot can be

moved so quickly that a series of adjacent
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spots can be made to appear as a line, if the
beam is swept over the path fast enough. As
long as the electron beam strikes in a given
place at least sixteen times a second, the
spot will appear to the human eye as a
source of continuous light with very little

flicker.

Screen Materials— At least five types of
"'Phosphors* luminescent screen mate-

rials are commonly avail-
able on the various types of CR tubes com-
mercially available. These screen materials
are called phosphors; each of the five phos-
phors is best suited to a particular type of
application. The P-1 phosphor, which has a
green fluorescence with medium persistence,
15 almost invariably used for oscilloscope
tubes for visual observation. The P-4 phos-
phor, with white fluorescence and medium
persistence, is used on television viewing
tubes (Kinescopes). The P-5 and P-11 phos-
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TWO PAIRS OF COILS
ARRANGED FOR ELECTROMAGNETIC
DEFLECTION IN TWO DIRECTIONS

phors, with blue fluorescence and very short
persistence, are used primarily in oscilloscopes
where photographic recording of the trace
is to be obtained. The P-7 phosphor, which
has a blue flash and a long-persistence green-
ish-yellow persistence, is used primarily for
radar displays where retention of the image
for several seconds after the initial signal
display is required.

5-9 Gas Tubes

The space chaige of electrons in the vi-
cinity of the cathode in a diode causes the
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plate- to-cathode voltage drop to be a func-
tion of the current being carried between
the cathode and the plate. This voltage drop
can be rather high when large currents are
being passed, causing a considerable amount
of energy loss which shows up as plat2 dissi-
pation.

Action of The negative space charge can
Positive fons be neutralized by the presence
of the proper density of posi-
tive ions in the space between the cathode
and anode. The positive ions may be ob-
tained by the introduction of the proper
amount of gas or a small amount of mercury
into the envelope of the tube. When the
voltage drop across the tube reaches the ion-
ization potential of the gas or mercury
vapor, the gas molecules will become ionized
to form positive ions. The positive ions then
tend to neutralize the space charge in the
vicinity of the cathode. The voltage drop
across the tube then remains constant at
the ionization potential of the gas, up to a
current drain equal to the maximum emis-
sion capability of the cathode. The voltage
drop varies between 10 and 20 volts, depend-
ing on the particular gas employed, up to
the maximum current rating of the tube.

Mercury-Yapar
Tubes

Mercury-vapor tubes, al-
¢ though very widely used,

have the disadvantage that
they must be operated within a specific
temperature range (25° to 70° C) in order
that the mercury-vapor pressure within the
tube shall be within the proper range. If
the temperature is too low, the drop across
the tube becomes too high causing immediate
overheating and possible damage to the ele-
ments. If the temperature is too high, the
vapor pressure is too high, and the voltage
at which the tube will “flash back” is low-
ered to the point where destruction of the
tube may take place. Since the ambient tem-
perature range specified above is within the
normal room temperature range, no trouble
will be encountered under normal operatine
conditions. However, by the substitution of
xenon gas for mercury it is possible to pro-
duce a rectifier with characreristics compar-
able to those of the mercury-vapor tube ex-
cept that the tube is capable of operating
over the range from approximately —70°
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to +90° C. The 3B2S rectifier is an ex-
ample of this type of tube.

Thyretron
Tubes

If a grid is inserted between the
cathode and plate of a mercury-
vapor gaseous-conduction recti-
fier, a negative potential placed on the added
element will increase the plate-to-cathode
voltage drop required before the tube will
ionize or “fire.” The potential on the control
grid will have no effect on the plate-to-
cathode drop after the tube has ionized.
However, the grid voltage may be adjusted
to such a value that conduction will take
place only over the desired portion of the
cvcle of the a-c voltage being impressed on
the plate of the rectifier.

Voltage-Regulator
Tubes

In a glow-discharge gas
tube the voltage drop
across the electrodes re-
mains constant over a wide range of current
passing through the tube. This property
exists because the degree of ionization of
the gas in the tube varies with the amount
of current passing through the tube. When
a large current is passed, the gas is highly
ionized and the internal impedance of the
tube is low. When a small current is passed,
the gas is lightly ionized and the internal
impedance of the tube is high. Over the
operating range of the tube, the product
(IR) of the current through the tube and
the internal impedance of the tube is very
nearly constant. Examples of this type of
tube are the OB2, OC2, and VR-150.

Vacuum-Tube Vacuum tubes are grouped
Classification into three major classifica-

tions: commercial, rugged-
ized, and premium (or reliable). Any one
of these three groups may also be further
classified for military duty (MIL spec. or
JAN classification). To qualify for MIL
classification, sample lots of the particular
tube must have passed special qualification
tests at the factory. It should not be con-
strued that a MIL-type tube is better than
a commercial tube, since some commercial
tests and specifications are more rigid than
the corresponding MIL specifications. The
MIL stamped tube has merely been accepted
under a certain set of conditions for mili-
tary service.
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Ruggedized or
Premium Tubes

Radio tubes are used for in-
dustrial applications, such
as computing and control
machinery, and in aviation and marine
equipment.

To meet the demands of these industrial
applications, a series of tubes was evolved
incorporating many special features designed
to ensure a long and predetermined operat-
ing life, and uniform characteristics among
similar tubes. Such tubes are known as rug-
gedized or preminm tubes. Long life and
ruggedness are built into the tubes by means
of proper choice and 1007 inspection of all
materials used in the tube, by critical proc-
essing inspection and assembling, and by
conservative ratings of the tube.

Pure tungsten wire is used for heaters in
preference to alloys of lower tensile strength.
Nickel tubing is employed around the heater
wires at the junction to the stem wires to
reduce breakage at this point. Element struc-
tures are given extra supports and bracing.
Finally, all tubes are given a $0-hour test
run under full operating conditions to elimi-
nate early failures.

Ruggedized tubes will withstand severe
impact shocks for short periods, and wil!
operate under conditions of vibration for
many hours. The tubes may be identified in
many cases by the fact that their nomen-
clature includes 2 “W?” in the type number,
as in 807W, 5U4W, etc. Some ruggedized
tubes are included in the *5000” series
nomenclature. The $654 is a ruggedized
version of the 6AKS, the 5692 is a rugged-
ized version of the 6SN7, etc.

5-10 Miscellaneous

Tube Types
Electron-  The electron-ray tube contains
Ray Tubes two sets of elements, one of

which is a triode amplifier and
the other a cathode-ray indicator. The plate
of the triode section is connected to the ray-
control electrodes (figure 30), so that as the
plate voltage varies in accordance with the
applied signal, the voltage on the ray-con-
trol electrode also varies. The electrons which
strike the anode cause it to fluoresce, or give
off light, so that the deflection caused by the
ray-control electrodes, which prevents elec-
trons from striking part of the anode, pro-
duces an electrical shadow on the fluorescent
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anode. The size of this shadow is determined
by the voltage on the ray electrodes. When
these electrodes are at the same potential as
the fluorescent anode, the shadow disap-
pears; if the ray electrode is less positive
than the anode, a shadow appears, the length
of which is proportional to the voltage on
the ray electrodes.

6FG6/EM~84

CONTROL
SIGNAL
NO

MAX.
SIGNAL SIGNAL

Figure 30

SCHEMATIC REPRESENTATION
OF ELECTRON RAY TUBE

Controlled Serics
Warmup
Tubes

heater strings arc em-
ployed in older television sets to
reduce the cost, size, and weight
of the equipment. Voltage surges
of great magnitude occur in series-operated
filaments because of variations in the rate
of warm-up of the various tubes. As the
tubes warm up, the heater resistance changes.
This change is not the same between tubes
of various types, or even between tubes of
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the same type made by different manufac-
turers. Some 6-volt tubes show an initial
surge as high as 9 volts during warmup,
while slow-heating tubes are underheated
during the voltage surge on the 6-volt tubes.

Standardization of heater characteristics
in 2 new group of tubes designed for series
heater strings has eliminated this trouble.
The new tubes have either 600 mA or 400
mA heaters, with a controlled warmup time
of approximately 11 seconds.

Digital Register tubes, or Nixies, are
Readout Tubes glow tubes that provide the

direct display of characters
for data presentation. Nixies have stacked
internal elements in the form of metallic
numerals with a common anode. When neg-
ative voltage is applied to a selected char-
acter, it glows like the cathode of a gas-
discharge tube. Usually only the selected
numeral is visible in the viewing area be-
cause the visual glow discharge is larger than
its metallic source. The Nixie tube requires
careful control of cathode current for long
life and reliability.

Register tubes are available with up to 10
characters and require a potential of about
200 volts for proper character formation. In
addition to digits (0 to 9), some devices dis-
play letters of the alphabet or special char-
acters.







CHAPTER SIX

Vacuum-Tube Amplifiers

The ideal vacuum-tube amplifier should
have an infinite input impedance, zero out-
put impedance and a high forward gain.
Thus, it takes no input power but can fur-
nish an unlimited output power. In addition,
it is unilateral, in that its input circuit is
not affected by the voltage at the output
circuit. Practical amplifiers differ from this
ideal in many respects.

While the advent of the transistor is lim-
iting the use of the vacuum tube in many
cases, it is still widely used in special appli-
cations. The voltage handling capability of
the vacuum tube satisfies the requirements
for high-power circuits and for pulse gen-
erators for radar and other specialized equip-
ment. Solid-state devices have largely re-
placed tubes in low-power applications.

Knowledge of the operation of vacuum-
tube circuits, however, is helpful to the ex-
perimenter as a multitude of equipment is
still in use that employs vacuum tubes and
the generalized knowledge of vacuum-tube
circuitry is useful in the study and applica-
tion of advanced solid-state devices.

6-1 Classes and Types of

Vacuum-Tube Amplifiers

Vacuum-tube amplifiers are grouped into
various classes and subclasses according to
the type of work they are intended to per-
form. The difference between the various
classes is determined primarily by the angle
of plate-current flow, the value of average
grid bias employed, and the maximum value
of the exciting signal impressed on the grid
circuit.

6.1

Closs-A A class-A amplifier is an amplifier
Amplifier biased and supplied with excitation

of such amplitude that plate cur-
rent flows continuously (360° of the excit-
ing voltage waveshape) and grid current
does not flow at any time. Such an amplifier
is normally operated in the center of the
grid-voltage plate-current transfer charac-
teristic and gives an output waveshape which
is a substantial replica of the input wave-
shape.

Class-A operation is employed in most
small-signal applications such as in receivers
and exciters. This mode of operation is char-
acterized by high gain, low distortion, and
low efficiency.

Class-AB, Class-AB, signifies an amplifier
Amplifier operated under such conditions of

grid bias and exciting voltage that
plate current flows for more than one-half
the input voltage cycle but for less than
the complete cycle. .In other words the
operating angle of plate current flow is ap-
preciably greater than 180° but less than
360°. The suffix , indicates that grid current
does not flow over any portion of the input
cycle.

Closs-AB: A Class-AB, am plifier is operated
Amplifier under essentially the same condi-

tions of grid bias as the class-AB,
amplifier mentioned above, but the exciting
voltage is of such amplitude that grid cur-
rent flows over an appreciable portion of
the input wave cycle.

Closs-B A class-B amplifier is biased sub-
Amplifier stantially to cutoff of plate cur-

rent (without exciting voltage)
so that plate current flows essentially over
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one-half the input volrage cycle. The opera-
ting angle of plate-current flow is 180°. The
class-B amplifier is usually excited to the
extent that grid current flows.

Class-C A class-C amplifier is biased to a
Amplifier value greater than the value re-

quired for plate-current cutoff
and is excited with a signal of such ampli-
tude that grid current flows over an appreci-
able period of the input-voltage waveshape.
The angle of plate-current flow in a class-C
amplifier is appreciably less than 180°, or
in other words, plate current flows less than
one-half the time. Class-C amplifiers are not
capable of linear amplification as their out-
put waveform is not a replica of the input
voltage for all signal amplitudes.

Types of

There are three general types of
Amplifiers

amplifier circuits in use. These
types are classified on the basis
of the return for the input and output cir-
cuits (figure 1). Conventional amplifiers are
called grid-driven amplifiers, with the cath-
ode acting as the common return for both
the input and output circuits. The second
type is known as a plate-return amplifier or
cathode follower since the plate circuit is
effectively at ground for the input and out-
put signal voltages and the output voltage
or power is taken between cathode and plate.
The third type is called a cathode-driven or
grounded-grid amplifier since the grid is
effectively at ground potential for input and
output signals and output is taken between
grid and plate.

GROUNDED - PLATE OR
CATHODE - FOLLOWER

GROUNDED - CATHODE

INPUT £}
o
Eurrur 521

GROUNDED - GRID

INPUT £}
UTPUT E

Figure 1
TYPES OF AMPLIFIERS
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6-2 Bias and Input

Constants

The difference in average potential be-
tween grid and cathode is called the grid
bias of a vacuum tube. There are three gen-
eral methods of providing this bias voltage.
In each of these methods the purpose is to
establish the grid at a potential with respect
to the cathode which will place the tube in
the desired operating condition as deter-
mined by its characteristics.

Grid bias may be obtained from a source
of voltage specially provided for this pur-
pose, such as a battery or other dc power
supply. This method is illustrated in figure
2A, and is known as fixed bias.

Figure 2

TYPES OF BIAS SYSTEMS

A—Fixed bias
B—Cathode bias
C—Grid-resistor bias

A second biasing method is illustrated in
figure 2B which utilizes a cathode resistor
across which a voltage drop is developed as a
result of plate current flowing through it.
The cathode of the tube is held at a positive
potential with respect to ground by the
amount of the voltage drop because the grid
is at ground potential. Since the biasing
voltage depends on the flow of plate current
the tube cannot be held in a cutoff condition
by means of the cathode bias voltage devel-
oped across the cathode resistor. The value
of this resistor is determined by the bias
required and the plate current which flows
at this value of bias, as found from the
tube characteristic curves. A capacitor is
shunted across the bias resistor to provide a
low-impedance path to ground for the ac
component of the plate current which re-
sults from an ac input signal on the grid.

The third method of providing a biasing
voltage is shown in figure 2C, and is called
grid-resistor bias. During the portion of the
input cycle which causes the grid to be posi-
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tive with respect to the cathode, grid cur-
rent flows from cathode to grid, charging
capacitor Cc. When the grid draws current,
the grid-to-cathode resistance of the tube
drops from an infinite value to a very low
value (on the order of 1000 ohms or so)
making the charging time constant of the
capacitor very short. This enables Cc to
charge up to essentially the full value of the
positive input voltage and results in the grid
(which is connected to the low-potential
plate of the capacitor) being held essentially
at ground potential. During the negative
swing of the input signal no grid current
flows and the discharge path of Cc is through
the grid resistance which has a value of
500,000 ohms or so. The discharge time con-
stant for Cg is, therefore, very long in com-
parison to the period of the input signal and
only a small part of the charge on Cg is lost.
Thus, the bias voltage developed by the dis-
charge of C¢ is substantially constant and
the grid is not permitted to follow the posi-
tive portion of the input signal.

Vocuum-Tube The relationships between cer-
Constonts tain of the electrode poten-
tials and currents within a
vacuum tube are reasonably constant under
specified conditions of operation. These re-
lationships are called vacuum-tube constants
and are listed in the data published by the
manufacturers of vacuum tubes. The de-
fining equations for the basic vacuum-tube
constants are given in Chapter Five.
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TRIODE PENTODE OR TETRODE

Figure 3

STATIC INTERELECTRODE
CAPACITANCES WITHIN A TRIODE,
PENTODE, OR TETRODE

Interelectrode The values of interelec-
Capacitances oand trode capacitance publish-
Miller Effect ed in vacuum-tube tables

are the static values meas-
ured, in the case of triodes for example, as
shown in figure 3. The static capacitances
are simply as shown in the drawing, but

when a tube is operating as amplifier there
is another consideration known as Miller
Effect which causes the dynamic input ca-
pacitance to be different from the static
value. The output capacitance of an ampli-
fier is essentially the same as the static value
given in the published tube tables. The grid-
to-plate capacitance is also the same as the
published static value, but since Cy;, acts as
a small capacitance coupling energy back
from the plate circuit to the grid circuit,
the dynamic input capacitance is equal to
the static value plus an amount (frequently
much greater in the case of a triode) deter-
mined by the gain of the stage, the plate
load impedance, and the C., feedback capa-
citance. The total value for an audio-ampli-
fier stage can be expressed in the following
equation:

Cgk((lynnmlv) = Cf.'klsln!h') + (A + l) CFP

This expression assumes that the vacuum
tube is operating into a resistive load such
as would be the case with an audio stage
working into a resistance plate load in the
middle audio range.

The more complete expression for the in-
put admittance (vector sum of capacitance
and resistance) of an amplifier operating into
any type of plate load is as follows:

input capacitance = Cgk+ (144 cos ) Cgp

.
) C

input resistance =

A'sinf
where,
A’ equals voltage amplification of the tube
alone,

6 equals angle of the plate-load impedance,
positive for inductive loads, negative
for capacitive.

It can be seen from the above that if the
plate-load impedance of the stage is capaci-
tive or inductive, there will be a resistive
component in the input admittance of the
stage. The resistive component of the input
admittance will be positive (tending to load
the circuit feeding the grid) if the load
impedance of the plate is capacitive, or it
will be negative (tending to make the stage
oscillate) if the load impedance of the plate
is inductive.
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Neutralizotion  Neutralization of the effects
of Interelectrode of interelectrode capacitance
Copacitonce is employed most frequently

in the case of radio-fre-
quency power amplifiers. Before the intro-
duction of the tetrode and pentode tube,
triodes were employed as ncutralized class-A
amplifiers in receivers. Except for vhf opera-
tion of low-noise triodes, this practice has
been superseded through the use of tetrode
and pentode tubes in which the C.;, or feed-
back capacitance has been reduced to such
a low value that neutralization of its effects
is not necessary to prevent oscillation and
instability.

Symbols for As an assistance in simplify-
Vocuum-Tube ing and shortening expressions
Parameters  involving vacuum-tube pa-

rameters, the symbols used
throughout this book are shown in the Glos-
sary at the front of this book.

6-3 Distortion in Amplifiers

There are four main types of distortion
that may occur in amplifiers: frequency dis-
tortion, phase distortion, amplitude distor-
tion, and intermodulation distortion.

Frequency
Distortion

Frequency distortion may occur
when some frequency compo-
nents of a signal are amplified
more than others. Frequency distortion oc-
curs at low frequencies if coupling capaci-
tors between stages are too small, or it may
occur at high frequencies as a result of the
shunting effects of the distributed capacities
in the circuit.
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Figure 4

Illustration of the effect of phase distortion on
input wave containing a third-harmonic signal.

Phase In figure 4 an input signal con-
Distortion sisting of a fundamental and a

third harmonic is passed through
a two-stage amplifier. Although the ampli-
tudes of both components are amplified by
identical ratios, the output waveshape is
considerably different from the input signal
because the phase of the third-harmonic
signal has been shifted with respect to the
fundamental signal. This phase shift is
known as phase distortion, and is caused
principally by the coupling circuits between
the stages of the amplifier. Most coupling
circuits shift the phase of a sine wave, but
this has no effect on the shape of the out-
put wave. However, when a complex wave
is passed through the same coupling circuit
cach component frequency of the wave
shape may be shifted in phase by a different
amount so that the outpur wave is not a
faithful reproduction of the input wave-
shape.

Amplitude
Distortion

If a signal is passed through a
vacuum tube that is operating
on any nonlinear part of its
characteristic, amplitude distortion will oc-
cur. In such a region, a change in grid
voltage does not result in a change in plate
current which is directly proportional to the
change in grid voltage. For example, if an
amplifier is excited with a signal that over-
drives the tubes, the resultant signal is dis-
torted in amplitude, since the tubes are then
operating over a nonlinear portion of their
characteristic.

Intermodulotion A change in stage gain with
Distortion change in input level will

lead to intermodulation dis-
tortion when the stage is driven by a com-
plex signal having more than one frequency.
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This form of distortion occurs in any non-
linear device and generates spurious fre-
quencies falling within the passband of the
amplifier. The subject of intermodulation
distortion is covered in Chapter 7 in greater
detail.

6-4 Resistance-
Capacitance Coupled

Audio-Frequency Amplifiers

Present practice in the design of audio-
frequency voltage amplifiers is almost ex-
clusively to use resistance-capacitance cou-
pling between the low-level stages. Both
triodes and pentodes are used; triode ampli-
fier stages will be discussed first.

RC-Coupled

Figure § illustrates che stand-
Triode Stages

ard circuit for a resistance-
capacitance coupled amplifier
stage utilizing a triode tube with cathode
bias. In conventional audio-frequency ampli-
fier design such stages are used at medium

Re
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LOW-FREQUENCY RANGE

Figure 6

voltage levels (from 0.01 to 5 volts peak on
the grid of the tube) and use medium-p
triodes such as the 6C4 or high-p triodes
such as the 12AT7. Normal voltage gain for
a single stage of this type is from 10 to 70,
depending on the tube chosen and its oper-
ating conditions. Triode tubes are normally
used in the last voltage-amplifier stage of an
RC amplifier since their harmonic distortion,
with large output voltage (25 to 75 volts)
is less than with a pentode tube.

Voltage Gain

The voltage gain per stage of
per Stage

a resistance-capacitance cou-
pled triode amplifier can be
calculated with the aid of the equivalent
circuits and expressions for the mid-fre-
quency, high-frequency, and low-frequency
ranges given in figure 6.

A triode RC-coupled amplifier stage is
normally operated with values of cathode re-
sistor and plate-load resistor such that the
actual voltage on the tube is approximately
one-half the dc plate-supply voltage. To
assist the designer of such stages. data on
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TRIODE GAIN EQUATIONS

Equivalent circuits and gain equations for a triode RC-coupled amplifier stage. In using these

equations, be sure the values of » and R, are proper for the static current and voltage with

which the tube will operate. These values may be obtained from curves published in the RCA
Receiving Tube Manual.
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operating conditions for commonly used
tubes is published in the RCA Recciving
Tube Manual. It is assumed, in the case of
the gain equations of figure 6, that the cath-
ode bypass capacitor (Cx) has a reactance
that is low with respect to the cathode re-
sistor at the lowest frequency to be passed
by the amplifier stage.

RC Coupled
Pentode Stages

Figure 7 illustrates the stand-
ard circuit for a resistance-
capacitance coupled pentode
amplifier stage. Cathode bias is used and the
screen voltage is supplied through a drop-
ping resistor from the plate-voltage supply.
In conventional audio-frequency amplifier
design such stages are normally used at low
voltage levels (from 0.00001 to 0.1 voles

Y|
n

Figure 7

STANDARD CIRCUIT FOR
RESISTANCE-CAPACITANCE
COUPLED PENTODE AMPLIFIER
STAGE

peak on the grid of the tube) and use mode-
rate-G,, pentodes such as the 6AU6. Normal
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voltage gain for a stage of this type is from
60 to 250, depending on the tube chosen and
its operating conditions. Pentode tubes are
ordinarily used in the first stage of an RC
amplifier, where the high gain which they
afford is of greatest advantage, and where
only a small voltage output is required from
the stage.

The voltage gain per stage of a resistance-
capacitance coupled pentode amplifier can be
calculated with the aid of the equivalent cir-
cuits and expressions for the mid-frequency,
high-frequency, and low-frequency ranges
given in figure 8.

To assist the designer of such stages, data
on operating conditions for commonly used
types of tubes is published in the RCA Re-
ceiving Tube Manual. It is assumed. in the
case of the gain equations of figure 8, that
cathode bypass capacitor Cy has a reactance
that is low with respect to the cathode re-
sistor at the lowest frequency to be passed
by the stage. It is additionally assumed that
the reactance of screen bypass capacitor Cp
is low with respect to screen dropping re-
sistor R, at the lowest frequency to be passed
by the amplifier stage.

Cascaded Voltage-
Amplifier Stages

When voltage-amplifier
stages are operated in such
a manner that the output
voltage of the first is fed to the grid of the
second, and so forth, such stages are said to

A = Gm Req .
2 Figure 8
R TRe PENTODE GAIN
EQUATIONS
MID-FREQUENCY RANGE
1b*-9me Equivalent circuits and
ne gain equations for a
_I_ A HIGH FREQ 1 pentode RC-coupled am-
) | Amo FREQ 13 (REQ/Xs)2 plifier stage. In using
= 32R. 2Re¢ A
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1+ Re*tRe g, and R, which are
HIGH-FREQUENCY RANGE proper for the static
=k 27TF (CPr+ Cer (DYNAMIC) currents and voltages
165 -me. with which the tube
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be cascaded. The total voltage gain of cas-
caded amplifier stages is obtained by taking
the product of the voltage gains of each of
the successive stages.

Sometimes the voltage gain of an amplifier
stage is rated in decibels. Voltage gain is
converted into decibel gain through the use
of the following expression: dB = 20 log:.
A, where A is the voltage gain of the stage.
The total gain of cascaded voltage-amplifier
stages can be obtained by adding the num-
ber of dB gain in cach of the cascaded stages.

RC Amplifier
Response

A typical frequency-response
curve for an RC-coupled au-
dio amplifier is shown in fig-
ure 9. It is seen that the amplification is
poor for the extreme high and low frequen-

cies. The reduced gain at the low frequen-
100 1. RL* 500000 OHMS
2.RL* 100 000 OHMS
3.RLT 30000 OHMS
4. RL= 20000 OMMS

10000
FREQUENCY (Hz)

100000

Figure 9

The variation of stage gain with frequency in
an RC-coupled pentode amplifier for various
values of plate-load resistance.

cies is caused by the loss of voltage across
the coupling capacitor. In some cases, a low-
value coupling capacitor is deliberately cho-
sen to reduce the response of the stage to
hum, or to attenuate the lower voice fre-
quencies for communication purposes.

The amplification of high frequencies falls
off because of the Miller effect of the sub-
sequent stage, and the shunting effect of
residual circuit capacities. Both of these ef-
fects may be minimized by the use of a
low-value plate-load resistor.

Grid-Resistor Bias The correct operating
for High-Mu Triodes bias for a high-mu tri-

ode such as the 12AT7,
is fairly critical, and will be found to be
highly variable from tube to tube because
of minute variations in contact potential
within the tube itself. A satisfactory bias

method is to use grid-resistor bias, with a
resistor of one to ten megohms connected
directly between grid and cathode of the
tube with the cathode grounded. Grid cur-
rent flows at all times, and the effective in-
put resistance is about one-half the resis-
tance value of the grid resistor. This circuit
is particularly well suited as a high-gain
amplifier following low-output devices, such
as crystal, or dynamic microphones.

6-5 Video Frequency

Amplifiers

A video-frequency amplifier is one which
has been designed to pass frequencies from
the lower audio range (lower limit perhaps
50 Hz) to the middle r-f range (upper
limit perhaps 4 to 6 MHz). Video amplifiers
are commonly used in television, pulse com-
munication, and radar work. Tubes used in
video amplifiers must have a high ratio of
G,, to capacitance if a usable gain per stage
is to be obtained.
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Figure 10

SIMPLE COMPENSATED VIDEO
AMPLIFIER CIRCUIT

Resistor R in conjunction with coil L _serves

to flatten the high-frequency response of the

stage, while C, and R, serve to equalize the

low-frequency response of this Simple video
amplifier stage.
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Since, at the upper frequency limits of 2
video amplifier the input and output shunt-
ing capacitances of the amplifier tubes have
rather low values of reactance, low values of
coupling resistance, along with peaking coils
or other special interstage coupling impe-
dances, are usually used to flatten out the
gain/frequency and hence the phase/fre-
quency characteristic of the amplifier. Rec-
ommended operating conditions along with
expressions for calculation of gain and cir-
cuit values are given in figure 10. Only a
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Figure 11
INTERSTAGE COUPLING METHODS

simple two-terminal interstage coupling net-
work is shown in this figure.

The performance and gain per stage of o
video amplifier can be improved by the use
of increasingly complex two-terminal inter-
stage coupling networks or through the use
of four-terminal coupling networks or fil-
ters between successive stages. The reader is
referred to Terman’s “Radio Engincer’s
Handbook” for design data on such inter-
stage coupling networks.

6-6 Other Interstage
Coupling Methods

In some instances, other coupling tech-
niques than the common RC circuit is em-
ployed. Figure 11 illustrates some of these
circuits.

Transformer coupling as shown in illustra-
tions A and B is sometimes used in high-
power audio amplifier stages, especially in
cases where it is desired to obtain a large
amount of voltage to drive the grid of a
cathode follower or of a high-power class-A
amplifier from a tube operating with a mod-
erate value of plate voltage. Under these
conditions, transformer coupling will pro-
vide a peak secondary voltage appreciably
higher than the dc plate voltage of the driv-
ing stage. The resistance-transformer cou-
pling circuit of illustration C is used when
it is desired to remove the dc voltage from
the primary winding of the transformer.

The cathode coupling circuit of illustra-
tion D is of interest since there is no phase
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reversal between the input and output cir-
cuit. Figure 12 gives the equations for de-
termining the appropriate factors for an
equivalent triode which can be used with
the expressions shown in figure 6 to deter-
mine the gain of the stage at different fre-
quencies.

Phase
Inverters

In order to drive the grids of a
push-pull stage it is necessary that
voltages equal in amplitude and
opposite in polarity be applied to the two
grids. These voltages may be obtained
through the use of a push-pull input trans-
former such as is shown in figure 11B. It is
possible also, without the attendant bulk
and expense of a push-pull input trans-
former, to obtain voltages of the proper po-
larity and phase through the use of a so-
called phase-inverter stage. There are a large
number of phase-inversion circuits which
have been developed and applied but the
two shown in figure 13 have been found
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R
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@ CATHODE -COUPLED PHASE INVERTER

Figure 13

TWO TYPICAL PHASE-INVERTER
CIRCUITS WITH RECOMMENDED
VALUES FOR CIRCUIT COMPONENTS

over a period of time to be the most satis-
factory from the point of view of the num-
ber of components required and from the
standpoint of the accuracy with which the
two out-of-phase voltages are held to the
same amplitude with variations in supply
voltage and changes in tubes.

6.9

All of these vacuum-tube phase inverters
are based on the fact that a 180° phase
shift occurs within a vacuum tube between
the grid input voltage and the plate output
voltage. In certain circuits, the fact that the
grid input voltage and the voltage appear-
ing across the cathode bias resistor are in
phase, is used for phase-inversion purposes.

Figure 13A illustrates the catbode fol-
lower type phase inverter. This phase invert-
er is the simplest of the three types since it
requires only one tube and a minimum of cir-
cuit components. The circuit does, however,
possess the following two disadvantages: (1)
the cathode of the tube must run at a poten-
tial of approximately one-third the plate sup-
ply voltage above the heater when a grounded
common heater winding is used for this tube
as well as the other heater-cathode tubes in a
receiver or amplifier; (2) the circuit actu-
ally has a loss in voltage from its input to
either of the output grids—about 0.9 times
the input voltage will be applied to each of
these grids. This does represent a voltage
gain of about 1.8 in fofal voltage output
with respect to input (grid-to-grid output
voltage) but it is still small with respect to
the other two phase-inverter circuits shown.

Recommended component values for use
with a 6C4 tube in this circuit are shown in
figure 13A. If it is desired to use another
tube in this circuit, appropriate values for
the operation of that tube as a conventional
amglifier can be obrained from manufactur-
er’s tube data. The designated value of R
should be divided by two, and this new
value of resistance placed in the circuit as
R,. The value of Ry from tube-manual ta-
bles should then be used as Ry in this cir-
cuit, and the total of Rk, and Ry: should be
equal to R;..

The circuit shown in figure 13B gives ap-
proximately one half the voltage gain from
the input grid to either of the grids of the
succeeding stage that would be obrained
from a single tube of the same type operat-
ing as a conventional RC amplifier stage.
Thus, with a 12AU7 tube as shown the volt-
age gain from the input grid to either of the
output grids will be approximately 7—the
gain is, of course, 14 from the input to both
output grids. The phase characteristics are
such that the circuit is commonly used in
deriving push-pull deflection voltage for a
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cathode-ray tube from a single-ended input
signal.

The first section of the 12AU7 is used as
an amplifier to increase the amplitude of the
applied signal to the desired level. The sec-
ond section of the 12AU7 is used as an in-
verter and amplifier to produce a signal of
the same amplitude but of opposite polarity.
Since the common cathode resistor (Ry) is
not bypassed the voltage across it is the alge-
braic sum of the two plate currents and has
the same shape and polarity as the voltage ap-
plied to the input grid of the first half of
the 12AU7. When a signal (e) is applied to
the input circuit, the effective grid-cathode
voltage of the first section is Ae/2, when A
is the gain of the first section. Since the grid
of the second section of the 12AU7 is
grounded, the effect of the signal voltage
across Ry (equal to e/2 if Ry is the proper
value) is the same as though a signal of the
same amplitude but of opposite polarity were
applied to the grid. The output of the sec-
ond section is equal to — Ae/2 if the plate
load resistors are the same for both tube
sections.

A commonly used phase inverter is shown
in figure 14. The input section (V,) is con-

.(I:; Rs Re
L~
Ry 00 ERT N\
" 4TK 1008
e ad L
1 .08
i o
O+8,300V.
Figure 14
VOLTAGE-DIVIDER PHASE
INVERTER

nected as a conventional amplifier. The out-
put voltage from V, is impressed on the
voltage divider Rs-Re. The values of Rs and
Re are in such a ratio that the voltage im-
pressed on the grid of V, is 1/A times the
output voltage of V,, where A is the ampli-
fication factor of V,. The output of V, is
then of the same amplitude as the output of
V,, but of opposite phase.

6-7 DC Amplifiers

Direct-current amplifiers are special types
used where amplification of very slow vari-
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ations in voltage, or of dc voltages is desired.
A simple dc amplifier consists of a single
tube with a grid resistor across the input
terminals, and the load in the plate circuit.

Basic DC
Amplifier Circuit

A basic dc amplifier cir-
cuit is shown in figure 15§,
wherein the grid of one
tube is connected directly to the plate of the
preceding tube in such a manner that volt-
age changes on the grid of the first tube will
be amplified by the system. The voltage drop
across the plate coupling resistor is impressed
directly on the grid of the second tube,
which is provided with enough negative grid
bias to balance out the excessive voltage drop
across the coupling resistor. The grid of the

Ec
—ill=—= 2R
S Ry,
3
—'0
=

Figure 15
DIRECT-COUPLED DC AMPLIFIER

second tube is thus maintained in a slightly
negative position.

The dc amplifier will provide good low-
frequency response, with negligible phase
distortion. High-frequency response is lim-
ited by the shunting effect of the tube ca-
pacitances, as in the normal resistance-
coupled amplifier.

A common fault with dc amplifiers of all
types is static instability. Small changes in
the filament, plate, or grid voltages cannot
be disinguished from the exciting voltage.
Regulated power supplies and special balanc-
ing circuits have been devised to reduce the
effects of supply variations on these ampli-

Ec
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W

BALANCE

Figure 16
PUSH-PULL DC AMPLIFIER




VACUUM-TUBE AMPLIFIERS

fiers. A successful system is to apply the
exciting signal to a push-pull configuration
(figure 16). If the two tubes are identical,
any change in electrode voltage is balanced
out. The use of negative feedback can also
greatly reduce drift problems.

6-8 The Single-Ended
Triode Amplifier

Single-ended triode amplifiers are used in
power circuits for audio and industrial work
where a low-impedance output is desired and
stage gain is not important. Special, low-mu
triodes have been developed for this class of
operation, such as the 6AS7G family.

Operation Choracter- A class-A power am-
istics of a Triode plifier operates in such
Power Amplifier a way as to amplify as

faithfully as possible the
waveform applied to the grid of the tube.
Larger power output is of more impor-
tance than high voltage amplification, con-
sequently gain characteristics may be sacri-
ficed in power-tube design to obtain more
important power-handling capabilities. Class-
A power tubes, such as the 2A3, and 6AS7G,
are characterized by a low amplification fac-
tor, high plate dissipation, and relatively
high filament emission.

The operating characteristics of a class-A
triode amplifier employing an output-trans-
former coupled load may be calculated from
the plate family of curves for the particular
tube in question by employing the following
steps:

1. The load resistance should be approxi-
mately twice the plate resistance of
the tube for maximum undistorted
power output. Remember this fact
for a quick check on calculations.

2. Calculate the zero-signal bias voltage
(Eey).

E., = — (0.68 X Es)

I

3. Locate the E., bias point on the I
versus E, graph where the E. bias line
crosses the plate-voltage line, as shown
in figure 17. Call this point P.

4. Locate on the plate family of curves
the value of zero-signal plate current,

Ig' Mi
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2
lbmax — 'bimin
Figure 17

Da = X 100 PERCENT

Formulas for determining the operating condi-

tions of a class-A triode single-ended audio-

frequency power output stage. A typical load

line has been drawn on the average plate

characteristics of a type 2A3 tube to illustrate
the procedure.

(Is) corresponding to operating point
P

5. Locate 2 X I, (twice the value of I,)
on the plate-current axis (Y axis).
This point corresponds to the value of
maximume-signal plate current (i max)-

6. Locate point x on the dc bias curve
at zero volts (E. = 0), corresponding
to the value of # max.

7. Draw a straight line (x — y) through
points x and P. This line is the load-
resistance line. Its slope corresponds to
the value of the load resistance.

8. Load resistance, (in chms) equals:

__ €b max — €b min

Ry, =

iv max — b min
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9. Check: Multiply the zero-signal plate
current (I,) by the operating plate
voltage, (Ep). If the plate dissipation
rating of the tube is exceeded, it is
necessary to increase the bias (Ec) on
the tube so that the plate dissipation
falls within the maximum rating of
the tube. If this step is taken, opera-
tions 2 through 8 must be repeated
with the new value of E..

10. For maximum power output, the peak
ac grid voltage on the tube should
swing to 2E. on the negative cycle,
and to zero-bias on the positive cycle.
At the peak of the negative swing,
the plate voltage reaches ey, max and the
plate current drops to i mine On the
positive swing of the grid signal, the
plate voltage drops to €, min and the
plate current reaches » wax. The power
output of the tube in watts is:

Po — (ih max — iy mln) >8< (eh max — €h mln)

where,
f is in amperes,
e is in volts.

11. The second-harmonic distortion gen-
erated in a single-ended class-A triode
amplifier, expressed as a percentage of
the fundamental output signal is:

% 2nd harmonic =

(ib max _ib mln) I
—_— — Iy

I max — /b min
Figure 17 illustrates the above steps as ap-
plied to a single class-A 2A3 amplifier stage.

6-9 Single-Ended

Pentode Amplifiers

Figure 18 illustrates the conventional cir-
cuit for a single-ended tetrode or pentode
amplifier stage. Tetrode and pentode tubes
introduce a considerably greater amount of
harmonic distortion in their output circuit,
particularly odd harmonics, as compared to
equivatent triodes. In addition, their plate-
circuit impedance (which acts in an ampli-
fier to damp speaker overshoot and ringing,
and acts in a driver stage to provide good
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regulation) is many times higher than that
of an equivalent triode. The application of
negative feedback acts both to reduce distor-
tion and to reduce the effective plate-circuit
impedance of these tubes.

—y—

= +8.G. +8

Figure 18

Conventional single-ended pentode or beam
tetrode audio-frequency power-output stage.

Operating Character- The operating charac-
istics of o Pentode teristics of pentode pow-
Power Amplifier er ampliﬁers may be

obtained from the plate
family of curves, much as in the manner
applied to triode tubes. A typical family of
pentode plate curves is shown in figure 19.
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GRAPHIC DETERMINATION OF
OPERATING CHARACTERISTICS OF A
PENTODE POWER AMPLIFIER

“y" is the negative control grid voitage at the
operating point P.

The plate current of the pentode tube is
relatively independent of the applied plate
voltage, but is sensitive to screen voltage. In
general, the correct pentode load resistance is
about

0.9 E,,

I

and the power output is somewhat less than



VACUUM-TUBE AMPLIFIERS

Eyv X1y
2

These formulas may be used for a quick
check on more precise calculations. To ob-
tain the operating parameters for class-A
pentode amplifiers, the following steps are
taken:

1. The #, max point is chosen so as to fall
on the zero-bias curve, just above the
“knee” of the curve (point A, figure
19).

2. A preliminary operating point (P) is
determined by the intersection of the
plate-voltage line (E,) and the line
of iy max/2. The grid-voltage curve
that this point falls on should be one
that is about V2 the value of E. re-
quired to cut the plate current to a
very low value (point B). Point B
represents #, min on the plate-current
axis (y axis). The line #y inax/2 should
be located halfway between /iy max and
ih min-

3. A trial load line is constructed about
point P and point A in such a way
that the lengths AP and PB are ap-
proximately equal.

4. When the most satisfactory load line
has been determinea, the load resist-
ance may be calculated:

€h max ~— €b min
R, =mer—————

ih max — b min

5. The operating bias (E.) is the bias at
point P.
6. The power output is:

(ib max ~ ih mln) + 1.41 (Ix - Iy)2 X Rl.
32

where,

I, is the plate current at the point on
the load line where the grid volt-
age (e.) is equal to: E. — 0.7 E..

I, is the plate current at the point
where, e, is equal to: E. + 0.7 E..

7. The percentage harmonic distortion is:
% 2nd harmonic distortion =

ib max ib min T 2Ibo
fb max — fo min + 1.41 (It — Iy)

where,
Iy, is the static plate current of the

tube.

X 100
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% 3rd harmonic distortion =

ib max — ib min — 1.41 (Ix - Iy)
fb max — fb min + 1.41 (Ix - Iy)

X 100

6-10 Push-Pull Audio

Amplifiers

A number of advantages are obtained
through the use of the push-pull connection
in an audio-frequency power amplifier. Two
conventional circuits for the use of triode
and tetrode tubes in the push-pull connec-
tion are shown in figure 20. The two main
advantages of the push-pull circuit arrange-
ment are: (1) the magnetizing effect of the
plate currents of the output tubes is cancelled
in the windings of the output transformer;
(2) even harmonics of the input signal (sec-
ond and fourth harmonics primarily) gen-
erated in the push-pull stage are cancelled
when the tubes are balanced.

856

PUSH-PULL TRIODE AND TETRODE

Figure 20
CONVENTIONAL PUSH-PULL CIRCUITS

The cancellation of even harmonics gener-
ated in the stage allows the tubes to be oper-
ated class AB—in other words the tubes may
be operated with bias and input signals of
such amplitude that the plate ¢urrent of
alternate tubes may be cut off during a por-
tion of the input voltage cycle.

Push-pull class-AB operation allows a
plate circuit efficiency of from 45 to 60
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percent to be obtained in an amplifier stage
depending on whether or not the exciting
voltage is of such amplitude that grid cur-
rent is drawn by the tubes. If grid current
is taken on input voltage peaks the amplifier
is said to be operating class-AB. and the
plate-circuit efficiency can be as high as the
upper value just mentioned. If grid current
is not taken by the stage it is said to be
operating class-AB, and the plate-circuit
efficiency will be toward the lower end of
the range just quoted. In all class-AB ampli-
fiers the plate current will increase from 40
to 150 percent over the no-signal value
when full excitation voltage is applied.

Operating Characteristics The operating char-
of Push-Pull Class-A acteristics of push-
Triode Power Amplifier  pull class-A ampli-
fiers may also be
determined from the plate family of curves
for a particular triode tube by the follow-
ing steps:
1. Erect a vertical line from the plate-
voltage axis (v-axis) at 0.6 E, (figure
21}, which intersects the E. = 0
curve. This point of intersection (P).
interpolated to the plate current axis
(y-axis), may be taken as iy pax. 1t is
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assumed for simplification that in max
occurs at the point of the zero-bias
curve corresponding to 0.6 Eu.

2. The power output obtainable from the
two tubes is:

ih max X Eh

(Po) = 3

where,
P, is expressed in watts,
in max 1S in amperes,
Eu is the applied plate voltage.

3. Draw a preliminary load line through
point P to the E; point located on the
x-axis (the zero plate-current line).
This load line represents V4 of the
actual plate-to-plate load of the class-
A tubes. Therefore:

R,, (plate-to-plate) = 4 X M
Ih max
R" = ]'.6 F.h
I max

Figure 21 illustrates the above steps ap-
plied to a push-pull class-A amplitier using
two 2A3 tubes.

4. The average plate current is 0.636

i max» and multiplied by plate voltage
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DETERMINATION OF OPERATING PARAMETERS FOR PUSH-PULL CLASS-A
TRIODE TUBES
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E,, will give the average watts input
to the plates of the two tubes. The
power output should be subtracted
from this value to obtain the total
operating plate dissipation of the two
tubes. If the plate dissipation is exces-
sive, a slightly higher value of R,
should be chosen to limit the plate
dissipation.

5. This correct value of operating bias,
and the static plate current for the
push-pull tubes may be determined
from the Ec¢ versus I, curves, which
are a derivation of the E, versus I,
curves for various values of E..

6. The E. versus I, curve may be con-
structed in this manner: Values of
grid bias are read from the intersection
of each grid-bias curve with the load
line. These points are transferred to
the E. versus I, graph to produce a
curved line, A-B. If the grid bias
curves of the E, versus I. graph were
straight lines, the lines of the E. versus
I, graph would also be straight. This
is usually not the case. A tangent to
this curve is therefore drawn, starting
at point A’, and intersecting the grid-
voltage abscissa (x-axis). This inter-
section (C) is the operating-bias point
for fixed-bias operation.

7. This operating-bias point may now be
plotted on the original E. versus I,
family of curves (C’), and the zero-
signal current produced by this bias is
determined. This operating bias point
(C’) does not fall on the operating
load line, as in the case of a single-
ended amplifier.

8. Under conditions of maximum power
output, the exciting signal voltage
swings from zero-bias voltage to zero-
bias voltage for each of the tubes on
each half of the signal cycle. Second-
harmonic distortion is largely cancelled
out.

6-11 Class-B Audio-
Frequency Power

Amplifiers

The class-B audio-frequency power am pli-
fier (figure 22) operates at a higher plate-
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CLASS-B AUDIO-FREQUENCY
POWER AMPLIFIER

circuit efficiency than any of the previously
described types of audio power amplifiers.
Full-signal plate-circuit efficiencies of 60 to
70 percent are readily obtainable with the
tube types presently available for this mode
of operation. An additional factor in favor
of the class-B audio amplifier is the fact
that the power input to the stage is rela-
tively low under no-signal conditions. It is
for these reasons that this type of amplifier
is often used at powers from 100 watts on
up to levels of approximately 150,000 watts
as required for large shortwave broadcast
stations.

Disadvantages of There are attendant dis-
Class-B Amplifier advantageous features to
Operation the operation of a power

amplitier of this type; but
all these disadvantages can be overcome by
proper design of the circuits associated with
the power-amplifier stage. These disadvan-
tages are: (1) The class-B audio amplifier
requires driving power in its grid circuit;
this requirement can be overcome by the
use of an oversize power stage preceding the
class-B stage with a step-down transformer
between the driver stage and the class-B
grids. Degenerative feedback is sometimes
employed to reduce the plate impedance of
the driver stage and thus to improve the
voltage regulation under the varying load
presented by the class-B grids. (2) The
class-B stage requires a constant value of
average grid bias to be supplied in spite of
the fact that the grid current of the stage
is zero over most of the cycle but rises to
value as high as one-third of the peak plate
current at the peak of the exciting voltage
cycle. Special regulated bias supplies are
used for this application. However, a num-
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ber of tubes especially designed for class-B
audio amplifiers have been developed which
require zero average grid bias for their oper-
ation. The 811A, 3-400Z, and 3-1000Z are
examples of this type of tube. All these so-
called zero-bias tubes have rated operating
conditions up to moderate plate voltages
wherein they can be operated without grid
bias. As the plate voltage is increased to
the maximum ratings, however, a small
amount of grid bias, such as could be ob-
tained from a regulated bias supply, is re-
quired. (3), A class-B audio-frequency pow-
er amplifier or modulator requires a source of
plate-supply voltage having reasonably good
regulation.

Colculation of Operating The following pro-
Conditions of Class-B cedure can be used
Power Amplifiers for the calculation of

the operating condi-
tions of class-B power amplifiers when they
are to operate into a resistive load such as
presented by a class-C power amplifier. This
procedure can be used with equal effective-
ness for the calculation of the operating con-
ditions of beam tetrodes as class-AB, ampli-
fiers or modulators when the resting plate
current of the tubes (no-signal condition)
is less than 25 or 30 percent of the maxi-
mum-signal plate current.

1. Using the average plate characteris-
tics of the tube, select a point on the
E, = E. (diode bend) line at about
twice the plate current you expect the
tubes to draw under modulation peaks.
If beam tetrode tubes are concerned,
select a point at about the same amount
of plate current mentioned above, just
to the right of the region where the
I, line takes a sharp curve downward.
This will be the first trial point, and
the plate voltage at the point chosen
should be not more than about 20 per-
cent of the dc voltage applied to the
tubes if good plate-circuit efficiency
is desired.

2. Note down the value of inmax and
ey min at this point.

3. Subtract the value of e, wiy from the
dc plate voltage on the tubes.

4. Substitute the values obtained in the
following equations:
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P, (2 tubes) :M@L"“m—mz

2

R, (2 tubes) = 4 {Eo— o min)

Ib max

Full signal efficiency (N, =

78.5 (l _S""é"“'! )
b

Effects of Speech  All the above equations are
Clipping true for sine-wave operat-

ing condition of the tubes
concerned. However, if a speech clipper is
being used in the speech amplifier, it may
be desired to calculate the operating con-
ditions on the basis of the fact that the
ratio of peak power to average power in a
speech wave is approximately 4 to 1 as con-
trasted to the ratio of 2 to 1 in a sine wave.
Thus the general concern is with peak
power output.

Under these conditions it is necessary to
call on other, more general relationships. The
first of these is: it requires a peak power out-
put equal to the class-C stage input to mod-
ulate that input fully.

The second relationship is: the average
power output required of the modulator is
equal to the shape factor of the modulating
wave multiplied by the input to the class-C
stage. The shape factor of unclipped speech
is approximately 0.25. The shape factor of
a sine wave is 0.5. The shape factor of a
speech wave that has been passed through a
clipper-filter arrangement is somewhere be-
tween 0.25 and 0.9 depending on the amount
of clipping that has taken place. With 15 or
20 dB of clipping the shape factor may be as
high as the figure of 0.9 mentioned above.
This means that the audio power output of
the modulator will be 90 of the input to
the class-C stage. Thus with a kilowatt input
it is necessary to apply 900 watts of audio
to the class-C stage for 100 percent modu-
lation as contrasted to perhaps 250 watts for
unclipped speech modulation of 100 percent.

Sample Calculotion Figure 23 shows a set of
for 811A Tubes plate characteristics for a

type 811A tube with a
load line for class-B operation. Figure 24
lists a sample calculation for determining the

I
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Figure 23
PLATE

- i
EfF=e.3voLTS

CHARACTERISTICS

Typical class-B a-f ampli-
fier load line. The load line
has been drawn on the

=8
1
i

average characteristics of a
type 811A tube.

D.C. PLATE(Ls)or D.C. GRID(1¢) MA

PLATE VOLTS (E,)

AVERAGE PLATE CHARACTERISTICS TYPE 811 AND 811-A

proper operating conditions for obtaining
approximately 185 watts output from a
pair of the tubes with 1000 volts dc plate po-
tential. Also shown in figure 24 is the meth-
od of determining the proper ratio for the
modulation transformer to couple between
the 811A’s and the anticipated final ampli-
fier which is to operate at 2000 plate volts
and 175 mA plate current.

Modulation Transformer The
Calculation

method illus-
trated in figure 24
can be used in gen-
eral for the determination of the proper
transformer ratio to couple between the mod-
ulator tube and the amplifier to be modu-
lated. The procedure can be stated as follows:
(1) Determine the proper plate-to-plate load
impedance for the modulator tubes either by
the use of the type of calculation shown in
figure 24, or by reference to the published
characteristics on the tubes to be used. (2)
Determine the load impedance which will be
presented by the class-C amplifier stage to
be modulated by dividing the operating
plate voltage on that stage by the operating
value of plate current in amperes. (3) Di-
vide the class-C load impedance determined
in (2) above by the plate-to-plate load im-
pedance for the modulator tubes determined
in (1) above. The ratio determined in this
way is the secondary-to-primary im pedance
ratio. (4) Take the square root of this ratio
to determine the secondary-to-primary furns
ratio. If the turns ratio is greater than unity,
the use of a step-up transformer is required.
If the turns ratio as determined in this way

is less than unity, a step-down transformer is
called for.

If the procedure shown in figure 24 has
been used to calculate the operating condi-
tions for the modulator tubes, the trans-

SAMPLE CALCULATION

CONDITION: 2 Tvpe e11 Tuses. Eb, = 1000
INPUT TO FINAL STAGE, 350 W.
PEAK POWER OUTPUT NEEDED ™ 330 + 6% = 370 W.
FINAL ampPLIFiER Ep = 2000 v.
FINAL AMPLIFIER [b = 175 A,
FINAL AMPLIFIER ZL = .2197%9_ = 11400 0

EXAMPLE: CHOSE POINT ON 811 CHARACTERISTICS JUST
TO RIGHT OF Ep = E¢ . {POINT X, FIG.24)
'bmox =410 A. bmin = 4100
lemax =.100 A, Ecmn. = + 00

PEAK Po = .410 x (1000-100) = .410 X 900 = 369 W.

RL=4ax 508 = sscon

Ne =788 (1- ;82 )= 765 (0)=70.9%

WO (AVERAGE WITH SINE WAVE) = gﬂ;‘ﬁﬂ’nmw
WIiN = -'%’- = 260 W.

Ib (MAXIMUM WITH SINE WAVE) = 260 MA

WG PEAK = . 100 X 80 = B W,

DRIVING POWER = =aw.

TRANSFORMER:

é‘- = 11499 ., o4

O 8800

TURNS RATIO = VLP. = 129 =1aasTEPUP
P

2

Figure 24

Typical calculation of operating conditions for

a class-B a-f power amplifier using a pair of

type 811A tubes. Plate characteristics and load
line are shown in figure 23.

former ratio calculation can be checked in
the following manner: Divide the plate volt-
age swing on the modulator tubes (2 X
(Ey — ey minl). This ratio should be quite
close numerically to the transformer turns
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ratio as previously determined. The reason
for this condition is that the ratio between
the total primary voltage and the dc plate-
supply voltage on the modulated stage is
equal to the turns ratio of the transformer,
since a peak secondary voltage equal to the
plate voltage on the modulated stage is re-
quired to modulate this stage 100 percent.

Use of Clipper Speech  When a clipper speech
Amplifier with Tetrode ampliﬁer is used in
Modulator Tubes conjunction with a

class-B modulator
stage, the plate current on that stage will
rise to a higher value with modulation (due
to the greater average power output and
input) but the plate dissipation on the tubes
will ordinarily be less than with sine-wave
modulation. However, when tetrode tubes
are used as modulators, the screen dissipation
will be much greater than with sine-wave
modulation. Care must be taken to ensure
that the screen dissipation rating on the
modulator tubes is not exceeded under full
modulation conditions with a clipper speech
amplifier. The screen dissipation is equal to
screen voltage times screen current.

Practical Aspects of
Class-B Modulators

As stated previously, a
class-B audio amplifier
requires the driving
stage to supply well-regulated audio power
to the grid circuit of the class-B stage.

This calls for a high order of voltage reg-
ulation in the driver-stage plate circuit. In
order to enhance the voltage regulation of
this circuit, the driver tubes must have low
plate resistance, the driver transformer must
have as large a step-down ratio as possible,
and the dc resistance of both primary and
secondary windings of the driver trans-
former should be low.

The driver transformer should reflect into
the plate circuit of the driver tubes a load
of such value that the required driving
power is just developed with full excitation
applied to the driver grid circuit. If this is
done, the driver transformer will have as
high a step-down ratio as in consistent with
the maximum drive requirements of the
class-B stage.
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Driver-Stage The parameters for the driver
Calculations stage may be calculated from
the plate characteristic curve,
a sample of which is shown in figure 23.
The required positive grid voltage (€c max)
for the 811A tubes used in the sample cal-
culation is found at point X, the intersection
of the load line and the peak plate current
as found on the y-axis. This is 4 80 volts,
If a vertical line is dropped from point X
to intersect the dotted grid-current curves,
it will be found that the grid current for a
single 811A at this value of grid voltage is
100 milliamperes (point Y). The peak grid-
driving power is therefore 80 X 0.100 = 8
watts. The approximate average driving
power is 4 watts. This is an approximate
figure because the grid impedance is not
constant over the entire audio cycle.

A pair of 2A3 tubes will be used as
drivers, operating class-A, with the maxi-
mum excitation to the drivers occurring just
below the point of grid-current flow in the
2A3 tubes. The driver plate voltage is 300
volts, and the grid bias is —62 volts. The
peak power (P,) developed in the primary
winding of the driver transformer is:

_ M€ max 2
) =chie (R,, + RL)

where,
p is the amplification factor of the driver
tubes (4.2 for 2A3),
e. is the peak grid swing of the driver
stage (62 volts),
R, is the plate resistance of one driver
tube (800 ohms),
Ry, is Y, the plate-to-plate load of the
driver stage,
P, (peak power in watts) is 8 watts.
Solving the above equation for Ry, a value
of 14,500 ohms load, plate to plate for the
2A3 driver tubes is obtained.
The peak primary voltage (epri) is then
found from the formula:

1€ max

fTemax 493 volts
R, + R

Cpri — 2RI, X

and the turns ratio of the driver trans-
former (primary to Y; secondary) is:

9
e 393 o
Ce max 80
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Plate Circuit One of the most common
Impedance  causes of distortion in a class-
Matching B modulator is incorrect load

impedance in the plate circuit.
The purpose of the class-B modulation trans-
former is to take the power developed by the
modulator (which requires a certain operat-
ing impedance) and transform it to the oper-
ating impedance imposed by the modulated
amplifier stage.

If the transformer in question has the
same number of turns on the primary wind-
ing as it has on the secondary winding, the
turns ratio is 1:1, and the impedance ratio
is also 1:1. If a 10,000-ohm resistor is placed
across the secondary terminals of the trans-
former, a reflected load of 10,000 ohms
would appear across the primary terminals.
If the resistor is changed to one of 2376
ohms, the reflected primary impedance would
also be 2376 ohms.

If the transformer has twice as many
turns on the secondary as on the primary,
the turns ratio is 2:1. The impedance ratio
is the square of the turns ratio, or 4:1. If a
10,000-ohm resistor is now placed across the
secondary winding, a reflected load of 2500
ohms will appear across the primary winding.

6-12 Cathode-Follower
Power Amplifiers

The cathode follower is essentially a power
output stage in which the exciting signal is
applied between grid and ground. The plate
is maintained at ground potential with re-
spect to input and output signals, and the
output signal is taken between cathode and
ground.

Types of Cathode- Figure 25 illustrates two
Follower Amplifiers types of cathode-follower

power amplifiers in com-
mon usage and figure 26 shows the output
impedance (R), and stage gain (A) of
both triode and pentode (or tetrode) cath-
ode-follower stages. It will be seen by in-
spection of the equations that the stage
voltage gain is always less than unity, and
that the output impedance of the stage is
much less than the same stage operated as a
conventional cathode-return amplifier. The
output impedance for conventional tubes
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® Rk Cn

Figure 25

CATHODE-FOLLOWER OUTPUT
CIRCUITS FOR AUDIO OR
VIDEO AMPLIFIERS

will be somewhere between 100 and 1000
ohms, depending primarily on the transcon-
ductance of the tube.

This reduction in gain and output imped-
ance for the cathode follower comes about
since the stage operates as though it has 100
percent degenerative feedback applied be-
tween its output and input circuit. Even
though the voltage gain of the stage is
reduced to a value less than unity by the ac-
tion of the degenerative feedback, the power
gain of the stage (if it is operating class-A)
is not reduced. Although more voltage is
required to excite a cathode-follower ampli-
fier than appears across the load circuit
(since the cathode “follows™ along with the
grid) the relative grid-to-cathode voltage is

4 R

TRIODE: —_—
A =
R(M+1) +Re

A —=t
cr = U+

Rp R AHwy +Rug L AL
Rowarwooe) = 717 L * TRyt +Ruzt RY
PENTODE: g 1 R
O{CATHODE)} = R
@ Cw ®* TR, Gu
A = Gum Req
Figure 26

Equivalent factors for pentode (or tetrode)
cathode-follower power amplifiers.

N
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essentially the same as in a conventional
amplifier.

Use of Cathode-
Follower Amplifiers

Although the cathode
follower gives no volt-
age gain, it is an effec-
tive power amplifier where it is desired to
feed a low-impedance load, or where it is
desired to feed a load of varying impedance
with a signal having good regulation. This
latter capability makes the cathode follower
particularly effective as a driver for the grids
of a class-B modulator stage.

The circuit of figure 25A is the type of
amplifier, either single-ended or push-pull,
which may be used as a driver for a class-B
modulator or which may be used for other
applications such as feeding a speaker where
unusually good damping of the speaker is
desired. If the dc resistance of the primary
of the transformer (T.) is approximately
the correct value for the cathode bias re-
sistor for the amplifier tube, the components
Ry and Cy need not be used. Figure 25B
shows an arrangement which may be used to
feed directly a value of load impedance
which is equal to or higher than the cathode
impedance of the amplifier tube. The value
of C. must be quite high, somewhat higher
than would be used in a conventional circuit,
if the frequency response of the circuit
when operating into a low-impedance load
is to be preserved.

6-13 Feedback Amplifiers

It is possible to modify the characteristics
of an amplifier by feeding back a portion of
the output to the input. All components,
circuits, and tubes included between the
point where the feedback is taken off and
the point where the feedback energy is in-
serted are said to be included within the
feedback loop. An amplifier containing a
feedback loop is said to be a feedback ampli-
fier. One stage or any number of stages may
be included within the feedback loop. How-
ever, the difficulty of obtaining proper oper-
ation of a feedback amplifier increases with
the bandwidth of the amplifier, and with the
number of stages and circuit elements in-
cluded within the feedback loop.
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Gain and Phase Shift The gain and phase
in Feedback Amplifiers shift of any ampliﬁcr

are functions of fre-
quency. For any amplifier containing a feed-
back loop to be completely stable, the gain
of such an amplifier, as measured from the
input back to the point where the feedback
circuit connects to the input, must be less
than unity at the frequency where the feed-
back voltage is in phase with the input volt-
age of the amplifier. If the gain is equal to
or more than unity at the frequency where
the feedback voltage is in phase with the in-
put, the amplifier will oscillate. This fact im-
poses a limitation on the amount of feedback
which may be employed in an amplifier
which is to remain stable. If the reader is
desirous of designing amplifiers in which a
large amount of feedback is to be employed
he is referred to a book on the subject by H.
W. Bode.*

INPUT $iGNAL Eg AMPLIFIER
GAINS A

I FEEOBACK OR 8 PATH

ouTPutr Eg

VOLTAGE AMPLIFICATION WiTH FEEDBACK =

1-A8
A 5 GAIN IN ABSENCE OF FEEDBACK

8 3 FRACTION OF OUTPUT VOLTAGE FED BACK

B8 13 NEGATIVE FOR NEGATIVE FEEDBACHK
FEEDBACK INDECIBELS = 2010¢ (1-A8)

MiD=FRED GAIN WITH.RLIT FEETAMACK

® 22106 oTFREQ. GAIN WiTh FEEDBACK,

DISTORTION WITHOUT FEEDBACK
1-A8

R
Ro=
°F T-As (D)

R » OUTPUT IMPEDANCE OF AMPLIFIER WITH FEEDBACHK

DISTORTION WITH FEENBACK &

RN = OUTPUT 1MPEOANCE OF AMPLIFIER WITHOUT FEEDBACK
RL = LOAD IMPEDANCE INTO WHICH AMPLIFIER OPERATES

Figure 27

FEEDBACK AMPLIFIER
RELATIONSHIPS

Types of Feedback may be either negative
Feedback or positive, and the feedback volt-

age may be proportional either to
output voltage or output current. The most
commonly used type of feedback with a-f or
video amplifiers is negative feedback propor-
* M, W. Bode, Network Analysis and Feedback Amplifier

Design. D. Van Nostrand Company, Inc. Princeton, New
Jersey.
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tional to output voltage. Figure 27 gives the
general operating conditions for feedback
amplifiers. Note that the reduction in distor-
tion is proportional to the reduction in gain
of the amplifier, and also that the reduction
in the output impedance of the amplifier is
somewhat greater than the reduction in the
gain by an amount which is a function of
the ratio of the output impedance of the
amplifier without feedback to the load im-
pedance. The reduction in noise and hum in
those stages included within the feedback
loop is proportional to the reduction in gain.
However, due to the reduction in gain of
the output section of the amplifier some-
what increased gain is required of the stages
preceding the stages included within the
feedback loop. Therefore the noise and hum
output of the entire amplifier may or may
not be reduced dependent on the relative
contributions of the first part and the latter
part of the amplifier to hum and noise. If
most of the noise and hum is coming from
the stages included within the feedback loop
the undesired signals will be reduced in the
output from the complete amplifier. It is
most frequently true in conventional ampli-
fiers that the hum and distortion come from
the latter stages, hence these will be reduced
by feedback, but thermal agitation and mic-
rophonic noise come from the first stage and
will not be reduced but may be increased by
feedback unless the feedback loop includes
the first stage of the amplifier.

Figure 28 illustrates a very simple and ef-
fective application of negative-voltage feed-
back to an output pentode or tetrode ampli-
fier stage. The reduction in hum and distor-
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Rz + Ry !EH"] lig[
08 FECDBACK = 20 LOG

R2
* 20006 [—I—L'?-I-ﬁri-n =L RT i.‘.l!'..'l’-ul]
2
GAIN OF BOTH STAGES 3 [Gun (—:'—51‘—)] x (Gmva Ro)
s+ Ra
WHERE: A, XR
'
Rar T
—Ra
Re» Zove /o
Rg  REFLECTED LOAD IMPEDANCE ON V2

Rz FLLOBACK RESISTOR  (USUALLY ABOUT 500K}

OUTPUT IMPEDANCE 3 [Ra = R:'(‘G:vl; Ro)] (= ‘E")
°

Ry = PLATE 1MPEDANCE OF V2

Figure 28

SHUNT FEEDBACK CIRCUIT
FOR PENTODES OR TETRODES

This circuit requires only the addition of one
resistor (R,) to the normai circuit for such an

application. The plate impedance and distor-
tion introduced by the output stage are
materially reduced.

tion may amount to 15 to 20 dB. The re-
duction in the effective plate impedance of
the stage will be by a factor of 20 to 100
depending on the operating conditions. The
circuit is commonly used in commercial
equipment with tubes such as the 6AUs
for V, and the 6AQS5 for V..







CHAPTER SEVEN

Radio-Frequency Power Amplifiers

All modern radio transmitters consist of
a comparatively low-level source of radio-
frequency energy which is amplified in
strength and mixed or multiplied in fre-
quency to achieve the desired power level
and operating frequency. Microwave trans-
mitters may be of the self-excited oscillator
type, but when it is possible to use r-f am-
plifiers in uhf transmitters the flexibility of
their application is increased.

Radio-frequency power amplifiers are gen-
erally classified according to frequency range
(hf, vhf, uhf, etc.), power level, type of
tube used, and type of service (a-m, f-m,
c-w, SSB). In addition, the amplifier may
be classified according to mode, or dynamic
operating characteristic of the tube (Class
AB,, B, or C); and according to circuitry
(grid driven or cathode driven). Each mode
of operation and circuit configuration has
its distinct advantages and disadvantages,
and no one mode or circuit is superior in
all respects to any other. As a result, modern
transmitting equipments employ various
modes of operation, intermixed with various
tubes and circuit configurations. The follow-
ing portion of this chapter will be devoted
to the calculation of dynamic characteristics
for some of the more practical modes of
tuned power amplifier operation.

7-1 Class-C R-F Power
Amplifiers
It is often desired to operate the r-f power

amplifier in the class-B or class-C mode
since such stages can be made to give high

7.1

plate-circuit efficiency. Hence, the tube
cost and cost of power to supply the stage
is least for any given power output. Never-
theless, the class-C amplifier provides less
power gain than either a class-A or class-B
amplifier under similar conditions. The grid
of the class-C amplifier must be driven
highly positive over the small portion of
the exciting signal when the instantaneous
plate voltage on the tube is at its lower
point, and is at a large negative potential
over a major portion of the operating cycle.
As a result, no plate current will flow ex-
cept during the time plate voltage is very
low. Comparatively large amounts of drive
power are necessary to achieve this mode
of operation. Class-C operational efficiency
is high because no plate current flows except
when the plate-to-cathode voltage drop
across the tube is at its lowest value, but the
price paid for stage efficiency is the large
value of drive power required to achieve
this mode of operation.

The gain of a class-B amplifier is higher
than that of the class-C stage, and driving
power is less in comparison. In addition, the
class-B amplifier may be considered to be
linear; that is, the output voltage is a
replica of the input voltage at all signal
levels up to overload. This is not true in
the case of the class-C amplifier whose out-
put waveform consist of short pulses of
current, as discussed later in this chapter.

The gain of a class-A amplifier is higher
than that of the class-B or class-C stage, but
the efficiency is the lowest of the three
modes of operation. As with the class-B
stage, the class-A amplifier is considered
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to be linear with respect to input and output
waveforms.

Relationships
in Class-C Stage

The class-C amplifier is
analyzed as its operation
provides an all-inclusive
case of the study of class-B and class-AB,
r-f amplifiers.

The class-C amplifier is characterized by
the fact that the plate current flows in
pulses which, by definition, are less than
one-half of the operating cycle. The oper-
ating cycle is that portion of the electrical
cycle in which the grid is driven in a posi-
tive direction with respect to the cathode.
The operating cycle is considered in terms
of the plate or grid conduction angle (0).
The conduction angle is an expresion of that
fraction of time (expressed in degrees of the
electrical cycle) that the tube conducts
plate or grid current as compared to the
operating cycle of the input voltage wave-
form.

The theoretical efficiency of any power
amplifier depends on the magnitude of the
conduction angle; a tuned class-A amplifier
having a large conduction angle with a
maximum theoretical efficiency of 50 per-
cent; a class-B amplifier with an angle of
180 degrees, and efficiency of 78.5 percent;
and a class-C amplifier with an angle of
about 160 degrees and efficiency of about 85§
percent.

Figure 1 illustrates a transfer curve repre-
senting the relationships between grid and
plate voltages and currents during the oper-
ating cycle of a class-C amplifier. Symbols
shown in figure 1 and given in the follow-
ing discussion are defined and listed in the
Glossary of Terms included at the front
of this Handbook.

The plot is of the fransfer curve of a
typical triode tube, and represents the
change in plate current, (i) for a given
amount of grid voltage (ec). The represen-
tation is of the form of the I, versus E. plot
for a triode shown in figure 9, chapter §.

The operating point, or grid-bias level
(E.), is chosen at several times cutoff bias
(E..), and superimposed on the operating
point is one-half cycle of the grid exciting
voltage, ¢; max- A sample point of grid vole-
age, 0.y, is shown to produce a value of
instantaneous plate current, in,. All other
points on the grid-voltage curve relate to
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Figure 1

TRANSFER CURVE FOR OPERATING
CYCLE OF CLASS-C AMPLIFIER
Typical_class-C amplifier (less neutralizing cir-
cuits) is shown with various average and in-
stantaneous voltages noted. A sSummary of
symbols is given in the glossary of terms. The
plot is of the transfer curve, representing the
change in plate current for a given grid vo taf..
The grid signal (e, ,,,) is represented by a pulse

of voltage along the y-axis, with the operating
Eoint determined by the amount of grid bias,
.- As the waveform rises in amplitude, a cor-

responding pulse of plate current is develooed
across the plate load impedance, (R)). A single

point of grid voltage (A) represents a corre-

sponding value of instantaneous plate current

(A?). All other points on the grid-voltage curve

relate to corresponding points on the plate-
current curve,

corresponding points on the plate-current
curve.

As the grid is driven considerably positive,
grid current flows, causing the plate cur-
rent to be “starved” at the peak of each
cycle, thus the plate-current waveform
pulse is slightly indented at the top. As
the waveform is poor and the distortion
high, class-C operation is restricted to r-f
amplification where high efficiency is desir-
able and when the identity of the output
waveform to the input waveform is relative-
ly unimportant.

The relation between grid and plate volt-
ages and currents is more fully detailed in
the graphs of figures 2 and 3, which illus-
trate in detail the various voltage and cur-
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rent variations during one electrical cycle
of the exciting signal.

Voltage at the Grid The curves of figure 2

represent the grid voltage
and current variations with respect to time.
The x-axis for grid voltage is E., with a
secondary axis (E., = 0) above it, the
vertical distance between axes representing
the fixed grid-bias voltage (E:). At the
beginning of the operating cycle (£ = 0) the
exciting voltage (eg) is zero and increases
in amplitude, until at point A it equals in
magnitude the value of the bias voltage. At
this point, the instantaneous voltage on the
grid of the tube is zero with respect to the
cathode, and plate current has already begun
to flow (point A in figure 1), as the exciting
signal is already greater in magnitude than
the cutoff grid voltage (Ec,). The relations
are normally such that at the crest of the
positive grid voltage cycle, ecmp (OF € max
positive), the grid is driven appreciably
positive with respect to the cathode and
consequently draws some grid current, i.
The dc component of grid current, I., may
be read on the grid meter shown in figure 1.
The grid draws current only over that por-
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tion of the operating cycle when it is posi-
tive with respect to the cathode (that por-
tion of the curve above the E. = 0 axis in
graph A). This portion of the exciting volt-
age is termed the maximum positive grid
voltage (ecmp) .

Voltage at the Plate  The voltage at the plate

of the tube responds to
the changes in grid voltage as shown in
figure 3. Instantaneous plate voltage (ep),
consists of the dc plate voltage (E;) less
the ac voltage drop across the plate load
impedance (ep). As the grid element be-
comes more positive, a greater flow of elec-
trons reach the plate, instantaneous plate
current increases, and the voltage drop
across the plate load impedance (R.) rises.
The phase relations are such that the
minimum instantaneous plate potential
(é» min) and the maximum instantaneous
grid potential (eg uax) occur simultaneously.
The corresponding instantaneous plate cur-
rent (én) for this sequence is shown in the
current plot of figure 3.
As plate current is conducted only be-
tween points A and B of the grid-voltage

Figure 2

INSTANTANEOUS GRID
VOLTAGE AND CURRENT

!
: GRID VOLTAGE

OF A CLASS-C R-F
POWER AMPLIFIER

Grid voltage and current varia-
tions with respect to time are
shown. The grid is negatively
biased by the amount E_. As soon
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INSTANTANEOUS PLATE VOLTAGE
AND CURRENT OF CLASS-C POWER
AMPLIFIER

Instantaneous plate voltage and current re-
sponds to the changes in grid voltage shown
in figure 2. As grid hecomes more positive, the
peak plate current rises, causing an increased
voitage drop across the plate lcad impedance
(R, figure 1). Maximum peak plate current flows

at condition of minimum instantaneous plate
voitage (e, _.) and maximum voltage drop

across load impedance (e, ) Plate-current pulse

exists only over a portion of the operating cycle
conduetlo.n gnlle?. Usable power is derived

rom the § tal p of the plate
current which is a sine wave developed across
the resonant tank circuit. e equals e

(L P min®

excursion, it can be seen that the plate-cur-
rent pulse exists only over a portion (6)
of the complete plate operating cycle .(The
operating cycle is taken to be that half-
cycle of grid voltage having a positive ex-
cursion of the drive voltage.) The opposite
half of the electrical cycle is ot little interest,

as the grid merely assumes a more negative
condition and no flow of plate current is
possible.

Peak plate current pulses, then, flow
as pictured in figure 3 over the conduction
angle of each operating cycle. The funda-
mental component of plate current (i)
however, is a sine wave since it is developed
across a resonant circuit (LC). The reson-
ant circuit, in effect, acts as a “flywheel,”
holding r-f energy over the pulsed portion
of the operating cycle, and releasing it dur-
ing the quiescent portion of the electrical
cycle.

The patterns of grid voltage and current
shown in figure 2 are important in deter-
mining grid-circuit parameters, and the pat-
terns of plate voltage and current shown
in the illustrations can be used to determine
plate-circuit parameters, as will be dis-
cussed later.

The various manufacturers of vacuum
tubes publish data sheets listing in ade-
quate detail various operating conditions
for the tubes they manufacture. In addition,
additional operating data for special condi-
tions is often available for the asking. It is,
nevertheless, often desirable to determine
optimum operating conditions for a tube
under a particular set of circumstances. To
assist in such calculations the following
paragraphs are devoted to a method of cal-
culating various operating conditions which
is moderately simple and yet sufficiently
accurate for all practical purposes. It is
based on wave-analysis techniques of the
peak plate current of the operating cycle,
adapted from Fourier analysis of a funda-
mental wave and its accompanying har-
monics. Considerable ingenuity has been
displayed in devising various graphical ways
of evaluating the waveforms in r-f power
amplifiers. One of these techniques, a Tube
Performance Calculator, for class-AB,
class-B, and Class-C service may be obtained
at no cost by writing: Application Engineer-
ing Dept., Eimac Division of Varian, San
Carlos, Calif. 94070.

Tank-Circuit
Flywheel Effect

When the plate circuit of a
class-B or class-C operated
tube is connected to a par-
allel-resonant circuit tuned to the same fre-
quency as the exciting voltage for the ampli-
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fier, the plate current serves to maintain this
L/C circuit in a state of oscillation.

The plate current is supplied in short
pulses which do not begin to resemble a sine
wave, even though the grid may be excited
by a sine-wave voltage. These spurts of
plate current are converted into a sine wave
in the plate tank circuit by virtue of the
Q or flywheel effect of the tank.

If a tank did not have some resistance
losses, it would, when given a “kick” with a
single pulse, continue to oscillate indefinitely.
With a moderate amount of resistance or
“friction” in the circuit the tank will still
have inertia, and continue to oscillate with
decreasing amplitude for a time after being
given a “kick.” With such a circuit, almost
pure sine-wave voltage will be developed
across the tank circuit even though power
is supplied to the tank in short pulses or
spurts, so long as the spurts are evenly
spaced with respect to time and have a fre-
quency that is the same as the resonant fre-
quency of the tank.

Another way to visualize the action of
the tank is to recall that a resonant tank
with moderate Q will discriminate strongly
against harmonics of the resonant frequency.
The distorted plate current pulse in a class-
C amplifier contains not only the funda-
mental frequency (that of the grid excita-
tion voltage) but also higher harmonics. As
the tank offers low impedance to the har-
monics and high impedance to the funda-
mental (being resonant to the latter). only
the fundamental — a sine-wave voltage —
appears across the tank circuit in substantial
magnitude.

Loaded ond  Confusion sometimes exists as
Unloaded Q to the relationship between

the unloaded and the loaded
Q of the tank circuit in the plate of an r-f
power amplifier. In the normal case the
loaded Q of the tank circuit is determined
by such factors as the operating conditions
of the amplifier, bandwidth of the signal to
be emitted, permissible level of harmonic
radiation, and such factors. The normal
value of loaded Q for an r-f amplifier used
for communications service is from perhaps
6 to 20. The unloaded Q of the tank circuit
determines the efficiency of the output cir-
cuit and is determined by the losses in the

tank coil, its leads and switch contacts, if
any, and by the losses in the tank capacitor
which ordinarily are very low. The unloaded
Q of a good quality large diameter tank coil
in the high-frequency range may be as high
as 500, and values greater than 300 are
quite common.

Tonk-Circuit Since the unloaded Q of a tank
Efficiency  circuit is determined by the

minimum losses in the tank,
while the loaded Q is determined by useful
loading of the tank circuit from the external
load in addition to the internal losses in the
tank circuit, the relationship between the
two Q values determines the operating effi-
ciency of the tank circuit. Expressed in the
form of an equation, the loaded efficiency of
a tank circuit is:

Tank efficiency =(l = g)x 100

where,

Q. equals unloaded Q of the tank circuit,
Q) equals loaded Q of the tank circuit.

As an example, if the unloaded Q of the
tank circuit for a class-C r-f power ampli-
fier is 400, and the external load is coupled
to the tank circuit by an amount such that
the loaded Q is 20, the tank-circuit effi-
ciency will be: eff. = (1 — 20/400) X
100, or (1 — 0.05) X 100, or 95 per cent.
Hence § percent of the power output of
the class-C amplifier will be lost as heat in
the tank circuit and the remaining 95 per-
cent will be delivered to the load.

7-2 Constant-Current

Curves

Although class-C operating conditions can
be determined with the aid of conventional
grid-voltage versus plate-current operating
curves (figure 9, chapter §), the calculation
is simplified if the alternative constant cur-
rent graph of the tube in question is used
(figure 4). This representation is a graph of
constant plate current on a grid-voltage
versus plate-voltage plot, as previously shown
in figure 10, chapter 5. The constant-current
plot is helpful as the operating line of a
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tuned power amplifier is a straight line on
a set of curves and lends itself readily to
graphic computations. Any point on the
operating line, moreover, defines the instan-
taneous values of plate, screen and grid cur-
rent which must flow when these particular

values of plate, screen and grid voltages are
applied to the tube, Thus, by taking off the
values of the currents and plotting them
against time, it is possible to generate a
curve of instantaneous electrode currents,
such as shown in figures 1 and 2. An analysis
of the curve of instantaneous current val-
ues will derive the dc components of the
currents, which may be read on a dc am-
meter. In addition, if the plate current
flows through a properly loaded resonant r-f
circuit, the amount of power delivered to

RADIO HANDBOOK

the circuit may be predicted, as well as
drive power, and harmonic components of
drive and output voltage.

A set of typical constant-current curves
for the 304-TH medium-p triode is shown
in figure 5, with a corresponding set of
curves for the 304-TL low-u triode shown
in figure 6. The graphs illustrate how much
more plate current can be obtained from the
low-p tube without driving the grid into
the positive-grid region, as contrasted to the
higher-p. tube. In addition, more bias volt-
age is required to cut off the plate current
of the low-p tube, as compared to the high-
er-u tube for a given value of plate voltage.
With che higher value of bias, a correspond-
ing increase in grid-voltage swing is required
to drive the tube up to the zero grid-volt-
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Figure 4
CONSTANT-CURRENT CHART FOR 3-1000Z HIGH-. TRIODE

The constant-current chart is a plot of constant plate-current lines for various values of grid voltage
and plate current. At the start of operation (quiescent point A) the tube rests at a plate voltage of
3000 and zero grid voltage. At a positive grid potential of 85 volts (point B), the plate current has
increased to 2 amperes, and the plate voltage has dropped to 750, by virtue of the voitage drop
across the plate load impedance. As the grid voltage rises from zero to maximum, the operating

point passes from A to B along the load line. By

examining representative samples of plate voltage

and current along the load line, typical operating characteristics may be derived for the given set
of conditions shown on the graph.
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age point on the curve. Low-u tubes thus,
by definition, have lower voltage gain, and
this can be seen by comparing the curves
of figures § and 6.
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CONSTANT-CURRENT CHART FOR
MEDIUM-,. TRIODE

Constant current plot for_a 304TH triode with a
u of 20. Note that the lines of constant plate
current have a greater slope than the cor-
responding lines of the high-s triode (3-1000Z
and that for a given value of positive gri
potential, and plate potential, the plate cur-
rent of this tube is higher than that of the
higher-y tube.
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Figure 6

CONSTANT CURRENT CHART FOR
LOW-. TRIODE

Constant-current plot for a 304TL triode with
a 4 of 12. Note that more piate current at a
iven plate voltage can be obtained from the
ow-y triode without driving the grid into the
positive voltage region. In addition, more bias
voitage is required to cut off the plate current
at a given plate voltage. With this increased
value of bias there is a corresponding increase
in grid-voltage swing required to drive up to
the zero grid-voltage point on the graph.
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Low-p (3-15) power triodes are chosen
for class-A amplifiers and series-pass tubes
in voltage regulators, as they operate well
over a wide range of load current with low
plate voltage drop. Medium-p (15-50)
triodes are generally used in r-f amplifiers
and oscillators, as well. as class-B audio
modulators. High-p (50-200) triodes have
high power gain and are often used in cath-
ode-driven (“grounded-grid”) r-f amplifiers.
If the amplification factor (p) is sufficient-
ly high, no external bias supply is required,
and no protective circuits for loss of bias or
drive are necessary. A set of constant-cur-
rent curves for the 3-500Z high-u triode is
given in figure 7.

The amplification factor of a triode is a
function of the physical size and location
of the grid structure. The upper limit of
amplification factor is controlled by grid
dissipation, as high-p grid structures require
many grid wires of small diameter having
relatively poorer heat-conduction qualities
as compared to a-low-u structure, made up
of fewer wires of greater diameter and bet-
ter heat conductivity. A set of constant-
current curves for the 250TH power triode
with a sample load line drawn thereon is
shown in figure 8.

7-3 Class-C Amplifier
Calculations

In calculating and predicting the opera-
tion of a vacuum tube as a class-C radio-
frequency amplifier, the considerations which
determine the operating conditions are plate
efficiency, power output required, maximum
allowable plate and grid dissipation, maxi-
mum allowable plate voltage, and maximum
allowable plate current. The values chosen
for these factors will depend on the demands
of a particular application of the tube.

The plate and grid currents of a class-C
amplifier tube are periodic pulses, the dura-
tions of which are always less than 180 de-
grees. For this reason the average grid cur-
rent, average plate current, power output,
driving power, etc., cannot be directly cal-
culated but must be determined by a Fourier
analysis from points selected at proper in-
tervals along the line of operation as plotted
on the constant-current characteristics. This
may be done either analytically or graphical-
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Figure 7
CONSTANT-CURRENT CHART FOR HIGH-,, TRIODE

Constant current plot for a 3-500Z triode with x of 160. The 3-500Z is considered to be ‘‘zero bias'
up to a plate potential of about 3000, Resting plate current at this value of plate voltage is approxi-
mately 160 milliamperes. This plot is for grounded-grid, cathode-driven use, and grid-voltage axis
is defined in terms of filament to grid voltage (negative) instead of grid-to-filament voltage (positive).
Grid and screen currents are usually logged on constant-current plots, along with plate current.

ly. While the Fourier analysis has the ad-
vantage of accuracy, it also has the dis-
advantage of being tedious and involved.

The approximate analysis which follows
has proved to be sufficiently accurate for
most applications. This type of analysis also
has the advantage of giving the desired in-
formation at the first trial. The system is
direct in giving the desired information since
the important factors, power output, plate
efficiency, and plate voltage are arbitrarily
selected at the beginning.

Method of The first step in the method to
Calculation be described is to determine the

power which must be delivered
by the class-C amplifier. In making this de-
termination it is well to remember that
ordinarily from § to 10 percent of the power
delivered by the amplifier tube or tubes will

be lost in well-designed tank and coupling
circuits at frequencies below 20 MHz.
Above 20 MHz the tank and circuit losses
are ordinarily somewhat above 10 percent.

The plate power input necessary to pro-
duce the desired output is determined by the
plate efficiency: P; = P,/N,, assuming 100-
percent tank circuit efficiency.

For most applications it is desirable to op-
erate at the highest practicable efficiency.
High-efficiency operation usually requires
less-expensive tubes and power supplies, and
the amount of external cooling required is
frequently less than for low-efficiency opera-
tion. On the other hand, high-efficiency op-
eration usually requires more driving power
and involves the use of higher plate voltages
and higher peak tube voltages. The better
types of triodes will ordinarily operate at a
plate efficiency of 75 to 85 percent at the
highest rated plate voltage, and at a plate
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Figure 8

CONSTANT-CURRENT CHART FOR 250TH

Active portion of load line for an Eimac 250TH class-C r-f power amplifier, Showing first trial point
and final operating point for calculation of operating parameters at a power input of 1000 watts.

efficiency of 65 to 75 percent at intermediate
values of plate voltage.

The first determining factor in selecting
a tube or tubes for a particular application
is the amount of plate dissipation which will
be required of the stage. The total plate dis-
sipation rating for the tube or tubes to be
used in the stage must be equal to or greater
than that calculated from: P, = P; — P,.

After selecting a tube or tubes to meet
the power output and plate dissipation re-
quirements it becomes necessary to determine
from the tube characteristics whether the
tube selected is capable of the desired opera-
tion and, if so, to determine the driving
power, grid bias, and grid dissipation.

The complete procedure necessary to de-
termine a set of class-C amplifier operating
conditions is given in the following steps:

Select the plate voltage, power output
and efficiency.

Determine plate input from:

P, = P,/N,

Determine plate dissipation from:

Py = (Py — P5)/ 1.1

(P, must not exceed maximum rated
plate dissipation for selected tube or
tubes. Tank circuit eficiency assumed
to be 90%).

Determine average plate
(Iv) from: I, = P,/E,.
Determine approximate peak plate cur-
rent (/1 max) from:

current

ib max = 4.9 I, for Np = 0.85
iy max = 4.5 I, for Np = 0.80
i max = 4.0 I, for Np = 0.75
ib max = 3.5 I, for Np = 0.70
b max = 3.11, for N, = 0.65
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10.

11,

12.

13.
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Note: A figure of N, = 0.75 is often
used for class-C service, and a figure
of N, = 0.65 is often used for class-
B and class-AB service.

Locate the point on the constant-
current chart where the constant-cur-
rent plate line corresponding to the
appropriate value of iy max determined
in step § crosses the point of intersec-
tion of equal values of plate and grid
voltage. (The locus of such points for
all these combinations of grid and
plate voltage is termed the diode line).
Estimate the value of e, min at this
point,

In some cases, the lines of constant
plate current will inflect sharply up-
ward before reaching the diode line.
If 50, €y min should not be read at the
diode line but at a point to the right
where the plate-current line inter-
sects a line drawn from the origin
through these points of inflection.
Calculate e, iy from:

€h min = Flh — €p min-

Calculate the ratio: #; may / I» from:

it mas _ 2Ny X By
I €p min

(where i1max = peak fundamental
component of plate current).

. From the ratio of 7| max / I calculated

in step 8 determine the ratio:

i» max/ I from the graph of figure 9.
Derive a new value for i max from
the ratio found in step 9:

fy max = (ratio found in step 9) X I
Read the values of maximum positive
grid voltage, eg max and peak grid cur-
rent (igmex) from the chart for the
values of €y min and ip max found in
steps 6 and 10 respectively.

Calculate the cosine of one-half the
angle of plate-current flow (one-half
the operating cycle, 0,/2).

ep il max
—_— = N —_— ‘l.
cos 2 2.32 I, 57

Calculate the grid bias voltage (E.)
from:

14,

15.

16.

17.

18.

19.

Sample Calculation

E¢=—l—x

1 — cos—=

2
cos&(—-eh mit — ) -
2 m cmp .

for triodes.

Eo = —— X

8,
1 €os 2
_Ec_z]
s
for tetrodes, where u, is the grid-
screen amplification factor.
Calculate the peak fundamental grid
voltage, € max from:
g max = €cmp — (— Ec), using nega-
tive value of E..
Calculate the ratio €; mas/E. for the
values of E. and €g max found in steps
13 and 14.
Read the ratio /g mex/Ic from figure
10 for the ratio € max / Ec found in
step 15.
Calculate the average grid current
(I.) from the ratio found in step 16
and the value of ij max found in step
11:

0
[— €emp X cos—z—p -

-— i‘ max
(ratio found in step 16)

I
Calculate approximate grid driving

power from:

Pd = 0.9 €g max X Ic

Calculate grid dissipation from:
Pg=Ps— (— E. X I.)

(Py must not exceed the maximum
rated grid dissipation for the tube or
tubes selected).

A typical example of
class-C amplifier calcu-

lation is shown in the following example.
Reference is made to figures 8, 9, and 10
in the calculation. The steps correspond to
those in the previous section.

e
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Desired power output—800 watts.
2. Desired plate voltage—3500 volts.
Desired plate efficiency—80%

(N, = 0.8). P, = 800/0.8 = 1000
watts.
3. p, = 1000 7 800 _ y0) wats.
1.1
' /
- A
b 7
Mo /]
5 7
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4.0/ I/
//
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295 18 17 [N [X)
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I
Figure 9

Relnnonshup between the peak value of the

of the tube plate cur-

rent, and averale plate current; as compared

to the ratio of the instantaneous peak value

of tube plate current, arlld average plate current
value

(Use 250TH; max P, = 250W;
= 37).

4. Iy = 1000/3500 = 0.285 ampere
(285 mA). (Maximum rated I, for
250TH = 350 mA).

§. Approximate iy mae: 0.285 X 4.5 =
1.28 amp

6. eoymin = 260 volts (see figure 8, first
trial point).

7. €ymin = 3500 — 260 = 3240 volts.

8. iima/Iv = (2 X 0.8 X 3500) /
3240 = 1.73.

9. iy mex / In = 4.1 (from figure 9).

10. ib max = 4.1 X 0.285 = 1.17.

11. ecmp = 240 volts
fg max = 0.43 amp
(Both read from final point on figure
8).

12, cos%= 232 (1.73 — 1.57) = 0.37

7.11
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Figure 10
Relahonshug hetwun the ratio of tha peak
value of the f tal p of the

gnd excitation voltage, and the averaze grid

ias; as compared to the ratio between in-

stantaneous peak grid curr'ent and average grid
current.

g" 68.3°and 0, = 136.6°)
1
13. Ee=—— X
¢ 1 —-0.37
3240 3500
[0.37 _—— 40) 7]
= — 240 volts.
14. € max = 240 — (— 240) = 480
volts.
15. egmax/Ec = 480/ —240 = ~2.

16, igmax/I. = 5.75 (from figure 10).
17. I, = 0.43/5.75 = 0.075 amp

(7SmA).
18. Py = 0.9 X 480 X 0.075 = 32.5
watts.
19. P, = 32.5 + (—240 X 0.075) =

14.5 watts (Maximum rated P; for
250TH = 40 watts).

20. The power output of any type of r-f
amplifier is equal to:

P _ .i_l_mu X 'pmll
° 2
(#1 max can be determined by multiply-
ing the ratio determined in step 8 by
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I. Thus = 1.73 X 0.285 = 0.495).
P, = (0.495 X 3240)/2 = 800 watts

21. The plate load impedance of any type
of r-f amplifier is equal to:

[
RL — .Dmln
"l max
_ 3240 _
0.49% 6550 ohms

An alternative equation for the ap-
proximate value of Ry, is:

E,
R"= 1.8 X Ib

3500
Ri=737X 0.285

1.

= 6820 ohms

Q of Amplifier In order to obtain proper plate
Tank Circuit  tank-circuit tuning and low

radiation of harmonics from
an amplifier it is necessary that the plate
tank circuit have the correct Q. Charts giv-
ing compromise values of Q for class-C am-
plifiers are given in the chapter, Generation
of R-F Energy. However, the amount of in-
ductance required for a special tank-circuit
Q under specified operating conditions can
be calculated from the following expression:

wL=&

Q

where,
» equals 2 = X operating frequency,
L equals tank inductance,
R, equals required tube load impedance,
Q equals effective tank circuit Q.

A tank circuit Q of 12 to 20 is recom-
mended for all normal conditions. However,
if a balanced push-pull amplifier is employed
the tank receives two impulses per cycle and
the circuit Q may be lowered somewhat
from the above values.

Quick Method of
Calculating Amplifier
Plote Efficiency

The plate-circuit effi-
ciency of a class-B or
class-C r-f amplifier
is approximately equal
to the product of two factors: F,, which is
equal to the ratio of €, max to E» (F1 =
¢p max/ Ev) and Fa, which is proportional to the
one-half angle of plate current flow 8n/2.
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Relati hip bet n fact F, and the haif-

angle of plate-current flow in an amplifier with
sine-wave jnput and output voitage, operating
at a grid-bias voltage greater than cutoff.

A graph of F, versus both 6,/2 and cos 08,/2
is given in figure 11. Either 8:/2 or cos
8,/2 may be used to determine F,. Cos 6,/2
may be determined either from the proced-
ure previously given for making class-C
amplifier computations or it may be de-
termined from the following expression:

b __ EtE,
2 p X gmax —

cos
€p max

Example of It is desired to know the one-
Method half angle of plate-current flow

and the plate-circuit efficiency
for an 812 tube operating under the follow-
ing class-C conditions which have bcen
assumed from inspection of the data and
curves given in the RCA Transmitting Tube
Handbook:

1. Ey = 1100 volts
E. = —40 vols
n = 29
€g max = 120 volts
€p max = 1000 volts
2. F, =5 =9
b
0, (29 X 40)+ 1100] _
3. cos—= — =
2 (29 X 120)— 1000
60 0.025
2480
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4. F, = 0.79 (by reference to
figure 11)
5. N, =F, X F, =091 X 079 =

0.72 (72 percent efficiency)

F; could be called the plate-voltage-swing
efficiency factor, and F, can be called the
operating-angle efficiency factor or the maxi-
mum possible efficiency of any stage running
with that value of half-angle of plate cur-
rent flow.

N, is, of course, only the ratio between
power output and power input. If it is de-
sired to determine the power input, exciting
power, and grid current of the stage, these
can be obtained through the use of steps 7,
8, 9, and 10 of the previously given method
for determining power input and output; and
knowing that igmae s 0.095 ampere, the
grid-circuit conditions can be determined
through the use of steps 15, 16, 17, 18,
and 19.

7-4 Class-B Radio-
Frequency Power Amplifiers

Radio-frequency power amplifiers operat-
ing under class-B conditions of grid bias
and excitation voltage are used in various
types of applications in transmitters. The
first general application is as a buffer-ampli-
fier stage where it is desired to obtain a high
value of power amplification in a particular
stage without regard to linearity. A particu-
lar tube type operated with a given plate
voltage will be capable of somewhat greater
output for a certain amount of excitation
power when operated as a class-B amplifier
than when operated as a class-C amplifier.

Calculation of
Operating
Characteristics

Calculation of the operating
conditions for this type of
class-B r-f amplifier can be
carried out in 2 manner sim-
ilar to that described in the previous para-
graphs, except that the grid-bias voltage is
set on the tube before calculation at the
value: E; = — E;/p. Since the grid bias
is set at cutoff the one-half angle of plate-
current flow is 90°; hence cos 6,/2 is fixed
at 0.00. The plate-circuit efficiency for a
class-B r-f amplifier operated in this manner
can be determined in the following manner:
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e
= 78.§ X —Bmax
N, E,

Note: In reference to figure 3, epmax is
equal in magnitude to ¢, min and absolute

value should be used.

The “Class-B  The second type of class-B r-f
Linear™ amplifier is the so-called class-
B linear amplifier which is
often used in transmitters for the amplifica-
tion of a single-sideband signal or a2 conven-
tional amplitude-modulated wave. Calcula-
tion of operating conditions may be carried
out in a manner similar to that previously
described with the following exceptions: The
first trial operating point is chosen on the
basis of the 100-per-ent positive modulation
peak (or PEP condition) of the exciting
wave. The plate-circuit and grid-peak volt-
ages and currents can then be determined
and the power input and output calculated.
Then (in the case for an a-m linear) with
the exciting voltage reduced to one-half
for the no-modulating condition of the ex-
citing wave, and with the same value of
load resistance reflected on the tube, the a-m
plate input and plate efficiency will drop to
approximately one-half the values at the
100-percent positive modulation peak and
the power output of the stage will drop to
one-fourth the peak-modulation value. On
the negative modulation peak the input,
efficiency and output all drop to zero.

In general, the proper plate voltage, bias
voltage, load resistance, and power output
listed in the tube tables for class-B audio
work will also apply to class-B linear r-f
application.

Calculation of Oper- The class-B linear
ating Parameters for a amp]iﬁer parameters
Class-B Linear Amplifier may be c;lculated

from constant-cur-
rent curves, as suggested, or may be derived
from the E, vs I, curves, as outlined in this
section.

Figure 12 illustrates the characteristic
curves for an 813 tube. Assume the plate
supply to be 2000 volts, and the screen
supply to be 400 volts. To determine the
operating parameters of this tube as a class-
B linear SSB r-f amplifier, the following
steps should be taken:
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. The grid bias is chosen so that the
resting plate current will produce ap-
proximately 1/3 of the maximum
plate dissipation of the tube. The max-
imum dissipation of the 813 is 125
watts, so the bias is set to allow one-
third of this value, or 42 watts of
resting dissipation. At a plate poten-
tial of 2000 volts, 2 plate current of
21 milliamperes will produce this fig-
ure. Referring to figure 12, a grid bias
of — 45 volts is approximately correct.
. A practical class-B linear r-f amplifier
runs at an efficiency of about 66% at
full output (the carrier efficiency
dropping to about 33% with a modu-
lated exciting signal). In the case of
single-sideband suppressed-carrier ex-
citation, the linear amplifier runs at
the resting or quiescent input of 42
watts with no exciting signal. The
peak allowable power input to the
813 is:

PEP input power (p;) =

plate dissipation X 100 _
(100 — 9% plate efficiency)

3. The maximum dc signal plate cur-

rent is:

(Single-tone drive signal condition)

The plate-current conduction angle
(8) of the class-B linear amplifier
is approximately 180°, and the peak
plate-current pulses have a maximum
value of about 3.14 times Ip max:

fomax = 3.14 X 0.189 = 0.593 amp.

Referring to figure 12, a current of
about 0.6 ampere (Point A) will
flow at a positive grid potential of 60
volts and a minimum plate potential
of 420 volts. The grid is biased at
— 45 volts, so a peak r-f grid voltage
of 60 + 45 volts, or 105 volts, swing
is required.

The grid driving power required for
the class-B linear stage may be found
by the aid of figure 13. It is one-third
the product of the peak grid current
times the peak grid swing.

X 0.015 X 105
L) es ) 3 100 _ 378 watts PEP i B U LI
o ] [ ] [ Eca® +acov. I ]
o | Ecasow - | il
: | Eci® +80 )
2 1 ' *
H |
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E _________-u—-—' |
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Figure 12

AVERAGE PLATE CHARACTERISTICS OF 813 TUBE



RADIO-FREQUENCY POWER AMPLIFIERS

7. The single-tone (peak) power output
of the 813 is:

P, = .785 (Eb—¢€p min) X Ib max

P, = .785 (2000 —420) X 0.189
235 watts PEP

8. The plate load resistance is:

E, _ 2000
1.8 X I, 1.8 X 0.188

= 5870 ohms

n

Ry,

EC2%+400 V.
\ Ecazov.

[ 1.] \
N \\ECI‘+I00 v
ECT=+80

B E..:va. T~

ECiz+a0v.
\ i
Euulz%

GRID MLLLIAMPERES
Yy
o

200 300
PLATE VOLTS (Ep)
Figure 13

E,. VERSUS E, CHARACTERISTICS
OF 813 TUBE

9. If a loaded plate tank circuit Q of
12 is desired, the reactance of the
plate tank capacitor of a parallel tuned
Circuit at resonance is:

_ Ry, _ 5870 _

10. For an operating frequency of 4.0
MHz, the effective resonant capaci-
tance is:

_ 108
T 6.28 X 4.0 X 490
11. The inductance required to resonate

at 4.0 MHz with this value of ca-
pacitance is:

C

= 81 pF

_ 490 _ q
L= m 19.5 mlCl‘OhCnl’ys
Grid-Circuit 1. The maximum positive

Considerations grid potential is 60
volts and the peak r-f
grid voltage is 105 volts. Required

peak driving power is 0.525 watt. The

7.15

equivalent grid resistance of this stage
is:

_ (egmax)? _ 1052
g = =

2 X Ps 2 X 0525
= 10,000 ohms

2. As in the case of the class-B audio am-
plifier the grid resistance of the linear
amplifier varies from infinity to a low
value when maximum grid current is
drawn. To decrease the effect of this
resistance excursion, a Swamping resis-
tor should be placed across the grid-
tank circuit. The value of the resistor
should be dropped until a shortage of
driving power begins to be noticed.
For this example, a resistor of 3000
ohms is used. The grid circuit load for
no grid current is now 3000 ohms in-
stead of infinity, and drops to 2300
ohms when maximum grid current is
drawn.

3. A circuit Q of 15 is chosen for the
grid tank. The capacitive reactance
required is:

Xc = % = 154 ohms

4. At 4.0 MHz the effective capacitance
is:

10°®

C= 28X 40 X134 = DI PF

§. The inductive reactance required to
resonate the grid circuit at 4.0 MHz
is:

L= 154

=_——_ = 6.1 microh
528 X 4.0 6.1 microhenrys

6. By substituting the loaded-grid resist-
ance figure in the formula in the first
paragraph, the peak grid driving pow-
er is now found to be approximately
2.4 watts. :

Screen-Circuit By reference to the plate
Considerations characteristic curve of the

813 tube, it can be seen that
at a minimum -plate potential of 420 volts,
and a maximum plate current of 0.6 ampere,
the screen current will be approximately 30
milliamperes, dropping to one or two milli-
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amperes in the quiescent state. It is necessary
to use a well-regulated screen supply to hold
the screen voltage at the correct potential
over this range of current excursion. The use
of an electronically regulated screen supply
is recommended.

7-5 Grounded-Grid and
Cathode-Follower R-F Power
Amplifier Circuits

The r-f power amplifier discussions of
Sections 7-3 and 7-4 have been based on the
assumption that a conventional grounded-
cathode or cathode-return type of amplifier
was in question. It is possible, however, as in
the case of a-f and low-level r-f amplifiers
to use circuits in which electrodes other than
the cathode are returned to ground insofar
as the signal potential is concerned. Both the
plate-return or cathode-follower amplifier
and the grid-return or grounded-grid am-
plifier are effective in certain circuit applica-
tions as tuned r-f power amplifiers.

Disedvantages of
Grounded-Cathode
Amplifiers

An undesirable aspect of
the operation of cathode-
return r-f power ampli-
fiers using triode tubes is
that such amplifiers must be neutralized.
Principles and methods of neutralizing r-f
power amplifiers are discussed in the chapter
Generation of R-F Energy. As the frequencv
of operation of an amplifier is increased the
stage becomes more and more difficult to
neutralize due to inductance in the grid and
cathode leads of the tube and in the leads to
the neutralizing capacitor. In other words
the bandwidth of neutralization decreases as
the presence of the neutralizing capacitor
adds additional undesirable capacitive load-
ing to the grid and plate tank circuits of
the tube or tubes. To look at the problem in
another way, an amplifier that may be per-
fectly neutralized at a frequency of 30 MHz
may be completely out of neutralization at a
frequency of 120 MHz. Therefore, if there
are circuits in both the grid and plate cir-
cuits which offer appreciable impedance at
this high frequency it is quite possible that
the stage may develop a parasitic oscilla-
tion in the vicinity of 120 MHz.
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Grounded-Grid This condition of restricted-
R-F Amplifiers range neutralization of r-f

power amplifiers can be great-
ly alleviated through the use of a cathode-
driven or grounded-grid r-f stage. The
grounded-grid amplifier has the following
advantages:

1. The output and input capacitances of
a stage are reduced to approximately
one-half the value which would be ob-
tained if the same tube or tubes were
operated as a conventional neutralized
amplifier.

2. The tendency toward parasitic oscilla-
tions in such a stage is greatly reduced
since the shielding effect of the control
grid between the filament and the
plate is effective over a broad range of
frequencies.

3. The feedback capacitance within the
stage is the plate-to-cathode capaci-
tance which is ordinarily very much
less than the grid-to-plate capacitance.
Hence neutralization is ordinarily not
required in the high frequency region.
If neutralization is required the neu-
talizing capacitors are very small in
value and are cross-connected between
plates and cathodes in a push-pull
stage, or between the opposite end of
a split plate tank and the cathode in
a single-ended stage.

The disadvantages of a grounded-grid am-
plifier are:

1. A large amount of excitation energy
is required. However, only the normal
amount of energy is lost in the grid
circuit of the amplifier tube; most
additional energy over this amount is
delivered to the load circuit as useful
output.

2. The cathode of a grounded-grid am-
plifier stage is above r-f ground. This
means that the cathode must be fed
through a suitable impedance from the
filament supply, or the filament trans--
former must be of the low capacitance
type and adequately insulated for the
r-f voltage which will be present.

3. A grounded-grid r-f amplifier cannot
be plate modulated 100 percent unless
the output of the exciting stage is
modulated also. Approximately 70-per
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cent modulation of the exciter stage,
while the final stage is modulated
100 percent, is recommended. How-
ever the grounded-grid r-f amplifier
is quite satisfactory as a class-B
linear r-f amplifier for single-side-
band or conventional amplitude-modu-
lated waves or as an amplifier for a
straight c-w or f-m signal.

Figure 14 shows a simplified representa-
tion of a grounded-grid zero-bias triode r-f
power amplifier stage. The relationships be-
tween input and output power and the peak
fundamental components of electrode volt-
ages and currents are given below the draw-
ing. The calculation of the complete ope:-
ating conditions for a grounded-grid ampli-
fier stage is somewhat more complex than
that for a conventional amplifier because the
input circuit of the tube is in series with
the output circuit as far as the load is con-
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Figure 14

ZERO-BIAS GROUNDED-GRID
AMPLIFIER

The equations in the above figure give the
relationships between the output power, drive
power, feedthrough power, and input and out-
put impedances expressed in terms of the var.
ious voltages and currents of the stage.

RLX

cerned. The primary result of this effect is,
as stated before, that considerably more
power is required from the driver stage. The
normal power gain for a g-g stage is from
3 to 15 depending on the grid-circuit condi-
tions chosen for the output stage. The higher
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the grid bias and grid swing required on the
output stage, the higher will be the require-
ment from the driver.

Calculation of Operating
Conditions of Grounded-
Grid R-F Amplifers

It is most conven-
ient to determine
the operating con-
ditions for a class-
B or class-C grounded-grid r-f power am-
plifier in a two-step process. The first step
is to determine the plate-circuit and grid-
circuit operating conditions of the tube
as though it were to operate as a conven-
tional grid-driven amplifier, The second step
is to then add in the additional conditions
imposed on the orginal data by the fact
that the stage is to operate as a grounded-
grid amplifier. This step is the addition of
the portion of the drive power contributed
by the conversion of drive power to plate
output power. This portion of the drive
power is referred to as converted drive power,
or feedthrough power. The latter term is
misleading, as this portion of drive power
does not appear in the plate load circuit of
the cathode-driven stage until after it is
converted to a varying-dc plate potential
effectively in series with the main amplifier
power supply. The converted drive power
serves a useful function in linear amplifier
service because it swamps out the undesir-
able effects of nonlinear grid loading and
presents a reasonably constant load to the
exciter.

Special constant-current curves are often
used for grounded-grid operation wherein
the grid drive voltage is expressed as the
cathode-to-grid voltage and is negative in
sign. It must be remembered, however, that
a negative cathode voltage is equal to a
positive grid voltage, and normal constant-
current curves may also be employed for
cathode-driven computations.

For the first step in the calculations, the
procedure given in Section 7-3 is used. For
this example, a 3-1000Z “zero bias” triode
is chosen, operating at 3000 plate volts at
2000 watts PEP input in class-B service.
Computations are as follows:

3-1000Z at 3000 volts class-B

1,2,3. E,= 3000
Py= 2000 watts PEP
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Let N, = 65%, an average value for

class-B mode
P, = 2000 X 0.65 = 1300 W PEP
p = 200
_ 2000 _
4. I = 3900 0.67 amp

S. Approx. fymax = 3.1 I (for N, =

0.65) = 3.1 X 0.65 = 2.08 amperes

6. Locate the point on the constant-cur-
rent chart where the constant-current
line corresponding to the appropriate
value of #, max determined in step §
inflects sharply upward. Approximate
€omin — 500 volts.

7. €min = 3000 — 500 = 2500 volts.

8. dimax _ 2 X 0.65 X 3000
I 2500

= 1.56

9. .'_‘ZI"‘_" = 3.13 (from figure 9).
b

10. fymex = 3.13 X 0.67 = 2.1 amps.

This agrees closely with the approxi-
mation made in Step §.

11. Read the values maximum cathode-
to-filament voltage (ex) and peak grid
current (igmax) from the constant-
current chart for the values of e, min
and 4, max found in steps 6 and 10
respectively.

e = — 88
fg max — 0.8 amp

12, cos%= 232 (1.56 — 1.57) =0

(Conduction angle is approximately
180° and cos 180° = 0)

13. Ec =0

14. exmax = — 88 volts

15-17. For zero bias class-B mode, I, =
0.25 ig max- I.= 0.2 X 0.8 = 0.2
amp. (200mA)

18. pa = 0.9 X 88| X 0.2 = 15.8
watts PEP

19. pg = 15.8 wates PEP

20. 4 max = (Ratioof step 8) X I
) max = 1.56 X 0.67 = 1.06 amp

1.06 X 2500
2
= 132§ watts.

P, (PEP)
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3000
21. R, =

220 =50
=78 X 0.67 e =D

22. Total peak drive power,

e X §1 max
Pk= kzlm +Pd

88 X 1.06

k= — + 15.8 = 61 watts PEP

23. Total power output of the stage is
equal to 132§ watts (contributed by
3-1000Z) plus that portion of drive
power contributed by the conversion
of drive power to plate output power.
This is approximately equal to the
first term of the equation of step 22.

P, (PEP) total = 1325 + 44
= 1369 watts

24. Cathode driving impedance of the
grounded grid stage is:

~ €%
iz Fis X,
88 _
o= o ¥ o3 - 64 ohms

A summary of the typical operating para-
meters for the 3-1000 Z at E, = 3000 are

Dc Plate Voltage 3000
Zero-Signal Plate Current 180 mA
(from constant-current chart)
Max. Signal (PEP) Plate
Current 670 mA
Max. Signal (PEP) Grid
Current 200 mA
Max Signal (PEP) Drive
Power 61 watts
Max. Signal (PEP) Power
Input 2000 watts
Max. Signal (PEP) Power
Output 1369 wacts
(including feedthrough power)
Plate Load Impedance 2500 ohms
Cathode Driving Impedance 64 ohms

Cothode Tank of The cathode tank circuit
G-G or C-F for either a grounded-grid
Power Amplifier or cathode-follower r-f

power amplifier may be a
conventional tank circuit if the filament
transformer for the stage is of the low-
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capacitance high-voltage type. Conventional
filament transformers, however, will not op-
erate with the high values of r-f voltage
present in such a circuit. If a2 conventional
filament transformer is to be used, the cath-
ode tank coil may consist of two parallel
heavy conductors (to carry the high fila-
ment current) bypassed at both the ground
end and at the tube socket. The tuning ca-
pacitor is then placed between filament and
ground. It is possible in certain cases to use
two r-f chokes of special design to feed the
filament current to the tubes, with a con-
ventional tank circuit between filament and
grcund. Coaxial lines also may be used to
serve both as cathode tank and filament feed
to the tubes for vhf and uhf work.

Control-Grid Dissipation Tetrode tubes may be
in Grounded-Grid Stages operated as gmunded-

grid (cathode-driven)
amplifiers by tying the grid and screen
together and operating the tube as a high-u
triode (figure 15). Combined grid and
screen current, however, is a function of
tube geometry and may reach destructive

4-250A,4-400A ,ETC

DRIVE

S B

RFC
L < ¢
3
'-H-I-H-'
.
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Figure 15

TAPPED INPUT CIRCUIT REDUCES
EXCESSIVE GRID DISSIPATION
IN G-G CIRCUIT

20 pF per meter wavelength
Dual-winding on V2-inch diameter, 3¥2-
inch long ferrite rod. Q-1 material. (Iin.
diana General).

[
RFC
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values under conditions of full excitation.
Proper division of excitation between grid
and screen should be as the ratio of the
screen-to-grid amplification, which is ap-
proximately § for tubes such as the 4-250A,
4-400A, etc. The proper ratio of grid/screen
excitation may be achieved by tapping the
grid at some point on the input circuit, as
shown. Grid dissipation is reduced, but the
over-all level of excitation is increased about
30% over the value required for simple
grounded-grid operation.

Plate-Return or
Cathode-Follower R-F
Power Amplifier

Circuit diagram, elec-
trode potentials and
currents, and operat-
ing conditions for a
cathode-follower r-f power amplifier are
given in figure 16. This circuit can be used,
in addition to the grounded-grid circuit just
discussed, as an r-f amplifier with a triode
tube and no additional neutralization cir-
cuit. However, the circuit will oscillate if
the impedance from cathode to ground is
allowed to become capacitive rather than

ib—e
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-!}q le
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_sely JkLIl
\7c L TRe
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DRIVE POWER = (E9MP + €D min) x 1.8 1c
z
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> _ﬂ_h.
Zas 1.8lc

Rix —EB
1.8 x1Ik

Figure 16

CATHODE-FOLLOWER R-F
POWER AMPLIFIER

The equations show the relationship between

the tube potentials and currents and the input

and output power of the stage. The approximate

input and tput load imped are also
given.
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inductive or resistive with respect to the
operating frequency. The circuit is not rec-
ommended except for vhf or uhf work with
coaxial lines as tuned circuits since the peak
grid swing required on the r-f amplifier
stage is approximately equal to the plate
voltage on the amplifier tube if high-effi-
ciency operation is desired. This means, of
course, that the grid tank must be able to
withstand slightly more peak voltage than
the plate tank. Such a stage may not be
plate modulated unless the driver stage is
modulated the same percentage as the final
amplifier. However, such a stage may be
used as an amplifier of modulated waves
(class-B linear) or as a c-w or f-m amplifier.

The design of such an amplifier stage is
essentially the same as the design of a
grounded-grid amplifier stage as far as the
first step is concerned. Then, for the second
step the operating conditions given in figure
16 are applied to the data obtained in the
first step.

7-6 Class-AB, Radio-

Frequency Power
Amplifiers

Class-AB, r-f amplifiers operate under
such conditions of bias and excitation that
grid current does not flow over any portion
of the input cycle. This is desirable, since
distortion caused by grid-current loading is
absent, and also because the stage is capable
of high power gain. Stage efficiency is about
60 percent when a plate current conduction
angle of 210° is chosen, as compared to 65
percent for class-B operation.

The level of static (quiescent) plate cur-
rent for lowest distortion is quite high for
class-AB, tetrode operation. This value is
determined by the tube characteristics, and
is not greatly affected by the circuit param-
eters or operating voltages. The maximum
dc potential is therefore limited by the
static dissipation of the tube, since the rest-
ing plate current figure is fixed. The static
plate current of a tetrode tube varies as the
3/2 power of the screen voltage. For ex-
ample, raising the screen voltage from 300
to 500 volts will double the plate current.
The optimum static plate current for mini-
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mum distortion is also doubled, since the
shape of the E-In curve does not change.

In actual practice, somewhat lower static
plate current than optimum may be em-
ployed without raising the distortion appre-
ciably, and values of static plate current of
0.6 to 0.8 of optimum may be safely used,
depending on the amount of nonlinearity
that can be tolerated.

As with the class-B linear stage, the mini-
mum plate voltage swing (en min) of the
class-AB; amplifier must be kept above the
dc screen potential to prevent operation in
the nonlinear portion of the characteristic
curve. A low value of screen voltage allows
greater r-f plate voltage swing, resulting in
improvement in plate efficiency of the tube.
A balance between plate dissipation, plate
efficiency, and plate-voltage swing must be

achieved for best linearity of the ampli-
fier.

The S-Curve  The perfect linear amplifier de-
livers a signal that is a replica
of the input signal. Inspection of the plate-
characteristic curve of a typical tube will
disclose the tube linearity under class-AB,
operating conditions (figure 17). The curve
is usually of exponential shape, and the sig-
nal distortion is held to a small value by
operating the tube well below its maximum
output, and centering operation over the
most linear portion of the characteristic
curve.
The relationship between exciting voltage
in a class-AB, amplifier and the r-f plate-
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E.-l. CURVE

Ampiifier operation is confined to the most tinear
portion of the characteristic curve.
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circuit voltage is shown in figure 18. With a
small value of static plate current the lower
portion of the line is curved. Maximum un-
distorted output is limited by the point on
the line (A) where the instantaneous plate
voltage drops down to the screen voltage.
This “hook” in the line is caused by cur-
rent diverted from the plate to the grid and

A B8
R.F.
EOUT
R.F. €,y
Figure 18
LINEARITY CURVE OF

TYPICAL TETRODE AMPLIFIER

At point A the instantaneous plate voltage is
swinging down to the value of the screen volt-
age. At point B it is swinging well below the
screen and is approachmr the point where
saturation, or plate-current imiting takes place.
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screen elements of the tube. The character-
istic plot of the usual linear amplifier takes
the shape of an S-curve. The lower portion
of the curve is straightened out by using the
proper value of static plate current, and the
upper portion of the curve is avoided by
limiting minimum plate voltage swing to a
point substantially above the value of the
screen voltage.

Operoting Parameters The approximate oper-
for the Class-AB, ating parameters may
Linear Amplifier be obtained from

the constant-current
curves (E.-E,) or the E.-I, curves of the
tube in question (figure 19). The following
example will make use of the latter informa-
tion, although equivalent results may be
obtained from constant current curves. An
operating load line is first approximated.
One end of the load line is determined by
the dc operating voltage of the tube, and
the required static plate current. As a start-
ing point, let the product of the plate volt-
age and current approximate the plate dissi-
pation of the tube. Assuming a 4-400A
tetrode is used, this end of the load line will

+100/
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Figure 19

OPERATING PARAMETERS FOR TETRODE LINEAR AMPLIFIER
ARE OBTAINED FROM CONSTANT-CURRENT CURVES.
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fall on point A (figure 19). Plate power
dissipation is 360 watts (300V at 120 mA).
The opposite end of the load line will fall
on a point determined by the minimum
instantaneous plate voltage, and by the
maximum instantaneous plate current. The
minimum plate voltage, for best linearity
should be considerably higher than the
screen voltage. In this case, the screen volt-
age is 500, so the minimum plate voltage
excursion should be limited to 600 volts.
Class-AB, operation implies no grid cur-
rent, therefore the load line cannot cross
the E. = 0 line. At the point e}, ,,,;, = 600,
E. = 0, the maximum instantaneous plate
current is 80 mA (Point B).

Each point at which the load line crosses
a grid-voltage axis may be taken as a point
for construction of the E.-I, curve, just as
was done in figure 21, chapter 6. A con-
structed curve shows that the approximate
static bias voltage is —74 volts, which
checks closely with point A of figure 19. In
actual practice, the bias voltage is set to
hold the actual dissipation slight]ly below
the maximum limit of the tube.

The single tone PEP power output is:

(Eb - & mln) X iy max =
4

(3000 — 600) X 0.58
4

P, =

= 348 watts

The plate current conduction angle ef-
ficiency factor for this class of operation
is 0.73, and the actual plate circuit efficiency
is:

N, = Ev — ebmin X 0.73 = 58.4%

E,
The peak power input to the stage is there-
fore:

P, 348
X =" =
N, 100 8.4 595 watts PEP

The peak plate dissipation is:

§95 — 348 = 247 watts

(Note: A 4-250A may thus be used in lieu
of the 4-400A as peak plate dissipation is
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less than 250 watts, provided resting plate
current is lowered to 70 mA.)

It can be seen that the limiting factor for
either the 4-250A or 4-400A is the static
plate dissipation, which is quite a bit higher
than the operating dissipation level. It is
possible, at the expense of a higher level of
distortion, to drop the static plate dissipation
and to increase the screen voltage to obtain
greater power output. If the screen voltage
is set at 800, and the bias increased suffici-
ently to drop the static plate current to 70
mA, the single-toned dc plate current may
rise to 300 mA, for a power input of 900
watts. The plate circuit efficiency is 55.6
percent, and the power output is 500 watts.
Static plate dissipation is 210 watts, within
the rating of either tube.

At a screen potential of 500 volts, the
maximum screen current is less than 1 mA,
and under certain loading conditions may be
negative. When the screen potential is raised
to 800 volts maximum screen current is 18
mA. The performance of the tube depends on
the voltage fields set up in the tube by the
cathode, control grid, screen grid, and plate.
The quantity of current, flowing in the
screen circuit is only incidental to the fact
that the screen is maintained at a positive
potential with respect to the electron stream
surrounding it.

The tube will perform as expected as long
as the screen current, in either direction, does
not create undesirable changes in the screen
voltage, or cause excessive screen dissipation.
Good regulation of the screen supply is there-
fore required. Screen dissipation is highlv
responsive to plate loading conditions and
the plate circuit should always be adjusted
so as to keep the screen current below the
maximum dissipation level as established by
the applied voltage.

7-7 Grounded-Grid

Linear Amplifiers

The popularity of grounded-grid (cathode-
driven) linear amplifiers for SSB service is
unique in the Amateur Service. Elimination
of costly and bulky bias and screen power
supplies make the *“g-g” amplifier an
economical and relatively light-weight
power unit.
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Figure 20

SIMPLE GROUNDED-GRID
LINEAR AMPLIFIER

Tuned cathode (L-C) is required to prevent
distortion of driving-signal waveform.

A typical grounded-grid amplifier is shown
in figure 20. The driving signal is applied
between the grid and the cathode, with the
grid held at r-f ground potential. The con-
trol grid serves as a shield between the
cathode and the plate, thus making neutral-
ization unnecessary at medium and high
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ZENER-DIODE BIAS FOR
GROUNDED-GRID STAGE

The resting ptate current of a grounded stage
may be reduced by inclusion of a Zener diode
in the filament return circuit. At a plate po-
tential of 3250 volts, for example, a Zener
bias of 4.7 volts reduces the resting plate
current of the 3-500Z from 160 to approxi-
mately 80 milliamperes. A 1N4551 Zener may
be used, bolted to the chassis for a heat sink.

connected tetrodes may be used in this con.
figuration. Care must be taken to monitor
the #1-grid current of the tetrode tubes as
it may run abnormally high in some types

frequencies. High-p triodes and triode- (4X150A family) and damage to the tube
R-F LINEAR AMPLIFIER SERVICE FOR SSB AND CW
CATHODE-DRIVEN (GROUNDED-GRID)
CLASS-B MODE
IAPPROX. PEP IAVE RAGE
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may possibly result unless a protective cir-
cuit of the form shown in figure 21 is used.

“Zero-bias” triodes (811-A, 3-400Z and
3-1000Z) and certain triode-connected te-
trodes (813 and 4-400A, for example) re-
quire no bias supply and good linearity
may be achieved with a minimum of circuit
components. An improvement of the order
of 5 to 10 decibels in intermodulation dis-
tortion may be gained by operating such
tubes in the grounded-grid mode in contrast
to the same tubes operated in class-AB,,
grid-driven mode. The improvement in the
distortion figure varies from tube type to
tube type, but all so-called “grounded-grid”
triodes and triode-connected tetrodes show
some degree of improvement in distortion
figure when cathode-driven as opposed to
grid-driven service.

RADIO HANDBOOK

Cathode-Driven

High-p triode tubes may
High-z Triodes

be used to advantage in
cathode-driven (grounded-
grid) service. The inherent shielding of a
kigh-p tube is better than that of a low-p
tube and the former provides better gain
per stage and requires less drive than the
latter because of less feedthrough power. Re-
sistive loading of the input or driving cir-
cuit is not required because of the constant
feedthrough power load on the exciter as
long as sufficient Q exists in the cathode
tank circuit. Low-u triodes, on the other
hand, require extremely large driving signals
when operated in the cathode-driven config-
uration, and stage gain is relatively small. In
addition shielding between the input and
output circuits is poor compared to that
existing in high-u triodes.

Figure 23

Waveform distortion caused b

halt-cycle loading at cathode of grounded-grid amplifier may be

observed (right) whereas undistorted waveform is observed with tuned cathode circuit (left).
Two-tone tests at 2.0 MHz proved the necessity of using a cathode tank circuit for lowest inter-
modulation distortion.
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Bias Supplies for Medium-p triode tubes that
G-G Amplifiers  require grid bias may be

used in cathode-driven serv-
ice if the grid is suitably bypassed to
ground and placed at the proper negative
dc potential. Bias supplies for such circuits,
however, must be capable of good voltage
regulation under conditions of grid current
so that the dc bias value does not vary with
the amplitude of the grid current of the
stage. Suitable bias supplies for this mode
of operation are shown in the Power Supply
chapter of this Handbook. Zener bias (figure
21) may be used for low values of bias
voltage. Approximate values of bias volt-
age for linear amplifier service data may be
obtained from the audio data found in
most tube manuals, usually stated for push-
pull class-AB, or AB, operation. As the tube
“doesn’t know” whether it is being driven
by an audio signal or an r-f signal, the audio
parameters may be used for linear service,
but the stated dc currents should be
divided by two for a single tube, since
the audio data is usually given for two
tubes. Grounded-grid operating data for
popular triode and tetrode tubes is given
in figure 22.

The Tuned
Cathode Circuit

Input waveform distortion
may be observed at the
cathode of a grounded-grid
linear amplifier as the result of grid- and
plate-current loading of the input circuit on

]
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alternate half-cycles by the single-ended
stage (figure 23). The driving source thus
“sees” a very low value of load impedance
over a portion of the r-f cycle and an ex-
tremely high impedance over the remaining
portion of the cycle. Unless the output volt-
age regulation of the r-f source is very good.
the portion of the wave on the loaded part of
the cycle will be degraded. This waveform
distortion contributes to intermodulation
distortion and also may cause TVI difficul-
ties as a result of the harmonic content of
the wave. Use of a tuned cathode circuit in
the grounded-grid stage will preserve the
waveform as shown in the photographs. The
tuned-cathode circuit need have only a Q of
2 or more to do the job, and should be
resonated to the operating frequency of the
amplifier. Various versions of cathode tank
circuits are shown in figure 24.

In addition to reduction of waveform
distortion, the tuned-cathode circuit pro-
vides a short r-f return path for plate cur-
rent pulses from plate to cathode (figure
25). When the tuned circuit is not used,
the r-f return path is via the outer shield of
the coaxial line, through the output capaci-
tor of the exciter plate-tank circuit and
back to the cathode of the linear amplifier
tube via the center conductor of the coaxial
line. This random, uncontrolled path varies
with the length of interconnecting coaxial
line, and permits the outer shield of the line
to be “hot” compared to r-f ground.
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Tuned cathode network for cathode-driven circuit may take form of bifilar coil (A), pi-network (B),
or shunt LC circuit (C). Circuit Q of at least 2 is recommended. Capacitor C, may be a 3-gang

broadcast-type unit. Coils L, L, or L, are adjusted to resonate to the operating frequency with

C, set to approximately 13 pF-per meter wavelength. Capacitor C, is approximately 1.5 times the

value of C,. The input taps on coils L, and L,, or the capacitance of C, are adjusted for minimum
SWR on coaxial line to the exciter.
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Untuned cathode circuit of grounded-grid amplifier offers hi;h-imﬂedance path to the r-f current

flowing between plate and cathode o

the amplifier tube. The a

ernative path is via the inter-

connecting coaxial line and tank circuit of the exciter. Waveform distortion of the driving signal
and high intermodulation distortion may result from use of alternative input circuit.

7-8 Intermodulation

Distortion

If the output signal of a linear amplifier
is an exact replica of the exciting signal
there will be no distortion of the original
signal and no distortion products will be
generated in the amplifier. Amplitude dis-
tortion of the signal exists when the output
signal is not strictly proportional to the
driving signal and such a change in magni-
tude may result in intermodulation distor-
tion (IMD). IMD occurs in any nonlinear
device driven by a complex signal having
more than one frequency. A voice signal
(made-up of a multiplicity of tones) will
become blurred or distorted by IMD when
amplified by a nonlinear device. As practical
linear amplifiers have some degree of IMD
(depending on design and operating param-
eters) this disagreeable form of distortion
exists to a greater or lesser extent on mnst
SSB signals.

A standard test to determine the degree
of IMD is the fwo-tone test, wherein two
radio-frequency signals of equal amplitude

are applied to the linear equipment, and the
resulting output signal is examined for
spurious signals, or unwanted products.
These unwanted signals fall in the funda-
mental-signal region and in the various har-
monic regions of the amplifier. Signals falling
outside the fundamental-frequency region
are termed even-order products, and may be
attenuated by high-Q tuned circuits in the
amplifier. The spurious products falling close
to the fundamental-frequency region are
termed odd-order products. These unwanted
products cannot be removed from the
wanted signal by tuned circuits and show
up on the signal as “splatter,” which can
cause severe interference to communication
in an adjacent channel. Nonlinear operation
of a so-called “linear” amplifier will generate
these unwanted products. Amateur practice
calls for suppression of these spurious prod-
ucts to better than 30 decibels below peak
power level of one tone of a two-tone test
signal. Commercial practice demands sup-
pression to be better than 40 decibels below
this peak level.

Additional data on IMD and two-tone
test techniques is given in chapter 9.



CHAPTER EIGHT

Special Circuitry for Vacuum Tubes
and Semiconductor Devices

A whole new concept of vacuum-tube
and semiconductor applications has been de-
veloped in recent years. No longer are these
devices chained to the field of radio or wire
ccmmunication. This chapter is devoted to
some of the more common circuits encoun-
tered in computer technology and in indus-
trial and military applications.

8-1 Limiting Circuits

The term limiting refers to the removal or
suppression, by electronic means, of the ex-
tremities of an electronic signal. Circuits
which perform this function are referred to
as limiters or clippers. Limiters are useful in
waveshaping circuits where it is desirable to
square off the extremities of the applied sig-
nal. A sine wave may be applied to a limiter
circuit to produce a rectangular wave. A
peaked wave may be applied to a limiter cir-
cuit to eliminate either the positive or nega-
tive peaks from the output. Limiter circuits
are employed in f-m receivers where it is
necessary to limit the amplitude of the signal
applied to the detector. Limiters may be
used to reduce automobile ignition noise in
short-wave receivers, or to maintain a high
average level of modulation in a transmitter.
They may also be used as protective devices
to limit input signals to special circuits.

Diode Limiters The characteristics of a diode

are such that the device con-
ducts only when the anode is at a positive
potential with respect to the cathode. A
positive potential may be placed on the cath-

cde, but the diode will not conduct until the
vcltage on the anode rises above an equally
positive value. As the anode becomes more
positive with respect to the cathode, the
diode conducts and passes that portion of the
wave which is more positive than the cath-
ode voltage. Diodes may be used as either
series or parallel limiters, as shown in figure
1. A diode may be so biased that only a cer-
tain portion of the positive or negative cycle
is removed.

Peak A peak clipper consisting of two
Limiting djode limiters may be used to limit

the amplitude of an ac signal to a
predetermined value to provide a high av-
erage signal level. Limiters of this general
type are useful in transmitters to provide a
high level of modulation without danger of
overmodulation. An effective limiter for this
service is the series-diode-gate clipper (figure
2). The signal to be clipped is coupled to the
clipper through capacitor C,. R, and R; are
the clipper input and output load resistors.
The clipper anodes are tied together and
connected to the clipping level control (R,)
through series resistor R4. The level control
acts as a voltage divider between the anode
supply and ground. The exact level at which
clipping will occur is set by R, which con-
trols the positive potential applied to the
anodes of the diodes.

Under static conditions, a dc voltage is
obtained through R, and applied through
R, to both anodes of the clipping devices.
Current flows through R; and R,, dividing
through the two diodes and the two load
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Figure 1
VARIOUS DIODE LIMITING CIRCUITS

Series diodes limiting positive and negative peaks are shown in A and B. Parallel diodes limiting
positive and negative peaks are shown in C and D. Parallel diodes limiting above and below ground

are shown in E and F. Parallel-diode limiters zhich pass negative and positive peaks are shown in

resistors. All points of the clipper circuit
are maintained at a positive potential above
ground. The voltage drop between the anode
and the cathode of each diode is very small
compared to the drop across the 300K re-
sistor in series with the anodes. The anode
and cathode of each diode are therefore
maintained at approximately equal potentials
as long as no diode current flows. Signal
clipping does not occur until the peak sig-
nal input voltage reaches a value greater than
the static voltages at the anodes of the

diodes.
Assume that R, has been set to a point

that will give 4 volts at the anodes of the
diodes. When the peak signal voltage is less
than 4 volts, both the diodes conduct at all
times. As long as the diodes conduct, their
resistance is very low compared with resistor
R, Whenever a voltage change occurs across

and H.

input resistor R,, the voltage at all of the
circuit elements increases or decreases by the
same amount as the input voltage changes,
and the voltage drop across Ry changes by
an equal amount. Thus, as long as the peak
signal voltage is less than 4 volts, the diodes
act as conductors and the output voltage of
the device follows all voltage fluctuations at
the input cathode.

If, under static conditions, 4 volts appear
at the anodes, then twice this voltage (8
volts) will be present if one of the diode cir-
cuits is opened, thus removing its dc load
from the circuit. As long as only one of the
diodes continues to conduct, the voltage at
the diode anodes cannot rise above twice the
voltage selected by R,. In this example, the
voltage cannot rise above 8 volts. Now, if
the input signal applied through C, is in-
creased to any peak value between zero and
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THE SERIES-DIODE GATE CLIPPER
FOR PEAK LIMITING

+ 4 volts, the cathode of the first diode will
increase in voltage by the same amount to
the proper value between 4 and 8 volts. The
other elements will assume the same potential
as the first cathode. However, the anodes
cannot increase more than 4 volts above their
original 4-volt static level condition. When
the input signal voltage rises to more than
+4 volts, the cathode potential increases to
more than 8 volts. Since the diode circuit
potential remains at 8 volts, the first diode
ceases to conduct until the signal voltage
across R, drops below 4 volts.

When the input voltage swings in a
negative-going direction, it will subtract
from the 4-volt drop across R, and decreases
the voltage on the cathode of the input
diode by an amount equal to the input volt-
age. The anodes and the output cathode will
follow the voltage level at the input cathode
so long as the input voltage does not swing
below —4 volts. If the input voltage does
not change more than 4 volts in a negative
direction, the diode anodes will also become
negative. The potential at the output cath-
ode will follow the input cathode voltage
and decrease from its normal value of 4
volts until it reaches zero potential. As the
input cathode decreases to less than zero, the
anodes will follow the change. However, the
output cathode, grounded through R., will
stop at zero potential as the anode becomes
negative. Conduction through the second
diode is impossible under these conditions.
The output cathode remains at zero potential
until the voltage at the input cathode swings
back to zero.

The voltage developed across output resis-
tor R, follows the input voltage variations
as leng as the input voltage does not swing
to a peak value greater than the static volt-
age at the diode anodes, which is determined

8.3

by R,. Effective clipping may thus be ob-
tained at any desired level.

The square-topped audio waves generated
by this clipper are high in harmonic content,
but these higher-order harmonics may be
greatly reduced by a low-level speech filter.

Grid Limiters A triode grid limiter is shown
in figure 3. On positive peaks
of the input signal, the triode grid attempts
to swing positive, and the grid-cathode re-
sistance drops to about 1000 ohms or so. The
voltage drop across the series grid resistor
(usually of the order of 1 megohm) is large
compared to the grid-cathode drop, and the
resulting limiting action removes the top
part of the positive input wave.

€our

= ESGRID-CATHODE RESISTANCE
- WHEN GARID IS ORIVEN POSITIVE

Figure 3
GRID LIMITING CIRCUIT
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A circuit which holds either amplitude ex-
treme of a waveform to a given reference
level of potential is called a clamping circuit
or a dc restorer. Clamping circuits are used
after RC-coupling circuits where the wave-
form swing is required to be either above or
below the reference voltage, instead of alter-
nating on both sides of it (figure 4). Clamp-
ing circuits are usually encountered in oscil-
loscope sweep circuits. If the sweep voltage
does not always start from the same refer-
ence point, the trace on the screen does not
begin at the same point on the screen each
time the sweep is repeated and therefore is
“jittery.” If a clamping circuit is placed
between the sweep amplifier and the deflec-
tion element, the start of the sweep can be
regulated by adjusting the dc voltage ap-
plied to the clamping tube (figure §).

Clamping Circuits

8-3 Multivibrators

The multivibrator, or relaxation oscillator,
is used for the generation of nonsinusoidal
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(A POSITIVE CLAMPING CIRCUIT

em it f i eour

DIODE CONDUCTS

NEGATIVE CLAMPING CIRCUIT

Figure 4
SIMPLE POSITIVE AND NEGATIVE CLAMPING CIRCUITS

waveforms. The output is rich in harmonics,
but the inherent frequency stability is poor.
The multivibrator may be stabilized by the
introduction of synchronizing voltages of
harmonic or subharmonic frequency.
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NEGATIVE CLAMPING CIRCUIT
EMPLOYED IN ELECTROMAGNETIC
SWEEP SYSTEM

In its simplest form, the multivibrator is
a simple two-stage RC-coupled amplifier
with the output of the second stage coupled
through a capacitor to the input of the first
stage, as shown in figure 6. Since the output
of the second stage is of the proper polarity
to reinforce the input signal applied to the
first, oscillations can readily take place,

+

l

v
Figure 6
BASIC MULTIVIBRATOR CIRCUIT
started by thermal-agitation and miscellane-

ous noise. Oscillation is maintained by the
process of building up and discharging the

store of energy in the coupling capacitors of
the two stages. The charging and discharg-
ing paths are shown in figure 7. Various
types of multivibrators are shown in figure 8.
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C2 DISCHARGE PATH

-
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Figure 7

THE CHARGE AND DISCHARGE PATHS
IN THE FREE-RUNNING
MULTIVIBRATOR OF FIGURE 6

The output of a multivibrator may be used
as a source of square waves, as an electronic
switch, or as a means of obtaining frequency
division. Submultiple frequencies as low as
one-tenth of the injected synchronizing fre-
quency may easily be obtained.

The Eccles-Jordan The Eccles-Jordan trigger
Circuit circuit is shown in figure

9A. This is not a true
multivibrator, but rather a circuit that pos-
sesses two conditions of stable equilibrium,
One condition is when V, is conducting and
V. is cutoff; the other when V., is conduct-
ing and V, is cutoff. The circuit remains in
one or the other of these two stable condi-
tions with no change in operating potentials
until some external action occurs which
causes the nonconducting tube to conduct.
The tubes then reverse their functions and re-
main in the new condition as long as no
plate current flows in the cut-off tube. This
type of circuit is known as a flip-flop circuit.
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DIRECT-COUPLED CATHODE
MULTIVIBRATOR

ELECTRON-COUPLED
MULTIVIBRATOR

L syncironizinG 1.

SIGNAL - =

MULTIVIBRATOR WITH SINE-WAVE
SYNCHRONIZING SIGNAL APPLIED
TO ONE TUBE

Figure 8
VARIOUS TYPES OF MULTIVIBRATOR CIRCUITS

Figure 9B illustrates a modified Eccles-
Jordan circuit which accomplishes a com-
plete cycle when triggered by a positive
pulse. Such a circuit is called a one-shot
multivibrator. For initial action, V, is cut
off and V., is conducting. A large positive
pulse applied to the grid of V,; causes this
tube to conduct, and the voltage at its plate
decreases by virtue of the IR drop through
Ry. Capacitor C, is charged rapidly by this
abrupt change in V, plate voltage, and V.,
becomes cut off while V; conducts. This con-
dition exists until C, discharges, allowing V.
to conduct, raising the cathode bias of V,
until it is once again cut off.
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BASIC ECCLES~JORDAN TRIGGER
CIRCUIT
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1
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TRIGG!
INPUT R2:

ONE-SHOT MULTIVIBRATOR

Figure 9

A direct — cathode-coupled multivibrator
is shown in figure 8A. Rg is 2 common
cathode resistor for the two tubes, and cou-
pling takes place across this resistor. It is
impossible for a tube in this circuit to com-
pletely cut off the other tube, and a circuit
of this type is called a free-running multi-
vibrator in which the condition of one tube
temporarily cuts off the other.

8-4 The Blocking Oscillator

A blocking oscillator is any oscillator
which cuts itself off after one or more cycles
caused by the accumulation of a negative
charge on the grid capacitor. This negative
charge may gradually be drained off through
the grid resistor of the tube, allowing the
circuit to oscillate once again. The process
is repeated and the tube becomes an inter-
mittent oscillator. The rate of such an oc-
currence is determined by the RC time con-
stant of the grid circuit. A single-swing
blocking oscillator is shown in figure 10,
wherein the tube is cut off before the comple-
tion of one cycle. The tube produces single
pulses of energy, the time between the
pulses being regulated by the discharge time
of the grid RC network. The self-pulsing
blocking oscillator is shown in figure 11, and
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Figure 10

ECCLES-JORDAN MULTIVIBRATOR CIRCUITS SINGLE-SWING BLOCKING OSCILLATOR
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HARTLEY OSCILLATOR USED AS
BLOCKING OSCILLATOR BY PROPER
CHOICE OF R, C,

is used to produce pulses of r-f energy, the
number of pulses being determined by the
timing network in the grid circuit of the
oscillator. The rate at which these pulses
occur is know as the pulse-repetition fre-
quency, or p.r.f.

8-5

A connting circuit, or frequency divider,
is one which receives uniform pulses (repre-
senting units to be counted) and produces a
voltage that is proportional to the frequency
of the pulses. A counting circuit may be
used in conjunction with a blocking oscilla-
tor to produce a trigger pulse which is a
submultiple of the frequency of the applied
pulse. Either positive or negative pulses may
be counted. A positive counting circuit is
shown in figure 12A, and a negative count-
ing circuit is shown in figure 12B. The pos-
itive counter allows a certain amount of
current to flow through R, each time a
pulse is applied to C;.

The positive pulse charges capacitor C,
and makes the anode of diode 2 positive with
respect to its cathode. Diode 2 conducts
until the exciting pulse passes. Capacitor C,
is then discharged by diode 1, and the cir-
cuit is ready to accept another pulse. The

Counting Circuits
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STEP-BY-STEP COUNTING CIRCUIT
average current flowing through R, in-
creases as the pulse-repetition frequency in-
creases, and decreases as the p.r.f. decreases.

By reversing the diode connections, as
shown in figure 12B, the circuit is made to
respond to negative pulses. In this circuit,
an increase in the p.r.f. causes a decrease in
the average current flowing through Ry,
which is opposite to the effect in the positive
counter.

A step-counter is similar to the circuits
discussed, except that a capacitor which is
large compared to C, replaces the diode load
resistor. The charge of this capacitor is in-
creased during the time of each pulse, pro-
ducing a step voltage across the output (fig-
ure 13). A blocking oscillator may be con-
nected to a step counter, as shown in figure
14. The oscillator is triggered into operation
when the voltage across C, reaches a point
sufficiently positive to raise the grid of V
above cutoff. Circuit parameters may be
chosen so that a count division up to 1/20
may be obtained with reliability.

8-6 Resistance-Capacitance
Oscillators

In an RC oscillator, the frequency is de-
termined by a resistance capacitance network
that provides regencrative coupling between
the output and input of a feedback ampli-
fier. No use is made of a tank circuit con-

o] D2 o} D2 ¢ D2
e - [r—+—— eour e — | eoutr emn—{fr—bt _[_
DIk f Ri pIB & Ri DI x SR _1_ *
1 AAN- +
® © -
POSITIVE NEGATIVE POSITIVE COUNTING
COUNTING CIRCUIT COUNTING CIRCUIT CIRCUIT WITH METER
Figure 12

POSITIVE AND NEGATIVE COUNTING CIRCUITS
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THE STEP-BY-STEP COUNTER USED TO
TRIGGER A BLOCKING OSCILLATOR.
THE BLOCKING OSCILLATOR SERVES

AS A FREQUENCY DIVIDER.

sisting of inductance and capacitance to
control the frequency of oscillation.

The Wien-Bridge oscillator employs a Wien
network in the RC feedback circuit and is
shown in figure 15. Tube V, is the oscillator
tube, and tube V. is an amplifier and phase-
inverter tube. Since the feedback voltage
through C, produced by V., is in phase with
the input circuit of V, at all frequencies,
oscillation is maintained by voltages of any
frequency that exist in the circuit. The
bridge circuit is used, then, to eliminate
feedback voltages of all frequencies except
the single frequency desired at the output of
the oscillator. The bridge allows a voltage of
only one frequency to be effective in the
circuit because of the degeneration and phase
shift provided by this circuit. The frequency
at which oscillation occurs is:

1
f - 27 Rl C|
when,
R, X C|equalsR, X C,

A lamp (L,) is used for the cathode resistor

LP=R4= 4 WATT, 110 V. LAMP BULB B+
RIXCi=R2XC2

Figure 15
THE WIEN-BRIDGE AUDIO OSCILLATOR

of V| as a thermal stabilizer of the oscillator
amplitude. The variation of the resistance
with respect to the current of the lamp
bulb holds the oscillator output voltage at a
nearly constant amplitude.

The phase-shift oscillator shown in figure
16 is a single-tube oscillator using a four
mesh phase-shift network. Each section of
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Figure 16
THE PHASE-SHIFT OSCILLATOR

the network produces a phase shift in pro-
portion to the frequency of the signal that
passes through it. For oscillations to be pro-
duced, the signal through the network must
be shifted 180°. Four successive phase shifts
of 45° accomplish this, and the frequency of
oscillation is determined by this phase shift.

A high-u triode or a pentode may be used
in this circuit. In order to increase the fre-
quency of oscillation, either the resistance or
the capacitance must be decreased by an ap-
propriate amount.

A bridge-type Twin-T oscillator is shown
in figure 17. The bridge is so proportioned
that only at one frequency is the phase shift
through the bridge equal to 180°. Voltages
of other frequencies are fed back to the
amplifying device out of phase with the
existing input signal, and are cancelled by
being amplified out of phase.

The Bridge-T oscillator developed by
the National Bureau of Standards consists of
a two-stage amplifier having two feedback
loops, as shown in figure 18. Loop 1 consists
of a regenerative cathode-to-cathode loop,
consisting of L,; and C,. The bulb regulates
the positive feedback, and tends to stabilize
the output of the oscillator, much as in the
manner of the Wien circuit. Loop 2 consists
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THE TWIN-TEE OSCILLATOR

of a grid-cathode degenerative circuit, con-
taining the Bridge-T.

Oscillation will occur at the null fre-
quency of the bridge, at which frequency
the bridge allows minimum degeneration in
loop 2 (figure 19).

8-7 Feedback

Feedback amplifiers have been discussed
in Chapter 6, of this Handbook. A more
general use of feedback is in automatic con-
trol and regulating systems. Mechanical feed-
back has been used for many years in such
forms as engine-speed governors and servo
steering engines on ships.
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THE NBS BRIDGE-T OSCILLATOR
CIRCUIT EMPLOYS TWO FEEDBACK
LOOPS. LOOP 1 1S REGENERATIVE,

LOOP 2 IS DEGENERATIVE

A simple feedback system for temperature
control is shown in figure 20. This is a cause-

RADIO HANDBOOK

|*-FREQ. OF OSCILLATION

|
) 'NEG /B 2POS F/8
*NOTCH® PREQUENCY 1 1
' " NEGATIVE
PO Y ! | Fecoaack
WHERE ° ! (eoop 2)
c=VCy Ca N POSITIVE
| |-FeEEDBACK
| (L00P 1)
 —=
> FREQ. OF OSCILLATION
+
|
Cy - |
= !
I |
R s’ ‘
Al 2 "
Ca < i
;E 5= | PHASE SHIPT20'
"NOTCH® NETWORK |
- |
Figure 19
BRIDGE-T FEEDBACK

LOOP CIRCUITS

Oscillation will occur at the null frequency of
the bridge, at which frequency the bridge
allows minimum degeneration in loop 2.

FURNACE TEMPREOROAA;URE
(F) (G ]
I
i
|
i
e - _
FEEDBACHK
(ERROR SI1GNAL )
FUEL
SUPPLY
Figure 20
SIMPLE CLOSED-LOOP

FEEDBACK SYSTEM

Room temperature (T) controis fuel supply to
turnace (F) by feedback loop through thermo-
stat (TH) control.

and-effect system. The furnace (F) raises
the room temperature (T) to a predeter-
mined value at which point the sensing
thermostat (TH) reduces the fuel flow to
the furnace. When the room temperature
drops below the predetermined value the
fuel flow is increased by the thermostat con-
trol. An interdependent control system is
created by this arrangement: the room tem-
perature depends on the thermostat action,
and the thermostat action depends on the
room temperature. This sequence of events
may be termed a closed-loop feedback system.
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Error Cancellation A feedback control sys-
tem is dependent on a de-
gree of error in the output signal, since this
error component is used to bring about the
correction. This component is called the

error signal. The error, or deviation from the

desired signal is passed through the feedback

loop to cause an adjustment to reduce the
value of the error signal. Care must be taken
in the design of the feedback loop to reduce
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PHASE SHIFT OF ERROR
SIGNAL MAY CAUSE OSCILLATION
IN CLOSED LOOP SYSTEM
To prevent oscillation, the gain of the feedback

loop must be less than unity when the phase
shift of the system reaches 180 degrees.

8.9

over-control tendencies wherein the correc-
tion signal would carry the system past the
point of correct operation. Under certain
circumstances the new error signal would
cause the feedback control to overcorrect in
the opposite direction, resulting in hunting
or oscillation of the closed-loop system about
the correct operating point.

Negative-feedback control would tend to
damp out spurious system oscillation if it
were not for the time lag or phase shift in the
system. If the overall phase shift is equal to
one-half cycle of the operating frequency of
the system, the feedback will maintain a
ste1dy state of oscillation when the Cll'CUlt
gain is sufficiently high (figure 21).
order to prevent oscillation, the gain ﬁgure
of the feedback loop must be less than unity
when the phase shift of the system reaches
180 degrees. In an ideal control system the
gain of the loop would be constant through-
out the operating range of the device, and
would drop rapidly outside the range to
reduce the bandwidth of the control system
to a minimum.

The time lag in a closed-loop system may
be reduced by using electronic circuits in
place of mechanical devices, or by the use of
special circuit elements having a pbase-lead
characteristic. Such devices make use of the
properties of a capacitor, wherein the current
leads the voltage applied to it.







CHAPTER NINE

Single-Sideband
Transmission and Reception

Single-sideband (SSB) communication is
a unique, sophisticated information trans-
mission system well suited for wire and
radio services. Although known in theory
for several decades, “‘sideband” was sparingly
used in commercial service for a number
of years, and only in the last decade has it
achieved popularity and general acceptance
in the Amateur Service. Economical in cost,
sparing of valuable spectrum space, and
usable under the most trying propagation
conditions, SSB is the stepping stone to a
future era of better and more reliable rapid
hf communication.

9-1 The SSB System

Single sideband is a recent attempt to
translate human intelligence into electrical
impulses capable of being economically
transmitted over great distances. The gen-
eral flow of information in 2 communication
system includes a source, followed by a
translator which propagates the intelligence
through a conducting medium. A second
translator is used to extract the intelligence
conveyed by the medium and to make it
available in a usable form. The vocal chords,
vibrations in the atmosphere, and the ear
drum accomplish this sequence of events
for sound; the light source, the “ether,”
and the human eye provide the same se-
quence for sight.

9.1

Experiments before the turn of the cen-
tury proved the existence of electromagnetic
waves which could be propagated and put
to use for transmission of information.
When voice transmission via radio waves
was successfully accomplished circa 1907,
the concept of carrier waves and sidebands
was unknown, although it was understood
that “a channel separation high compared
with the pitch of the sound waves trans-
mitted” was required. An implication that
a transmission band of frequencies was in-
volved was apparently not grasped at the
time, and the idea that intelligence could be
transmitted by a single carrier wave of
constant frequency and varying amplitude
persisted until about 1921 at which time
the sideband concept had been established by
a series of discoveries, experiments, and in-
ventions.

Early SSB experiments with single-sideband
transmission were conducted by the tele-
phone industry which was interested in
transmitting electrical impulses correspond-
ing to the human voice over long-distance
telephone circuits. Since the transmission
properties of wire and cable deteriorate
rapidly with cable length and increasing
frequency, a means of frequency conserva-
tion was desired which would permit the
“stacking” of different voices in an electro-
magnetic package so that many voices could
be sent over a single circuit. The voice im-
pulses were mainly concentrated in the band
300—3,000 Hz and the problem at hand
was to translate this voice band to a higher
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TRANSLATOR

A simple device for “stacking” voice bands in
an electromagnetic “package’” for transmitting
many voices over a single circuit cannot be
built as it is impossible to transiate a band of
frequencies directly to another band. Transla-
tion must be accomplished by an indirect
method, making use of an auxiliary carrier wave
and a mixing process termed “modulation.”

band of frequencies (15,300—18,000 Hz,
for example) for transmission on the tele-
phone circuit, then to reverse the translation
process at the receiving terminal to recover
the original band of frequencies. Experi-
ments proved, however, that a simple and
economical apparatus for translation of the
voice frequencies from one band to another
was not forthcoming. No device could be
built that would do the job that looked so
simple when sketched on paper (figure 1).
It proved possible, however, to generate a
continuous electrical signal at some high
frequency (15,000 Hz, for example) and to
impress the voice impulses on this signal.
For convenience, the continuous signal was
termed the carrier wave, as it was assumed to
“carry” the intelligence in some way or
other. A suitable device at the receiving
terminal detected the intelligence on the
carrier, recovering the original speech fre-
quencies impressed on the carrier at the
transmitter. Mathematical analysis of this
process (called modulation) showed that the
carrier remained unchan and additional
frequencies were created lying on either side
of the carrier, spaced from it by a frequency

i to the modulation frequency
(figure 2). These additional frequencies
were termed sidebends and conclusive evi-
dence of separate sidebands was achieved in
1915 by the use of electric filters that sep-
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arated sidebands and carriers, proving their
individuality.

The sideband theory was of little more
than passing interest to radio engineers,
but it was a matter of considerable impor-
tance to the telephone industry. The carrier
wave was useless except as an operator nec-
essary to generate and then upon which to
“hang” the two sidebands, both of which
carried the same information (figure 3).
For economic reasons and spectrum con-
servation it was desirable to remove one side-
band and the carrier from the translator,
passing only one sideband through the con-
ducting medium. At the receiver, a locally
generated carrier wave of the correct fre-
quency and amplitude was combined with
the incoming single-sideband signal. The re-
sulting output was a reproduction of the
signal impressed on the translator. Com-
mercial wire telephone systems using this
technique were placed in operation in 1918
and the first h-f SSB telephone link was
activated in 1927.
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OSCILLATOR
18 kHZ , 300-3000 H2
B
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MOICE BAND ® TRANSLATOR :‘"Cl anHn
300-3000 H2 00-3000 HZ
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300-3000HZ
300
°
OUTPUT SPECTRUM
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Figure 2

THE TRANSLATOR MIXER

Voice band #1 is impressed on a carrier signal
in a transiator (mixer) stage. Voice band #2 is
unchanged. The output spectrum of the device
shows that two voice bands are available, one
“stacked” above the other in frequency. Addi-
tion of other transiators will permit additional
voice bands to be “stacked” in the frequency
region between 3600 Hz and 12,000 Hz. The voice
packages thus created could be sent over a
single circuit. Note that the transiation process
creates two symmetrical voice bands from the
original #1 signal, spaced each side of a carrier
frequency between the bands. Elimination of
carrier signal and one voice band would permit
addition of another signal in this portion of the
spectrum.

Practical
Application of SSB

The spectrum waste aris-
ing from a frequency
translation process utiliz-
ing simple amplitude modulation could be
eliminated by suppression of one sideband




SINGLE SIDEBAND

and the carrier, and the transmission of
only the remaining sideband. To date, no
method exists to directly generate an SSB
signal. All translation techniques involve
the use of a carrier wave, and the resulting
signal includes the original carrier and two

auxiliary sidebands.
The post-World War II acceptance of

SSB transmission for military and com-
mercial circuits has stimulated research and
development in this field and has contributed
to a heightened interest in the technique by
the radio amateur. Mass production of sharp-
cutoff filters and stable translation oscilla-
tors, plus the use of advanced and simplified
circuitry has brought SSB to the point
of obsoleting simple amplitude-modulation
transmission on the high-frequency amateur
bands. Undoubtedly, in the years ahead,
further design refinements and technical
advances will make the use of SSB even
more advantageous to all concerned with
transmission of intelligence by electrical
means.

The popularity of SSB for general ama-
teur use has been brought about as this
technique has consistently proved to allow
more reliable communication over a greater
range than has amplitude modulation. It has
greater ability to pierce interference, static,
and man-made noise than has amplitude
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RELATIONSHIP OF AUDIO AND
SSB SPECTRUMS

The single-sideband components are the same
as the original audio components except that
the frequency of each is raised by the frequency
of the carrier. The relative amplitude of the
various components remains the same.

modulation and is inherently resistant to
propagation abnormalities that render a-m
completely useless. In addition, the annoy-
ing interference caused by heterodynes be-
tween a-m carriers is completely missing in
SSB service.

9.3

Basic SSB A single-sideband signal can be

best be described as an audio sig-
nal raised (or translated) to the desired
radio frequency. The translation process
may not result in the inversion of the
audio-frequency components in the signal,
depending on the sideband selected (figure
4). For example, a single audio tone of 2000
Hz is to be translated into an SSB signal
in the 455-kHz region. The tone is ampli-
fied and applied to one input of a transla-
tor stage (usually termed a balanced modu-
lator). A radio-frequency carrier is applied
to the other input terminal of the modula-
tor. For this example, the frequency of the
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Figure 4
THE TRANSLATOR SPECTRUM

The SSB signal is an audjo signal raised (mixed,
or translated) to the desired radio frequency. A
455-kHz carrier signal_upon which is impressed
a 2-kHz audio tone in a translator stage will
possess two side-bands, separated from the car-
rier frequency by the frequency of the tone.
The carrier has been generated by the separate
oscillator and the two adijacent signals (side-
bands) are a product of the mixing process tak.
ing place between the audio signal and the car-
rier. The output spectrum pictured is of a
double sideband, with carrier To produce an
S$SB signal, it is necessary to eliminate the car-
rier and one sideband.

carrier is 455 kHz. The translation process
takes place in the balanced modulator; creat-
ing two sidebands positioned each side of
the carrier, and separated from it by
the modulation frequency. Thus, at least
four signals are flowing within the modula-
tor: the 2000-Hz (2-kHz) audio signal,
the lower sideband (455 — 2 = 453 kHz),
the carrier (455 kHz), and the upper side-
band (455 + 2 = 457 kHz). The carrier,
of course, has been generated by the separate
local oscillator, and the two sidebands are
a product of the mixing process taking
place between the audio signal and the car-
rier.

The balanced modulator is usually de-
signed to balance (or cancel) the carrier sig-
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nal to a large degree, leaving only the two
sidebands and the audio signal to appear in
the output circuit. Some modulators also
balance out the audio signal. Part of the
job of creating an SSB signal has now been
accomplished. The high-frequency compon-
ents of the output signal of the balanced
modulator comprise a double-sideband, sup-
pressed-carrier signal. The remaining step to
create an SSB signal is to eliminate one of
the sidebands and to reduce to minor pro-
portions any vestige of carrier permitted to
pass through the balanced-modulator stage.
A sideband filter accomplishes this last step.
At the output of the filter is the desired
SSB signal. The passband of the filter should
be just wide enough to pass the intelligence
without passing the carrier wave or the
unwanted sideband. For voice communica-
tion, such filters usually pass a band of radio
frequencies about 2 or 3 kHz wide.

The unwanted carrier and sideband that
are eliminated by the filter and balanced
modulator are actually absorbed by the filter
and modulator and converted to heat. In
order to hold the cost and size of the filter
to a reasonable figure, it is necessary that
the above process take place at a relatively
low signal level, of the order of a volt or
two, so that power dissipation is low.
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THE SSB SIGNAL

The SSB, signal may be generated by passing a
double-sideband-with-carrier signal through a
filter which removes one sideband and partially
suppresses the carrier. In this exampie, a two-
tone audio signal (700 and 2000 Hz) is mixed
with a 455-kHz carrier signal. The output signal
from the mixer, or modulator, contains four side-
band frequencies: 453 kHz, 454.3 kHz, 455.7 kHz,
and 457 kHz, in addition to the carrier at 45§
kHz, Additional carrier suppression may be ob-
tained by the use of a balanced modulator.

The $SB Spectrum A single audio tone in a

perfect SSB system remains
a simple sine wave at all points in the sys-
tem and cannot be distinguished from a
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c-w signal generated by more conventional
means. A voice signal, on the other hand,
is a complex band of audio components
having many frequencies of varying ampli-
tudes. A simple and useful compromise sig-
nal for testing SSB equipment is the fwo-
tone signal, composed of two equal and sep-
arate sine waves separated a very small per-
centage in frequency. If two audio tones
are applied to the input circuit of the
SSB exciter previously discussed, the output
of the 455-kHz balanced modulator will
contain four sideband frequencies (figure §).
Assume the audio tones are 700 and 2000
Hz. The output frequencies of the balanced
modulator will be: 453 kHz, 454.3 kHz,
455 kHz (the partially suppressed carrier),
455.7 kHz and 457 kHz. The two lower
frequencies represent the lower sideband,
and the two higher frequencies represent the
upper sideband. With a properly designed
filter following the balanced modulator,
both the frequencies in one sideband and
the remainder of the carrier will be almost
completely eliminated. If the filter com-
pletely eliminates the lower sideband and
the carrier, the output of the exciter will
be two radio frequencies at 455.7 kHz and
457 kHz. An observer examining these r-f
signals could not tell if the signals were
generated by two oscillators operating at the
observed frequencies, or if the two signals
were the result of two audio tones applied
to an SSB exciter.

The waveform of the SSB signal changes
drastically as the number of audio tones
is increased, as shown in figure 6. A single-
tone waveform is shown in illustration A
and is simply a single, steady sine-wave r-f
output. A signal composed of two audio
tones is shown in illustration B. The two
radio-frequency signals are separated by the
difference in frequency between the audio
tones and beat together to give the SSB
envelope shown. The figure has the shape of
half-sine waves, and from one null to the
next represents one full cycle of the differ-
ence frequency. If one tone has twice the
amplitude of the other, the envelope shape
is as shown in illustration C. The SSB
envelope of three equal tones of equal fre-
quency spacings and at one particular phase
relationship is shown in illustration D. Illus-
tration E shows the SSB envelope of four
equal tones having equal frequency spacings
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Figure 6
SSB WAVEFORMS

The waveform of the SSB signal changes with the nature of the modulating signal, and the enve-
lope shage of the SSB wave may not he the same as the original audio waveshape. The peak power

B wave is a direct function of the r-f waveform, as shown here. Peak and average power

in the SSB wave will be discussed later in this chapter.

and at one particular phase relationship.
Finally, illustration F shows the SSB en-
velope of a square wave having an infinite
number of odd harmonics. A pure square
wave requires infinite bandwidth, so in
theory the SSB envelope requires infinite
amplitude. This emphasizes the point that
the SSB envelope shape may not be the same
as the original audio waveshape, and usually
bears no similarity to it. This is be-
cause the percentage difference between the
radio frequencies is small, even though one
audio tone may be several times the other in
terms of frequency. Because of nonlinearity
and phase shift in the practical SSB transmit-
ter, the peak amplitude of a transmitted
square wave is not so great as predicted by
theory through the addition of the harmonic
coefficients, making it impossible to faith-
fully reproduce a square wave. Speech pro-
cessing in the form of heavy audio clipping
therefore is of limited value in SSB because
the SSB r-f envelopes are so different from
the audio envelopes. A heavily clipped wave
approaches a square wave which will have
the tendency to exhibit the high amplitude
peaks shown in illustration 6F, a waveform

the SSB transmitter is theoretically unable
to transmit.

The Received
$SB Signal

In summary, if an audio spec-
trum containing many differ-
ent tones (the human voice,
for example) is applied to the SSB exciter,
an r-f spectrum is generated that corres-
ponds to the audio tones. If the audio spec-
trum encompasses the range of 300—3000
Hz, the output of the 455-kHz balanced
modulator will be 452 to 454.7 kHz (the
lower sideband), 455 kHz (the partially
suppressed carrier), and 455.3 to 458 kHz
(the upper sideband). An *“‘upper-sideband”
type filter having a passband of 455.3 to
458 kHz will substantially eliminate the
residual carrier and lower sideband.
Listening to the output of the SSB exciter
on a typical a-m receiver will divulge a
series of unintelligible sounds having no ap-
parent relation to the original speech im-
pressed on the SSB 